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ABSTRACT

In this report we complete the presentation of the results of a study of the amplitudes

of the quasi-static electromagnetic fields produced in, on, and above the surface of a sea

of finite depth by vertically-directed harmonic electric and magnetic dipoles (VED's and

VMD's, respectively) and horizontally-directed harmonic electric and magnetic dipoles

(HED's and HMD's, respectively). In a previous report and publication we presented

numerical data for the fields produced on and above the surface of the sea by t'ie dipole
sources when submerged in the sea. We now present data for the fields produced in the

sea by the same dipole sources when they are either on or elevated above the sea surface.

The primary purpose of these computations is to determine the conditions under which

an electrically-conducting sea bed can produce significant changes in the fields generated
by the dipoles, as compared with the fields produced in, on, and above an infinitely deep
sea, for frequencies in the ULF, ELF, and VLF bands (frequencies less than 30 kHz). In

contrast to our earlier work, where we found substantial sea floor effects on the fields
produced by the submerged dipoles, and particularly strong effects on some of the field

components produced by a submerged VED, the present .work shows that the fields 7

produced in the sea by elevated dipoles are comparatively little affected by the presence

of a sea floor. This re3ult is in fact in agreement with our previously-derived criteria for

estimating when a sea floor effect is likely to occur: (1) the sea floor effects are most

marked in seas that are electrically shallow, (2) the largest changes in the fields occur

when the dipoles are located within one sea water skin depth of the sea floor, and (3)
there are essentially no sea floor effects when the dipoles are located more than three sea

water skin depths above the floor. These new data and results should prove useful in

studies of air-undersea communication at frequencies less than 30 kHz.
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A NOTE ON FREQUENCIES

In this report we use the abbreviation ULF (ultra-low frequencies) for
frequencies less than 5 Hz. Pe 1 geomagnetic pulsations are observed in theP
upper part of this frequency range (0.2 - 5 Hz). ELF (extremiely-low
frequencies) is used to designate frequencies in the range 5 Hz to 3 kHz, and
VLF (very-low frequencies) is used for frequencies in the range 3 to 30 kHz.

'Il
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1. INTRODUCTION

This report extends oarlier work in which we gave a broad description of the ultra-low
frequency (ULF; frequencies less than 5 Hz) and extremely-low frequency (ELF;
frequencies in the range 5 Hz to 3 kHz) electromagnetic fields prciduced on and above the
surface of a sea of finite depth by submerged harmonic electric and magnetic dipole
sources [Fraser-Smith and Bubenik, 1079, 19801. As we reported at the time, the
purpose of this earlier work was to provide new, quantitative information about the
effects of a sea floor on the ULF/ELF electromagnetic fields propagating upwards from
submekged sources. In addition to providing this informatiom, our work showed that the
sea floor effects could be quite large under certain conditions, particularly at frequencies
in the ULF range and for a vertical electric dipole source. Among the many applications
of these earlier results, we pointed out two specific Navy applications: submarine
detection and undersea-to-air communication. The work we now report is particularly
relevant to the latter application; our results describe the electromagnetic field •i
amplitudes that can be produced in the sea, and the effects of a sea floor on these
amplitudes, for elevated (i.e., airborne) dipole sources, and thus the data are applicable

to an air-to-undersea communication link.

When combined with our earlier undersea-to-air results, these new air-to-undersea data
should provide much of the quantitative information required for studies of two-way air-
undersea communication links utilizing frequencies in the ULF, ELF, and VLF ranges.
Since radio waves with frequencies above the upper limit of the VLF range (30 kHz) do
not penetrate to any significant depth ia sea water, the three frequency ranges
specifically covered by our analysis should include all of the radio frequencies that have
any practical application to communication with moderately or deeply submerged
submarines.

In addition to their communication and submarine detection applications, our earlier
data [Fraser-Smith and Bubenik, 1979, 19801 could well be utilized in geophysical
prospecting and in the derivation of effective sea floor conductivities. The new data
presented here are less likely to have application in these latter activities, because of the
much smaller relative magnitudes of the sea floor effects. However, there is a possible
applicatim analogous to submarine detection, namely the detection by electromagnetic
means of the presence of overhead aircraft by submerged submarines.
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Table 1: Representative skin depths (for a* " 4.0 S/m)

Frequency Skin depth Frequency Skin depth Frequency Skin depth
(Hz) (m) (Hz) (M) (Hz) (M)

"10,000 2.52 100 25.2 1 251.6

8,000 2.81 80 28.1 0.8 281.3

6,000 3.25 60 32.5 0.6 324.9

4,000 3.98 40 39.8 0.4 397.9

2,000 5.63 20 56.3 0.2 562.7

i,00d 7.96 10 79.6 0.1 795.8

800 8.90 8 89.0 0.08 889.7

600 10.3 6 102.7 0.06 1027.3

400 12.6 4 125.8 0.04 1258.2

200 17.8 2 177.9 0.02 1779.4

100 25.2 1 251.6 0.01 2516.5

N0 .&

.*.~..,:.~t . *. . . . . . .-. . . . . .
S. .,*.. *', .- ..~
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This report also extends earlier work in which we considered the feasibility of air-to-
undersea communication at ULF using airborne loop antennas [Fraser-Smith ct al.,

19771. The frequencies in this latter study were largely restricted to 1 Hz and sea floor
effects were only briefly considered; in addition, the sources of the ULF fields were

lift,. Ad to loop antennas, i.e., to magnetic dipole sources. In the present work all major
categories of dipole sources are covered by the analysis: vertically-directed electric and
magnetic dipoles (VED's and VMD's, respectively) and horizontally-directed electric and

magnetic dipoles (HED's and HMD's, respectively). Further. as has %iready been
mentioned, all frequencies in the ULF/ELF/VLF range are covered and information is
always provided about the possibility of sea floor effects. Despite the limitations of its
field data, the earlier work is not superseded since its primary purpose was to use
representative ULF field data to assess the feasibility of air-to-undersea communication,
whereas the purpose of the present work is to present a wide range of fdeld data for use

in such studies.

Our computed values of the ULF/ELF/VLF electromagnetic fields are presented in a
frequency-independent parametric form that has Lwo features. First, all distances are
measured in units of the sea water skin depth 6, which is given by

6 = (2wpo 2, (1.1)

where u- = 24f is the angular frequency, po is the permeability of free space (4x X 10'7

H/m), and a' is the electrical conductivity of sea water measured in S/m. The second
feature is the use of a sea floor coiductivity of that is measured in units of the sea water
conductivity Y. 'This approach enables the dipole field amplitudes to be presented in a
more general form than would otherwise be possible and it avoids the duplication that
would result from the use of speeic frequencies. A minor disadvantage of the approach
is the need for a computation to be made to obtain the actual electric and magnetic field
amplitudes from the given field data, which are also in parametric form. However, these
computations are comparatively simple and can be made quickly on a hand calculator;
worked examples are included in a later section to make the conversicn process clear.
The same parametric approach was used in some of our earlier work [Fraser-Smith and
Bubenik, 1979, 19801, and further worked examples are given there. To assist further in

the computation, and in the interpretation of the data, representative skin depths for sea
water (we assume , = 4.0 S/m) are listed in Table 1.

In our earlier computations for the undersea-to-air path, we used two different values
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of the sea floor conductivity to show the effects produced by tae sea floor on the dipole

fields (specifically, we used a, = 0.1•,' and o=f 0.01o,). If we had used the same

*. approach in this report, we would have had to include nearly 100 figures, which

appeared excessive. We therefore restricted our computations to one value of the sea

floor conductivity, namely a/ = 0.1,s. While this restriction certainly limits the

* quantity of our data, it is unlikely to seriously limit studies using the data because of the

reduced importance of sea floor effects for the air-to-undersea path. This is consistent

with our previous observation that sea floor effects are most pronounced when the dipole

sources are close to the sea floor [Fraser-Smith and Bubenik, 1979, 19801.

One other possible limitation of our data results from the restriction of the dipole

altitudes to the three values h 0 0, 3.06, and 10.06. Because our work is primarily

oriented toward air-to-undersea communication with moderately to deeply submerged

receivers, the frequencies of most interest lie in the ULF and lower-ELF ranges, where
the skin depths vary from a few tens of meters up to many kilometers and the signals

can penetrate to considerable depths in the sea water before they become too attenuated

to be detected. For these skin depths the restriction of h to a maximum value of 106

does not seriously limit the range of applicability of our data. However, for frequencies

in the VLF range, a maximum value of 10.06 for h clearly restricts the altitude of the

dipole sources to impractically low values for fixed-wing aircraft operation. Fortunately,
this is not a serious limitation, because at VLF the depth of any sea of pra-tical

importance for air-to-undersea communication is likely to exceed 10 - 100 skin depths

U: and sea floor effects can be ignored (the sea water skin depth varies from a maximum of
about 4.6 m at 3 kHz down to 1.4 m at 30 kHz). The sea can then be assumed to be of-i infinite depth and the VLF fields generated beneath its surface can be calculated with

S little difficulty using comparatively simple expressions [e.g., Kraichman, 1976].

In the following section we list the field expressions for the four dipole types and

describe the method of calculation used to obtain the amplitudes of the fields (Section 2).

Ii' We next briefly describe the results of the computations, which are presented almost
*: entirely in graphical form in six Appendices and which comprise the major part of this

report (Section 3 and Appendices). Some of the significance of these results are discussed

in the following section (Section 4). A list of references (Section 5) and the six
appendices complete the report. In general, the format of the data and the notation are
very close to those used in our undersea-to-air work [ Fraser-Smith and Bubenik, 1979,

19801. However, one una, oidable difference arises because of the interchange, rce

141



and field point locations. In our earlier work we use h to indicate the height of the field
point, or receiver, above the sea, and d is used for the depth of the dipole source in the

sea. In the present work h is used for the height of the dipole above the sea and d

indicates the depth of the field point, or receiver, in the sea. All the other symbols,

including D, the depth of the sea, have the same meaning as before.

4.°

$.
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VED (H~#BpjBT) HE#
"Er r, r

h h

-1*0 r1 9E0E
r 'r. -(1)- Y0 0

D O 
d 

D O E 
d

10 p p

-1 1 f

* Figure 1: The geometry employed in computing the electromagnetic field
components produced at point P located at a depth d in a sea of finite depth
D (D~d) by dipole sources located at an altitude h above the surface of the
sea, The electromagnetic field components for two dipole sources are

* ~illustrated in the figure. On the left are shown the Er, E: and B, field
* ~components produced by'a VED source, and on the right are shown the Br

B ,and Er, Ez..Eq components produced by a HMD source.

0S
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2. FIELD C). LCULATIONS

Figure 1 shows the geometry used in the field calculations; except for the interchange

"of the source and field points, it closely resembles the geometry used earlier for the

3 undersea-to-air link [Fracser-Smith and B-ubenik, 1979, 19801. A cylindrical coordinate

system (r,O,z) is used and the harmonic dipoles, of moment m (magnetic dipole) or p

(electric dipole) and angular frequency w (w = 2xrf), are located at the point (0,0,4. The

sea surface is the plane z = 0, the sea floor is the plane z = -D, and the field

measurements are made at the point P (r,O,-d), where D>d>O. The region z > 0 is air, "

assumed to be free space, while the region z < -D is a homogeneous conducting half-

space of conductivity af representing the sea bed. To simplify the notation in the field

expressions, the air, water, and sea bed regions have been labeled +1, 0, and -1,

respectively, and the surface and sea floor boundaries are correspondingly denoted by +1

and -1.

It may be noted that the HMD source in Figure 1 is directed along the z axis. This

"particular geometry, which is also used for the HED, differs from that of Kraichman

[1076], who oriented his HED along the z-direction and his IMD along the P-direction.

The expressions for the electromagnetic fields produced by the VED, VMD, RED, and
P., I

HMD at the point P were derived by using a method adapted from Morrison et al,,

[1069], and Kong, [10751. The same method was used in our earlier work to obtain the

field components produced above the sea by submerged dipole sources. The field

expressions for the four dipole types are:

1. Vertical Electric Dipole

_pP 0
E,- 22t-ro- 0 -YoF 4 MXdX, (2.1)

00,.

E- -  P FtAX 2 dX, (2.2)

BO = 2ir F2M X dX , (2.3)

-. -o
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2. Vertical Magnetic Dipole

=' iw om2•r •oo ... "0 +1- i...J'.

7.[" E . !]F 2 L X2 Ad , (2.4)

Br .. ;o;: .. s F4E X2 dX, (2.5)
2 fuom 10 +

,.B, FIE X3l d,\. (2.6)
2 f -

.+ .X
3, Horizontal Electric Dipole

2EnTaO [J OF 3M XdX - ! (ItOF4M + (X - yo) F2) d X] (2.7)

" E• •--"n' -- FX) FIE9 +F4M + (X + -) F2E) dA (2.8)

,E

27-r- fo F2M X2 dX, (2.9)

popsi dX] 1
2 Jo fFEdX (FAM - (F4E) A2.10)ppcosi*4o + r f70 1

[f .M X dX - f (F2M F(

-- + jF•EXd. (2.12)

4, Horizontal Magnetic Dipole

2m r

27r '70 + X t o +,

E.= f F2, X dX, "" ""'• . 4, •.-ia 0 . 4,



g

Ibomco~ 00 f~ y0
BrI rO ~'O F3 EX AX- r.'o + X' d (2.16)

pain sin[fO 'Y 2.7

10 FE dX~p(2.18)

The following equations also apply

=3 Fý)m -,yod+Xh)j 0 (Xr)

F4M =FýJ e-(-fd+Xh)Ji(Xr),

F4M = Fe-(7od+Xh)J (>.r),

=4 F~b) e-(wd+Xh)jo(Xr),

F4E

where

-("M (1 + P-.1TM)/(l P-ITAIPITM),

-( (1- ITM)/1 -P-TATM 17M),
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FE - (1+ p-TE)/(l - P-ITEPITE),

(TE P-T)M( P-ITEPITE),

PITM = [(1R - Yo)/(Y, + Yo)J e27od,

P-IrM - [(Y-I - Yo)/(Y-. + Yo)] CYo(d-D),

Pi7E = [(Z,- Zo)/(Zi + zo) e-2•od,".

P-ITE= [1-•(Z - Zo)/(Z-1 + Zo)] e2-°o(d-D),

S = iapo.,...

2 =X2  k2 R

n Anfn S/n

In the last of these equations the subscript n can take one of the three values 1, 0, or -1,

thus specifying the applicable region for the subscripted quantity. Thus an nd)afor
example, are the permittivity and electrical conductivity in region n. Note that, '.,

according to this notation convention, a I = 0, a0 = cr,, and a., = a. The equations are

valid for all frequencies, However,' in our computations we use the quasi-static

approximation (see p. 3-15 of Kraichman, 119761), which is equivalent to neglecting

most displacement current terms, Thus, with the single exception of the E1 occurring in

the expression for the electric field component E. produced by the HMD, we set c E

0. This is a commonly used approximation that is applicable when the source-

receiver distance is much smaller than one free space wavelength. We discussed the

frequency range over which this approximation is valid in our 1980 report [Fraser-Smith

and Bubenik, 19801 and concluded "hat the field data only begin to become inaccurate

for frequencies above 30 ktlz. The same arguments used in that earlier report are

* ~applie'able here and we conclude that our field data are valid throughout the
ULF/ELF/VLF frequency range.

The full field expressions given above were evaluated numerically using the same
computational techniques used in our previous work and, in particular, using the same

" ". - =~,* * - 1 - . n



techniques described by Bubenik, 119771. Both the electric dipole moment p and the

magnetic dipole moment tr are set equal to unity (p = 1 Am, and m = I Am 2). For

dipoles of arbitrary moment the field values given in the figures should be multiplied by

the moment to obtain the corresponding field magnitudes. We use the milligamma as

"our unit for the magnetic field (1 m-y = 1 picotesla), and the electric field data are

presented in units of microvolts/meter.

S S k

i"°
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3. RESULTS

The prosentation of the results of our field computations follows closely the

presentation used in our earlier report on the fields generated in the air by submerged

dipoles [Fraser.Smith and Bubenik, 19801. For the VED, these results consist of

amplitude data for the radial and vertical electric field components Er and E,, the
maximum electric field vector magnitude ETOTAL, and the maximum magnetic field
vector magnitude BTOTAL (which represents the azimuthal magnetic field component
BO). For the VMD, the results consist of amplitude data for the radial and vertical
magnetic field components B, and B,, the net electric field component ETOTAL (which
represents the azimuthal electric field component E ), and the maximum magnetic field

magnitude BTOTAL, Also presented are data for the three electric field components (Er,

E0, E.), three magnetic field components (B,, B0, B,), the maximum magnetic field
magnitude BTOTAL, and the maximum electric field magnitude ETOTAL produced by

the elevated HED and HMD along the two principal azimuthal angles o = 0* and go0 ,
Although it is not the primary purpose of the choice, restriction of the azimuthal angles
"to -- 00 and 000 simplifies the presentation of field data for the two horizontal dipoles
since not all of the possible field components are produced at each azimuthal angle,
Specifically, only one of the horizontal electric components (E, and E ) or one of the

horizontal magnetic components (Br and B8,) are produced by each of the dipoles whein o

- 00 or 900, and the vertical field components (E. and B.) also vanish at one or the
other of these angles. We use the notation EFIORIZONTAL or BHORIZONTAL for the non-
zero horizontal field components. Whether these latter components are radial or

- azimuthal can be determined quickly by noting the azimuthal angle and by referring to

Equations 2.1 - 2,18, Alternatively, the form of the horizontal components can be
determined by reference to the following list of non-zero electric and magnetic field
(luantities produced by each dipole type.

1. VED:

9 The basic field quantities are Er, Ez, B0.

e Other field quantities are ETOTAL, EHORIZONTAL = Er, BTOTAL

"HORIZONTAL B0,

* 4

•., pRrVIOUS pAQir
w , "; IS @LAN K

'4.4k
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2. VMD:

o The basic field quantities are EH, Br, Bz. ,

. Other field quantities are ETOTEL EHORIZONTA =

BHORIZONTAL B p BTOTAL,

3. HED,.= 0: P

*The basic field quantities are Er, Est B.

* Other field quantities are ETOTAL, EHORIZONTAL Er, BTOTAL

BHORIZONTAL - B,

4. HED, • = 00:

* The basic field quantities are EH, Br, Bz.

9 Other field quantities are TOTAL = EHORIZONTAL E0, BTOTAL,
BHORIZONTAL =- Br. ,-',

5. HMD, o = 00: K"

* The basic field quantities are EH, Br) Bz,

* Other field quantities are ETOTAL = EHORIZONTAL I Eb, BTOTAL, ,.

BHORIZONTAL = B"

B. HMD, 0 = 900:

* The basic field quantities are Er, Ez, B,.

a Other field quantities are ETOTAL, EHORIZONTAL - Er' BTOTAL

BHORIZONTAL = B .

Notice that there are only three basic electric and magnetic field components for each

dipole category.

The presentation of field data is very similar to those used for the results of our

submerged dipole computations [Fraser-Smith, 1979, 1980]. For each dipole type we

first present a series of curves that give the actual fields prcduced by the elevated dipole

in a sea of infinite depth, i.e., without any effects due to the presence of a sea floor.

Next, we present additional curves that give the ratios of the fields produced by the

dipole in a sea of finite depth D to the fields produced under otherwise identical

,K 2



15

conditions in the sea of infinite depth. These latter curves provide an immediate

quantitative indication of the presence or absence of sea floor effects, since the absence of

a sea floor effect is indicated by a ratio of 1.0. The curves for the infinitely deep sea are

preseated for three dipole (i.e., transmitter) altitudes (h/6 = 0 (sea surface), 3.0, and

10.0) and for four receiver depths (d/5 = 0.3, 1.0, 3.0, and 10.0). These data are .

supplemented by the sea floor effect curves, which are drawn for four sea depths (D16 =

0.3, 1.0, 3.0, and 10.0). Only one sea bed electrical conductivity is considered; the value

chosen, acr -- 0.1 a•,, is intended to be typical of the values encountered in the first 1 km

depth of the sea bed. The reader is referred to the work of Young and Cox, [1E811, for

the results of some recent measurements of sea bed conductivity that support our choice.

Note that the subscript has been dropped from a when this conductivity appears in the

ordinate labels of some of the infinitely-deep-sea figures.

The field data are presented in the following figures:

1, VED; Figures 2 through 9 (Appendix 1).

2. VMD; Figures 10 through 17 (Appendix 2).

3. HED, o = 00; Figures 18 through 25 (Appendix 3).

4. HED, g *0; Figures 26 through 33 (Appendix 4).

5. HMD, - 0"; Figures 34 through 41 (Appendix 5).

6. HMD, o =00; Figures 42 through 49 (Appendix 6).

The same basic arrangement of figures is used for each dipole category. One small

difference occurs in the case of the HMD (0 = 900), where fewer sea-floor-effect curves

are shown. This difference is caused by the comparatively small amplitude of the E,.

component. Since EHORIZONTAL =- ETOTAL, to a close approximation, the
EHI()RIZONTAL curves have been omitted.

To illustrate the use of these data, suppose the source of fields is an HED (0 - 90*)

transmitting at 1 Hz and we wish to know B• at a distance r/6 100 and depth d/6 -

0.3 for a dipole altitude h/6 = 10. Our B curves for the HED ( W - 900) give B X 6 =
2 z

,3,8 X 1°-2 my.m2 (Figure 27). At 1 Hz, 6 = 251.6 tn and B, = 3.0 X J0" m-1 for it unit

moment dipole and infinitely deep sea. Turning next to Figure 33, we find that the sea

floor effect (for a, = 0.4 S/m) varies from negligible (multiplication factor 1-)- 1 foie a sea

depth of 1.0 or more sea water skin depths, i.e., for depths greater than about 250 m,

•~~.'.'.-.......-,-,, .- ,,,......,.........:::. . ......-........... ,...........r",.."'.,. ".,1 ....... ":-""" ''."
%. . . • ..



and doubles the amplitude of the field (multiplicatioy ictor - 2) for a depth D/6 0,3,

at which time our HED source, which is located at a depth or 0.3 sea water skin depths,

would be sitting on the sea floor.

I,

0i ,.* -

S,? ,,

S

- - 4 4 0 . . . . . . . . .
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4. DISCUSSION

In our studies of the ULF/ELF electromagnetic fields generated above a sea of finite
depth by submerged harmonic dipoles [Fraser-Smith and Bubenik, 1979, 1980] we drew

attention to the diffeeing power-law declines with distance of the field components

produced by the various dipole sources at large distances. The purpose of this
comparison. was to identify the dipole types and field components with the greatest

potential for undersea-to-air communication. We finally concluded that the E field

produced by an HED (o - 00) was likely to be the most attractive electric field
component. Several different factors led to this conclusion, among which the inverse
square deoline of the amplitude of the field component with distance (at large distances)
was perhaps the most influential. We now examine the large-distance variations of the
various field components considered in the present study, together with the effects of a
sea floor on these components, with the goal, once again, of determining which dipole
types and field components are likely to have the greatest potential for communication

over long distances.

At horizontal distances greater than 106 the curves for the ULF/ELF fields produced in
an infinitely deep sea by our elevated dipole sources begin to decrease linearly with
distance (see Figures 2, 3 [VED]; 10, 11 [VMD]; 18, 19 [HED, 0 = -O1; 26, 27 [HED, - '
900]; 34, 35 [HMD, 0 - 001;. 42, 43 [HMI), • = 9001). Because of the use that is made of ."_
logarithmic scales, the linear decline implies a power law decrease of the fields with
distance: the fields decretue with distance as r~t, where the power n depends both on
the dipole type and on the electric or magnetic field component under consideration, As
indicated above, power law decreases of this kind are also observed in the fields
produced in the air by submerged dipoles. Further, they are in agreement with the

power law variations in approximate expressions for the fields that apply at large source-
' receiver distances [Kraichrnan, 1976; also see Banni8ter, 1084, for a new series of

formulas that apply at measurement distances greater than 106 from the source].

The values of n for the various field components produced in an infinitely deep sea by
our various categories of elevated dipoles are listed in Table 2. It can be seen that n
ranges from 5, implying a very rapid decline of the field quantity with distance, down to

P . 2, implying a comparatively slow variation of the field quantity with distance. The

% ,.....
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Table 2: Values of the power n occurring in the long distance variations
r"n observed in the fields produced in the sea by elevated dipole sources. An
asterisk indicates that no field component is produced.

HED, BED, HMD, HMD,
VMD VED W0 =°=0 0= 90

BTOTAL 4 2 3 3 3 3

ETOTAL 4 2 3 3 3

B,4 3 3

BO 2 3 * 3

B, 5 6 4 4

Br 4 ""•* 2 3 *3

E, * 2 3 3

E,* 3 4 *2

.. *. . . . . . . . .. . . . . . . . . . .

* ,.. * ~ 2* <,*, -2. . . . . . . . . . . . ... . . . . .

'A.-... * * . . .. ''' A . * * * '* 'A.*A* " * A' ,* . . *. .

A * A A * - A A A A ,.A I **. . . . . .



distance variations corresponding to these powers of n are all in agreement with the

variations predicted by the approximate expressions for the fields tabulated by

Kraichman [19761 for large source-receiver distances.

Our primary interest is in long-distance air-to-undersea communication, for which field
quantities having a e 2 distance variation are likely to be most suitable. However, we
recognize that there may be situations where a short communication range could be an
important requirement. Such a situation might arise, for example, during a naval
engagement, where good communication would be important on a local basis but where
it would also be particularly desirable that the enemy fleet (presumably more distant)
should be denied access to the communication signals, For such limited-range
communication the VMD appears to be the most suitable transmitter, since none the
fields it produces have an n less than 4 (Table 2), whereas all 0he other dipole sources
produce fields in the sea with a smaller n.

Examiining the field quantities with n = 2 in greater detail, we observe that they are
E. (or, equivalently, EHORMZONTAL) and B, (or, equivalently, BTOTAL) for the VED,

and E. for the HMD (0 = 900). These three field components would appear to have

equivalent potential for long distance communication, but we can conditionally dismiss
the EZ component produced by the HMD source because its amplitude is comparatively
small (over the distance range considered in our computations it is smaller than the E•
component produced by the same source, even though the amplitude of the latter
component declines more rapidly with distance). This leaves the VED as the preferred
source for long-distance ale'-to-undersea communication.

The conditionality of our dismissal of the I-IMD source for long-distance communication
follows from the difficulty of comparing the fields produced by electric and magnetic
dipole sources. We assume unit moment dipole sources wher. comparing the magnitudes
of the field quantities. Ilowever, there are many practical differences between the .7

sources, which influence the magnitude of the dipole moment that can be achieved, and
technological advances can also alter the situation. At present there is a possiLility that
a very powerful HMD source rmight be developed (i.e., a rotating superconducting loop).
If such a development were to occur, our conclusion that the VED is the preierred source
for long-distance communication would need to be reexamined.

In our earlier work [Iraser-Smith and Bubenik, 1979, 19801 we found that the fields
produced above the •ea by a VED were subject to exceptionally large sea floor effects:

..................... . .............
. . . . . . . .. .. .- "•.....Y " -...... i' i* ... C"x'T .... .. "' * * i i i i *'
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under certain conditions the Er field component can be increased by nearly six orders of

magnitude, Such large effects are not observed in our results for the elevated VED. Our

computations indicate that field enhancements by a factor of two are about the best that

can be expected at larger distances (EToTAL and EHORIZONTAL) and reductions of field
amplitudes to about half their original amplitude can also take place (BToTL and Ex). .'S

The sea floor effects are therefore not particularly marked and do not influence our

conclusion regarding the advantages of a VED as a transmitter.

Taken as a whole, our computations show that the fields produced by all the dipole

sources are little affected by the presence of a sea floor except for the EZ component

produced by the [lED (0 = 00). In this latter case very substantial enhancements can

occur for horizontal distances in the range 5 < r/6 < 100, provided the dipole is located

on the sea surface. However, once the dipole is elevated above the sea surface the

nenhancements rapidly decline to the same order as those for the other dipole categories.

It does not appear that sea floor effects are likely to be a substantial factor in air-to- "

undersea communication.

It is interesting to observe that the criteria we develuped in our submerged dipole

studies (Fraser-Smith and Bubenik, 1970, 1980] for estimating when sea-floor effects are

most likely to occur are also valid for the ULF/ELF/VLF fields generated in the sea by

elevated dipoles: (1) the sea-floor effects are most marked in seas that are electrically

shallow, (2) the largest changes in the fields occur when the dipoles are located within

onesea water skirn depth of the sea floor, and (3) there are essentially no sea-floor effects

when the dipoles are located more than threesea water skin depths above the floor.

-b-I

•••• ••• ••• •••• ••• ••• *'.'*~~ ... .... y.'.~. -
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APPENDIX I .

Field Data For The

VERTICAL ELECTRIC DIPOLE
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APPENDIX 2

Field Data For The

VERTICAL MAGNETIC DIPOLE
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APPENDIX 3

Field Data For The

HORIZONTAL ELECTRIC DIPOLE, t 00
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