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Abstract—The lavered model of the manne environment, including the atmosphere, two seawater layers with
differcnt conductivity and density, and the bottom rock layer, has been considered. The geomagnetic fiekd
variations, generated by imternal and surface waves with different frequency and propagation direction, have
een found in the scope of this model. The effect of magnetic permeability and electric conductivity of bot-
tom mocks on induced magnetic field has been taken into account, The transfer functions and spectral densi-
ties of these variations have been analyvtically determined and numerically estimated.
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L INTRODUCTION

As is known, the World Ocean water substantially
differs in the main physical charactenstics (density,
temperature, and electric conductivity) at differem
depths (Brekhovskikh, 1956; Shuleikin, 1968; Monin
et al., 1974; Belvaev and Gezentsveig, 1980; Van'yan
and Shilovskii, 1983), being a complex stratified
medium, The bottom rocks underlving the ocean
water also have rather differemt electrophysical prop-
erties (Man'van et al., 1980). Various scawater motions
in the geomagnetic ficld cause geomagnetic variations
in a wide frequency range (Bullard and Parker, 1971
Sochel'nikov, 1979; Savchenko et al., 1999), and the
lavered nature of the ocean water is also taken into
account { Brekhovskikh, 1956; Smagin and Savchenko,
19507, The historiography and bibliography of the
works on the marine geomagnetism problems are con-
tained in the (Smagin et al., 20103) monograph. In the
present work, we consider the magnetic variations
related to scawater motion, mainly in the ULF band
with periods varving from several tens to several thou-
sands of seconds. 1t is known that ULF waves, gener-
ated by extra- and intra-terrestrial sources in the
Earth’s magnetosphere and core (Gugliclmi, 2007) as
well as in seas and oceans, are very different. We are
irterested here in natural ULF electromagnetic vara-
tions that accompany the propagation of marine sur-
face (Bullard and Parker. 1971; Sochel nikov, 1979
Savechenko et al., 1999; Sochel'nikov and Savehenko,
2004) and internal waves { Beal and Weaver, 1970) (in
this case, the wave periods on the shelf can account for
several thousands of seconds). Marine electromagne-
tism in this range was experimentally studied at the
Pacific Occanological Institumte  (Medzhitov  and
Burov, 1983},

Previous theoretical studies, which were as a rule
performed in a quasi-static approximation, ignored
the effect of self-induction and electromagnetic char-
acteristics of underlying bottom rocks in seas and
oceans, One of these factors (self-induction) was
taken into account in our work (Semkin and Smagin,
2012}, where we also consider and indicate the effect
of bottom rock electric conductivity (o) and mag-
netic permeability (p), together with self-induction,
The effect of sea waves on the electromagnetic field
was ustally studied with regard only to wave electric
conductivity {Cox et al., 1971; Leibo and Semenoy,
1975}, sinee sedimentary bottom rocks as a rule have
no pronounced magnetic propenics.

However, cases when hottom rocks show both elec-
tric and magnetic propertics are guite possible in the
offshore and shelf zones of seas (Savchenko et al.,
1999y, Moreover, Leibo and Semenov (1973) indi-
cated that currents can flow into conductive bottom
medinms only because of induction effects, i.e., the
effects of self-induction, during the potential motion
of a liguid.

Thus, all of the most imporant factors of the effect
of marine and bottom mediums on sea wave electro-
magnetic ficlds have been taken into account in the
proposed work. This makes it possible to differentiate
rather exactly the hydrodynamic wave source from all
other sources and to use it in sounding the clectric and
magnetic characteristics of bottom rocks.

2. FOUR-LAYER MODEL OF THE MARINE
ENVIRONMENT

W consider the four-laver model of the marine
environment: the atmosphere, two seawater lavers,
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GEOMAGNETIC FIELD VARIATIONS INDUCED

and bottom rocks. We assume that each laver is char-
acterized by the eigenvalues of electric conductivity
{5}, permittivity (£), and magnetic permeability {j),
We believe that g =0and £ = p = | in air, whereas = |
in both water layers. We write p for magnetic perme-
ability of bottom rocks, We denote water permittivity
{identical in both layers) and bottom rock conductivity
and permittivity by ., o, and £, respectively. The
thickness, density, and conductivity of the upper oce-
anic layer {up to pyenocline) are marked by o, p,, and
¥y, respectively: the ocean total depth and the lower
layer density and conductivity are D, p,. and oy,
respectively. The origin of the Canesian coordinate
system (x, y, 7} is located on the sea surface, and the z
axis is directed vertically down.

A two-dimensional harmonic wave with amplitude
a {which is assumed 1o be small as compared 10 &, 0,
and wavelength &) and frequency o propagaies along
the x axis, The water motion s considered potential
(v = v{z)e"™ ~ " = amdp), the velocity potentials in
the upper and lower layers (g, and ., respectively)
obey the Laplace equation (Ag, o = 03, and the follow-
ing conditions are satisfied at the boundary between
the layers

fikd

~ r
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The boundary conditions at the bottom and on the free
surface have the form;

i
il F
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&z

S

z=d

The hvdrodynamic potential of a two-dimensional
harmonic wave, which propagates along the x axis and
obeys the Laplace equation and boundary conditions,

Wimf—dx]

has the form g, , = fi.(zke , where

filz) = A[coshk.—:—‘isinnka].
gk -
2 (1)
sinhd - == coshkd
filz) = =Acoshk{D-1z) k

sinh&({ D= d)

Wavenumber £ is connected to wave frequency o by
the dispersion relation, which can be written as an
equality 1o zero of the vanishing determinant;
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This dispersion relation has two branches correspond-
ing o internal and surface waves. Ina @ = (ps— p )0y
zeroth-order approximation, the root corresponding
to the internal wave disappears, and the dispersion
relation is reduced to

= (1.

o = ghtanh kD, (2)

which is a close approximation for the dispersion rela-
tion of surface waves and for py, which are not very
much different from p.. In a first approximation in 8,
we obtain the dispersion relation for internal waves

! = ghbicothkd + cothk(D— )y~ (3)

Cocificient A entering into (1) has different values for
internal and surface waves:

A = 198 (4)

-

i}

for surface waves and

e e : (5)
K sinh kd - % coshkd)

gk
for internal waves.

To determine the electromagnetic field induced by
the seawater motion at velocity ¥ in geomagnetic field F,
we use the system of Maxwell equations (neglecting
the bias current), Ohm's law j = o(E + [v, F[), and
boundary conditions at the bottom and for a moving
free surface (Lommerfel’d, 1958).

For a two-dimensional harmonic wave, the
induced magnetic field is specified by the B=
B (e — 5 expression. The amplitude of the mag-
netic field vertical component (£, in all media is the
solution to the equation (Smagin et al., 200 3)

By — (& +ipuom)B,. = inpoklv,. Fl,  (6)

with the corresponding p and o values, (In the bottom
rocks and atmosphere, the nght-hand side of this
equation naturally vanishes.) The remaining compo-
nents of the induced magnetic held are as follows:

By, =10, By, = r-l_ £;.. The induced electric field and

surface charges at the boundary between the mediums
can be found in the same way (Smagin et al., 2013);
however, in this work we analvee only magnetic varia-
tions.
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