UNCLASSIFIED

AD NUMBER

AD476352

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative and Operational Use; Nov
1965. Other requests shall be referred to
the Office of Naval Research, 800 North
Quincy St, Arlington, VA 22217.

AUTHORITY

ONR, per ONR Notice dtd 27 Jul 1971

THIS PAGE IS UNCLASSIFIED




15 NOVEMBER 1965

DIVISION OF ENGINEERING RESEARCH AND DEVELOPMENT
DEPARTMENT OF ELECTRICAL ENGINEERING

Report 396 (10)/2

Electromagnetic Fields In The
N Ocean Near A Shoreline

J. E. SPENCE, E. SULLIVAN, J. BEVILLE

Project: Extremely-Low and Sub-Audio Frejuency Electromagnetic
Signals Generated by Natural and Man-Made Effects,

Office of Naval Research
Contract Nonr 396 (10)
NR 371-4%0

UNIVERSITY OF RHODE ISLAND|

KINGSTON, RHODE ISLAND




University of Rhode Island
Department of Electrical Engineering

Kingston, Rhode Island

ELECTROMAGNETIC FIELDS IN THE OCEAN NEAR A SHORELINE

by
* *e dedede
J.E. Spence, E, Sullivan, and J. Beville

Technical Report 396(10)/2
Project: Extremely-Low and Sub-Audio Frequency
Electromagnetic Signals Generated by Natural
and Man-Made Effects.

Research sponsored by the Office of Naval Research

(Electronics Branch, Code 427)
under contract

Nonr 396(10)
NR 371-490

Report date: 15 November, 1965

Reproduction in whole or in part is permitted for any purpose of the United States Government’

e
Associate Professor of Electrical Engineering
e
NASA Trainee
Jedede .
N.S.F, Undergradvate Research Participant

A s

[ 3



ELECTROMAGNETIC FIELDS IN THE OCEAN NEAR A SHORELINE

ABSTRACT

The electromagnetic fields in the ocean resulting from ground wave excitation
over land by natural electromagnetic noise such as Micropulsations or ELF Atmos-
pherics é;e investigated analytically, A simplified two dimensional model is used.
The purpose of the study is to determine the relative importance of electromagnetic
energy propagation via air into the ocean versus propagation through the soil and
ocean bottom into the sea. Verticel profiles of the horizontal electric field are
plotted for several values of frequency, ocean depth, and the distance from the
shoreline. The relative importance of the soil path is seen to be greater for

shorter distances from the shore and for deeper oceans.,
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Introduction.

The purpose of this report is to present the results of an analytical study on
the relative importance of electromagnetic energy propagation via air into the ocean
versus propagation through the soil and ocean floor into the sea employing the highly
simplified, two dimensional, model shown in figure 1. More complicated analytical
models which may represent a closer approximation to the real three dimensional situ-
ation will be discussed in future reports. .

In the present model all fields are considered to be independent of z(i.e. %; - Oﬂ
and the magnetic field H has a z component only, The complete electromagnetic field !

can thus be expressed in terms of Hz as

a) Hz~"c h
+1 dh

b) E = sTien 3y (1 ]
-1 dh

c) E:y B o-iwe 0x

where ¢ is the conductivity and € is the permittivity. The permeability, Mo of
all media is taken to be that of free space, A time factor of exp (-iwt) is assumed
throughout. The electromagnetic noise from natural sources over land is assumed to
produce a nearly vertically polarized plane wave propagating'in the + x direction,
The field established in the ocean when this wave is incident on the shoreline is
to be determined.

1

The incident field is given by

iko y +‘ikxx
h, =e 7 _ for y 2 O (2)

-ik, vy + ik _x
2y X
h = e for y £ 0 &))



where

© -iwe
K >~ .Y 0
oy c oy

k ™ ‘\/ iwko, _ - (4)

In order teo obtain the {icld in the ocean we will treat cthe problem in the
following manner.

We consider the field to be a superposition of two fields, one being the fieid due
to the energy entering the ocean through the air-sea boundary and the other peing the
field due to the energy entering through the horizontal land-sea boundary. The energy
entering through the vertical land-sea boundary is neglected in this frgatment.

The magnetic field on the surfaces of the ocean (both top and hottom) will first

be obtained under the assumption that the ocean is a perfect conductor,

To find the field at some point in the ocean the assumption is made that wave enters

the ocean normal to the surface.

Contribution through Air-Sea Boundary.

In this section we shall determine an approximate expression for the magnetic field
in the ocean due to the energy entering the air-sea boundary only. We'bégin by deter-
mining the magnetic field at the top surface of the ocean.

Consider equations (2) and (4) which describe the incident wave in the air above
the ground. For the range of frequencies of interest here the quantity tweoloz] << 1.
We note then that the magnetic field in air is not very sensitive to a change in con-

ductivity and therefore will propagate past the shore line relatively unperturbed.



3.

Neglecting the attenuation (i.e. considering ¢ = =) we have the following approximate
expression for the magnetic field at the top surface of the ocean
ik x
0

hyy ~ @

(5

w
where k = -
o c

The assumption of infinite conductivity used in order to obtain ht@ is now

=

dropped. The conductivity, however, is still considered high enough so that the

energy will enter the ocean normal to the surface. The field at some point in the

ocean will thus be approximately of the form

- ik, (y*d) *ik, (y+d)
h, = A|e * o8 (6)

where

g
-1 . .
y =@ fuo(cl “ e )~ i (7

The subscript t indicates that this is the magnetic field in the ocean due to

the_energy entering the top surface only. The quantity Py is the reflection coeffi-

cient of the magnetic field at the bottom of the ocean and is given by

(8)

Lprrt

For the values of the parameters involved here P is very nearly equal to - 1. In (6)

the coefficient A is chosen so that the magnetic field is continuous across the air-sea

»
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boundary., Thus

h .
A = ts o (9)

Contribution Through Land-Sea Boundary.

In this section we find the magnetic field in the ocean due to the snergy entering
the Land-Sea boundary only.

To first obtain an approximate expression for the magnetic field at the bottom sur-
face of the ocean, due to the energy entering this interface, Green's Theorem will be
used.

Consider the region bounded by the closed dotted line path 1'-in figure 2. It can

be shownz that the magnetic field at some point X,y in this regicn is given by

h(r) = ? _iﬁ; [G(rlr') 3;31_' h(r') -h(r") 'g‘:'; Q(rlr')] d1 (10)

where G(rlr"), the Green's function, is a solution to the inhomogeneous wave equatior

2 2 - -
(v + k5 ) Glxfr") = jwe, 8C|r - T (11}

o /
2
kp =W p0(62 T iw ) = Wy, o, (12

This Green's function represents the magnetic field at r due to a line source at r!

and

described by the Dirac delta function 6(|; - ;'l). The operator 3%7 denotes the

derivative normal to the boundary 1°'.
The Green's function will be chosen so that its normal derivative will vanish
along y = - d for all x. In addition if we assume that the ocean isc a perfect con-

ducter, vanishes for y = - d, x > 0. In this case the integral along v = - d,

Sh
an?
0 < x ¥ o will be zero, By introducing small losses the :-.:-iral over the infinite: .
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arc will also be zero,
Thus (10) reduces to an integral along the y axis fromy = - @ tc y = - d,

The solution to (11) for G(r|r') along y = - d subject to the condition

that gt G(r|r) = 0 at y = - d is well known and is given by(3>
we X '
sl = 2, Sxan? + (gren?) 13)

In order to evaluate (10) we now need to know the magnetic field h-along the path
of integration. This, of course, is not known exactly. As is often the -case in prok-
lems of this type we shall approximate h over this path by assuming it is equal ts “he
incident magnetic field given in (3).

Substitution of (13) and (3) into (10) yields the following expression for the -

magnetic field along the bottom surface of the ocean

-d -ikzyy'
~ | =z 7 (1) 2 2
hbs - Jm 2 kao (k2 V/x MRS AR
K : (L4)
1k, x
2 (1 2 2
+ Hl )(kz /x + (y! +d) ") } dy'

v/xz + (y! +d)2

This integral cannot be readily evaluated for all values of x  Huwever, for

sufficiently large x, say for x > 6 &, where §, = / 2 is the skin depth in the
2 2 WK OU 2

earth, we show in the appendix that (14) is approximately equal to

ik, d

2y
~ie (1) (1)
hyg = -——-———Zkzy thﬂo (kyx) + 1,8 (kzx)} (15)

We now drop our assumption of infinite conductivity anf write that the magnetic

field in the sea is approximately of the form



h = B + pt e J (16;

The subscript b indicates that this -is the magnetic field in the ocean due o

the energy entering through the bottom of the ocean only.

The reflection coefficient at the top of the ocean is . .,
Pr— —
¥ Mo
e
;e - -l ° ) .
p = Tt —— o Can
B M
o) + 8
TR
VRS BT

This reflection coefficient is also nearly equal to -1 for :*f’purposes.

The coefficient B is given by

which makes the magnetic field continuous at the bottom of the :ea.

Total Magnetic Field in the Ocean

The total magnetic field in the ocean is given by the sum of (6} and (16),
Substituting for A and B from (9) and (18) we obtain

-1k (y+d) +ik, (y+d) ik, y -k, v
1 1 1
+ pbe e + pte
tot. .~ -ik.a Fik.d ts Tik.d Tk d s
1 1 1 1
e * py, be e *op.e

e

h (19;

If we set Pe and Py equal to -1 we have finally

sin k. (y + d) sin k,y
h . L B, - ——is
total sin kld ts sin kld bs

where h _ and h__ are given by (5) and (15) respectively,

.
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Electric Field.

Now that we have an expression for h, the electric field is easily obtained

from (1). In particular the horizontal component of the electfic‘field is

+ o
. El cos k, (y +d) . cos k; y . (1)
X 0, sin kld ts sin k1 d bs .

where again we are making use of the fact that wel/cl <« 1,

Numerical Results.

Numerical values for the x component of the electric fielc were determined by -
digital evaluation of equation (21). The results are plotted in Figs., 3 t2 12 as a
function of depth and distance from shore for frequencies of 10, 160, and 1300 ¢/s.
Depths range from 50 meters to 800 meters and distances from shore range from 3 km
to 40 km . The depth is plotted as the abcissa and the various values of #

(distance from shore) determine a family of curves. j

The contribution to the field due to the energy passiné‘through the ﬁir-sea
bounddry only is shown as a dotted line. This enables one to see mbre eﬁplicitly the
effect that the energy passing through the horizontal land-sea‘boundary has on the ;
total field.

In Figs, 13 and 14 61 and 62, the skin depth in the sea and land respectively -

are plotted as a function of frequency. This allows interpretation of the curves in

terms of skin depth instead of absolute distance.

Discussion.

Before discussing the results it must be admitted that both the model and the
incident field which we have chosen, and the manner in which they approximate the
actual situation leave much to be desired. Nevertheless, the approximstions used
were felt to be sufficient to obtain a first order solution to our problem, namely to
establish the relative importance of the contributions from the top and bettewm of the

ocean.,

»
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Upon examination of the curves, it één be'seen that the contr;bqtion to the
net field which enters through the ocean-land interface is quite pyominent in the
region near the shoreline. As the distance from the shore increases, this contri-
bution becomes less and less noticeable., This is due to the fact that kx’ the wave
number which governs the propagation in the x direction for the contribution through
the air-ocean interface, has a small imaginary part, whereas the attenuation of the
contribution through the ocean-land interface is quite high due to the' conductivity
of the earth,

The effect of the depth of the ocean on the electric field is alsc quite notice-
able. For the region near the shoreline the curves show the earth propagated contrie
bution more distinctly as the depth of the ocean increases, This is understandable
since for a déep ocean the energy entering the top surface will be greatly attenuated
before reaching the bottom. The contribution through the bottom wiil, therefore, be
more evident,

Since an approximation was used to simplify the arguments of the Hankel function

(see appendix) our expressions are not valid for x < 6 62. The model itself is, however,

not very reasonable in this region,

A o Ao’o
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Appendix A U YE

hbs for large X e

Consider equation (14), Because of the decaying exponential character of the inte-
grand'(kzy is complex) the contribution to the integral is appreciable only for that’
portion of the integration path within a few skin depths of the bogtom of the ocean. The

skin depth in the earth is given by

2 ’ ‘
§ = . ' : (A1)
2 k/ mpogz .

If we assume the integrand to be negligible for ly'l greater than say 262, and

restrict ourselves to values of x greater than 662 then the argunent of the Hankel frno-

tion can be greatly simplified over that portion of the integrand that is most 1mp6rtan§,

)
i.e.

sz + (yv + d)2 ~ X (A2)

Since the values of d considered are much less than 62 its presence in the argument
does not affect the approximation to any great extent.

With this approximation the Hankel functions are no longer functiens of v! and may
be moved outside of the integral sign leaving a simple exponential term to integrate..“

Upon integrating we obtain

iy d
h =ie 7y W+
X 0 2

6D :
bs & 2k2y H ™7 (kyx) ‘ : 1 (A3)
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