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ABSTRACT

This thesis deals with a laboratory analogue model
study of the horizontal component of the magnetic field
induced by ocean waves. Following some of the techniques
proposed by Ng and Dosso (1970), an analogue model,
employing mercury to simulate the ocean, was constructed.
The validity of this model was tested by comparing the
observed model magnetic field with the magnetic field
calculated using Podney's (1975) expression for a finite
uniform depth ocean. Excellent agreement was obtained.

The model was used to study cases of non-uniform
ocean depths and sea-land interfaces. Measurements of the
induced magnetic field were carried out for traverses over a
(1) uniform depth model (to provide a reference), followed
by various ocean floor and coastline structures, that is,
the (ii) step and shelf model, the (iii) wedge and shelf
model, the (iv) dyke model, the (v) sea mount model, the
(vi) sloping bay and shelf model, and the (vii) reef and
shelf model. For shallow ocean depths, over a submerged
obstacle (or structure) of large horizontal extent, the
attenuation of the induced horizontal magnetic field over
the leading edge of the structure is strongly dependent on
the depth. The shape of the leading edge of the structure
can also have an important effect (especially for the very
shallow fluid depths), this being brought out for the

models having vertical and sloping sea-land interfaces.
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The contour of the coastline affects the induced field
through changes in the fluid waves or changes in the
electric currents induced by the waves. The observed fields
for the bay model are attributed to the focussing of the
fluid waves by the geometry of the bay, while the observed
fields for the reef model are in agreement with channelling
of induced currents around the reef, since the reef was
parallel to the direction of wave propagation. The hori-
zontal extent of the structure is important, since fluid
wave interference effects would be expected. For the case
of the dyke model, and also for the case of the sea mount
model, the horizontal extent is approximately half a
wavelength in the direction of wave propagation, and
constructive interference occurs resulting in large enhance-
ments of the induced field over the trailing edges of the
horizontal section for both the dyke and sea mount models.
In general, it is apparent that an irregular ocean bottom,
or a large submerged structure, affects the induced fields
at the surface only for rather shallow ocean depths

(less than 40 m for a wavelength of approximately 360 m).
Thus it appears that it may be feasible to use aerial
measurements of ocean wave induced magnetic fields to detect

shallow structures such as reefs and sea mounts.
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CHAPTER 1
INTRODUCTION

1.1 Historical Review

The geophysical interest in magnetism was a direct
consequence of sailors' desire to navigate beyond sight
of the horizon. The compass was known in Europe, as
concluded from the records of the monk Alexander Neckham
(1163) of St. Albans, England. It became apparent that
the compass did not always point to true north. Sundials
dating from 1450 show a correction for the magnetic
declination, and the magnetic dip was mentioned in a
Nuremberg letter of date 154k,

From a rudimentary knowledge of the magnetic dip
and declination, the science of geomagnetism evolved.
Gilbert (1600), in his famous book 'De Magnete',
expressed his belief that the earth itself was a giant
magnet. His contemporary, Gellibrand, in 1635 demon-
strated that the magnetic properties of the earth
changed with time, at a rate too rapid to be considered
on a geological time scale. From this began the
study of the secular, or long term variations of the

earth's field.



On a shorter time scale, transient geomagnetic
variations were noted by Graham in 1724, as he examined
the movements of a compass needle under a microscope.
His contemporary Celcius began simultaneous observations
in Uppsala, and the two geophysicists exchanged data.
The global nature of geomagnetic variations soon became
apparent, and the correlation between magnetic disturbances
and aurora was noted by Celcius in 1741.
The theoretical basis for geomagnetic induction
was laid by Faraday, in the year 1832. He noted that
a time varying magnetic field generated an electric current
in a conductor. On a geophysical scale, these currents
were noted by Barlow (1849) in a paper to the Royal
Society entitled 'On The Spontaneous Electric Currents
Observed In The Wires Of The Electric Telegraph'. Scientific
field stations were set up in 1865 to record these currents.
Not only can a time varying magnetic field induce
a current flow, but also a conductor, moving in a magnetic
field. Faraday, in a lecture in 1832, pointed out that
water, moving in the earth's magnetic field, should
generate an electromotive force. He attempted to measure

the voltage induced across the river Thames with a station
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at Waterloo Bridge, but the results were inconclusive.

One of the earliest successful attempts to measure
induced current flow was carried out by the British and
described in a paper by Young et al (1920). The induced
electric field was successfully measured outside Dartmouth
Harbour, and strong evidence of current flow was found,
consistent with the hypothesis of electric fields induced
by tides. Towed electrodes were also used to measure the
induced field due to the motion of a ship. In all cases,
the electric field obtained was shown to be consistent
with Faraday's theory, and the field from towed electrodes
showed evidence of induction by wave action. The field
induced by waves was found to be maximized in a direction
normal to wave propagation, and this was consistent with
Maxwell's equations.

A theoretical study of the electric field induced
by ocean waves was carried out by Longuet-Higgins et al
(1954), and the results showed that the effect of the
ocean bottom was negligeable for ocean depths comparable
to the English Channel., This study divided each wave into
infinitesimal 'streams', with the velocity of fluid
particles in each stream being a constant at any given
time. The total current induced by the wave was then

calculated by summing over the contributions from each




infinitesimal stream. This procedure was placed on a
firm theoretical basis by Crews and Futterman (1962), who
calculated the magnetic field produced by these induced

currents.

1.2 Magnetic Fields Induced by Ocean Waves

Exact theoretical analysis of the magnetic field
associated with ocean waves and swell can be said to date
from Warburton and Caminiti (1964). They used the current
strip approach, developed by Crews and Futterman (1962)
to obtain integrals giving the magnetic field induced by
ocean waves, directly without solving for the induced
currents. These integral expressions were evaluated
numerically for the various field components, and graphs were
presented showing the effect of the magnetic declination
and magnetic dip upon the field.

Weaver (1965) presented an elegant solution for the
magnetic fields induced by waves in an ocean of infinite
depth. In Weaver's (1965) approach, Maxwell's equations,
the Lorentz equation, and the fluid equation giving particle
velocity, were combined to produce a second order differential
equation, giving the magnetic field as a function of

position. Two of the more important properties that




followed from his investigations were:

1. The intensity of the fieid decays exponentially
with altitude if the ocean is uniform and isotropic.
(The decay constant is the wave number, )

2. The intensity of the field is a linear function
of the wave amplitude, and almost a linear function of the
wave length. The second prediction agreed well with the
earlier observations of Maclure et al (196%), who used
a rubidium vapour magnetometer anchored at various depths
in the ocean.

Woods (1965) and Groskaya (1972) obtained solutions
for the case of the field induced over an ocean of finite
depth, assuming irrotational motion of the fluid elements.
This work was then generalized by many authors, including
Podney (1975), who treated the general case of induction
in oceans of finite depth, without the assumption of
irrotational motion. Beal and Weaver (1970) calculated the
magnetic field induced by internal ocean waves, while
Larsen (1971) treated the problem of a plane progressive
wave moving through an ocean of uniform depth, assuming
uniformly conducting layers that represented the ocean,

the bottom sediments, the crust, and the mantle.




Preisendorfer et al (1974) provided an exhaustive theor-
etical study of the magnetic field induced by both surface
and internal ocean waves. In this study, the ocean waves
were treated as antennae producing magnetic fields, and
a multi-layered ocean bottom was treated as a series of
leaky waveguides through which these magnetic fields
propagated., Various modes of electromagnetic wave propa-
gation were numerically shown to exist in the ocean floor,
and graphs of these modes were presented., Klein et al
(1975) cafried out simultaneous measurements of the
vertical and horizontal magnetic field components induced
by ocean swell for the period range of from one to two
hundred seconds. They mentioned the possibility of
utilizing the induced field to determine inhomogeneities
in the underlying geological structure., ©Such a survey
of the geological structure would require precise knowledge
of the effect on the induced field from various common
geological structures.

Much of the work in the field of magnetic induction

by ocean waves has assumed horizontal symmetry. An
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exception to this is the work of Leibo et al (1975) which
provides a theoretical study of the induced magnetic
fields in the vicinity of a vertical land-sea interface.
This study points out that the horizontal and vertical
components of the magnetic field do not attenuate at
similar rates for points inland, but rather that the
horizontal component attenuates more rapidly than the
vertical component. The ratio between the horizontal
component and the vertical component is found to depend
upon the wavelength, the ocean depth, and the position

relative to the coast.
I

1,3 Rationale for the Choice of a ogue Model Approac

In order to investigate the magnetic fields over
structures with any degree of confidence in the results,
a controlled and repeatable set of conditions is required.
Such conditions are not readily available in nature, but
several laboratory and mathematical means may be used
to isolate the effect of each parameter, Basically the
methods that can be used are (i) analytical solution,

(ii) numerical solution, and (iii) laboratory analogue
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modelling. Most of the references listed earlier have
dealt with the problem of induction by ocean waves using
the technique of analytical solution. Although this method
is the most elegant of the three techniques, the mathe-
matics involved quickly becomes complicated even for the
relatively simple case of an ocean with uniform and finite
depth. The coupling of the electromagnetic induction
problem and the complex fluid dynamics problem occurs
through the Lorentz equation, and the mechanics of the
fluid flow must be solved before the electromagnetic
problem can be set up. At this time, the author knows
of only one attempt (leibo et al, 1975) to extend the
analytical technique to cases of geological interest
involving horizontal asymmetry. Leibo et al (1975)
investigated the magnetic field induced by ocean waves in
the vicinity of a coastline with a vertical sea-land
interface, and found it necessary to state the solutions
in the form of multi-dimensional integral equations!

For the cases involving horizontal asymmetry, the
fields can be calculated using the less elegant numerical

approach. In the numerical method, the fluid mechanical
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problem can be reduced to a three dimensional finite
difference set of equations, whose elements represent the
particle velocity at a given time, and whose boundary
conditions are set up to represent the ocean floor, the
ocean surface, the coast, and so on. The source of the
waves can be taken as infinitely far away from the coast.
After the fluid mechanical problem has been solved, the
velocity matrix can be used in an iterative solution to
Maxwell's equations. The chief problem with this tech=-
nique (apart from programming considerations) is the
large number of individual calculations that the set of
equations require. As an order of magnitude estimate,
this process would require about lO9 double precision

(ie complex) floating multiplications, for every solution
attempted.

Ng and Dosso (1970) carried out a feasibility study
of the analogue model approach, They developed the basic
scaling conditions, and investigated several technical
aspects of designing a laboratory analogue model.

The technique of analogue modelling was chosen by
the author in view of the study by Ng and Dosso (1970),

since it promised useful results for complex ocean=land
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boundaries and underwater structures. For the model
results to be signifigant, great care must be taken in
setting up the modelling conditions in the laboratory,

The conditions must be accurately controlled and stable,
since the ratio of the induced field to the background
field is of the order of 1077, The background field

must therefore be held steady well within one part in 107.
Also the problem must not become hydromagnetic, which
(assuming a modelling fluid of mercury), necessitates a
background field whose magnitude is less than one kilo-
gauss (107" T), This restriction, which becomes clear

as the scaling conditions are derived, places an upper
limit on the induced field of about 1000 gammas (1076 1)
as a result of the ratio of the induced field to the
background field, hence a sensitive probe is required.

To physically fit the problem into a laboratory, a linear
scaling factor of about th must be employed, hence the
probe, used to measure the magnetic field, must also be
small physically. The techniques employed by the author to
meet these various criteria, and the results subsequently

obtained, form the basis for this thesis.
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CHAPTER 2

MATHEMATICAL ANALYSIS

2.1 Mathematical Expressions for a Uniform Depth Ocean

2.1.1 Infinite Depth Ocean

In the simplest geophysical problem concerning ocean
wave induction of magnetic fields, the ocean is of infinite
depth and has uniform conductivity o. Fluid waves of
small amplitude a, propagate along the upper surface
of this ocean in the x direction with phase velocity V.

The velocity of the fluid elements v is then given by
(Coulson 1955)

_ . id o2
V= -ag ( 2+ iX ) exp( iwt + ;gm z - igm % ) 361

where 2 and X are real unit vectors in the direction of the
vertical and in the direction of the wave propagation
respectively, w is the radian frequency of the wave, i=(-l)%
g 1s the acceleration due to gravity, and z<O locates the
ocean. After the appropriate boundary conditions have

been satisfied, Maxwell's equations can be used to solve
exactly for the electric and magnetic fields both in and
above the ocean. Weaver (1965), quotes an approximate

solution for the horizontal field Bx at a height h above

the ocean,

A ¥, g %— A
B, =-%1inoa  uk (= F.uexp ( =kh ) , (2)

b
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where k is the wave number of the ocean wave, F is the
background field, and T is a unit vector in the direction

of particle velocity, and is given by

t=2F @+ 1%) . (3)

Here Z and X are now complex unit vectors in the direction
of the vertical and in the direction of the wave propagation
respectively, and each vary as exp (-iwt), ﬁ* is the
complex conjugate of .

From (2), it can readily be seen that the magnitude
of the induced field varies directly as the amplitude of
the inducing field, and inversely with the period. This
latter effect, combined with the exp(-kh) attenuation of
the observed field, implies that the high frequency
contribution to the induced field will be small at reason-
able elevations over the.ocean, and al$o’ that" the main
component of the induced signal will come from low fregnency
swell. (These effects have been noted by many observers,

including Semenov and Fonarev (1975)).

2.1.2 Finite Depth Ocean

For an ocean of finite depth d, it is necessary to

invoke an expression derived by Podney (1975)

)?-ﬁ*]exp(-kh)

— A g — 2P
B = 4ipoa B [f tanh(kd)]® [F.u+(exp(§§d)_l

(4)
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This expression is still only valid if the waves are small
in amplitude, and it presupposes a uniform, horizontal,
and non-conductive ocean floor.

If the ocean bottom slopes, then the wave amplitude
will increase as the coast is approached. This increase
in wave height will naturally tend to increase the induced
signal, which should consequently become enhanced. An
approximate expression for this increase can be derived
if it is assumed that the ocean is shallow ( d << g% ).

In a simple harmonic oscillator undergoing small
oscillations, the energy is equally divided between kinetic
and potential forms, when considered as a time average

(Goldstein, 1950). Per unit width of a surface wave,

the average potential energy <E> per cycle is

e ) 2
<E> = [a(y)]
oS P8 g Y : (5)

Since the height a(y) is harmonic, assume that it has the

form

aly) = a, sin ( g%? ) . (6)

If this expression is substituted into Eq (5), and the
resulting integral is evaluated, an expression for the
average potential energy <E> is obtained,

2

_7Tpg a
<E> = . O ’ (7)

which can be rewritten as

a2 _ 2<E>

o~ TpgA s (8)
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If the energy of the wave is conserved, then <E> will be
a constant as the wave advances up the slope, and Eq (8)

will reduce to

ao=z_;:—_;-§- , (9)
where Ais the wavelength of the wave, a, is the amplitude
of the wave, and c¢c is a constant.

The velocity of a wave is given by V=Af, and in
the case of a shallow surface wave, by V=(gd)%, leading

to the expression,

=2 (gt : (10)

Since the frequency f of the wave is a constant,

substituting (10) into (9) leads to the result
C

ao(y) = [—d(;%—];} " (11)

where Cq is another constant. This result states that the
wave amplitude will vary as the inverse fourth root of the
fluid depth. In general, a surface wave in a deep ocean
will behave as though it had an effective depth d of one
radian (d = é% . Equation (11) then suggests that a

wave produced in the deep ocean with wavelength X near its
source, will find its amplitude enhanced at depth d (d<<§%),

given by

’ (12)
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as it moves up the slope toward the coast. The increase

in wave height will tend to enhance the induced field,

and as stated earlier, the signal should be expected to
increase. Clearly, this enhancement cannot continue
indefinitely as the fluid becomes increasingly shallow, and
the limit to this enhancement appears in (4) as the factor
[ i tanh(kd) ]i , which reduces to (gd)% in the case of

a shallow ocean. This factor clearly goes to zero as the
depth decreases to zero, and in shallow water, the behaviour
of Eq (4) can be characterized as the product of this term
with the term ( % )% (which enters through Eq (9) ). 1In
this case, the induced magnetic field B should approach

zero as a function of the fourth root of the ocean depth.
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2,2 Derivation of the Analogue Model Scaling Conditions

The laboratory analogue model is used to simulate
an ocean of finite depth in the earth's magnetic field.
This field is assumed to be vertical (ie, the inclination
is taken to be 90°) and uniform, the ocean is assumed
to have an infinite horizontal extent, and the floor
of the ocean is assumed to be non-conducting.

Mathematically, the scaled problem has a uniform
magnetic field F which penetrates a fluid of conductivity o
and density p. Fluid surface waves propagate horizontally
with phase velocity V, while the fluid elements themselves
have velocity v. The motion of the fluid elements across
the background field F induces a current of density F: A

To develop the scaling conditions, consider

Maxwell's equations,

V.B=0 , (13)
vxE=-g-§ y (14)
V.E:'-of- , (19)
7xB=n(T+ ) (16)

where B is the magnetic field induced by 3, and the

Lorentz equation

J=c[E+vx(B+F)] . (173
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Substituting Eq (17) into Eq (16) yields

VxB=ynpo E+7vVx (B+F)] +'pe%% ;

Since the dimensions scaled are much smaller than the
electromagnetic wavelengths, displacement currents can

be ignored, and the expression reduces to
VxB=unuo E+vx (B+F)] .
Multiplying both sides of this equation by Vx to obtain

VxVxB = no[ VxE + Vx(Vx(B + F))] ,
and using the identity

VxVx=V(V.) -9V

as well as Eqs (13) and (1),

v°F = no[ %% -Vx(vxB) -Vx(vxF)] (183

is obtained.

Assuming that the solution to (18) varies harmoni-
cally in time and space, the operators V and %E can then
be replaced with ink and -ingw respectively, where n is the
number of field variables multiplied together in the
operand.

Equation (18) reduces to

k°B = ipfowB + 20k x (T x B) + ok x (¥ x ] (19)

Let geophysical parameters be represented by the
primed symbols, then (19) for the geophysical problem

becomes,
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. . = - —-— — -l o=
k'°B = iff0'ew'B + 20'K'x(F'3B') + o'K'x(¥ «F )]

(20)
The variables in the model problem and the geophysical
problem can be related by the linear transformations
1
k = k k', =o' B=BB ,
1
-— 1 - 1 o
LI ¢ = 0,0 y F o= FoF ’

where ko, w
which shall
formations,

constant (p

where Cll =

and a3

o’

Bo’ Vo Ogo and FO are dimensionless quantities
be termed scale factors. Using these trans-

and assuming that the permeability remains

u'), Eq (20) becomes

iu[alch + 20,0kx(VxB) + a,okx(VzF)] , (21)

3
2
EZL. “g ¥ EQ ’
cSO(DO OOVO
ngﬁ
dovo o

In order for the geophysical and the model problems to

be equivalent, Egs (20) and (21) must be equivalent.

This will be the case if the dimensionless quantities

ay, d2, and o

=
Kk

av
k

are of unit magnitude, leading to

3
1 1
e (23)
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gvF _ g'y' F!

B k B' k! ) (24)
Dividing Eq (23) by Eq (24) leads to

2 _ B
F - F! 5
which implies that the ratio of the induced field to the
primary field is fixed.

Consider now the fluid mechanical aspect of scaling.
To demonstrate that the geophysical problem of ocean
waves moving in the earth's magnetic field is a fluid
mechanics problem rather than a magneto-hydrodynamics
problem, it is necessary to show that the electromagnetic
body forces are much less than the gravitational body
forces., The electromagnetic body force is given by
JTxF , and the current density J is approximately equal
to o(v x F) from (17), hence the electromagnetic body force
is approximately o(v x F) x F , which is of the order of
OVF2. The gravitational body force is then given by pg,
hence the ratio of the gravitational body force to the

electromagnetic body force is of the order of

R= (F&) .
ovE? (25)
. -1 -2 = -2
Using p=1000 kg m ', g=10m s =, 0=10 S m ', and F=10 = T

for the geophysical problem, leads to the ratio R'~108,

which confirms the intuitive expectation that the magnetic
field exerts a negligible body force on the ocean. Thus

a large value of R will be required in the analogue model
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to simulate the geophysical problem correctly.

The magnetic field also gives rise to an apparent
viscosity in the conducting fluid. The signifigance
of this induced viscosity is proportional to the
dimensionless quantity M, termed the Hartmann number.

This number is given by Ferraro and Plumpton (19¢1) as

. F2 I2
M= = n ° (26)

For sea water, M is large due to the large character-
istic lengths involved. Hence the major factor contributing
to viscosity will be the magnetic field (which will
automatically scale), so that fluid effects can be
ignored. A large value for M will also be required in the
analogue model.

Given that electromagnetic coupling is small, and
neglecting viscosity effects, Coulson (1955) calculates

the phase velocity for a surface fluid wave to be

! 1.1
Vo [CE+ B tamnGeat (27)
Here V' is the phase velocity, k' = %f' the wave number,

yv' the surface tension, p' the density, and d' the depth
of the ocean.

Using this expression, and a similar expression
for the model fluid, we can express the ratio of the wave
velocity V in the model to the wave velocity V' in the

OocCean as
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£
( et

<l
1
M

) tanh(kd)
(& + ;,' ) tanh(k'd')

(28)

oince all lengths are scaled in the same manner,

¢1=2, and since k==T, then kd=k'd'. It follows that

tanh(kd)=tanh(k'd'), and (28) becomes

( &+ B

v'ye_ 1k
<V>_(§'+.;,,) , (29)
pl

Using the expression for the phase velocity

b
V = % 5 Vo= ﬁT g

g
(' )2- (a2 - }f.) ; (30)
= ( §e » 5500

2 .
For ocean waves of wavelength A~10" m and surface tension

Y'~10-1 N m-l, the ratio §,~102 me =2 is very much greater

1 1 - -
than the ratio 3;%— ~10"2 n® §™2, Thus
o Bl 5 g . (31)

If BEq (31) is substituted into (30), the resulting

expression can be simplified to

' 1 2
(Fr=08% (1e 2y, (32)
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|
If Eq (22) is used to substitute for g in (32), and

recalling that kd=k'd', Eq (32) becomes
2 1
2 -
E'. 4 _ 7 & 43 Ky 43

BEL = ( o ) ( 1+ e p ) , (33)

which is the linear scaling factor. From (22) and again

using kd=k'd', the frequency scaling obtained is

' _ ., g k' \2 _, g d 2
o' o2y (E'H2- 09,y g2 . (31)

Equations (33) and (34) contain the desired scaling

factors, however (33) requires a knowledge of the wave
number, which is rather difficult to measure experimentally.
It is therefore desirable to express the scale factors in
terms of frequency. This can be done by substituting the

expression w=Vk into (27), which leads to

o= K ( &+ %x. ) tanh(kd)] . (35)

This equation must then be solved for the wave number k

in terms of the frequency w. The value for k thus obtained
can be substituted into (33) to obtain the linear scaling
factor and likewise substituted into (34) to obtain the
frequency scaling factor. Thus it is possible to scale
down both the electromagnetic and the mechanical aspects of
the problem, and the task at hand is to suitably scale the

geophysical dimensions to reasonable laboratory dimensions.
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CHAPTER 3

THE LABORATGRY ANALOGUE MODEL

3,1 Mercury as the Modelling Fluid

The analogue model employed a modelling fluid of
mercury, which filled a small plywood box to a depth of
2.8 cm. This mercury 'ocesan' was situated in a uniform
vertical magnetic field with magnitude of approximagely
60 nanotesla. For ocean waves in the earth's magnetic
field, the electromagnetic body force is negligible
compared with the gravitational body force, as was shown
through Eq (25) in chapter 2. This expression gives the
ratio of gravitational to electromagnetic body force as

s b
RV wF? . (25)

Using mercury as the model fluid, with p~104 kg m"3
1

)

5-10° 8 "~ , v~10™" m 5’1, and a model magnetic field
Fal0™2 T, the resulting value for Rv10'. Hence the
electromagnetic body force can be ignored. The effect of
fluid viscosity can be ignored if the Hartmann number M

is small. This number is given by

2 - aFL? : (26)
n
, " 6 -1 G2 =2
and for the model, using o~l0" S m ', F~10 = T, I~2 x 10 " p,

and n~1.5 kg n™ s-1, a value M~ 026 is obtained. Thus

the fluid viscosity can be ignored, in comparison with the

magnetic viscosity.
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3.2 The sAnalogue Model Construction and Msasurement Technigue

The model itself had two major components, namely
a soft iron 'magnet box', used to produce the magnetic
field, and a wooden box containing the mercury.

The magnet box (shown in Fig. 1) consisted of two
horizontal soft iron plates (51 cm square x 6.6 cm thick),
spaced 35 cm apart by two side plates. Three permanent

1

magnets, with 6 cm pole gaps and approximately 10 ~ T

field strength, were clamped across each of the 6 cm gaps

in the sides of the box as shown in Fig. 1. Over an
ellipsoidal volume 15 cm x 20 cm x 20 cm in the central
region of the magnet box, the field was approximately
vertical and uniform to within better than 10%. Centered

in this volume was a wooden box of dimensions 25 cm x 37 cm
x 10 cm deep, filled to a depth d of mercury. This mercury
box, supported by a sturdy wooden stand, was mechanically
decoupled from the magnet box.

Various methods of generating waves in the mercury
were examined. A very simple procedure, that of dropping
an object into the mercury from a small fixed height,
was perfected. After trying various shaped bodies,
including spheres, hemispheres, half cylinders, and cylin-
ders 1in the fluid, it was found that a horizontal lucite
cylinder (12 cm long by 1.3 cm diameter) dropped from
a height of 1 cm, produced a repeatable, monochromatic
wave packet with appropriate amplitude. It was adopted

as the standard wave generator for this experiment.



SOFT IRON
PLATE

MAGNETS

Fig. 1. The magnet box
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Waves, approximately plane, propagated in the
Y-direction perpendicular to the horizontal axis of the
cylinder wave generator. The wave amplitude was msasured
with the aid of a long-threaded brass screw, which could be
raised or lowered by turning to make or break electrical
contact with the mercury surface. By adjusting the screw
in very small increments, and repeatedly dropping the
horizontal cylinder from a standard height, the wave
amplitude was established. With care, repeatable measure-
ments could readily be made.

A Hewlett-Packard model 428B fluxgate gaussmeter
was used as a detector to measure the Y-component of the
induced field. The waves in the fluid propagated in the
Y-direction, and the position of the wave generator was
Selected to ensure that the interference from waves
reflected from the tank walls was minimized. ©Since the
primary field was (approximately) vertical, the residual
Y-component (5 x 1072 T) was easily cancelled out with
the aid of a suitably positioned small permanent magnet
(.8 cm long by .2 cm diameter), mounted on the sensing
element of the gaussmeter probe. With the residual
Y-component of the field in the detector element nulled,
the gain setting of the gaussmeter could be increased
to the point where signals less than lO-'9 T could readily
be detected. For a passing mercury wave, the resulting

induced Y-component magnetic field detected by the gauss-
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meter sensing element was amplified by a Princeton Applied
Research model 225 preamplifier (set for a 1-10 Hz pass-
band), and filtered by a PAR 217 high-pass (1 Hz) and

a PAR 216 low-pass (10 Hz) filter system. A Tektronix

549 storage oscilloscope and camera were used to record
the amplified signals. The noise level of the above
apparatus, caused by vibrations of the magnet box, tran-
sients in cables, etc., was less than lO-9 T during
measurements., A block diagram of the equipment used, and
a typical photograph of an oscilloscope trace are shown

in Fig. 2.



TEKTRONIX 549
OSCILLOSCOPE & CAMERA

PRINCETON APPLIED RESEARCH
216 LOW PASS FILTER
(10 Hz CUT-OFF)
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PAR 217 HIGH PASS
FILTER (1 Hz CUT-OFF)

]

PAR 225 PREAMPLIFIER
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GAIN x50

i

I HEWLETT PACKARD 4288

FLUXGATE GAUSSMETER

PROBE I

MERCURY TANK
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APPROACHING
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!

2a
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I
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PERIOD T

Fig. 2. Block diagram of the equipmsnt and a
typical oscilloscope wave trace.
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3,3 Determination of the Validity of the Analogue Model
Technigue

With the aid of the wave-height detector described
earlier, the wave height was measured for a series of
three independent trials, and the results averaged. When
the lucite cylinder wave generator was dropped from an
elevation of 1.0 cm, the average wave height was 8.3 x lO-um
with a variance of 2%. Using an RFL 3265 Hall-effect
gaussmeter, the magnitude of the primary field F at the
3 T

surface of ths msrcury was measured to be 6.6 x 10~ .

Photographs of the oscilloscope traces, for a
series of three independent trials of measurements of the
Y component By of the induced field, were used to determine
the period and frequency of the mercury waves, as well
as the amplitude of the induced magnetic field. The
amplitude of the induced field was calculated from measure-
mants of the amplitude of the photographed signal. The
particular oscillation of the wave packet used is indi-
cated in Fig. 2. The same oscillation was used to calculate
the period and the frequency of the mercury waves.

The induced field measurements were averaged for
three independent observations, giving an induced field
amplitude for By=2.51 x 1077 T with a 2% variance, for
a period of .211 seconds and a frequency of 4.73 Hz.

Using the magnitudes of the primary field (6.6 x lO'-3 T)
and of the induced field (2.51 x lO-7 T), the ratio for
B/F=3.8 x 1077 wvas obtained.
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Using the frequency of 4.73 Hz, as well as the
other appropriate model parameters in Eq (35), the model
wavelength was determined to be 2=6.8% cm. This wave-
length was used in Eq (35) to obtain the linear scale

factor d'/d=3.81 x lO-3

, and the linear scale factor was
used in Eq (34) to determine the frequency scale factor
£'/f=1,60 x 10-2. With the scale factors established,
the geophysical parameters simulated by the analogue model
were determined. To examine the validity of the model,
the theoretical value of the ratio B'/F' was calculated
using Podney's (1975) expression (Eq (4) ) for the model
parameters. Then, using the condition B/F=B'/F', the
analogue model field ratio could be compared directly with
the field ratios calculated using Podney's (1975) expression
for a finite uniform depth fluid. For interest, the ratio
By'/F' was also calculated for the case of an ocean of
infinite depth, using Weaver's (1965) expression (Eq (2) ).
Analogue model parameters, the geophysical para-
meters, the scale factors, and the values of the measured
and theoretically calculated field ratios are shown in
Table I. From this table, it is evident that the experi-
mental field ratio (By/F=3.8O X 10-5) agrees very well with
the calculated field ratio (By/F=3.78 x 107%) for the model
parameters used. The estimated experimental error for

the model results lies between 5% and 10%.
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TABLE I .
Summary of analogue model parameters, geophysical

paramsters, and measured and computed values.

Model Geophysical
Fluid depth d = 2.0 cm d' = 76 m
Fluid conductivity o= 1.04% x lO6 sSm™ o' = 4,50 Sm-1
Probe height h=1.0 cm h' = 38 m
Wave amplitude a,= .082 cm aé = 34
Wavelength X= 6.84% cm ' = 261 m
Period I=,211 s . 8.13.2 8
Frequency f = 4,73 Hz £l ,0757 Hz
Angular frequency ©= 29,8 g™+ o' = 476 g™
Surface tension vy = 487 N n1
Primary field F=6.6x lO-3 oo ke 6 X 10t Gauss)
Induced field B, 2.51 x 107/ T (2.51 x 107 Gauss)

Scale Factors

Conductivity scale factor e = 3433 = 107

Linear scale factor dt/d = 3.81 % 103

Frequency scale factor £1/f = 1.60 x 1072
Field Ratios

Analogue Model for 2 cm mercury By/F = 3.80 x 1072

Podney (1975) for 76 m ocean B&/F': 3.78 x 1077

Weaver (1965) for o depth ocean B&/F': 3.5% x lO-5
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In summary, the excellent agreement between the

theoretical and observed field ratios suggests that the

analogue model technique is valid. Thus the analogue

model technique should be valid for studying more complex

cases, as for example, an ocean with an irregular bottom.
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CHAPTER Y%
DISCUSSION OF THE ANALOGUE MODEL MEASUREMENTS

4,1 Introduction

In chapter 3 the validity of the experimental
analogue model technique was examined for the case of
a shallow uniform depth model ocean by comparing model
results with theoretical calculations. With ths validity
established for the case of a uniform depth ocean, the
model will now be extended to study cases of non-uniform
ocean depths and sea-land interfaces. Measurements for
these cases will be compared with measurements for the
uniform depth model, in other words, the uniform depth
case will be used as a "reference'". Departures from
the reference results will be attributed to the effect
of changing ocean depth for the particular model. Ths
models to be studied are (i) uniform depth model,
(1ii) step and shelf model, (iii) wedge and shelf model,
(iv) dyke model, (v) sea mount model, (vi) sloping bay
and shelf model, and (vii) reef and shelf model. Since
changes in ocean depth affect the linear scaling factor,
it is necessary to demonstrate that the effect of any
such changes on the scale factor can be ignored. This

demonstration has been relegated to appendix A.
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4,2 The Uniform Depth Ocean Model

To study an ocean of uniform depth, a mercury
depth of 2.8 cm was used in a vertical magnetic field of
5:7 X lO-3 T, simulating an ocean of depth 106 meters
in a vertical magnetic field of 5 x 10-5 T. To establish
a reference curve for comparison purposes, measurements
were made in the manner described in chapter three, with
the difference that rather than carrying out measurements
at one point over the model fluid, a series of measurements
were made for many points for a traverse along the Y
direction covering a distance of at least 20 cm. Ths
magnetometer probe, mounted on a rail attached to the
upper plate of the magnet box, could be accurately
positioned (at a height of 0.6 cm above the mercury)
for points along the traverse. Ths wave generator was
positioned 5 cm (Y=-8 cm in the diagrams) from one end
of the tank, and the height of drop of the lucite cylinder
generating the waves was 0.5 c¢m for all measurements.
The procedure used in carrying out a measuremsnt at a
point was to position the probe at thes desired location,
generate a mercury wave, and photograph the resulting
oscilloscope trace. The probe was then moved to the
next point, and the procedure repeated. Tane linear
scale factor and the frequency scale factor used here

are somewhat different from those used in checking
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the validity of the model in the earlier part of this
work, since the model frequency now used is slightly
different. In order to minimize difficulties associated
with reflections for points near the tank wall
(near Y=20 cm), the leading pulse in the fluid wave train
was selected for all measurem=nts, and this corresponded
to a lower frequency than that used earlier. As before,
the scale factors d'/d = 3.77 x 105, £'/f = 1.62 x 1072
were calculated using Egs (33), (34%) and (36). Using these
scaling factors, 1 cm in the model corresponds to 38 m
in the ocean, a wavelength of 9.5 cm in the mercury simu-
lates a wavelength of 358 m in the ocean, and a frequency
of 4 Hz in the model simulates a frequency of .064 Hz
in the ocean. The probe height of 0.6 cm above the masrcury
corresponds to a height of 23 m above the surface of the
ocean, and for the wavelength A=9.5 cm, the mercury
depth of 2.8 cm was of the order of 1/3 A (1.9 radians).
Figure 3 shows the induced magnetic field as
measured at points along the traverse over the surface of
the model ocean of uniform depth 4=2.8 cm. With the wave
source located at Y=-8 cm, it is seen that the induced
field initially falls off rapidly with distance from the
source, and then becomes essentially uniform in the
vicinity of ¥Y=10 cm. Thus in the regioa ¥=10 cm to Y=20 cm,

the fluid waves are approximately plane. The msrcury box
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Fig. 3. Horizontal magnetic field induced by a fluid wave for a traverse
over the uniform depth mod=sl.
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was positioned in the magnet box so that this region was
located in the region where the magnetic field was uniform.
The curve in Fig, 3, for the uaiform depth model, is used
as a reference curve for comparison pusposes in studying

the models shown in Figs. 4-6,.

4,3 The Step and Shelf Model

To simulate a vertical discontinuity in a flat
ocean floor, a non-conducting block was positioned at one
end of the tank as shown in the ﬁpper part of Fig. La.
A series of 5 blocks was used to permit studying the effect

of changing shelf depth d With the uniform depth

l.
region held at a constant depth d=2.8 cm, mzasurements
were carried out for traverses over the mercury and embedded
block. Tne curves in Fig. 4a show ths magnetic field

amplitude for five shelf depths d4.,=0, .15, .4, .6, 1 cm

1
(curves 1 - 5), simulating shelf depths of 0, 5.7, 15.2,
22.7, 38 meters in *the geophysical case. The case of
dl=O cm 1s the simple earth-sea vertical interface model
sometimes used in simplified analytical induction studies.
Tne other models (d1>0) simulate a vertical earth-sea

interface followed by a uniform depth shallow ocean near a

coastline. It is to be noted that for curve 1, the
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amplitude of the induced field drops suddenly as ths
vertical interface is approached, rises somewhat near the
interface, decaying over the shelf. The amplitude of the
induced field, shown in curve 2, also decays as the step

is approached, but the attenuation is more gradual, and

in addition monotonic, compared with the attenuation noted
for curve 1. For each of the other 3 curves, corresponding
to shelf depths of .4, .6, 1 em (15.2, 22.7, 38 m), the
attenuation is not pronounced, and has a field minimum
directly over the step. The field then builds up over

the shelf, attaining a maximum value slightly greater

than the reference field, at a distance of 4 cm (152 m)
from the vertical interface. Tas minimum value over the
shelf decreases as the ocean depth over the shelf increases.

As the depth d, increases further, the fields should

1
approach the reference values., The attenuation at the step,
and the build-up of the field over the shelf can be explained
in part as due to the modification of the waves as they

pass from the deep ocean to the shallow ocean, and in part

in terms of the changing induced electric current distri-
bution caused by the abrupt change in ocean depth. The
increasing wave amplitude for a range of dscreasing fluid
depths would tend to enhance ths field, but this enhance-

ment is insufficient to overcome the reduction in the

efficiency of the induction process over the shallower
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ocean, a net attenuation will result relative to the
uniform depth ocean, as shown in appendix B. The observed
enhancement must be due to the abrupt transition from the
deep ocean to the shallow ocean, resulting in interference
of the fluid waves, and abrupt shifts in the induced
electric current pattern. The zone of maximum enhancement
is situated approximately 4 cm behind thes vertical inter-
face, and signifigantly, 4 cm corresponds roughly to a

distance of half a wavelength.

L. 4 The Wedee and Shelf Model

To simulate the more realistic case of a sloping
ocean floor and a shelf near a coastline, a non-conducting
(lucite) block with a wedge-shaped (30°) leading edge was
positioned as shown in the upper part of Fig. Wb. Again,

with the uniform depth region held coastaant at d=2.8 cm,

measurements were carried out for traverses over the embedded

wedge and shelf model for the same shelf depths as used for
the step and shelf model (Fig. 4a). For dl=0, ths model
simulates the geophysical case of a shallow uniform depth
ocean having a 300 sloping floor near thes coastline. In
curve 1, the amplitude of the induced field builds up over
the ramp, becoming a maximum approximately half way up,

and then falls off sharply as the coastline is approached

further. This enhaancement begins just beyond the point
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where the uniform depth ocean floor contacts ths sloping
region. ©Somewhat similar behaviour is observed for the

very shallow shelf depth of curve 2, with the field falling
off sharply again as the shelf is approached. For each of
the other 3 curves, corresponding to .4, .6, 1 cm(15.2, 22.7
38 m), there is essentially no enhancement over the ramp,
but a minimum directly over the shelf edge is observed. As
in the case of the step and shelf model, the field builds up
over the shelf, attaining a value slightly greater than ths
reference field at a distaance of 4 cm (152 m) from the leading
edge of the shelf., The enhancement over the ramp, unique to
the model wedge and shelf structure, could be caused by
several factors. The gradual decrease in ocean depth will
cause the wave amplituide to build up, in accordaance with

Eq (11) and the gentle transition between the deep ocean and
the shallow shelf will tend to reduce interference effects
in the wedge and shelf model, as compared to the step and
shelf model. The currents will not change so abruptly near
the interface, and the transition effects should be reduced.
These factors should have less signifigance away from the
transition region, and hence the behaviour of the field
should be similar for both models, away from the transition.
As expected, the observed field approached the reference

field, as the shelf depth is increased.
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4,9 The Dyke Model

To simulate a submerged dyke with vertical walls
in a flat ocean floor, a non-conducting block, simulating
a dyke, was positioned in the central region of the tank,
as shown in Fig. 5a. A series of 4 blocks was used to
investigate the effect of changing the depth of fluid dl
over the dyke. Tne curves in Fig. 5a show the magnetic
=.2, 4, .6,1 cm (curves 1-4),

1
simulating fluid depths of 7.6, 15.2, 22.8, 38 m over a

- field amplitude for depths d

dyke in the geophysical case, As noted previously for the
step and shelf model, a distinct minimum again occurs

near the leading edge of the dyke (¥=5 cm). This minimum
is followed by an enhancement of the field over the dyke,
with the level of enhancement, and the depth of the minimum
being greatest for shallow depths, with the exception of
curve 1. In curve 1 for the case d;=.2 cm (7.6 m), there
is a small enhancement over the dyke following the minimum
at the edge of the dyke, but thes amplitudes for all points
are well below the reference values (dashed line). These
enhancements are probably due to interference effects at
the vertical interfaces, and in this connection it is
necessary to point out that they all occur approximately
one half wavelength away from the preceding minima.

Curve 1 shows the enhancemsnt occurring only 2 cm from

the preceding minimum, but at a depth of .2 cm, the wave-

length is reduced to 3.5 cm as shown in appendix B.
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At positions well away from the dyke, the induced field
observed approaches the referencs field (except for curve 1).
The return of ths observed field beyond the dyke to the
reference field value suggests that the effect of the dyke
on the current system and the fluid wave is local to the
region of ths dyke, coaversely the lack of such return for
curve 1 suggests that signifigant attenuation occurs for
fluid depths near .2 cm (corresponding to geophysical depths

of 7.6 m).

4,6 The Sea Mount Model

To similate ths case of a submerged sea mount on
a flat ocean floor, a two dimensional sea mount model,
consisting of a non-conducting block with 60° sides, was
positioned in the central region of the tank as shown in
the upper part of Fig. 5b. To aid in the comparison, the
sea mount model was positioned so that the upper portion
of the model was in the same location as was the case for
the dyke model of Fig. 5a. As noted for the dyke model, a
distinct minimum occurs near the leading edge of the
structure (¥=5 cm), and this minimum is observed for all
depths of the sea mount. No enhéncement, as distinct from
that observed for the 30° wedge of Fig. 4b, is observed
over the ramp, rather, the ramp serves to extend this

minimum in the direction of the source. Enhancement is
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noted over the horizontal portion of the mouant, with the
region of enhancement being well-defined. Tne curves for
the shallowest depths (curves 1 and 2) display a double
peak structure in the enhancement, whereas the curves for
greater fluid depth (dl=.6, 1 cm) display a broader and
smoother maximum. Such a behaviour could be produczed by
shifts in the current distribution over the mount, and by
interference effects between the leading and trailing

edges of the mount. In all cases, the separation between
the minimum and the region of enhancemsnt was approximately
one half of a wavelength, in the region over the mount. The
minimum near the leading edge of ths mount, and the sub-
sequent enhancement became much less pronounced, as the
depth of fluid over the mount was increased, with the
induced field approaching the reference valuss. At posi-
tions well beyond the dvke (Y>15 cm) all curves approached
the reference curve, suggesting that the waves did not
experience much attenuation in their propagation over the
mount, In contrast to the case for the dyke model (Fig. 4a),
a block .2 cm below the surface had little effect on the
induced field for Y>»15 cm, suggesting that the attenuation
of the field by the dyke for d.,=.2 cm was due to losses

1
caused by the vertical nature of the interfaces.
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4,7 The Sloping Bay and Shelf Model

To simulate a sloping ocean floor near a coast-
line for the case of a bay, a non-conduicting block with an
inverted conical (300) frustrum with maximum radius d?=5 cm,
milled from the edge of the block was positioned in the
tank, as shown in the upper part of Fig., 6a., Thus, the bay
was semi-circular with the sloping region meeting the shelf
at ¥=10 cm along the traverse indicated in Fig. 6a.
Measurements were taken for traverses through the center of
the bay, the curves in Fig. 6a showing the magnetic field
amplitude for five shelf depths d,=0, .2, Ly, .6, 1 cn
(curves 1 - 5), simulating shelf depths of 0, 7.6, 15.2,
22.7, 38 m in the geophysical case. The case of dl=O cm
is the simple sloping bay model at the edge of a coast,
and the other models simulate depressions of various depths
at the sdge of a submerged shelf. It is to be noted that
for curve 1, the induced fisld drops almost linearly,
reaching a negligible value for ¥Y=8 cm (2 cm from the bay-
land boundary). There is, however, a noticeable drop in
field intensity near ¥Y=5 cm, for curve 1, aand this drop
coincides with the focal point of thes bay. The other
curves, corresponding to greater shelf depths, did not
display any sudden changes near Y=5 cm, suggesting that

signifigant reflection did not occur at the bay-land
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boundary for these dspths. For curves 2,3,4,5 the field
over the bay is attenuated relative to the reference field,
the amount of attenuation being greatest for snallow fluid
depths. This attenuation was characterized by a broad
horizontal extent and was probably caused by channelling
of electric currents from the shallow shelf to the bay,

or to the departure from plane waves through the focussing
effect of the geometry of the bay. The minima shifted

to the right with increasing shelf dspth, again in keeping
with the change in wavelength with fluid depth. A signi-
figant interference effect would be expected, since the
bay has a radius of 5 cm, which is of ths order of nalf

a wavelength. Over the shelf, there is an enhancement

of the fields, and this enhancement agrees qualitatively
with the similar enhancemsnt observed for the step and
shelf model of Fig. Y4a. As the depth of the shelf becomes
large, the induced field along the traverse over the

structure approaches the reference field value.

4,8 _The Reef and Shelf Model

To simulate a reef perpsndicular to a céastline,
a non-conducting body of the form shown in Fig. 6b was
positionsd in the tank. The reef took the form of a 5 cm
long rectangular prism projecting from the vertical side

of a block. For ease of comparison with Fig. 6a, the
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vertical side of the block, which also locates the shelf
edge, was located at ¥=10 cm. A series of 5 reef and shelf
models was used to investigate the effect of changing

shelf depth d With the uniform depth region hsld at a

1°
constant depth d=2.8 cm, measuremeants were carried out

for a traverse along the long dimension of the reef, as

shown in Fig. 6b., The curves in Fig. 6b show the magnetic
field amplitude for five shelf depths d1=0, o154 oy o6y A om
(curves 1 = 5) corresponding to shelf deptias of 0, 5.7,

15.2, 22,7, 38 m in the geophysical case. The case of

dl=O represents a narrow peninsula jutting out from a
vertical sea-land coast. The other ‘cases (dl>0) represent
submerged reefs extending from submerged shelves of

uniform depth. It is to be noted that curves 1 and 2
display a marked enhancement at the tip of the reef

(Y=5 cn), and then decay monotonically over the reef. The
decay 1s consistent with the step and shelf model results

of Fig. Ya, and the enhancement was a peculiarity of the

reef structure, dus probably to chanaelling of induced
currents around the leading edge of the reef, and the
cnanging nature of the wave front, departing from a plane
wave front due to the interference with the reef. Current
channelling would be expscted since the reef obstructs the

normal flow of electric current perpendicular to ths
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direction of wave propagation, producing a aigh current
density in ths fluid just beyond the tip of the reef.

This high density of electric curreants could to a large
extent account for the magnetic field enhancement observed
in the region beyond the tip, and th= lack of an enhancement
at the tip of the reef for greater depths indicates that
there is sufficient fluid over these deep reefs so that

the normal electric curreant flow is not impaired. These
deep reefs also have little effect on the linearity of

the wave front, so that focussing is essentially absent.
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CHAPTER
CONCLUSIONS

The analogue model technique has been developed and
used to investigate the magnetic field induced by ocean waves
interacting with a variety of structures. The validity of
this modelling technique for a uniform depth ocean has been
established by comparison with calculations based on the
theoretical predictions of Podney (1975), and the technique
itself extended so as to investigate cases of non-uniform
ocean depths and sea-land interfaces. In order to study
these cases, measurements for these models have been compared
with the (reference) measurements for the uniform depth
model., As the depth of fluid over the non-uniformity in
the various models approached the depth of fluid in the
uniform depth model, the induced magnetic field approached
the magnetic field observed for the reference.

To simulate a vertical discontinuity in a flat
ocean floor, a step and shelf model with simulated shelf
depths ranging from O to 38 meters was used. The major
features of this model were a minimum in the magnetic field
at the vertical interface, and an enhancement at a distance
approximately one half wavelength beyond, over the shelf
(Fig. 4a). The attenuation of the magnetic field at the
interface, and the following enhancement became less
pronounc=d as the deﬁth of fluid over the shelf (d1 in

Fig. 4a) was reduced. The attenuation of the magnetic field

at the vertical interface, and the enhancement of the field
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over the shelf might be caused in part by the modification
of the fluid waves as they pass from the deep ocean to the
shallow ocean, and in part by the changing induced electric
current distribution caused by the abrupt change in ocean
depth. Tne increasing wave amplitude for a range of decrea-
sing fluid depths would tend to enhance the field, but
this enhancement should be insufficient to overcome the
reduction in the efficiency of the induction process over
the shallower ocean, and a n=t attenuation will result,
as shown in appendix B, The observed enhancement must be
due to the abrupt transition from the deep ocean to the
shallow ocean resulting in interference of the wave motion,
and abrupt shifts in the induced current pattern.

A wedge and shelf model, again with simulated shelf
depths ranging froa O to 38 meters, was used (Fig. 4Db)
to simualate the more realistic case of a sloping ocean
floor and shelf near a coastline. The behaviour of the
induced field for this model was in most respects similar
to the behaviour noted previously for the step and shelf
model (Fig., 4a) as expescted from the similar model geome=-
tries, with the major difference between the two results
occurring in the region between Y=6 cm and ¥=10 cm, ie,
the simulated range of approximately 150 meters from the
shelf edge, In this region, the wedge and shelf model had
a 300 ramp, and over this ramp an enhancement of the
magnetic field was noted for the very shallow shz21lf depths
of 0 and 5.7 m (curves 1 and 2 in Fig. 4b). This enhancement

unique to the model wedge and shelf structure, could be
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caused by several factors. The gradual decrease in ocean
depth would cause the wave amplitude to build up, in accor-
dance with Eq (11) and the gentle transition between the
deep ocean and the shallow shelf would tend to reduce
interference effects. The electric currents will not change
so abruptly near the interface, and so the effect of the
transition betwsen the deep ocean and the shallow shelf
should be reduced. These factors have less signifigance
away from the transition region, and hence the behaviour
of the field is similar for both models (Fig. 4a and 4b)
away from the interface region.

A model dyke, with simulated fluid depths ranging
from 7.6 to 38 m, was employed (Fig. 5a) to simulate a
submerged dyke with vertical walls. Ths results for this
model also showed a minimum in the magnetic field near
the vertical interface of the dyke (Y=5 cm) on the source
side, with a subsequent enhancement at approximately half
a wavelength beyond this minimum. The wavelength decreased
with decreasing fluid depth as shown in appendix B, and
this is in general agreement with the enhancement over the
shelf shifting to the left as the shelf depth decreases.
The level of enhancement is much greater than any level
observed over the step and shelf model, or the similar
wedge and shelf model, and a signifigant factor to consider
is the 190 m (5 cm in the model) width of the dyke, which is

of the order of half a wavelength for the approaching wave.
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Thus various interference effects could be expected to
occur between the leading and trailing vertical interfaces
of the dyke. At positions well beyond the dyke, the
induced field observed approachss the reference field
(except for curve 1). The return of the observed field
beyond the dyke to the reference field valu=z suggests that
the effect of the dyke on the current system and the fluid
wave 1s local to the region of the dyke, conversely the
lack of such return for curve 1 suggests that significant
attenuation occurs for simulated ocean depths of the order
of 15 m (curve 2).

A two dimensional sea mouant model with simulated
depths ranging from 7.6 to 38 m was used (Fig. 5b) to
simulate the case of a submerged sea mount. The sea mount
results were qualitatively similar to the results obtained
for the dyke, in that there occurred a minimum at the cdge
of the sea mount facing the source (Y=5 cm in Fig. 5b),
followed by a pronounced enhancement approximately half
a wavelength beyond this minimam. No enhancement was
observed over either ramp (60° sides) of the ssa mount
(as distinct to the enhancement observed for the 30O wadge
of Fig. 4b), and the minimum near the leading edge of the
shelf was broadened as the fluid depth increased. The
enhancement noted over the horizontal portion of the mount
was well-defined, displaying a double-peaked structure for
the very shallow depths of 7.6 m and 15.2 m (curves 1 and

2 of Fig. 5b). Again, in keeping with the decrease in
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wavelength with decreasing fluid depth, the snhancements of
the magnetic field following the minima, shifted to the
left as the fluid depth was decreased. For the deeper
mounts of 22.8 and 38 m (curves 3 and 4 of Fig. 5b), as
well as for positions greater than approximately 200 m
(Y=15 cm in Fizg. 5b) beyond the mount, the field approached
the reference field, the latter suggesting that waves did
not experience much attenuation in their propagation over
the mount. In contrast to the case for the dyke model
(Fig. 5a) for which a simulated depth of 15.2 m had little
effect on the induced field for 200 m beyond (¥=15 cm in
Fig. 5a) the interface, this suggested that the attenuation
of the field by the dyke for a 7.6 m dspth (curve 2 in
Fig. 5a) was due to losses caused by the vertical nature of
the interfaces.

A bay and shelf model, with similated shelf depths
ranging from O to 38 m, was used (Fig. 6a) to simulate a
sloping ocean floor nzar a coastline for the case of a
bay. The induced fields were observed to follow the
general pattern of a minimum near the leading edge of the
structure, followed by an enhancement over the shelf,

Curve 1 (d.,=0) represents the simple sloping bay model

1
at the edge of a coast, and for this case, the iaduced
field decreases almost linearly, reaching a negligible
value approximately 5 m from the bay-land boundary (curve 1)

with the exception of a noticeable decrease in field
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intensity approximately 190 m from the bay-land boundary
(Y=5 cm in Fig. 6a), the location of which coincides with
the focal point of the bay. The other curves, corresponding
to greater shelf depths, did not display any sudden
changes near this point, but the whole region of the bay
was marked by a signifigant attenuation of the induced
field as compared with the reference field, the amount of
attenuation being greatest for shallow fluid depths.
This attenuation was of broad horizontal extent and was
due in part to channelling of electric currents from the
shallow shelf to the bay, and in part was due to the
departure from plane waves through the focussing effect of
the geometry of the bay. The minima shifted to the right
with increasing shelf depth, again in keeping with the
change in wavelength with fluid depth. A signifigant
interference effect would be expected, since the bay has
a radius of 190 m, which is of the order of half a wavelength.
A reef and shelf model, simulating reef and shelf
depths ranging from O to 38 m, was used (Fig. 6Db) to
simulate a reef perpendicular to a coastline, followed by
a shelf, The induced field displayed a pronounced enhance-
meht at the tip (Y¥=5 cm) of the very shallow reefs of
0 and 5.7 m (curves 1 and 2 in Fig. 6b), followsd by an
attenuation which was present over the length of the reef
for all depths dl. The decay was consistent with the step
and shelf model results of Fig. 4a, and the enhancement was

a peculiarity of the reef structure, due probably to
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channelling of induced currents around the leading edge

of the reef and the changing nature of the wave front,
departing from a plane wave front due to the interference
with the reef. Current channslling would be expected since
the reef obstructs the normal flow of electric current
perpendicular to the direction of wave propagation,
producing a high current density in the fluid just beyond
the tip of the reef. This high density of electric currents
could to a large extent account for the magnetic field
enhancement observed in the region beyoad the tip, and the
lack of an enhancement at the tip of the reef for greater
depths indicates that there is sufficient fluid over these
deep reefs so that the normal electric current flow is not
signifigantly impaired. These deep reefs also have little
effect on the linearity of the wave front, so that
focussing is essentially absent.

Several interesting features of the horizontal
induced magnetic field have been brought out by means of
these analogue models. For shallow ocean depths over a
submerged obstacle of large horizoantal extent, the induced
horizontal magnstic field is attenuated over the leading
edge of the structure, with ths attenuation being strongly
dependent on the depth. Beyond the leading edge, the field
is enhanced, reaching a maximum at a distance of approximately
half a wavelength, and then decays toward a value consistent
with the field expected over an ocezan of the appropriate

uniform depth. Further, the shape of the leading edge of
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the structure can have an important effect on the fields
for the very shallow fluid depths, this being brought out
for the modesls having vertical, 60° and 30° interfaces.
The contour of the coastline, for example a bay, will
modify the nature of the wave front and this too will
influence the behaviour of the horizontal field near the
coastline. The horizontal extent of the structure caan
also have an important effect on the induced field.

If the structure has a length of the ordsr of half a
wavelength, constructive interference can occur resulting
in large enhancements of the induced field over the trailing
edge, this being brought out by the dyke and sea mount
modsls. In general, it is apparent that an irregulacr
ocean bottom, or a large submerged structure, affects the
induced fields at the surface only for rather shallow
ocean depths (less than 40 m for a wavelength of approxim-
ately 360 m). Thus it appears that it may be feasible to
use aerial measurements of ocean wave induced magnetic
fields to dstect shallow submsrged structures such as
reefs and sea mounts. To investigate deeply submerged
structures, longer wavelengths would be required. A |
wavelength of 4 x 10)+ m corresponds to a period of 160
seconds in an ocean of infinite depth, and such a wave
should, by analogy, be useful for probing structures at
depths up to four kilometers. (Evidence of induction
effects by such long period waves has been found by Klein

et al (1975) among others).
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As pointed out by many authors, including Leibo et
al (1975), the behaviour of tne vertical component of the
magnetic field should be quite different from the behaviour
of the horizontal field, especially in situations where
symmetry is not preserved in the horizontal direction.

It would be of interest to extend this analogue technique
to study the induced vertical component, in order to
compare the behaviour of this componsnt with the behaviour
of the horizontal field. The models could also be extended
to include a finitely conducting ocean bottom. A study of
ths induction effects for longer period ocean waves would
be of values in probing to greater ocean depths, and a

study of structures of different sizes would help separate
interference effects from the geometrical effects. A
magnetic field survey over some submerged structures in the
ocean would be of interest, in order to provide a geophysical
confirmation of the results obtained from the laboratory

analogue model study.
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APPENDIX A

Effect of Fluid Depth on the Model Linear Scale Factor

The linear scaling factor depends directly on the
wavelength, as indicated by Eq (33). This dependence
could be a problem in modelling experiments in that the
wavelength changes (through Eq (35)), as the fluid depth
changes, even when the frequency is held constant. A
computer programme was written to evaluate Eq (33) for a
fixed frequency of 4.0 Hz, taking into account the changes
in wavelength (Eq (35)) due to changes in fluid depth.
The results are shown in Fig. 7 for a model surface tension
of 487 nt m™T
1.04% x lO6

, a model fluid (mercury) conductivity of

S m-l, and an ocean conductivity of 4.5 S m~L,
For the shallow fluid depth of dl=.15 cm, the linear
scaling factor is only 8% larger than the scale factor for
the mercury depth of 2.8 cm, the largest depth used in the

model study.
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APPENDIX B

The Effect of Fluid Depth on the Wavelength and the
Effect of Fluid Depth on the Induced Field

Equation (4) states that the induced field is a
function of fluid depth, both directly, and through a
dependence on the wave number k. To take into account the
change in wave number with changing fluid depth, Eq (35)
was used to calculate the wavelength for model fluid
depths d<3 cm. Equation (4) was then used to compare
the horizontal induced field for varying fluid depth (By)
with the horizontal induced field for the standard fluid
depth (Byr at depth d=2.8 cm). The ratio By/Byr as a
function of fluid depth is shown in Fig. 9 for a model
fluid (Hg) conductivity of 1.0% x 10° 8 n™t, and a model
frequency of 4.0 Hz., For the shallow fluid depth of
dl=.l5 cm, the ratio By/Byr has a value of .42, increasing
rapidly as the fluid depth dl is increased. Since the
induced field was less than the reference field for all
model fluid depths, an enhancement above the reference

field must be due to some phenomena involving non-uniformity

of the structure.
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