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Further investigation of the interference minimums in the low-frequency electromagnetic

fields produced by a submerged vertical magnetic dipole
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The quasi-static electromapnetic fields gencrated along the sea surface by a submerged vertical
mognetic dipole are evaluated numerically using exaet cxpressions and the results are plotted in a
parametric form for source depths varying from 2 to 14 seawater skin depths 6. The eurves show that
there is a minimum in the amplitude of the vertical component of the magnetie field for horizontal
distances from the source in the range 9=146 and for dipole depths ranging from 2 to 85, with the
deepest minimum eccurring at o horizontal distance of pry, = 11.076 when the dipole is at a eritienl
depth of d, = 4,226, There also exists a similar minimum point in the variatien aleng the surface of
the amplitude of the total clectric field for horfzontal distances from the source in the range 10-206
and dipele depths ranging from 4 to 234, with the deepest minimum occurring at a horizontal distance
of poin = 12,956 when the dipele is at a depth of d, = 9,388, Beth minimums are duc to the streng
destruetive interference between the direct and the lateral wave components of the flelds. No such
minimum point exists for the varfation of the amplitude of the horizontal component ef the magnetic

field.

{. INTRODUCTION

In a theoretical study of the quasi-static ULF/
ELF magnetic fields generated at the surface of an
infinitely deep sea by submerged harmonic mag-
netie dipoles, Fraser-Smith and Bubenik [1976] dis-
covered some unexpected and surprisingly sharp
minimums in their computed field amplitudes for
both vertical magnetic dipole (VMD) and horizontal
magnetic dipole (HMD) sources. The charaeteris-
tics of the minimums depended strongly on the
dipole type, on the magnetic ficld component, and
on the frequency and depth of the dipole sources,
but when they appeared they were always located
at the point of transition to the power law decline
with increasing distance that is typical for the field
components at large distances. Figure 1, repro-
duced from Fraser-Smith and Bubenik [1976],
shows some examples of these minimums as they
appeared in the original data plots. Bannister
[1984a, b] later derived new approximate expres-
sions for the field components produced by the
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VMD and confirmed the existence of the Fraser-
Smith and Bubenik minimums analytically. He also
stated that the physical phenemenon behind the
deep minimums was destructive interference be-
tween the direct and lateral wave components of the
field, in agreement with the earlier attribution of
Bubenik and Fraser-Smith [1978] and Fraser-Smith
and Bubenik [1979]. (The *‘lateral” and ‘‘up-and-
over'” wave designations used by Bannister [1984a,
b] and by Fraser-Smith and Bubenik [1979], respec-
tively, are essentially the same; see Staiman and
Tamir [1966] for a general diseussion of the proper-
ties of the lateral wave). Because the minimums
have potential application in experiments to verify
the extensive theory that has now been developed
for the ficlds produced by submerged dipole
sources, and in the interpretation of the fields
produced by such sources in practice, we here
analyze the fields produced at the surface of a sea of
infinite depth by a submerged VMD in greater detail
and obtain more information about the minimums
observed in both its magnetic and electric field
components.

Theoretical expressions for the quasi-static sub-
surface-to-surface propagation of the electromag-
netic ficlds produced by submerged VMD have
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Fig. 1.
Smith and Bubonik [1976] for the fields produced on the sea
surface by a VMD submerged at depth d. The minimums that are
the subjeet of this paper are bes! seen fn the eurves for @
frequency of 100 Hz: they appearas small “jigsles™ in the curves
for horfzontal distances in the ange 200600 m.

Original magnetic ficld dala computed by Frasers

been tabulated by a number of authors [e.g., Wait
and Campbell, 1953; Barios, 19665 Sinha and Bhat-
tacharya, 19663 Kraichman, 1976; Fraser-Smith
and Bubentk, 1976; Bannister, 1984a, b]. Our cal-
culations were made by using both the Sommerfeld
integral expressions of Fraser-Smith and Bubenil;
[1976] and the analytical expressions derived by
Sinha and Bhattacharya [1966). We also used (1)
the approximate analytical expressions of Bannister
[19844], and (2) some numerical values for the
horizontal component of the electric field computed
independently by D, M. Bubenik (personal commu-
nication, 1989) to confirm the results of our compu-
tations.

The numerical data are presented in a parametric
form by normalizing all the distances to the skin
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Fig.2. The geometry employed in computing the electric and
magnetic field components B, Es, and B, at point P on the sea
surface (2 = 0) due to a VMD dipole source located at a depth &
Below the surface.

depth of the conducting medium (seawater in this
case), which means that the results can be used for
all frequencies in the range for which the quasi-
static approximation is valid. Since the approxima-
tion requires only that the source-receiver distances
be much smaller than a free space wavelength, and
the largest such distances considered in this work
are of the order of 24 secawater skin depths, the
approximation is not particularly restrictive and our
results will certainly be valid for all frequencies in
the VLF range (3-30 kHz) and below. The upper
medium (air) is assumed to be noncondueting (o =
0 S/m) and both media are assumed to be nonmag-
netic (i = gg = 4w % 1077 H/m). The displacement
currents in both media have been negleeted, which
is a pood assumption for the quasi-static case.
Because of our use of a parametric approach, the
results of our work are not only applicable to the
case of the air-sea interface but they can also be
used for the air-Earth interface, or any other inter-
face between a semi-infinite nondissipative and a
semi-infinite dissipative media separated by a plane
boundary.

2. FIELD COMPONENTS

The geometry employed in our computations is
shown in Figure 2. The seawater is assumed tobe a
homogenecous conducting medium of conduetivity o
occupying the region z < 0 of a cylindrical coordi-
nate system (p, ¢, z}. The source is a VMD located
at a depth of d below the sea surface at the point (0,
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0, —d); it is assumed to have a dipole moment m
that varies harmonically with time ¢ at the angular
frequency o. Such a dipole could consist of a small
insulated wire loop of area dA carrying a current
I exp (io?), in which case m = IdA (we follow
convention in suppressing the time factor exp (iwf)
in the field expressions). The resulting three non-
zero components of the rotationally symmetric
electromagnetic fields, B,, E;, and B;, are evalu-
ated on the sea surface at (p, ¢, 0).

The exact Sommerfeld integral expressions for
the three field components have the following form
[Barios, 1966]:

pom = Ae~™
By= == f T TitAR)A® da )
v Jo

_=iopgm [o e 2
Ey= e L = NPATAA (@)

=pd

- Holtt @ g 3
BE Z‘W L Afﬁ’ ”J@(‘\p))\ d“\ (3)

where 12 = A% + 92, ¥ = iwpgo, and JolAp) and
J1{Ap) are the Bessel functions of the first kind of
orders zero and one, respectively. Analytical ex-
pressions derived by Sinha and Bhattacharya
[1966] for the three field components can be written
in the form

m
B,= %M {=2e7PR3L{lap + Ha + o))

+p~H L% + p%a(10L2 = 3) + 9pa(SL> = 2)

+ 15(a + T}(7L: = 3)}}

+ R™Ls = 407) = [15%° = 2772 + #(12 + a® Ko
= R7LHs + 2ap) — [157° + 377 = 72 — a®) | K,

+ R73LY + L{27(e = 68) + w = 687p 220 = 3523))
+ [2B7(d+? = 3) — wiloK;

= R™YLY = L[21(B = 6a) + w = Garp ~2(20 = 357%)]

=[w + 2ar(3 = 4+ Ko} )]
Ey= Eu:‘:gm {27 Pp2R-YL%p% + pa(6 L2 = 1)
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where
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In the above expressions, () and K,(B) are
modified Bessel functions of the first and second
kinds of order n and with complex arguments « and
B. Following Dwight [1961], these Bessel functions
can be expressed in terms of the Kelvin functions
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Fig. 3. Varation with distance along the sea surface of the amplitude of the horizontal magnetic field
eomponent B, produced by a VMD submerged at various depths  in the range 2-12 seawater skin depths,

ber,(x), bei,(x), kery(x), kei,(x) and their deriva-
tives (denoted by a prime) as follows:

Iglee) = berglea,,) + ibeigle,,)
Iy(ee) = beiy(ee,) = ibery(ey)
Ko(B) = kerg(B ) + ikeig(B,,)
Ki(B) = =kelfBy) + iker(Br)
where
bery{es) = [berifay) — beiflenlN/2
beila,,) = [berflea,,;) + beij{a ,,,))]f’\/i
kery(B ) = [keri(Bu) = keif(BnlN/2
keir(Br) = [hert(Bm) + keil(BVN\/2

and where a,, = |«| and 8,, = |8]. The values of
these Kelvin functions and their derivatives, both of
order zero, are tabulated by Lowell [1959] for a
wide range of arguments. However, because it was
not feasible for us to automate our computations
while using these printed tables, we wrote a com-
puter program to evaluate the necessary Kelvin

functions and their derivatives for any arguments
a,, and 8,,. After checking the results given by this
program against the data in the Lowell tables, we
incorporated it into our field computation programs.

We computed the electromagnetic field compo-
nents in two different ways: (1) by numerical inte-
gration of the Semmerfeld integrals in (1)=(3) as
modified by Fraser-Smith and Bubenik [1976] and
using the techniques described by Bubenif; [1977];
(2) by evaluating the analytical expressions (4)=(6)
derived by Sinha and Bhattacharya [1966], Both
sets of equations are exact, so our results should be
more accurate than those published previously by
Bannister [1984a] and King and Brown [1984],
where use was made of approximate expressions.
This is true especially for the range of observer
distances where the direct and the lateral wave
components of the fields interfere with one another.

The explicit equations derived by Sinhe and
Bhattacharyva [1966] are lengthy, but they are useful
because the direct and lateral wave components of
the fields can be explicitly identified in them., More
specifically, the terms that are multiplied by the
exponential term ¢ P correspond to the direct wave
component, whereas the terms that are multiplied
by the product of the modified Bessel functions I,
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Fig. 4. Variation with distance along the sca surface of the amplitude of the horizontal eleetrie field component
£, produced by o VMD submerged at varfous depths  in the range 7-12 seawater skin depths.

and K, correspond to the lateral wave component.
Thus the two wave components can easily be ex-
tracted and computed separately without approxi-
mation. This is not the case for the Sommerfeld
intepral expressions given by (1}=(3), where the two
wave components cannot be separated from one
another unless approximations are made [e.g., Ban-
nister, 1984a, b; King, 1985].

We take the magnetic dipole moment to be unity
(m = 1 A m?), with the implication that the com-
puted field values should be multiplied by the actual
dipole moment if they are to be used for a VMD of
arbitrary dipole moment. The units for the electric
and magnetic field components are chosen to be
nanovolt per meter and picotesla (1 pT = 1 milli-
gamma).

3. NUMERICAL RESULTS AND DISCUSSION

The principal results of our computations are
presented in Figures 3, 4, and 5, which show the
variation with normalized horizontal distance p/8 of
the amplitudes of the three nonzero field compo-
nents in their parametric form, §%[B,|, o8%E|,
and 8°|B.|. The overall distance range is restricted
to 6 = p/§ = 20, since that is the range in which the

minimums of interest are located. For each field
component a set of curves are plotted for a range of
integer values of the normalized depth d/6; the
range varies for each component and depends once
again on the occurrence of the minimums,

Examining each of the figures in turn, we find
little evidence of a minimum in the curves showing
the distance variation of the horizontal magnetic
field component B, (Figure 3). However, there is a
point of inflection in the curves that moves progres-
sively out to larger distances from the source as the
dipole depth is increased and which does in fact
become a very weak minimum for d = 126,

The curves in Figures 4 and 5 show a well-defined
minimum in the horizontal electric field component
E, (Figure 4), and, as expected from the earlier
studies by Fraser-Smitii and Bubenik [1976] and
Bannister [1984a, b], in the vertical magnetic field
component B, (Figure 5). The horizontal location of
the minimum point, py,. depends on the depth of
the VMD and it is quite different for the two field
components. For Ey, pyi, ranges approximately
from 10 to 20 skin depths as the dipole depth varies
from 4 to 23 skin depths (only part of this variation
is covered by the data shown in the figure), whereas
Pmin for the B, component ranges approximately
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from 9 to 14 skin depths as the dipole depth varies
from 2 to 8 skin depths. The curves for both E s and
B have no further interference minimums for di-
pole depths outside the above ranges.

In addition to their variation of location with
dipole depth, the minimums also vary in strength.
We will measure this strength by taking the ratio
(measured in decibels) of the minimum amplitude to
the succeeding maximum amplitude as distance is
increased, In Figure 6 we plot the variations of
these amplitude ratios as functions of the normal-
ized dipole depth for both E, and B;. The curves
show that there exists a sharply defined critical
depth d. for each of the two field components for
which the amplitude ratio is a minimum. For E; the
critical depth is 9.388, and the horizontal distance
corresponding to the critical depth is 12.958; the
amplitude ratio for this minimum is close to —63
dB. Similarly, for the vertical component of the
magnetic field B, the critical depth of the dipole is
4,228, and the horizontal distance corresponding to
the critical depth is 11.078; the amplitude ratio for
this minimum is also close to —63 dB. As seen in
Figure 6, the ratio of minimum to maximum ampli-
tude can change drastically with only a very small

change in the depth of the dipole near the critical
depth d,.

QOur primary geal in presenting the dipole ficld
data in parametric form is to compress the quantity
of data required to illustrate all the significant
variations in the ficld components while maintaining
maximum generality. The parametric data can be
easily eonverted into actual values by simple hand
computations. To illustrate, we have converted
some of the parametric data in Figure 5 (which
cover the amplitude of the vertical component of
the magnetic field) into actual field amplitudes mea-
sured in picoteslas for a source frequency of 100 Hz
and for dipole depths of 50, 100, and 200 m. The
results are shown in Figure 7. At 100 Hz the skin
depth & is approximately 25m (assuming o = 4.0
S/m), and the normalized amplitudes 6°|B.| for the
dipole depths of 2, 4, and 8 skin depths must be
divided by 8 = (25)® to obtain the actual ampli-
tudes of B, in picoteslas. The horizontal range of
the curves in Figure 7 varies from 210 to 340 m,
which corresponds approximately to the normal-
ized range varying from 8.4 to 13.6 in Figure 5. The
one minimum that can be seen in Figure 7 occurs for
a dipole depth of 100 m and the minimum point is at
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a horizontal distance of 273.7 m from the source.
For this one specific curve the ratio of the minimum
amplitude to the following maximum amplitude is
close to 0.116, or —18.7 dB. Note that this is the
same minimum that was studied in some detail by
Fraser-Smith and Bubenik [1976] and by Bannister
[1984a, b]. Its location differs slightly in Bannister’s
analysis due to the approximate analytical expres-
sions that were used in his computations.

The numerical results presented here can be
easily extended to larger horizontal distances by
using the available asymptotic expressions. These
asymptotic expressions are valid under the two
conditions |yp| > 1 and p => 4 and can be obtained
by taking the first two terms of the asymptotic
expressions of the modified Bessel functions of
large arguments and substituting them in place of
the products of the modified Bessel functions ap-
pearing in the exact expressions given by (4)-(6},
vielding [Sinha and Bhattacharya, 1966}

_ oh 3o-vd
T 2 yp'ﬂ
—iwpmgm 3¢~
By e —a— T 9
- =yd
B i 9@1“

Note that the terms corresponding to the direct
wave component in (4)=(6) are those that have the
exponential multiplier ¢™”, and they can be ne-
glected in the asymptotic range beecause of the large
exponential attenuation. The terms that correspond
to the lateral wave component of the field take the
forms given in (7) in the asymptotic range, and there
they comprise the total field, These latter expres-
sions are identical to the ones tabulated by Bannis-
ter [1984a, Table 1] for ¢4 = 0.

4, CONCLUSIONS

Our computations verify that there is a sharp
minimum in the amplitude of the vertical magnetic
field produced on the sea surface by a VMD sub-
merged in seawater. The location and depth of the
minimum vary with the depth of the VMD, but in
general it is located at horizontal distances in the
range of 9-14 seawater skin depths for dipole depths
in the range of 2-8 skin depths. We fail to detect a

INAN AND FRASER-SMITH: FIELDS PRODUCED BY A SUBMERGED DIPOLE

significant minimum in the variation of the ampli-
tude of the horizontal magnetic field component,
but there is another sharp minimum in the variation
of the amplitude of the horizontal electric field
component (which also represents the total electric
field in this case}. The characteristics of this latter
minimum also vary with the depth of the VMD, but
in general it is located at horizontal distances in the
range of 10-20 skin depths for dipole depths in the
range of 4=23 skin depths. Clearly the minimums in
the electric and magnetic field components differ
both in the horizontal distances at which they occur
and in their variations with dipcle depth.

We have assumed a sea of infinite depth, and we
have only considered ficld measurements on the sea
surface in this work., However, we know that inter-
ference minimums arc also observed above sea
surface in the fields produced by submerged dipoles
[Fraser-Smith and Bubenik, 1979] and similarly in
the fields produced beneath the sea by submerged
dipoles [Bubenik and Fraser-Smith, 1978]. It is
possible that these other minimums, which are not
confined to VMD sources, could be as sharp or
sharper than those we have discussed here. Fur-
thermore, it is not clear what effect a seafloor might
have on the minimums, although it is known that a
seafloor can sometimes create major changes in the
fields produced by dipole sources [Fraser-Smith et
al., 1987]. (It does not appear that minimums are
produced in the electromagnetic fields propagating
through the seafloor from dipole sources located on
the seafloor [Fraser-Smith et al., 1988]). In a shal-
low sea it is conceivable that the sea surface mini-
mums we have described here for a submerged
VMD will be partly er wholly filled in due to a wave
component propagating through the seafloor and
then up to the receiver. Under such conditions,
measurements on the field amplitudes in the mini-
mums may provide information about the effective
electrical conductivity of the seafloor.

For some time it has been evident that more
experiments to measure the electromagnetic fields
produced in, on, and above the sea by harmonic
dipole sources are desirable, since there is now a
large body of theory that has little experimental
backing [Fraser-Smith et al., 1987]. Sharp mini-
mums such as those described in this paper could be
particularly useful in such studies, and in other
experimental work, because they provide an unam-
biguous and comparatively precise point of refer-
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ence that can greatly enhance the accuracy of the
measurements.

Acknowledgments, We thank D. M. Bubenik for providing
us with numereal data to check our computations and P. R.
Bannister for helpful discussions. Partial support for this work
(A.C.F.-8.) was provided by the Office of Naval Research
through centract NG0014-81-K-0382 and grant NOG014-50-1-1080.

REFERENCES

Bannister, P. R., New formulas for HED, HMD, VED, and
VMD subsurface-to-subsurface propagation, Tech. Rep. 6881,
Nav, Underwater Syst, Cent., New London, Conn., 1984a.

Bannister, P. R., New simplified formulas for ELF subsurface-
te-subsurface propagation, IEEE J. Oceanic Eng., OE-9,
154=163, 19845,

Bados, A., Dipale Radiation in the Presence of a Condueting
Half-Space, pp. 1-49, Pergamon, New York, 1966.

Bubenik, D. M., A praetical method for the numerieal evaluation
of Sommerfeld integrals, JEEE Trans. Antennas Propag.,
AP-25, 934906, 1977,

Bubenik, D. M., and A. C. Fraser-Smith. ULF/ELF electromog-
netie fields gencrated in a sea of finite depth by a submerged
vertieally dirceled hormonie magnetic dipole, Radio Sei., 13,
1011=1020, 1978.

Dwight, H. B.. Zables of Integrals and Other Mathomatical
Data, 4th ed., 336 pp., Moemilian, New Yeork, 1961,

Fraser-8mith, A. C., and D. M. Bubenik, ULF/ELF magnetic
fields generated at the sea surface by submerged mognetic
dipoles, Radio Scil., 11, 901=913, 1976,

Fraser-Smith, A. C., and ID. M. Bubenik, ULF/ELF electromag-
netie fields generated above o sea of finite depth by a sub-

347

merged vertically directed harmonic magnetic dipole, Radio
Sei., 14, 5574, 1979,

Fraser-Smith, A. C., D. M. Bubenik, and 0. G. Villard, Jr.,
Large-amplitude changes induced by a seabed in the sub-LF
electromagnetic fields produced in, on, and above the sea by
harmonic dipole sources, Radio Sei., 22, 567-577, 1987.

Fraser-Smith, A. C., A. S. Inan, O, G. Villard, Jr., and R. G.
Joiner, Seabed propagation of ULF/ELF electromagnetic
fields from harmonic dipole sources located on the seafloor,
Radio Sci., 23, 931-943, 1988,

King, R. W, P., Electromagnetic surface waves: New formulas
and applications, IEEE Trans. Antennas Propag., AP-33,
1204=1212, 1985,

King, R. W, P., and M, F. Brown, Lateral electromagnetic
waves along plane boundaries: A summarizing approach,
Proe. IEEE, 72, 595-611, 1984.

Kraichman, M. B., Handbook of Electromagnetic Propagation
in Conducting Media, chap. 3, U.S. Government Printing
Office, Washington, D. C,, 1976.

Lowell, H. H., Tables of the Bessel-Kelvin funetions ber, bel,
ker, kei, and thelr derivatives for the argument range
0(0.01)107,.50, Tech. Rep. R-32, NASA, Lowis Res, Center,
Clevelond, Ohio, 1959,

Sinha, A. K., and P. K. Bhattacharya, Vertical magnetic dipole
buried inside a homogeneous Earth, Radio Sel., 1, 379395,
1966,

Stoiman, D., and T. Tamir, Nature and optimisation of the
ground (lateral) wave excited by submerged antennas, Proe.
Inst, Electro, Eng.. 113, 1299-1310, 1966,

Wait, J. R., and L. L. Campbell, The fields of an oscillating
magnetic dipole immersed in a semi-infinite condusting me-
dium, J. Geophys. Res., 58, 167=178, 1953,

" A. C. Fraser-Smith, STAR Laberatory, Stanford University,
Stanford, CA 943035,
A. 8. Inan, University of Portland, Portiand, OR 97203,



	University of Portland
	Pilot Scholars
	Summer 1990

	Further investigation of the interference minimums in the low-frequency electromagnetic fields produced by a submerged vertical magnetic dipole
	Aziz S. Inan
	A. C. Fraser-Smith
	Citation: Pilot Scholars Version (Modified MLA Style)


	tmp.1386972394.pdf.LBBQo

