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Electromagnetic Induction Effects at an Ocean
Coast

GASTON FISCHER

Invited Paper

Abstract—This paper reviews recent progress in model calculations
towards understanding electromagnetic induction effects at ocean
coasts. Early models consisted of two adjacent quartes-spaces of dif-
ferent conductivity, whereas the newer models simulate the ocean
with a very thin sheet of a perfect conductor placed on top of a uni-
form Earth medium. The inducing field is assumed to arise from a
monochromatic plane wave incident vertically from above. With any
of these models one succeeds at once in explaining the occurrence of
large vertical magnetic fields when the inducing electric field is polar-
ized paraliel to the coast (E-polarization), theseby also confirming the
highly directional character of the coast effects as discovered a few
years before by Parkinson. Another important step was made when,
first numerically, then analytically, the behavior of the horizontal com-
ponent of the magnetic field at the surface was rigorously calculated.
For H-polarization (inducing magnetic field parallel to shore) this hori-
zontal surface field is uniform, but is not so for E-polarization. Indeed,
it has now been shown that the surface field can vary appreciably close
to the coast, particularly on the ocean side of shore. With E-polariza-
tion, very large currents flow in the ocean, parallel to shore, with the
result that the effect of the coast is felt at very large distances over both
land and sea. Under H-polarization induction the range of the coast
effect is very much shorter, in fact almost an order of magnitude
shorter over the land and even reducing to zero at the surface of the
perfectly conducting model ocean. The magnetic fields at the ocean
floor have also been calculated, which should be of interest in the
rapidly expanding field of marine survey and prospecting.

I. INTRODUCTION AND HISTORICAL REMARKS

NTEREST in the possible effect of oceans on the Earth’s
magnetic field dates back to the middle of the last century
(cf. the review by Bullard and Parker [1]), although the
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occurrence of unusual electromagnetic induction effects at
ocean coasts has, in fact, been recognized in the records of
geomagnetic coastal stations in the past thirty years only.
These rather recent observations were made in purely natural
phenomena and before any effect was sought in problems of
wave propagation. What was seen mainly were unusually large
variations of the local vertical component of the Earth’s mag-
netic field, when stations far inland were taken for comparison.
It is not surprising, therefore that the first theoretical attempts
to understand the coast effect concentrated on these vertical
field variations. At this point we may note that for a hori-
zontally layered flat Earth and a uniform primary field, no
vertical variation is induced.

In 1970, Bullard and Parker [1] were still rather pessimistic
in their appraisal of attempts toward a theoretical understand-
ing of the ocean coast effect. We believe that some significant
progress, which it is precisely our aim to review here, has
recently been made in this direction. Many particular or local
seacoast problems remain to be studied, but the main ocean-
coast effect is probably reasonably well-understood today.

Many ocean-coast models that have been studied consist of
thin sheet conductors only. We will not consider this subject
here, referring the interested reader to the review by Ashour
[2]. The coast models we will be looking at instead are non-
uniform conducting structures making up an entire half-space,
and the scale of these structures will be intermediate, i.e.,
neither very local nor global. What we mean by this statement
is that we will neglect both the curvature of the Earth and any
surface topography, considering the upper surfaces of both
land and oceans as a common horizontal plane. There are of
course ocean coast problems of a continental scale, where the
curvature of the Earth is of utmost importance, but we shall

0018-9219/79/0700-1050$00.75 © 1979 IEEE
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Fig. 1. Cross section of two model structures of an ocean coast. In
model 1 the ocean is the region where 0 = g3 >> 0,. In model 2 the
ocean is simulated by a mathematically thin but perfect conductor
at (y > 0, z = 0). For H-polarization induction only components
E,, Ez, and Hy occur. With E-polarization only Ex, Hy, and H,
are induced.

not look at these problems here. We will also assume that the
inducing field is uniform. Again this limits our scale of lengths
to say, less than 1000 km, since this assumption of uniformity
implies that the sources of the fields are at very large distances,
and in general means that we are looking at natural phenom-
ena. This assumed uniformity is of course seldom truly real-
ized in nature, but on the length-scale that we consider here
the source location is generally not stable in time, and our
assumption is therefore reasonably well justifed in the statis-
tical sense. In addition to the upper limit of lengths men-
tioned, a lower limit is set by our neglect of any surface
topography as well as by the assumption, made in many a
theoretical calculation, that displacement currents can be
neglected, i.e., that wep << 1. Here p = 1/0 is the resistivity,
€ = Xe€p the dielectric constant, and f= w/27 the frequency.
Obviously, the range of lengths that we will consider corre-
sponds to a range of frequencies or periods T, and these ranges
will be determined by the resistivities we have to deal with.
For a typical rock resistivity of p= 100 m, the range of
lengths may extend from 10 m to 1000 km and the range of
periods from 1076 sto 10 h.

Noticing the unusually large vertical magnetic field variations
was only a first step toward the full understanding of the
ocean coast effect. A real breakthrough occurred when
Parkinson [3]-[5] (cf. also Wiese [6]) observed that these
variations had a highly directional character, in the sense that
the vertical variations were almost totally correlated with
those horizontal variations which are perpendicular to the
coastline and not correlated with magnetic field variations
parallel to the coast. This led Parkinson [3]-[5] and Wiese
[6] to propose their now famous arrow representation, which
generated a flurry of papers confirming their discovery. The
original arrow concept was later refined when it was recog-
nized that the character of the in-phase correlation was some-
what different from the out-of-phase or quadrature correla-
tion [7a].

The directional nature of the correlation between vertical
and horizontal variation is a direct consequence of the es
sentially two-dimensional (2-D) nature of most ocean coasts,
i.e., the invariance of the coast profile with regard to transla-
tions parallel to the shoreline. Fig. 1 illustrates this transla-
tional invariance for two particular ocean coast models. For
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2-D structures, Weaver [8] and Fischer [9] independently
showed that the electromagnetic response separates into two
independent modes, according to whether the incident wave
has its magnetic vector H parallel (H-polarization iaduction)
or perpendicular (E-polarization induction) to the coastline.
Fig. 1 shows which field components are induced in these two
independent modes, and it becomes at once evident that the
vertical component H; can only be connected with H,, the
component perpendicular to shore. In his paper, Weaver [8]
set out to understand the coast effect by solving an ocean
coast model consisting of two adjacent quarter-spaces (cf.
Fig. 1). Although Weaver’s original E-polarization solution
[8] was shown later {10], [11] to be only a first approxima-
tion, it was quite successful in its goal of explaining the coast
effect theoretically, at least as concerns the vertical magnetic
field.

The fact that Weaver’s [8] original H-polarization solution
was quite rigorous, whereas his E-polarization solution was
not, is of interest and relates to another important hurdle
in the way of a complete understanding of the ocean coast
effect. Looking at Fig. 1, one easily perceives that with
H-polarization induction the current streamlines can but go
from left to right or vice versa. Since the upper half-space
(z<0) is nonconducting, arguments of continuity require
that the current integrated from z=0 to z=+% be inde-
pendent of coordinate ¥ (as will be seen below this statement
is correct only within the quasi-static limit). Consequently,
and with Maxwell’s equations, the magnetic field at the surface
is also independent of coordinate y. Because of the transla-
tional invariance it follows that this field is uniform in the
entire z =0 plane. This result, known prior to any actual cal-
culation, can profitably be utilized to facilitate the mathe-
matics of H-polarization solutions. It may also explain why
rather more analytical model calculations have been carried
out in the past for H-polarization [12], [13] than for E-polari-
zation, where there is no such a priori knowledge about any of
the field components at the surface. However, to render cal-
culations more tractable and in analogy with the H-polariza-
tion situation, some early E-polarization studies (cf. Weaver
[8] and Fischer [91) did postulate a uniform horizontal mag-
netic field at the surface. Weaver and Thomson [11] later
showed that this assumption does not completely invalidate
the results, but can be looked upon as a first step in an in-
teresting scheme of successive approximations proposed by
Mann [14] for precisely such problems. Weaver and Thomson
then calculated the second approximation of the Mann scheme
and showed that the improved result agreed reasonably well
with a numerical calculation by Jones and Price [10]} for the
model consisting of two quarter-spaces. These two papers
[10], [11], as well as ones by Treumann [15] and Klugel
[16] (Klugel also investigated a scheme of successive approxi-
mations and showed that the first approximation in fact over-
estimates the vertical field component H;), were the first to
give valid information about the behavior of the horizontal
surface magnetic field under E-polarization induction, and
they did show that this field can undergo appreciable varia-
tions near the conductivity discontinuity.

We should like to stress the importance of this last result
from the point of view of geomagnetic observations. Assume
a reference station situated on a perfectly tabular geologic
structure. A coastal station some distance away but situated
within the same range of a uniform inducing or primary mag-
netic field will display the same magnetic variations only in
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its component parallel to the coast line. Both other compo-
nents will display anomalous behavior. The occurrence of
anomalous vertical variations was recognized early, for the
simple reason that they are so very prominent at coastal or
geologically perturbed locations, and almost nonexistent at
good tabular sites. For horizontal components the primary
variations are not cancelled by induction so that even good
reference stations exhibit the wellFknown natural variations.
It is not surprising, therefore, that the early observer did not
easily become aware of the anomalous variations in the hori-
zontal magnetic component perpendicular to shore (see, e.g.,
Rikitake [17]), although Schmucker [7] had quite clearly
observed the anomalous decrease of the horizontal magnetic-
field amplitude along profiles across the coast of California.
In this case theory almost preceded observation in recogniz-
ing unequivocally that coastal stations should be the site of
anomalous variations of the horizontal magnetic field com-
ponent perpendicular to the coast. Strong horizontal variation
anomalies are now commonly recorded not only at coastal
stations but also inland (see, e.g., Camfield et al. [18] and
especially Babour ez al. [19]), where it is clear that large scale
geologic features must be invoked to account for the observa-
tions [20].

II. ANEw MoDEL: H-POLARIZATION SOLUTION

By 1972, then, the ocean coast model consisting of two
quarter-spaces could be considered as well resolved and under-
stood, and was accounting quite satisfactorily for the actual
observations. But another, perhaps slightly more realistic
model was beginning to arouse interest. This is the second
model depicted in Fig. 1. It consists of two perfectly uniform
half-spaces, partially separated by a very thin wedge or half-
plane (¥ > 0, z = 0) of infinite conductivity. Even though this
ocean model is still highly idealized or artificial, especially be-
cause it fails to reproduce the gradual increase of ocean depth,
it does embody the important feature of having both an ocean
top (z=-0) and an ocean bottom (z =+0). It will also com-
mand interest in other problems besides the coast effect since
it is a rather classical screening or diffraction problem. Here
again H-polarization solutions [21], [22] preceded the more
difficult E-polarization ones [23]-[24]. Nicoll and Weaver
[22] in fact went beyond the Fig. 1 model to include a layer
of infinite conductivity at various depths (z > 0), to simu-
late the high conductivity upper mantle of the Earth. Both
H-polarization solutions [21], [22] are analytic and rely on
the powerful Wiener-Hopf technique. Fig. 2, taken from
Bailey [21], is a graphic representation of the solution. This
figure takes full advantage of an interesting scaling property
of the two models represented in Fig. 1. For these models,
and provided one sets oneself in the quasi-static limit which ne-
glects displacement currents (ie., wep << 1), and if through-
out calculations one also assumes (wepp)Y/? << 1 and ignores
any magnetic effects (4 = pp), the electromagnetic-field pat-
tern perfectly scales with the skin depth §,

1/2
a=( 2) .
WHo O

For the model 1 structure one can choose for ¢ in the above
equation the “land-value” o;. The ratio 0,/0; then becomes
a parameter of the theory. Note that this skin-depth defini-
tion is 4/2 times the one chosen by Baley [21]. As long as
the length unit is chosen according to (1), current streamlines

1
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Fig. 2. Sectional view of real (in-phase) and negative imaginary (out-
of-phase) current streamlines induced under H-polarization induction
in model 2 structure of Fig. 1. The streamlines are at the same time
contours where H, = const., at intervals of 0.05 Hg. The real con-
tours decrease from unity at the surface, whereas the negative im-
aginary contours increase from zero at the surface to 0.3 for the
smallest visible loop at the left. The diagram width is 2+/2 skin
depths, as defined by (1), and the same length unit applies to the
ordinate. This figure is taken from Bailey [21].

or electric field lines will maintain exactly the shape they have
in Fig. 2. But lengths are not alone to scale; field amplitudes
also do. Assume the uniform magnetic surface field has ampli-
tude H,. This means that the amplitude of the incident wave
is Hy/2 for the magnetic vector, and Ey/2 for the electric
vector, where

Eol/Ho =Zo = (Hol€o)? =376.78Q 2

is the characteristic vacuum impedance. Then the electric sur-
face field at (y = - %9, z = 0) has amplitude E_,,

Eowy = - (iwop)? Hy == (1 +1) GH, 3)
where
Uz
G= (_‘t’_*;ﬁﬂ) . )

Henceforth, we will scale all magnetic fields to the real value
H,. When the surface field is not uniform, as in E-polarization
induction, we choose for H, the value of the surface field at
(y = -9, z=0). Likewise, all electric fields will henceforth be
given in units of GH,.

The current streamlines of Fig. 2 are simultaneously sections
of surfaces on which the magnetic field is constant (we recall
that only H, occurs for H polarization). Especially note-
worthy in this figure is the rapid recovery, on the land, of the
field pattern that would prevail in the absence of the ocean.
At a distance of one skin-depth inland from shore, the electric
surface field is affected less than 5 percent by the sea [25].
Under the ocean, however, the field pattern is quite interest-
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Fig. 3. H-polarization induction in model 2 of Fig. 1. For y <0 this
diagram represents Re E,, (full line) and Im E,, (dashed) at the z=0
surface, i.e., on land. For y > 0 it displays Re E, (full) and Im E,
(dashed) at the z = +0 surface, i.e., on the ocean floor. The electric
fields are expressed in units of GHy, given by (4), and were calculated
after Bailey [21].

ing. The very high current density at the ocean edge also leads
to very high values of the electric field, as shown in Fig. 3 for
the surface field components Ey and E;. Note that whereas
E, vanishes both at the surface and at the bottom of the
ocean, it tends to infinity on the land side as the ocean edge is
approached. E,, on the other hand, vanishes at the surface of
the ocean, but increases from zero to infinity at the ocean
floor as the shore is reached. On the land E, cannot com-
pletely vanish. To satisfy div £ = O Price [26] has shown that
surface charges will build up on the ground (z = - 0), but that
the currents and magnetic fields associated with these charges
are only of order wep. However, because of the singular
nature of our model, E, could become quite significant near
the coast [25]. Just inside the conductor (z =+0), the net
vertical electric field vanishes, as required by the quasi-static
condition div J=0. Implicit in Fig. 2 is the choice of H, as
phase and amplitude reference, meaning that Hy is real. Asa
consequence the integrated current /,,,

+ oo
I, =I dz J(y,z)=-H,
-0

(5)

is also real. Any imaginary current streamline coming from far
away inland will, therefore, turn around and go back far into
the land side, at a different depth, however [21]. Some of
these streamlines, as seen in Fig. 2, are channeled partway
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Fig. 4. Sectional view similar to Fig. 2, but with a perfectly conducting
mantle at one skin depth below the surface. Note that here the length
units of ordinate and abscissa are different, and that Fig. 4(b) rep-
resents the negative imaginary streamlines (i.e., the real or in-phase
streamlines at the time of a quarter-period). This diagram is taken
from Nicoll and Weaver [22].

through the sea; others turn about in the depth of the
conductor,

The effect of a high conductivity mantle on the field pattern
of Fig. 2 is seen in Fig. 4, taken from Nicoll and Weaver {22].
Figs. 5 and 6, from the same authors, show the behavior of the
electric field at the surface of land and of the magnetic field at
the ocean bottom for various mantle depths D expressed in
units of the skin depth 8, defined in (1). It is interesting to
observe in Fig. 4 how both in-phase and out-of-phase currents
flow almost vertically from ocean to mantle or vice versa. This
behavior should become even more marked when the mantle
depth decreases, and this seems to be the most striking dif-
ference with Fig. 2. Noteworthy in Fig. 5 is the slight decrease
of electric field amplitude in the range of very deep mantles
[22]. This agrees with the oscillatory behavior of two layer
systems when the first layer is thicker than 7/4 times its own
skin depth (cf. equation (1) and see, e.g., Keller and Frisch-
knecht [27]). In Fig. 6 we note that the magnetic field at the
sea floor appears to become insensitive to mantle depth when
that depth becomes smaller than a tenth of a skin depth. Dis-
continuity of H, across the perfect surface conductor (y > 0,
z = 0) arises, of course, because of the finite total current car-
ried by that perfect conductor.
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Fig. 5. Variation under H-polarization induction of the magnitude
|Ey| of the electric field along the surface, for various depths D of
a perfectly conducting mantle. The ordinate unit is G, as per (4).
The dashed curve corresponds to model 2 of Fig. 1. This diagram is
reproduced from Nicoll and Weaver [22].
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Fig. 6. Variation under H-polarization induction of the magnetic field
H, at the ocean floor, for various depths D of a perfectly conducting
mantle. (a) Real part of Hy. (b) Imaginary part of Hy. The dashed
curves corresponding to model 2 of Fig. 1. This diagram is reproduced
from Nicoll and Weaver [22]).

III. A NEw MODEL: E-POLARIZATION SOLUTION
Whereas the H-polarization solution of the second model
represented in Fig. 1 was successfully carried out by the
Wiener-Hopf method, this method appeared less suitable to
attack the E-polarization problem. Here a Green’s function
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Fig. 7. The electric field E = E,, at the z = 0 surface for E-polarization
induction in the model 2 structure of Fig. 1, according to [24]. The
ordinate unit is GHp as per (4), and the abscissa is given in skin
depths, as per (1).

approach [23], [24] seemed more appropriate. The integra-
tion volumes chosen are the two half-spaces z< 0 andz > 0.
Using the technique of ‘“image sources” a Green’s function
G(r, r') can be constructed which vanishes when either 7 or 7’
are on the z =0 boundary. It is then possible to derive ex-
pressions which give the electric field anywhere in terms of
this field on the z =0 surface. This surface field is derived
from the continuity of the horizontal magnetic field H 'y 8CTOss
the land surface (¥ < 0, z = 0). The perfect conductor sheath
at (y > 0, z = 0) can again carry a finite integrated current
over a vanishing thickness. In this polarization, therefore, it is
H, that will be discontinuous across the z =0 interface for
y > 0. The field at the top (z = - 0) will correspond to what
is expected at the ocean surface, and the field below the
sheath (z = +0) represents what is expected at the ocean floor.
What the required continuity of H, aty <0, z =0 yields is an
integral equation for £(y), which we define as electric field E,
at the z = 0 interface. This integral equation can probably not
be solved analytically, but it is worth stressing that up to the
point we have now reached in our description, the solution
proposed by Fischer et al. [23], [24] is analytic and perfectly
rigorous, and in fact allows for magnetic effects (1 # uo but
uniform in the conductor) and even includes displacement cur-
rents. This should prove of interest for the study of high-
frequency effects. From here, final resolution can be achieved
by solving the integral equation numerically. The numerical
E(y) data so obtained is then used to calculate all other field
parameters.

For the nonmagnetic and quasi-static limit, with the scaling
properties discussed in the previous section, the surface field
E(y) takes the form shown in Fig. 7, obviously satisfying the
conditions of continuity of tangential fields. We recall that
magnetic- and electric-field amplitudes are scaled to real units
given by Ho=H,(y =-, z=0) and GH,, respectively,
where now E_wy = Ex(¥y = -, z=0)=(1 + i) GHy. The
electromagnetic field configuration throughout the structure
is shown in Fig. 8. Here the pattern is simultaneously one of
magnetic lines of force and of sections of surfaces on which
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Fig. 8. Computer plots of the field-pattern in model 2 structure of
Fig. 1, reproduced from [24]. These diagrams are cross sectional
views of a 16 X 16 skin depths square of (a) the real and (b) the im-
aginary E = const. Surfaces. The contour parameters are in units of
GHg, as per (4), and simultaneously represent (a) imaginary and
(b) real magnetic field lines. A correct picture of the field-line den-
sity obtains only in the regions with a uniform contour interval.

the electric field amplitude assumes a constant value, ex-
pressed by the label of the line. Because the dimensions of
these diagrams extend over an area of 16 X 16 skin depths,
much larger than the corresponding H-polarization diagrams
(Fig. 2), it is easy to recognize the nodes of both electric and
magnetic fields of the attenuated wave pattern inside the con-
ductor. Especially noteworthy in Fig. 8(a) is the great range
of distances in the medium of incidence over which the field
pattern is affected by the presence of the ocean coast. Be-
cause the electric field must vanish everywhere on the per-
fectly conducting sheath, it follows from Maxwell’s equations
that no magnetic field line can enter the sheath. Everywhere

1055

30k 1
25}
20 8
s .
10k 2
os- ImH, / | -ReH,
-0
051

L L
8 -6 -4 -2 0 2

Fig. 9. Vertical magnetic field H, at the z = 0 surface under E-polariza-
tion induction in the model 2 structure of Fig. 1, according to [24].
The ordinate units is Hg and the abscissa is given in skin-depths, as
per (1).

at the top and bottom surfaces of the model ocean the mag-
netic field lines are tangential. The main consequence of this
is that these field lines must turn around the ocean edge in a
bundle which reaches enormous densities. At the edge itself
the field-line concentration goes to infinity, and we therefore
expect the following field components also to increase toward
infinity at the edge:

{Hz(y——>—0,z=0)

()]
Hy(y — +0,z=0).

Our data, represented in the graphs of Figs. 9 and 10, suggest
that these two field components tend to infinity as |y |1/2,
in accordance with the behavior found by Weidelt [28] for a
related thin sheet problem, and with Meixner's wellknown
edge condition [29]1-[31]. The present result is of interest
because it corresponds to a system of two conducting wedges
(o finite, = 180°, and ¢ —> o0, § = 0) and a dielectric wedge
(6=0,0= 180°). Intimately related with this behavior of the
magnetic field are ocean currents /() which also grow out of
all bounds when y = +0. These currents (per unit length of
the perfect sheath conductor) are given by

I(y)=Hy(y,2=-0)- Hy(y,z=+0)

and are also represented in Fig. 10.

While the horizontal magnetic field //,, at the surface of the
land remains finite all the way to the ocean coast, Fig. 10
shows that it does vary strongly near the edge, and even far
inland appreciable variations are observed. However, such
strong variations, just as the growth to infinity of fields and
current H;, Hy, and I, are a direct consequence of the unreal-
istic abruptness of our ocean coast model. In a more realistic
situation the magnetic field lines are not totally prevented
from penetrating the ocean, and can turn around the edge in
the shallower parts of the water. H,, Hy, and I will probably
still vary quite strongly on the ocean side, but on the land H,,

)
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Hy, I

1.25

Fig. 10. Horizontal magnetic field Hy at the z =0 surface under
E-polarization induction in the model 2 structure of Fig. 1, accord-
ing to [24]. The ordinate unit is Hg and the abscissa is given in
skin depths, as per (1). For y < 0 diagrams (a) and (b), respectively,
represent real and imaginary parts of Hy on the land. For y > 0
these same diagrams give H,, at the ocean surface (z = —-0) and at the
ocean floor (z = +0), as well as the integrated ocean current I( y) cal-
culated with (7).

may, as often observed, exhibit only a weak departure from its
constant value H, far inland, which we take as reference.

IV. THE MAGNETOTELLURIC SURFACE IMPEDANCE

Impedance measurements under conditions of induction by
natural phenomena, i.e., caused by geomagnetic variations, are
of course most easily carried out on land. This may explain
why they are usually given the special name ‘‘magnetotelluric
impedance.” On top and at the bottom of our idealized ocean
the impedance vanishes, which of course is not quite realistic.
Today, there are several active research projects involving im-
pedance measurements at sea. We shall not be concerned with
these here, but will return to our model calculations.

The magnetotelluric surface impedance is of special interest
to the geomagneticist or prospector because it is the ratio of
two fields which can easily be measured; horizontal electric
and magnetic fields at ground level. Since this impedance re-
lates two-component vectors, it is a tensor. For 2-D structures
and when coordinates are aligned with the structural features
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Fig. 11. Surface impedance modulus (a8) and phase (b) for the model 2
structure of Fig. 1, according to [24]. The index pair xy refers to
E-polarization and the pair yx to H-polarization. The ordinate is
given in units of G as per (10), and the abscissa is given in skin depths
defined with (1). Note how much further inland the ocean affects
Zyy than Z But whereas Zy,, remains finite and vanishes at the
coast, Zyx goes to infinity right at ocean edge.

of symmetry, however, only two of the tensor elements are
nonzero [32]. Here, these two impedance elements relate to
the two polarizations, namely,

Ey(y)
Z,(y)=- H:(y) = 1 Z,n (9)| exp [igye ()],
for H-polarization (8)
and
EX
ny(y) = (y) = Iny(y)I exp [i\axy (y)] ’

H,(y)
for E-polarization. (9)
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Fig. 12. Cross sectional view of a variations plane in the idealized situa-
tion when H; and H,, variations are strictly in phase. This diagram
also serves to define the angle of tilt & and Parkinson’s induction

arrow v [3], [4].

Throughout this paper, we have set ourselves in the frequency
domain, and the above impedances in particular are defined
only in the frequency domain. Again we scale these imped-
ances to their value at (¥ = -0, z=0), where they become
identical and obtain, according to (3), the value Z _..,

1/2
Zoo=(1+)G=(1 +i)(%) .

(10)
When expressed in units of G the two impedances Z,x ()
and Z,,, (y) behave as shown in Fig, 11 (cf. also [25]).

As was to be expected after what we have seen so far, the
most striking feature of Fig. 11 is the much larger range of
distances inland to which the presence of the ocean is felt
under E-polarization induction than H-polarization. If we take
as range the point where the modulus has reached a value of
2 G, then the E-polarization range is over an order of magni-
tude larger than the H-polarization one. A range ratio of
5 or more is obtained when equal phase departures are con-
sidered. It is interesting to observe that for both polarizations
the phase response seems to be affected further inland than
the amplitude response, but phase may be more difficult to
measure accurately than amplitude.

The cause of the much greater range to which the coast ef-
fect is carried inland for E-polarization than for H-polarization
has been discussed in detail elsewhere [24]; it resides in the
extremely large currents that flow parallel to shore at the
ocean coast. In our model these currents grow out of all
bounds right at the ocean edge and therefore act as a very long
line antenna carrying a finite emission current. No such an-
tenna effect occurs for H-polarization. As a consequence,
E-polarization is much more effective than H-polarization
response in locating distant anomalies. But this long range can
also render E-polarization inappropriate to detect a strip of
high resistivity material squeezed between two regions of good
conductivity, or vice versa. Across the high resistivity strip the
electric field amplitude does not succeed in rising much above
its low value at the surface of the two good conductors. Here
H-polarization offers a much more sensitive tool, since the
electric field, and, therefore, also the surface impedance, can
rise very sharply to large amplitudes within the strip, as seen,
for example, in related studies by Geyer [33], and Wait and
Spies [34].

V. PARKINSON’S INDUCTION ARROW

Parkinson [3]1-[5] (see also Wiese [6]), who discovered the
directional character of the ocean coast effect after studying
a large number of events, proposed a convenient arrow or
vector representation of the effect. Assume for a moment
that Hy, Hy, and H, all vary at the same frequency. Since
Hj, is correlated with 4, their phase relationship will be stable,
whereas in an ensemble of events the phase of H, will be dis-
tributed statistically. If we assume, at first, that Hy and A,
are exactly in phase the extremity of the variation vector
H(t) will describe a plane. Referring to the coordinates of
Fig. 1, this plane will be perpendicular to the figure. If fora
while we continue to disregard the phase, we get the field
configuration shown in Fig. 12, in which the variation plane is
also indicated. In this situation Parkinson [3], [4] defined his
induction arrow as the horizontal projection of the down-
going unit normal vector to that plane. As in Fig. 12, this
arrow is seen to point toward the sea. With reference to Fig.
12, Parkinson’s arrow v has an amplitude v given as

v=sin 0

(11)
where

H,
(12)
Hy

tan 0 =

and the convention is adopted that v is positive when i, and
-H, have the same sign (the need for a negative sign in front
of H, arises because our z-axis points downward, unlike Park-
inson’s [4]). This is obviously an ambiguous convention when
H,, and - H; are not nearly in-phase or 180° out-of-phase, since
their amplitudes may then always be considered as positive.
But the most significant feature emerging from this definition
of the arrow v, is that it does not, for truly 2-D structures, in-
volve component H,..

Let us now generalize (11) and (12) to take account of the
phase relationship between H y and —H, writing

-(ReH,+iIlmH,)

tan@, +itanf, =
! 2 ReHy +ilm H),

(13)

We then define the in-phase and out-of-phase arrows, respec-
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Fig. 13. Real and imaginary induction arrows v, and v;, and angles of
tilt 6y 5, calculated for the model 2 structure of Fig. 1. The dashed
curves are obtained when the horizontal variations Hy are those rep-
resented in Fig. 10. The full curves are found when H,, is replaced
by the reference field Hg at (y =—<°, z = 0). Note that v, > 0 means
an arrow directed toward the ocean, whereas v; < 0 points inland.

tively as [35]

v,=sinf; and v;=sinf,. (14)

When we compute v, and v; in this manner we obtain the
dashed curves of Fig. 13. Whereas v; has the qualitative be-
havior observed in practice, something obviously went wrong
with v, which should be found large and positive (i.e., pointing
toward the sea). The reason v, comes out wrong lies in the far
too extreme features of our ocean coast model, which pro-
duces variations of H, that go far beyond what is usually ob-
served. If instead of H,, we introduce the reference field Hy
into (13), we obtain the full lines of Fig. 13, in excellent agree-
ment with observations at or near ocean coasts [7], iLe., a real
or in-phase arrow pointing towards the high conductivity me-
dium and an imaginary or out-of-phase arrow pointing away
from it. As claimed by Schmucker [7a], the out-of-phase
arrow is particulary strong when the conductivity anomaly is
close to the surface; this is especially true here. Also in excel-
lent agreement with observations is the range of distances from
the coast over which a significant arrow amplitude is observed
[71, i.e., about one skin depth or 300 km for p = 100 Qm and
periods of one cycle per hour.

V1. RANGE OF THE OCEAN COAST EFFECT

In our discussion of the surface impedance (Section IV) and
of the induction arrow (Section V) we have pointed out the
comparatively long and short ranges of the coast effect ob-
served on land for E- and H-polarization, respectively. It is
interesting also to compare these ranges over the ocean surface
and at the sea floor. For our idealized ocean model the range

over the water is zero, since the electric field vanishes and
the surface magnetic field H, is horizontal and uniform. For
E-polarization the surface impedance also vanishes and the sur-
face magnetic field too is purely horizontal; but it is not uni-
form and indeed, as seen in Fig. 10, it varies strongly near the
shore over a range of approximately one or two skin depths
[25]. On the ocean floor H-polarization induces an E, and an
H, component, both of which remain appreciable (i.e., about
10 percent of E_oy and Hp, respectively) up to distances of
over a skin-depth from shore. With E-polarization the induced
H,, drops very quickly from its infinite value, - >°(1 +7) at the
coast, to about 10 percent of H at half a skin depth from the
shore. "Here, for once, H-polarization produces effects that
reach further than E-polarization. This probably arises be-
cause with H-polarization current can flow from the mantle
into the ocean (cf. Fig. 2), whereas with E-polarization the
corresponding magnetic field-lines are bent around the model
ocean edge (cf. Fig. 8).

The long range of E-polarization induction, found both on
land and on the ocean surface of our model, is significant in
relation to electromagnetic sounding or surveying quite gen-
erally. As an example we mention a recent magnetotelluric
profile carried out in Iceland across the mid-Atlantic ridge
[36]. The upwelling ridge material has a rather low resistivity
of about 80 2m and forms a segment of about 90 km width.
On both sides of this segment are high resistivity plates of
about 1000 2m and thicknesses of a few tens of kilometers.
Although this structure is not of a sea-coast type, it furnishes
a beautiful example of the large difference in the ranges of
E- and H-polarization effects. For periods from 10 to 1000 s,
corresponding to skin depths of 14 and 140 km, respectively,
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in the high conductivity segment, the H-polarization apparent
resistivity drops quite abruptly from a high value of about
1000 m or more on the plates to a low of 80 {Ym in the seg-
ment., With E-polarization, the low apparent resistivity of
80 £2m in the segment does not rise as one moves onto the
high resistivity plates, but remains at the low segment value for
distances of well over 50 km from the plate edge. This is
not surprising, as 50 km is a rather short distance compared to
the skin depth of the high resistivity plates: 50 km at 10 s and
and 500 km at 1000 s periods. This example also demon-
strates that H-polarization measurements, while very sensitive
to perturbations at very close range, are much less perturbed
by distant lateral inhomogeneities and will, therefore, gen-
erally yield a truer picture of the ground conditions at the
point of observation.

VIII. CONCLUSIONS

We have seen that present model calculations furnish a rather
good understanding of geomagnetic effects observed near
ocean coasts., These calculations also shed light on electro-
magnetic characteristics of 2-D geologic structures in general,
particularly when large lateral conductivity contrasts are pres-
ent. Refinements are expected from calculations with more
realistic ocean models, as for example a highly conducting
wedge, or curved coastlines. Even greater improvements can
be expected from a model in which the ocean is represented
by a surface sheath of variable integrated conductivity that
can simulate the gradual increase of ocean depth. Such mod-
els, which are presently analyzed numerically by Weaver and
co-workers [37], should avoid the unrealistic abruptness of
our ocean coast model and be capable of explaining the be-
havior of all the fields, in particular also the horizontal electric
fields at the surface and the bottom of the sea. Because of the
singularity cofinected with the apex of a wedge, analytic rather
than numerical solutions would be desirable. Such improve-
ments may help to dispel fully misgivings of the sort expressed
by Bullard and Parker [1] concerning our understanding of
the ocean coast effect and render unnecessary their assumption
that the upper mantle, at depths of some hundreds of kilom-
eters, is very different under oceans than under continents.

Parkinson [38] has pointed out that there are situations
where (but at much shallower depths) a significant difference
for the conductivities beneath the ocean and beneath the
continent must be expected. In a tectonic area like Western
Canada, the two resistivities of around 20 {2m are probably
little different. But in Western Australia, a shield area, the
conductivity is probably very much lower beneath the con-
tinent. According to Parkinson [38] our Fig. 11 fits the
Canadian data far better than the Australian.
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Reconstruction Algorithms for Geophysical
Applications in Noisy Environments

ROGER D. RADCLIFF, sTunpeNT MEMBER, IEEE, AND CONSTANTINE A. BALANIS, SENIOR MEMBER, IEEE

Abstract-Remote determination of underground geophysical struc-
tures is a matter of considerable interest. Detecting such structures by
scanning the area of interest with electromagnetic radiation is shown
to reduce to the problem of solving an inconsistent system of equations
for a spatial attenuation distribution. This paper examines the employ-
ment of reconstruction algorithms to solve such systems of equations,
and it presents significant modifications to a standard algorithm that
vastly improves its performance in the presence of noisy data. The
process of in situ coal gasification is taken as an example to illustrate
the superior performance of the modified algorithm.

1. INTRODUCTION

EVELOPMENT of a system that can remotely deter-
mine the structure of various regions of the earth can
have a significant impact in many areas of geophysical
exploration. Such a technique would have great advantages
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work was supported by the In Situ Coal Gasification Project at the
Morgantown Energy Technology Center under the Department of
Energy Contract EY-77-C-21-8087 (Task Order 22).

The authors are with the Department of Electrical Engineering, West
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over present methods in the search for salt and oil deposits,
location of tunnels and fractures, fluid-flow monitoring, etc.
Another important application is the potential to map and
monitor the burn front in an in situ coal gasification (UCG)
process. Although the techniques presented in this paper
are, in general, applicable to many types of underground
anomalies, the UCG process is chosen to illustrate the mathe-
matical foundations of such a remote detection system.

II. Basic CONCEPTS

Investigations have indicated that the electrical conductivity
of gasified coal is many times greater (a factor of = 10*) than
the conductivity of virgin coal [1]1-[{3]. Due to this striking
difference in conductivity, regions of low conductivity in the
coal seam indicate unburned coal, and regions of compara-
tively high conductivity designate a gasified pocket. Hence, if
we can determine the electrical conductivity as a function of
position everywhere in the area of interest, we have mapped
the bounds of the underground coal conversion process. The
data necessary to reconstruct the conductivity profile is ob-
tained by transmission of electromagnetic waves from antennas
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