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The information about the effects of induced earth currents that can be obtained from analyses

of observations and from calculations based on electromagnetic induction theory is examined.

The

nature of these effects is discussed and estimates of their magnitude for fields of varying extent and

frequency are obtained.
sidered.
is described.

1. Introduction

It is well known that geomagnetic micropulsations
of all types arise from sources external to the earth’s
surface. The primary oscillating electromagnetic
fields of these external sources give rise, however, to
induced electric currents within the earth, which con-
siderably modify the observed surface fields. In
seeking to discover the precise nature of the external
sources, one must try to assess the effects of the in-
duced earth currents and remove them from the
surface observations. In this paper we consider
what is known about these effects, and what can be
inferred from analyses of the observations together
with calculations based on electromagnetic induction
theory. It is well known that the induced currents
tend to reduce the amplitude of the Z-component and
increase that of the FH-component. An accurate
estimate of these changes is needed, for example,
when estimating the height and/or horizontal position
of certain ionospheric sources, such as jet currents.
There are also other effects produced by the induced
currents such as changes of phase and of polarization.
Our point of view in the present discussion is that the
induced currents are something of a hindrance to our
investigation of the primary sources of the phenomena,
and we study them merely in order to get rid of their
effects. There is of course another point of view with
regard to these earth currents, namely, that their
study may give some information about the distribu-
tion of electrical conductivity within the earth. Two
methods have been developed for obtaining such infor-
mation, (i) the magnetic potential method based on
analyses of magnetic variations over the earth’s surface
or over some suitable part of it, and (ii) the magneto-
telluric method based on the relations at different

! Paper was presented at the ULF Symposium, Boulder, Colo., 17-20 August, 1964.

The influence of underlying geology and the effects of the oceans are con-
The type of mathematical problem that needs to be solved to get more detailed information

frequencies of mutually orthogonal horizontal com-
ponents of the electric and magnetic variations at a
given station. A valuable and extensive discussion
of the theory of the magnetotelluric method has been
given by Wait [1962]. In the present paper, however,
we shall be concerned only with the effects of induced
earth currents on the magnetic field.

2. Order of Magnitude of the Conductivities
Involved

The conductivity of dry surface rocks is frequently
of order o=10"*mho/m(10-"emu) or less, that of
moist earth and sedimentary rocks 10~ —10-2mho/m
and of sea water, 4 mho/m. Thus the conductivity
of layers near the surface may vary by several orders
of magnitude.

The estimates of the conductivity at greater depihs
have been obtained mainly from analyses of the slower
magnetic variations, combined with theoretical studies
of electromagnetic induction. A summary of results of
these studies is given in figure 1, taken from a recent
paper by Eckhardt, Larner, and Madden [1963]. It
will be seen that the mean conductivity near the sur-
face is estimated at between 1073 and 10-2 mho/m
and rises sharply in the region of about 600 km depth
to over 1 mho/m. The Cantwell-McDonald curve
shows a rather rapid rise of o at a few tens of kilo-
meters depth to a value greater than 5.10~2 mho/m.
This part of the profile was deduced by Cantwell from
magnetotelluric measurements. It should be stated
that the magnetic variations results obtained by Lahiri
and Price [1939] certainly did not preclude a high con-
ductivity at say 60 to 70 km depth, but they indicated
that the conductivity must in that case decrease
to appreciably less than 102 mho/m beyond this
depth and then rise again in the region of about 500 to
600 km depth.
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FIGURE 1. Theoretical electrical conductivity profiles for the
earth’s mantle (after Eckhardt, Larner, and Madden).

3. Calculation of the Induced Currents

In the present discussion we consider only the range
of frequencies from 1 to 0.001 c/s, i.e., periods 7" from
1 to 1000 sec. For these values of T (or any greater
values) and for linear dimensions of the conductor not
greater than those of the earth, it is permissible to
ignore displacement currents and use the diffusion
equation for the electromagnetic field. For values
of T appreciably less than 1 sec, this is not permissible,
but the problems which then arise are of a different
kind, and in these problems it is often sufficient
to treat the earth as a perfect conductor.

We shall thus consider only the induction of currents
by varying magnetic fields. Reference has sometimes
been made to the possibility of electrostatic induction
of currents by varying atmospheric electric fields,
but apart from thunderstorm effects, any earth
currents likely to be produced in this way would be
some orders of magnitude smaller than those produced
by varying magnetic fields, and will therefore be
ignored.

In view of the considerable range of conductivities
of the crustal layers of the earth, it is clear that those
induced currents that are near the surface will vary
greatly in strength from one place to another. Hence

if the frequency of the primary field is high enough to
confine the induced currents, because of the ‘“skin
effect” to the crustal layers, the effects of these
currents on the observed micropulsation fields will
differ greatly from one place to another. It is there-
fore necessary to examine the depth of penetration of
the induced currents. Before doing this we may note
that the mathematical problems which arise in the
study of earth currents are of two kinds. In the first
we are concerned with inducing fields of global dimen-
sions and with averaged or smoothed conductivities
of the earth as a whole; these we may call global prob-
lems. In the second kind the inducing field may or
may not be of global dimensions but we are now con-
cerned with strictly local values of the conductivity,
we may call these local problems. The problems
arising in the interpretation of surface observations of
rapid fluctuations such as micropulsations are often
of the second kind, but there are exceptions. For
example, studies of the overall effect of the oceans lead
to problems of a more global character. On the other
hand, the investigation of coastal effects is a local
problem. Local problems are concerned with the
great differences of conductivity of different geological
strata. In these local problems we can often ignore
the sphericity of the earth and treat it as a semi-
infinite body having a nonuniform distribution of
conductivity, our attention being confined to some
limited region. On the other hand, the inducing field
will often be of large dimensions and therefore effec-
tively uniform over the region being studied. This
has sometimes been taken to imply that the actual
finite dimensions and distribution of the inducing
field can be ignored in studying the induced currents,
but this is not always the case. A knowledge of the
inducing field in the immediate neighborhood of some
particular station and of the surrounding ground con-
ductivity is not usually sufficient to determine the
strength of the induced currents in that neighborhood.
This will be affected by the nature and distribution of
the entire inducing field and by the average properties
of the conductor over a region of corresponding dimen-
sions. It is also true, of course, that the entire in-
duced current system will contribute to the magnetic
field at a particular station, but this fact is not so im-
portant because usually the largest contribution comes
from currents in the immediate neighborhood. The
really important point is that, not only the local
properties, but the properties of the conductor as a
whole —its geometry and the distribution of its con-
ductivity —determine the strength of the currents in
any neighborhood being studied.

Thus the problem of calculating the contribution of
the induced field to the observed total field will
frequently reduce to finding out how, in a particular
neighborhood, some extended system of induced
currents is redistributed by local differences of con-
ductivity. The extended current system will usually
need to be determined or estimated from results ob-
tained in some global type of problem, where the earth
is treated as a sphere with a suitable smoothed distri-
bution of bulk conductivity. Many problems of this
type are discussed in the literature. When the

1162



extended average current system has been found in
this way, the determination of the local redistribution
of these currents is not purely a problem in the dis-
turbance of steady current flow, because the currents
are alternating and a skin effect will usually be in
evidence.

4. Separation of the External and Internal
Sources by Analysis of the Surface Field

It would not be necessary, of course, to actually
calculate the induced currents for the purpose of
removing their effects from the observed surface field
if one could separate the external and internal (in-
duced current) sources at any instant by analyzing
directly the observed surface distribution of the field.
Theoretically, it would be possible to do this by using
well-known results in potential theory, but in practice
we do not have a sufficiently detailed knowledge of the
surface distribution to do it satisfactorily. Hence it
is necessary to supplement any studies of the surface
field by deductions drawn from suitably illustrative
calculations of the induced currents.

One of the difficulties inherent in the analysis of the
surface distribution of the field of fairly rapid geomag-
netic oscillations is that there are two patterns present
in this distribution. One is usually a small scale
pattern determined by the distribution of conductivity
in the surface layers. This conductivity may change
greatly in a distance of a few tens of kilometers.
The other is generally a large scale pattern determined
by the inducing field, which is often of global dimen-
sions. If one seeks to determine the general dis-
tribution and overall dimensions of the field from
observations at stations over a sufficiently extended
area, it is obviously necessary to have regard to the
fact that the field at any one station may be consider-
ably affected by local geological (possibly subterranean)
conditions. Due allowance must be made for this by
estimating the effects from local surveys, or otherwise.
The local irregularities can of course be reduced to
a minimum by siting the stations in an area as uniform
as possible.

A program of simultaneous observations of various
types of micropulsations over an extended area would
certainly provide information of the greatest value
about the fields involved. It is understood that a
program of this kind is being organized in the United
States. One of the most elementary pieces of infor-
mation we require in order to assess the importance of
induction effects is a knowledge of the overall extent
of the inducing fields, because this is an important
factor in determining the intensity and depth of pene-
tration of the induced currents.

Other measurements of great value in the study of
induction effects are those that have been made on
ice islands in the Arctic Ocean, such as those reported
by Hessler [1962 see also Swift and Hessler, 1964],
Heirtzler [1963], and Zhigalov [1960]. The ocean
affords a horizontally uniform environment, with the
conductivity of the sea water known and that of the
seabed probably very much smaller. Also an ice
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FIGURE 2. Curves of the ratio r,/ry compared with the ocean

profile for the ice-island station North Pole 6, February-March
1958 (after Zhigalov).

Lat 79°30" —80°44’ N, long. 153°57' —150°17" E.

1. Ocean depth in meter,

2. ratio rz/ry, mean for all hours of day,

3. ratio rz/ry, for variations of period T = 10 min.

island, unlike an ordinary oceanic island, does not
seriously disturb the induced currents in the immediate
vicinity. Hence the conditions are most favorable
for interpreting the observations and studying the
induction effects. Some of the results obtained by
Zhigalov, from measurements on a drifting ice station
“North Pole 6” are shown in figure 2, which illustrates
the attenuation of the vertical component by electric
currents induced in the sea. The ratios of the ampli-
tudes of the vertical variations rz to those of the hori-
zontal variations ry are compared with the depth of
the sea at a number of positions of the drifting station.
It will be seen that the ratio rz/ry decreases consider-
ably as the depth of sea increases, and the curve of
rz[ru is very similar to the ocean depth profile. Also
the ratio is considerably smaller for the variations of
shorter'period. These results are in accordance with
the effects expected from currents induced in the sea.

5. Depth of Penetration of Induced Currents
and Magnetic Field

The well-known formula for the skin effect for alter-
nating currents in a conductor is derived from the solu-
tion of the diffusion equation

3%l
0z*
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for the current density I in a semi-infinite uniform
conductor occupying the half-space z<0 say. The
period is 27/w in seconds, and o, u, are the conduc-
tivity and magnetic permeability, respectively, in
MKS units. The permeability u may be taken as
that of free space (wo) in all the cases that need be
considered. The expression for the current density
at depth z is then

I=1, exp {—z(pooiw)"/2} 2)
so that the amplitude contains the attenuation factor

1/2
exp {_Z<Mog'w> } The skin depth is correspond-

ingly taken as

d— (&-;’—"i)/ 3)

Typical values of d in kilometers, for various conduc-
tivities and periods are shown in table 1.

TABLE 1. Values of the skin depth d in kilometers corresponding
to various values of the conductivity and period T=2m|w

Period ] T 1 10 | 100

1000

104 50 | 159 {500 | 1,590
102 5115.9] 50 159
410.25( 0.8]2.8 8.0

Conductivity
in mho/m

This table suggests that the depth of penetration of
currents in continental areas is quite considerable
even for the short periods considered. But it must be
remembered that the formula used to obtain these
results is based on a number of simplifying assump-
tions that may not be applicable to the geophysical
problem under consideration. The sphericity of the
earth is ignored and the conductor is assumed to
extend downwards to infinity. Also the current flow
is assumed to be uniform over any horizontal plane.
It is probable that the assumption that the sphericity
of the earth can be ignored does not lead to any serious
error in most cases, but the other two assumptions can
both conceivably do so, and it is necessary to examine
them further.

When the actual distribution and extent of the in-
ducing field is taken into account, the induced current
distribution is no longer uniform over each horizontal
plane, and the depth of penetration of the currents is
reduced. An estimate of the effect produced by the
finite scale of the inducing field can be obtained by
considering the field whose potential, just above the
surface of the conductor, is

Q=—Aez+it P(x, y) (4)

where P satisfies the equation

8P o
§+%+VZP=0 5)

because () satisfies Laplace’s equation. For example,
if the field is independent of y, P will be a trigonometric
function, say sin vx, so that the field is periodic in the
a-direction with wavelength 27/v. In the slightly
more general case corresponding to (5) we may regard
2m/v as a length representing the scale of the field
pattern.

It can be shown [Price, 1950, 1962] that the density
at depth z of the resulting induced currents in the con-
ductor, assumed to extend downwards to infinity, is
given by

__ 20w —Gz+iwt<£ _opP )
. 0+v Ae dy’ ax’O (6)
where

02 = woiow + v2. (7)

The attenuation factor is therefore

1/2 12
exp { - {(i ugoPw? +% V4) +%V2] } (8)

which shows that the attenuation is greater than when
the field is uniform, corresponding to v=0. The
increase in the attenuation will be significant if v is
not too small compared with V (poow).

Now 27/v is not likely to be much less than 4 X 10°m,
i.e., about four times the height of the E layer where
some of the current sources may be situated, and it
cannot be greater than 4 X 107m, the circumference of
the earth. Of course fields of global dimensions can
only be properly discussed by treating the earth as a
sphere, but since the depth of penetration is usually
a small fraction of the earth’s radius, it is possible to
treat the earth’s surface as a plane for getting an
approximate idea of the magnitude of the effect we
are considering. From the above we see that the
values of v for natural fields are likely to range from
1.6 X 107 for global fields to 1.6 X 10~ for local fields.

We consider first the case where the conductivity
is low and the period fairly long so that we have the
maximum penetration of the field. We take o =10"*
mho/m and 7=100 sec. We then have V(wow)
~ 2.8 X 1075, which is certainly within the likely range
of values of v. We can infer that, in this case, the
scale of the inducing field affects the depth of penetra-
tion appreciably.

If we take a higher conductivity say o=10""
mho/m —which is probably greater than that of most
continental strata but still considerably less than that
of sea water—and a shorter period, say T=10 sec,
the value of V(woow) becomes 2.8 X10-¢. Hence,
in this case, the depth of penetration is not likely to
be appreciably affected by the scale of any natural
inducing field.
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In the case of sea water o ~4mho/m, so that

(moow) ~ 5.7 X 10-3T)-'2. Hence, if one could
treat the sea as of infinite depth, the depth of penetra-
tion of the induced currents would apparently not be
sensibly affected by the scale of the inducing field,
unless the period of the oscillations was at least a few
hours. But actually the finite depth of the sea has a
very important effect, and we find that the scale of the
inducing field becomes important when the depths of
the real oceans are considered.

6. Depth of Penetration of Currents and
Field in the Oceans

If we consider an ocean of depth D m and assume
that the conductivity of the seabed is negligible com-
pared with that of the sea water itself, the intensity
of the induced currents at depth z is found to be [Price

1962]

1(z) _ e=f2{1 + Be200-2)}
10) 1+ Be 2P

9)

where
60—
ﬁ_0+v

(10)

and 0 is defined by (7).

The vertical component Z of the field attenuates in
exactly the same way as the current density /, i.e.,
Z(2)/Z(0) is given by the same formula (9). The hori-
zontal component H attenuates more rapidly, however,
and is given by

H(z) e 92{1 — Be~200-2}
HO) 1 — Be260

(11)

These results were obtained from the direct solution
of the diffusion equation with appropriate boundary
conditions at z=0 and z=D. It will be seen that if
the expressions (9) and (11) are expanded by the
binomial theorem, they can also be regarded as repre-
senting the effect at depth z of the incident (evanescent)
wave e~ % together with the effects of the sequence of
waves reflected, with the appropriate transformations,
from the lower and upper surfaces. The important
difference between the formulas (9) and (11) should be
noted. This disappears when D— x, i.e., all the
field components attenuate in the same way in a con-
ductor of infinite depth, but when the depth is finite
H attenuates more rapidly than [ or Z.

The formulas will apply equally well, of course, to
any highly conducting stratum over a poorly conducting
basement. More elaborate formulas applicable to
a series of layers of different conductivities have been
obtained for purposes of electromagnetic deep sound-
ing, but these will not be considered here.

To illustrate the effect of the finite value of D on the
depth of penetration of the horizontal component of the
field, the values of the amplitude ratio mod {H(z)/H(0)}
at various depths z in an ocean of depth 1 km are com-

pared with the values at the same depths in an ocean
of infinite depth. The period T is taken as 100 sec and
the value of v as 107%. The results are shown in table 2.

TABLE 2. The reduction in amplitude of H at various depths z
in (i) an ocean of infinite depth, (ii) an ocean of depth 1 km,
(iti) an ocean of depth z

T=100,.»=10"*
z(m)=| 10 102 | 5% 102 | 9 x 102 10° 2% 10° { 5 x 10*
= 1.0 {0.96 0.82 0.70 0.67 0.45 0.14
D=10* {0.99| .9 .50 . 80 SIS | beonocoosind binononoos
= 30| .03 . 006 . 004 .003 . 002 . 001

In this table the first row of values gives the ratios of
the amplitude of H at depth z to that at depth zero in
an ocean of infinite depth, the second row the values in
an ocean of 1 km depth. The third row gives the values
at the bottom of the sea when the sea has depth z.

The remarkable differences in these values should
be noted. It is clear that the currents are much more
concentrated near the surface when D is small, and
the field is therefore much more attenuated than the
usual skin formula indicates.

It is also interesting to find that when D is small
compared with the skin depth, the dimensions of the
inducing field 27/v become important even when o is
large. We find, in fact, that when

D < |6|'<2n/v (12)
the above formula (11) for H(z)/H(0), when z=1D,
reduces to

H(D) 1
HO) 1+ wotowD[v

(13)

which is the well-known formula for shielding by a
thin conducting plate. Thus doubling the scale

2777 of the inducing field would reduce the amplitude

ratio for H, i.e., increase the attenuation, by the same
amount as doubling the frequency (w) or the conduc-
tivity o.

The above results all relate to the horizontal com-
ponent H. When the vertical component is con-
sidered, we find a very different result. Thus for the
same. values of T, v, as above, the reduction of the
amplitude of Z at various depths z are shown in table 3.

TABLE 3. The reduction in amplitude of Z. at various depths z in
(i) an ocean of infinite depth, (ii) an ocean of depth 1 km, (iii)
an ocean of depth z

T=100,v=10"*

z(m) 10 102 |5 X 10% | 9% 10? 10° 2X10% |5 Xx10°
D= 1.00 | 0.96 0.82 0.70 0.67 0.45 0.14
D=10° | 1.00| .99 .96 .91 o059 heoonnamn beassonansn
D=z 1.00| .98 .93 .90 .89 .82 .28
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This table shows that even at the bottom of an ocean
of depth 2,000 m there is only slight attenuation of
the amplitude of the vertical component. It must
however be remembered that the vertical component
is usually already greatly reduced at the surface by
the induced currents whereas the horizontal com-
ponent is increased there.

7. Effect of Induced Currents on Surface
Values of H and Z

The induced currents will tend to reduce the ampli-
tude of the Z-component and increase that of the
H-component. For very high frequencies—specifi-
cally those for which (uowo)=! can be taken as zero
in the calculations—the Z-component will be prac-
tically extinguished, while, on a flat surfaced conduc-
tor, H will be doubled. When the curvature of the
earth has to be taken into account, e.g., when fields and
conductivity distribution are of global dimensions,
H would be increased in the ratio 2n+1)/(n+1),
where n is the order of the spherical harmonic involved.

To obtain numerical estimates of the effects for
other frequencies, we first make calculations for a
single layer conductor, since, as we have seen, this
seems an appropriate model for discussing the effects
of the oceans.

Denoting the contributions to the surface field
(H, Z) of the inducing and induced fields by (H,, Z,) and
(H., Z,) respectively, we find

H__Z

H,

_ Ba— 6—200).

Zo 1 _,326—200 (14)

This formula has been used to estimate the en-
hancement of the H variations and the reduction of
the Z variations on the surface of an ocean of depth
D for various values of D. The scale length 27/v of
the inducing field has been taken as 10°m (i.e., 1000
km), the conductivity o as 4 mho/m and the period T
as 1000 sec. The results will be unaltered if o and T
are both changed in the same ratio, e.g., if we take o
=3 mho/m which is likely to be a more representative
value for the Arctic Ocean, then the results will apply
for T=750 sec. The results are shown in the first
two rows of table 4. They show that, for the varia-
tions considered, the Z component would be practi-
cally extinguished over an ocean of depth 5 km and
the H component would be nearly doubled.

The differences of phase between the inducing and
induced field, determined from (14) are shown in the
third row of the table. It will be seen that the phase
differences are quite small.

To obtain the relationship between the total Z and
H variations at the surface we easily find from (14) that

Z_Z2o+Zi_Zov1+Be P (15)
H H0+H1 H001—Be‘2‘”’

TABLE 4. The effects of induced currents on H and Z Variations
at the surface of an ocean of depth D

D(m) 5% 10* 10® 2X10° [ 3x10% [ 4X10%| 5% 10°
(1) Hi/Ho| 1.56 1.71 1.83 1.88 il 1.93
(2) | 1Z:1/Z0] 0.44 0.29 0.17 0.12 0.09 | 0.07
(3) | arg(H,/H,) 03 S0 nis .6° .9° 11,19
4) | rz/ry (calculated) .29 a7 .09 .06 05 0.04
(5) | rz/ru (observed) SR .39 .15
6) | rz/ru (calculated) N3 .19 .10 .06
(7) | rz/ru (calculated) .53 .28 .14 .09

.The values in row (4) are calculated from (15) with 27 /v = 108, those in row (6) from (16)
with 277/v=10¢ and those in row (7) from (16) with 2m[lv=TX%10° For all cases o =4
mho/m with T=10* sec or, alternatively, o =3 mho/m with 7= 750 sec.

The amplitude ratio |Zo/H,| for the external source
fields will of course depend on the position of the sta-
tion where the particular variations are observed. If,
for simplicity, we assume that the average amplitude
ratio for these variations is unity, the average ampli-
tude ratio, say rz/ry, for the total variations may then
be calculated from (15). The calculated average val-
ues of rz/ry are shown in the fourth row of table 4, and
the values of these ratios estimated from Zhigalov’s
observations (fig. 2) are shown in the fifth row. It will
be seen that the calculated values are less than those
obtained from the observations. This could of course
be due to several different factors. For example, our
assumption that for the inducing field (rz/ru)o ~ 1, may
not be true for the variations observed by Zhigalov.
Again we have taken L to be 1000 km, and the average
scale factor of the real inducing fields may be greater
or less than this. Finally, the fact that the ocean has
a finite area has been ignored, and there is probably
an important coast effect extending over the shallower
parts near the edge.

A rough idea of the nature of the dependence of
rz/ry on the parameters v, w, o, and D can be obtained
by treating the ocean as a thin conducting plate of in-
tegrated conductivity aD. This gives

Z_2Z2,_ 1
H Hyl+uoiocwD/v (16)
which is, in fact, the approximate form of (15) when

vD <<1 and |6D|<<]1. 17)
This approximate formula has been used to calculate
rz/ry for L=1000 km and L =700 km, and the results
are shown in rows 6 and 7 of table 4. It will be seen
that the latter value of L gives a good fit to the values
deduced by Zhigalov from the observed amplitude of
the variations of period <10 min. Though the for-
mula is not very accurate for the values of |D| in-
volved, we may reasonably conclude that Zhigalov’s
results can be adequately explained by induction of
currents in the sea. Further, since the induction
effects appear to be quite sensitive to the scale length
L (or 27/v) of the inducing field, it may be possible,
from studies of similar and more extensive ice island
observations, to obtain useful estimates of L as well as
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of the other parameters involved in these induction
effects. In more elaborate studies, it would, of course,
be desirable to take into account the possible effects
of the conductivity and topography of the ocean bottom.

8. Induction Effects Over Land Areas

The general agreement between the calculated and
observed induction effects over the oceans, where
conditions are fairly uniform, gives promise that, by
using other and usually rather more elaborate mathe-
matical models, some idea of the nature and magnitude
of induction effects over land areas may be obtained.
A simple model may first be used to get a general idea
of the magnitude of the effects to be expected. More
elaborate models must then be used to discuss the
distribution of these effects and their variation with
frequency and other parameters. We consider finst
a uniform conductor occupying the half-space z> 0,
and take various values of the conductivity o that
would represent possible average or effective values of
o throughout a depth somewhat greater than the skin
depth for any particular frequency w/27 of the oscilla-

tions. For this model we find
H_ Zi_, Jicwo+v’)—v
H, ZO_B_ V(polow +v?) +v (18)

For the induction effects to be important, uoow
must not be small compared with v?, but if it is large
compared with 2, then the effects are simply the ex-
tinquishing of Z and the approximate doubling of H.
More interesting changes of the induction effects with
frequency of oscillations will occur when woow is
comparable in magnitude with v2

TABLE 5. Values of mod B and arg B for different values of the
ratio a= wow/v?
a= 0.01 0.25 1.0 4.0 25 100
mod 8= | 0.0025 | 0.065 | 0.22 | 0.48 | 0.75|0.87
arg B= 90° 77 66° 39° 16° 8°

Table 5 gives the values of mod B and arg B for
values of the ratio a= uoow/rv?. This table shows that
the induced currents just begin to be effective when «
reaches 0.25, H then being increased by a factor 1.065
and Z decreased by a factor 0.935. The effects may
be regarded as becoming really significant when «
reaches 1, since H is then increased by 20 percent
and Z decreased by that amount, so that the corre-
sponding ratio of the amplitudes of H and Z is then
two-thirds that for the inducing field alone. When «
reaches 100, H is increased by a factor 1.87 and Z
decreased by a factor 0.13. Hence, for a = 100, the
induction effects are predominant and Z is practically
extinquished compared with H.

To determine the possible ranges of the parameters
o, T, v which correspond to the above values of «

we may note that

o ~ av?T| 2. (19
Now we have already seen that v for the inducing field
is probably within the range 1.6 X107 to 1.6 X 103
so that »? ranges from 2.5 X 10~ for global fields to
2.5X 1071 for local fields. At the lower limit of »
(global fields) with =1 (just significant induction
effects) we have 0 ~3X10-% 7. This shows that
induction effects will be significant for these world-
wide fields for all variations of period T'< 103 sec,
provided the effective bulk conductivity is greater than
3X107% mho/m (3 X10~'" emu) and this is probably
true in almost all cases. It must however be pointed
out that this result refers only to fields of the widest
possible extent, i.e., those for which 27/v =4 X107 m,
and the coefficient a—the “induction response”
coefficient—varies as v=2. If we take v ~ 1.6 X 1075,
corresponding to fields extending to about 4,000 km,
we find from (19) that induction effects for variations
of period 10 sec are significant if o > 3 X 10~* mho/m.
This value is probably near the upper limit of the
effective bulk conductivity.

The induction effects will be predominant (o= 100)
in fields of maximum global extent for all variations
with 7<10? sec, if 0> 23X 104 mho/m. For fields
extending to about 4000 km, and 7=10? sec, o would
have to be greater than 3 X 10-2 mho/m, which seems
unlikely in most continental areas. Assuming o is
of order 3X10~* mho/m, induction effects will pre-
dominate for these fields when 7 < 10 sec.

For strictly local fields, corresponding to v ~ 1.6
X107, 0 ~3X10% « T. Hence for T=10° sec, o
would have to be as high as 3 X 102 mho/m for there
to be significant induction effects, and as hich as 3
mho/m for these effects to be predominant. For
I'=1 sec, the induction effects are likely to be signi-
ficant even for these local fields, but will not be pre-
dominant unless the effective o is greater than 3 X 10-3
mho/m.

We conclude that for 7 ~ 1 sec, the induction effects
are always important and will be predominant except
for inducing fields of very limited extent. When
T ~10° sec, the importance of the induction effects
in continental areas will depend very much on the
dimensions of the inducing field.

9. Local Effects Due to Nonuniform
Conductivity

The discussion in sections 5-8 has been based on
the assumption that the earth can be treated as a con-
ductor with horizontal layers of uniform conductivity.
In many land areas, however, there are considerable
variations of o in the horizontal directions, and in some
cases actual discontinuities, depending on the geology
of the area. This nonuniform distribution of con-
ductivity will affect the distribution of the induced
currents. Hence the induction effects, particularly
for short period oscillations, will vary considerably
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over such an area. The effect of a nonuniform distri-
bution of conductivity is also shown by the increase of
rz/ry at land stations near the coastline of a deep ocean
[Schmucker, 1964]. This increase is caused by the
induced currents in the relatively highly conducting
sea water, which tend to concentrate near the boundary
of the ocean because of self induction.

The nature of the mathematical problems that arise
in considering these local features has already been
referred to in section 3. They are not usually direct
induction problems of the type considered in the pre-
vious sections. What is now usually required is a
method for calculating the disturbance produced by a
local nonuniform distribution of conductivity in some
average system — possibly quite extensive —of induced
currents. In this sense it is a disturbed skin effect
problem. Very few complete solutions of this type of
problem, applicable to oscillations of period 1000
sec or less, have as yet been published, though a
number of people are working in this field, and one
may hope that eventually a library of solutions of
relevant mathematical problems will be available for
helping to interpret the observations.

(Paper 69D8-547)

10. References

Eckhardt, D., K. Larner, and T. Madden (1963), Long-period mag-
netic fluctuations and mantle electrical conductivity estimates,
J. Geophys. Res. 68, 6279-6286.

Heirtzler, J. R. (1963), Simultaneous geomagnetic measurements
on an ice island surface and 1000 feet below. Tech. report No.
2, CU-2-63 Geology, Lamont Geological Observatory, Columbia
University, 1-16.

Hessler, V. P. (1962), Characteristic of telluric current at land and
sea based stations, J. Phys. Soc. Japan 17, Suppl. AI Part 1.

Lahiri, B. N., and A. T. Price (1939), Electromagnetic induction in
nonuniform conductors, and the determination of the conductivity
of the earth from terrestrial magnetic variations, Phil. Trans.
Roy. Soc. London A237, 509-540.

Price, A. T. (1950), Electromagnetic induction in a semi-infinite
conductor with a plane boundary, Quart. J. Mech. Appl. Math.
3, 385-410.

Price, A. T. (1962), The theory of magnetotelluric methods when the
source of field is considered, J. Geophys. Res. 67, 1907-1918.
Schmucker, U. (1964), Anomalies of geomagnetic variations in the

Southwestern United States, J. Geomagnet. Geoelec. 15, 193-221.

Swift, D. W., and V. P. Hessler (1964), A comparison of telluric
current and magnetic field observations in the Arctic Ocean,
J. Geophys. Res. 69, 1883-1893.

Wait, J. R. (1962), Theory of magnetotelluric fields, J. Res. NBS
66D (Radio Prop.), No. 5, 509-541.

Zhigalov, L. N. (1960), Some features of the variation of the geo-
magnetic vertical component in the Arctic Ocean, Geomagnetic
Disturbances (IGY Program), Translation by E. R. Hope, DRB
Canada 1961 (Academic Press, Moscow).

1168



	jresv69Dn8p_1161
	jresv69Dn8p_1162
	jresv69Dn8p_1163
	jresv69Dn8p_1164
	jresv69Dn8p_1165
	jresv69Dn8p_1166
	jresv69Dn8p_1167
	jresv69Dn8p_1168

