
Received 10 April 2024, accepted 26 April 2024, date of publication 2 May 2024, date of current version 14 May 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3396128

Electromagnetic Fields Induced by
Three-Dimensional Short Ocean
Waves in a Horizontally
Layered Seabed
RONGHUA TAO1, BAOQIANG ZHANG 2, CHUN ZHOU2, AND HE QIAO2
1Institute of Remote Sensing, Navy Submarine Academy, Qingdao 266000, China
2Qingdao Institute of Collaborative Innovation, Qingdao 266075, China

Corresponding author: Baoqiang Zhang (baoqiangouc@163.com)

ABSTRACT An accurate model is needed to simulate the electromagnetic fields induced by short-period
ocean waves to study the influence of the induced fields on the data set of marine magnetotelluric (mMT),
marine controlled source electromagnetic (mCSEM), and marine airborne (low altitude) magnetic anomaly
detection (MAD). By using a three-dimensional (3-D) linear wave model and directly solving linear equa-
tions derived fromMaxwell’s equations and boundary conditions of a horizontal layered seabed, we obtained
analytical solutions of the six components of the electromagnetic fields induced by three components of the
velocity of ocean waves and three components of geomagnetic fields. In addition to horizontal currents
induced by the horizontal velocity and vertical geomagnetic field, the contributions from the horizontal
current induced by the vertical velocity and horizontal geomagnetic field and vertical current were considered
in the governing equations. On the basis of the solutions, we studied how the geomagnetic field and wind
fields affect the relationship between the two horizontal components and between the horizontal and vertical
components of the electromagnetic fields at the sea surface. We simulated the influence of water depth and
wind fields on the distribution of the spectrum and time series of the induced fields by using a typical wave
spectrum and directional spectrum. Finally, the possibility of detecting seafloor conductivity structures by
using the electromagnetic response of short ocean waves was also discussed.

INDEX TERMS Electromagnetic fields, frequency spectrum, motional induction, ocean waves, time series.

I. INTRODUCTION
The electromagnetic field can be generated by the electric
currents induced by ocean movement across the Earth’s mag-
netic field. This phenomenon, called motional induction, has
interested physicists since the speculations of Faraday (1832).
Motional induction due to surface gravity waves, such as
ocean waves and swells, which have short periods compared
to other oceanic flows, has attracted increasing attention in
some ocean applications. These induced fields contaminate
marine magnetotelluric (mMT), marine controlled source
electromagnetic (mCSEM) and magnetic surveying signals
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used for geology and hydrocarbon exploration studies [1],
[2], [3], [4], [5], [6], [7], [8]. Similarly, the induced magnetic
fields dominate the noise level of magnetometers, thus affect-
ing the performance of marine magnetic anomaly detection
(MAD) at low altitude [9], [10], [11], [12], [13].

To study this problem, an accurate model that simu-
lates the electromagnetic fields of short-period ocean waves
is needed [14]. Reference [15] was the first to obtain an
exact solution by directly solving Maxwell’s equations using
the boundary conditions of a conducting half-space. Subse-
quently, scientists turned their interest in motional induction
into long waves, such as tsunamis, ocean tides, large-scale
low-frequency oceanic flows, baroclinic waves, and ocean
circulation. Many studies are given in review papers [16].
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In this paper, we focus on the modeling of electromagnetic
fields related to short ocean waves. During modeling in past
studies, two-dimensional ocean waves were assumed to be
a single wave of a single discrete frequency traveling in a
single direction. However, when deriving the solutions of
the induced fields, mostly the horizontal current induced
by a horizontal velocity and the vertical geomagnetic field
was considered. Contributions from horizontal currents that
occurred due to vertical velocities and horizontal geomag-
netic fields and vertical currents were ignored. Themainwork
of this paper is as follows. (1) By directly solving linear
equations derived from Maxwell’s equations, we obtain the
analytical solutions of the six components of electromagnetic
fields, which are induced by three components of velocity
and three components of geomagnetic fields. (2) The effects
of the geomagnetic field and wind fields on the relationship
between the various components of the induced fields at the
sea surface is studied. (3) The spectrum and time series of
the motional fields are simulated, and the influence of the
wind field and underwater depth on its distribution is studied.
(4) Finally, the possibility of detecting seafloor conductivity
structures by using the electromagnetic response of short
ocean waves is discussed.

II. THEORY OF MOTION INDUCTION
A. MODEL AND FIELD EQUATION
We build a mathematical model of 3-D ocean waves
with a horizontally layered electrical conductivity structure,
as shown in Fig. 1. Layers 0 and 1 correspond to the air
and sea, respectively. The thicknesses of seawater and layers
beneath the seafloor are h1, h2, hj, · · · , hN−1, respectively.
The electrical conductivities are σ0, σ1, σ2, σj, · · · , σN ,
respectively. Air and LayerN extend indefinitely. We employ
a local Cartesian coordinate system (x, y, z), the z-axis is
taken to be vertically downward direction and the x- and
y-axes form a horizontal plane. z = 0 and z = h1 correspond
to the sea surface and seafloor, respectively. The source of
electromagnetic fields is assumed to be motional induction
from the 3-D ocean waves in the geomagnetic field. a is
the amplitude of ocean waves at the sea surface. α denotes
wind direction. Moreover, the geomagnetic field vector can
be written as:

F = Fx
⇀

i + Fy
⇀

j + Fz
⇀

k

= F
(
cosIcosφ

⇀

i + cosIsinφ
⇀

j + sinI
⇀

k
)

(1)

where
⇀

i ,
⇀

j ,
⇀

k are unit vectors in the x, y and z directions. I is
the geomagnetic inclination. φ denotes the deviation between
the geomagnetic north and x-axis. F is the intensity of the
geomagnetic field. For the time and spatial scale, we assume
that F is constant in time and space.
The motional electric field E and magnetic flux density B

satisfy Maxwell equations:

∇ × E = −
∂B
∂t

(2)

1
µ0

∇×B = jext + σE+ ε
∂E
∂t

(3)

where µ0(= 4π × 10−7H/m) is the magnetic permeability,
ε(≈ 8.85 × 10−12F/m) is the permittivity of the vacuum,
and σ is the electrical conductivity of the medium. jext is
the motion-induced extrinsic source due to ocean waves.
σE, which is the second term on the right-hand side of
Equation (3), must be included in the equation because
self-induction in the ocean and mutual induction with the
conducting earth cannot be neglected for short-period ocean
waves.

FIGURE 1. Three-dimensional ocean wave model with a horizontally
layered electrical conductivity structure.

Regarding conductive seawater moving in the geomagnetic
field and since |B| ≪ |F|, the electric current jext can be
calculated by:

jext = σ1 (V × F) (4)

where σ1 is the electrical conductivity of seawater and
assumed to be a constant. V = Vx(z)

⇀

i + Vy(z)
⇀

j + Vz(z)
⇀

k
is the velocity vector of 3-D ocean waves. Additionally, the
formulas are provided in Section II-B.

Three components of the source current jext can be
expressed as:

jextx (z) = σ1[Vy(z)F z − Vz(z)Fy]

jexty (z) = σ1[Vz(z)Fx − Vx(z)F z]

jextz (z) = σ1[Vx(z)Fy − Vy(z)Fx] (5)

In past studies, the horizontal current caused by the induc-
tion of horizontal velocity and the vertical geomagnetic
field was mostly considered. Contributions from horizontal
currents due to vertical velocities and the horizontal geo-
magnetic field and vertical currents have been ignored. Here,
we provide a more general treatment of the source current by
considering three components of the velocity of ocean waves
and three components of the geomagnetic field. This indicates
that the field equations and formula derivation become more
complicated.
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We suppose that the induced fields have a simple harmonic
form of eiωt−kxx−kyy, the intensity of which varies with propa-
gation distance z. Within the realm of linear wave theory [17],
the field for a single frequency is the sum of the fields due to
the whole propagation directional components related to that
frequency:

B =

∑ [
bx (z)

⇀

i + by (z)
⇀

j + bz (z)
⇀

k
]
eiωt−kxx−kyy (6)

E =

∑ [
ex (z)

⇀

i + ey (z)
⇀

j + ez (z)
⇀

k
]
eiωt−kxx−kyy (7)

where kx = ik cos θ , ky = ik sin θ . k is the wavenumber.
ω is the angular frequency. θ denotes the angle between the
direction of the wave component and x-axis.

By substituting (6) and (7) into (2) and (3), E can be elimi-
nated, and the magnetic flux density B satisfies the following
equation:

1
µ0

∇
2B− ε

∂2B
∂t

− σ
∂B
∂t

= −δ∇×jext (8)

Because the extrinsic source jext related to ocean waves
only exists in seawater, we set:

δ =

{
1, 0 ≤ z ≤ h1
0, else

(9)

The second-order ordinary differential equations of the
three components of the magnetic flux density can be written
as:

b
′′

x (z) − k2j bx (z) = δpx (z)

b
′′

y (z) − k2j by (z) = δpy (z)

b
′′

z (z) − k2j bz (z) = δpz (z) (10)

where kj =

√
k2 + iωmj, mj = µ0σj + iωµ0εj, j =

0, 1, 2, · · · ,N , and:

px (z) = −µ0
(
∇ × jext

)
x

= µ0σ 1
[
kxFxVx (z) + kxFyVy (z) + kxFzVz (z)

]
py (z) = −µ0

(
∇ × jext

)
y

= µ0σ1
[
kyFxVx (z) + kyFyVy (z) + kyFzVz (z)

]
pz (z) = −µ0

(
∇ × jext

)
z

= µ0σ1

[
kxFxVz (z) + kyFyVz (z)
−(kxVx (z) + kyVy (z))Fz

]
(11)

p′
z(z) denotes the derivative of pz(z) with respect to z and

can be described as:

p′
z (z) = −µ0σ1k

2 (
VxFx + VyFy + VzFz

)
(12)

From (3) and (7), the electric field E can be calculated by
the magnetic flux density B:

E =

1
µ0

∇×B− δjext

σ + iωε
(13)

Supposing that:

qx (z) = µ0jextx (z)

qy (z) = µ0jexty (z)

qz (z) = µ0jextz (z) (14)

The general analytical solutions for the x, y and z compo-
nents of the magnetic flux density B and electric field E in
Layer j can be written as:

Bx =

∑ [
axjekjz + bxje−k jz

+
δ

iωmj
px (z)

]
eiωt−kxx−kyy

By =

∑ [
ayjekjz + byje−k jz

+
δ

iωmj
py (z)

]
eiωt−kxx−kyy

Bz =

∑ [
azjekjz + bzje−k jz

+
δ

iωmj
pz (z)

]
eiωt−kxx−kyy (15)

Ex =
1
mj

∑  −(ayjkj + azjky)ekjz

+
(
byjkj − bzjky

)
e−k jz

+δqx (z)

 eiωt−kxx−kyy

Ey =
1
mj

∑  (axjkj + azjkx)ekjz

+
(
bzjkx − bxjkj

)
e−k jz

+δqy (z)

 eiωt−kxx−kyy

Ez =
1
mj

∑  (axjky − ayjkx)ekjz

+
(
bxjky − byjkx

)
e−k jz

+δqz (z)

 eiωt−kxx−kyy (16)

The solutions show that each component of the induced
electromagnetic field is related to all three components of the
velocity and geomagnetic field.
ax0 to bzN are integration constants. A N + 1 layer model

containing Layer 0 has 6(N + 1) constants. The analyti-
cal solution of those constants is very complex, but it can
be solved numerically if other variables in the model are
provided.

Since the induced fields tend to zero as z approaches ±∞,
the following can be obtained:

bx0 = by0 = bz0 = axN = ayN = azN = 0 (17)

By implementing the boundary conditions of the hori-
zontal layers, the remaining 6N constants can be solved.
At N interfaces, the continuity of Bx , By and Bz can
contribute 3N equations. Ex and Ey can contribute 2N
equations. B′

z, the derivative of Bz with respect to z, can
contribute N equations as well. Hence, 6N integration con-
stants exactly satisfy 6N linear equations at the interfaces of
z = 0,z1, z2, · · · ,zj, · · · ,zN−1, in which zj =

∑j
i=1 hi.

By moving all of the first and second terms to the left-hand
side of (15) and (16), we can extract both exponential and
coefficient parts to formulate the coefficient matrix A, which
has dimensions of 6(N+1) × 6(N+1).Moreover, the integra-
tion constants can be extracted to create Matrix X , which has
dimensions of 6(N + 1) × 1. X contains six known integral
constants in Equation (17) to facilitate the arrangement and
calculation of the matrix elements. Meanwhile, we move all
third terms to the right-hand side of the equations to create
Matrix b, which has dimensions of 6(N + 1) × 1. At both the
sea surface and seafloor, the element in b depends upon the
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velocity vector of ocean waves and geomagnetic field vector.
However, it is zero at the interfaces among the seabed layers.
The linear equations can be written as:

AX = b

X = A−1b (18)

The integration constants matrix is as follows:

X =
[ax0, bx0, ay0, by0, az0, bz0, · · · ,

axj, bxj, ayj, byj, azj, bzj, · · · , bxN , byN , bzN ]

T

(19)

Matrix A can be denoted as Block Matrix A =

[A1,A2,A3,A4,A5,A6, ]T. Submatrix Ai corresponds to
Bx , By, Bz, B′

z, Ex , and Ey, respectively, and its matrix dimen-
sion is (N + 1) × 6(N + 1). Meanwhile, Matrix b can also be
denoted as Block Matrix b = [b1, b2, b3, b4, b5, b6]T, and
its matrix dimension of bi is (N + 1) × 1.
Submatrix Ai is a banded matrix. The expression of the

nonzero elements of Row 1 ≤j≤ N + 1 in Submatrix Ai is
as follows:

A1 (j, 6j − 5) = A2 (j, 6j − 3) = A3 (j, 6j − 1) = ekj−1zj−1

A1 (j, 6j − 4) = A2 (j, 6j − 2) = A3 (j, 6j) = e−k j−1zj−1

A1 (j, 6j + 1) = A2 (j, 6j + 3) = A3 (j, 6j + 5) = −ekjzj−1

A1 (j, 6j + 2) = A2 (j, 6j + 4) = A3 (j, 6j + 6) = −e−k jzj−1

A4 (j, 6j − 1) = kj−1ekj−1zj−1

A4 (j, 6j) = −k j−1e−k j−1zj−1

A4 (j, 6j + 5) = −kjekjzj−1

A4 (j, 6j + 6) = kje−k jzj−1

A5 (j, 6j − 5) = A6 (j, 6j − 3) = (kj−1/mj−1)ekj−1zj−1

A5 (j, 6j − 4) = A6 (j, 6j − 2) = (−kj−1/mj−1)e−k j−1zj−1

A5 (j, 6j + 1) = A6 (j, 6j + 3) = (−kj/mj)ekjzj−1

A5 (j, 6j + 2) = A6 (j, 6j + 4) =(kj/mj)e−k jzj−1

A5 (j, 6j − 1) = (kx/mj−1)ekj−1zj−1

A5 (j, 6j) = (kx/mj−1)e−k j−1zj−1

A5 (j, 6j + 5) = (−kx/mj)ekjzj−1

A5 (j, 6j + 6) = (−kx/mj)e−k jzj−1

A6 (j, 6j − 1) = (ky/mj−1)ekj−1zj−1

A6 (j, 6j) = (ky/mj−1)e−k j−1zj−1

A6 (j, 6j + 5) = (−ky/mj)ekjzj−1

A6 (j, 6j + 6) = (−ky/mj)e−k jzj−1

The element in Matrix bi can be written as:

b1 =
1

iωm1

px(0), −px (z1) , 0, · · · , 0, · · · , 0︸ ︷︷ ︸
N+1


T

b2 =
1

iωm1

py(0), −py (z1) , 0, · · · , 0, · · · , 0︸ ︷︷ ︸
N+1


T

b3 =
1

iωm1

pz(0), −pz (z1) , 0, · · · , 0, · · · , 0︸ ︷︷ ︸
N+1


T

b4 =
1

iωm1

p′
z(0), −p

′
z (z1) , 0, · · · , 0, · · · , 0︸ ︷︷ ︸

N+1


T

b5 =
1
m1

qy(0), −qy (z1) , 0, · · · , 0, · · · , 0︸ ︷︷ ︸
N+1


T

b6 =
1
m1

−qx(0), qx (z1) , 0, · · · , 0, · · · , 0︸ ︷︷ ︸
N+1


T

(20)

Each expression is simple and regular. Once other model
parameters are provided, all the integral constants can be
solved. Using the integral constants, we can easily evaluate
the electromagnetic field at an arbitrary position from the
information of the 3-D ocean waves and the electrical con-
ductivity structure by a simpler andmore direct method rather
than a cumbersome integral.

B. VELOCITY VECTOR OF OCEAN WAVES
We employ a linear superimposed 3-D ocean wave
model [17] to simulate a real sea environment. The sea wave
elevation ζ (x, y, t) can be represented as the sum of the
cosine wave components:

ζ (x, y, t) =

M∑
m=1

N∑
n=1

a (ωm, θn) cos(ωmt
−kmcosθnx − kmsinθny+ εm,n)

(21)

where a (ωm, θn), ωm, km, θn, and εm,n denote the amplitude,
angular frequency, wavenumber, propagation direction, and
initial phases in various components, respectively. εm,n is
randomly distributed in (0, 2π ).
Within the realm of linear wave theory, the analytical

solution of the velocity potential related to 3-D ocean waves
in a sea of finite depth can be derived [18]:

ϕ (x, y, z, t) = −A (ω, θ)Cosh [k (h1 − z)] eiωt−kxx−kyy

(22)

Seawater is assumed to be incompressible and irrotational,
and thus, the magnetic flux density satisfies ∇·V = 0 and
∇×V = 0. Using V = −∇ϕ, three components of velocity
can be obtained:

Vx (x, y, z, t) = A (ω, θ) kxCosh [k (h1 − z)] eiωt−kxx−kyy

Vy (x, y, z, t) = A (ω, θ) kyCosh [k (h1 − z)] eiωt−kxx−kyy

Vz (x, y, z, t) = A (ω, θ) kSinh [k (h1 − z)] eiωt−kxx−kyy

(23)

in which A(ω, θ) = −a(ω, θ)g/(ωCosh(kh1))
The angular frequency ω and wavenumber k satisfy the

dispersion relation:

ω2
= gkTanh (kh1) (24)
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a(ω, θ), the amplitude of the wave component, can be
determined by using the ocean wave directional spectrum,
which denotes the relationship between energy and both the
frequency and direction of ocean waves:

a (ω, θ) =

√
2S (ω)G (ω, θ − α) 1θ (25)

where 1θ = π/N .
S (ω) denotes the relationship between the energy and

frequency of ocean waves. Moreover, we use the P-M
spectrum [19]:

S (ω) =
λg2

ω5 exp

[
−β

(
g

ωU19.5

)4
]

(26)

where λ = 8.1×10−3, β = 0.74 and U19.5 denotes the wind
speed at an altitude of 19.5 m above the sea surface.

We use the SWOP direction function in G(ω, θ) [20] to
denote the energy distribution in different wave directions:

G (ω, θ) =
1
π

(1 + acos2θ + bcos4θ) |θ | ≤
π

2
(27)

where a = 0.5 + 0.82exp
[
−ω4/2ω4

p

]
, b = 0.32exp[

−ω4/2ω4
p

]
, and ωp is the peak frequency of S (ω).

III. SIMULATION EXAMPLES AND DISCUSSION
A. SPATIAL DISTRIBUTION
From Fig. 2, we consider a 1D three-layer electrical con-
ductivity model consisting of a 3.3 S/m seawater with a
varying depth h1, a 1000 m thick sediment layer with varying
electrical conductivity σ2 below the seafloor, and a 0.1 S/m
bottom layer extending indefinitely. A 10−12 S/m air layer
extends indefinitely as well.

FIGURE 2. A 1D electrical conductivity model.

Here, we suppose that the three components of the geo-
magnetic field have the same value to avoid the influence
of the ambient field; thus, the inclination I satisfies sinI =
√
3
/
3, and the deviation of geomagnetic north is φ = 45◦.

Moreover, we assume that the intensity of the geomagnetic
field is F = 5×104nT. The wind direction is α = 60◦.
Additionally, we deduce that x = y = t = 0 without loss
of generality.

Fig. 3 shows the electromagnetic response in seawater for
five wave periods (T = 5 s, 7 s, 10 s, 13 s, 15s). The water

FIGURE 3. Electromagnetic response in seawater for various wave
periods (5 s, 7 s, 10 s, 13 s, 15s). The sea water depth is h1 = 500m, and
the electrical conductivity of the sediment layer is σ2 = 1S/m. The wind
speed at 10 m above the sea surface is U10 = 12m/s.

depth is h1 = 500m, and the electrical conductivity of the
sediment layer is σ2 = 1S/m. A typical wind speed at
10 m above the sea surface is set to U10 = 12m/s, which
represents a strong breeze, corresponding to Beaufort scale 6
[21]. Ocean waves generate a magnetic flux density less than
a couple of nT, and the electric field can reach several tens of
microvolts per meter (µV/m) at the sea surface. Generally,
the motional fields can propagate no more than 300 m. Bx
and By decrease first with depth but increase after reaching
their minimum and finally decay to zero after reaching their
maximum. Bz first increases slowly but sharply decays to
zero after reaching its maximum. Meanwhile, Ex , Ey, and
Ez monotonically decay to zero with depth. The longer the
period is, the deeper the location of both maxima and minima
within the sea, and the slower the field decay rate. A more
detailed discussion related to maxima and minima has been
presented in [15].

Fig. 3 also shows that Bz is stronger than both Bx and By.
However, Ez is smaller than both Ex and Ey if the values
of the three components of the geomagnetic field are the
same. To see the influence of the geomagnetic field on the
electromagnetic response, we calculate the amplitude ratio
of the vertical component to the horizontal component with
varying geomagnetic inclination. We suppose that the wind
direction is angled at α = 30◦, 60◦, 45◦ as shown in Figs. 4
and 5. The wave period is T = 10s.

As shown in Figs. 4 and 5, both Bz/Bx and Bz/By are
always greater than 1, but Ez/Ex and Ez/Ey are lower than
1 with inclination from 0

◦

to 90
◦

. The vertical magnetic flux
density is invariably larger than the horizontal magnetic flux
density regardless of the value of inclination. This is because
the vertical geomagnetic field has one more contribution in
Bz than in both Bx and By, as seen in (11) and (15). In sharp
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FIGURE 4. The amplitude ratio of the vertical component to the
horizontal component at the sea surface with inclination varying from 0

◦

to 90
◦
. Wind direction at α = 30◦ (left panels) and α = 60◦ (right panels).

contrast to the magnetic flux density, the vertical electric
field is always much smaller than the horizontal electric field,
which is a consequence of cancelling in two horizontal veloc-
ities, the values of which are very close, as seen in (5), (14),
and (16).

Figs. 4 and 5 also show that the larger the inclination is, the
smaller the ratio of Ez/Ex and Ez/Ey is. In particular, the ratio
tends to zero when the wind direction is oriented at α = 45◦

because Ez tends to zero if two horizontal velocities almost
completely cancel, as shown in Equation (5). However, this
effect is complicated in a magnetic flux density. It is obvious
only if the angle between the horizontal magnetic flux density
andwind direction is relatively large; the larger the inclination
is, the smaller the ratio is. Otherwise, the inclination barely
affects the ratio. Additionally, the wind speed barely affects
the ratio in the electric field but clearly affects the ratio in the
magnetic flux density.

FIGURE 5. Same as Figure 4 but for wind direction at α = 45◦.

To see how both thewind field and geomagnetic field affect
the relationship between the two horizontal components of
the induced field, we calculate Bx/By and Ex/Ey at the sea
surface, with the deviation of geomagnetic north at φ = 45◦

and simultaneous wind direction α varying from 0
◦

to 90
◦

for this case and α = 45◦ and simultaneous φ varying from
0

◦

to 90
◦

for another case. As shown in Fig. 6, the horizontal
component that is closer to the wind direction or geomagnetic
north is greater than its orthogonal horizontal component
in the magnetic flux density. It contrasts to two horizontal
electrical fields as well because the horizontal electrical field
is contributed from the horizontal magnetic flux density that
is orthogonal to it. Bx/By and Ex/Ey are 1 if simultaneously
α = 45◦ and φ = 45◦. Moreover, the effect of the wind
direction on the ratio in the magnetic flux density is more
obvious than the effect of geomagnetic deviation.

FIGURE 6. Amplitude ratio of Bx /By and Ex /Ey at the sea surface, with
φ = 45◦ and α varying from 0

◦
to 90

◦
(top panels) and with α = 45◦ and φ

varying from 0
◦

to 90
◦

(bottom panels).

Strictly speaking, motion induction, driven by the velocity
of seawater and the geomagnetic field, is independent of the
recording geometry, and only the amplitude of the observed
electromagnetic field undoubtedly is closely dependent upon
that.

B. FREQUENCY SPECTRUM AND TIME SERIES
A particularly important phenomenon that appears in Fig. 3
is that the amplitude of motional fields caused by short ocean
waves is not monotonic with the period. For example, the
amplitudes of motional fields generated by ocean waves with
periods of 5 s and 15 s are smaller than those generated by
ocean waves with a period of 10 s. To theoretically simu-
late the frequency spectrum of induced fields is significant.
Here, we use 1000 discrete frequency components, and the
corresponding periods range from 1 s to 1000 s. By using
the directional spectrum and dispersion relation, we calcu-
late the wave amplitude a and wavenumber k . Moreover,
we suppose that I = 30

◦

, φ = 45
◦

, α = 60
◦

, the water depth
is h1 = 500m, and the conductivity of the sediment layer is
σ2 = 1S/m.
Fig. 7 shows the frequency spectrum for three wind speeds

(U10 = 12m/s, 15m/s, 18m/s) at z = 0 m and z = 50 m.
Notably, the motional fields have a narrow band spectrum.
The magnetic and electrical fields mainly lie at 0.04-0.3 Hz
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FIGURE 7. The frequency spectrum of electromagnetic fields induced by
3-D ocean waves for various wind speeds at z = 0 m and z = 50 m.
A series of 1,000 periods ranging from 1 s to 1,000 s. The water depth is
h1 = 500m, and the electrical conductivity of the sediment layer is
σ2 = 1S/m. I = 30

◦
, φ = 45

◦
, α = 60

◦
.

and 0.04-0.5 Hz at the sea surface, respectively, namely, the
periods are approximately distributed from 2-30 s. Both are
in a narrower band of 0.04-0.15 Hz at z = 50 m, namely, the
periods are approximately 6-30 s. The spectra have a peak
frequency, where the amplitude of the fields is largest, and
do not vary with depth. On the other hand, the deeper the
position is, the narrower the band, which moves toward a
lower frequency, and the lower magnitude the fields have.
The attenuation of the high-frequency component is more
significant in the electrical field than in the magnetic flux
density with increasing depth.

Fig. 7 also shows that wind above the sea surface obviously
affects the spectrum. The larger the wind speed is, the greater
magnitude the fields have, the lower the peak frequency is,
and the wider the frequency band becomes. The wider band
appears in the lower frequency component.

Usually, the first-hand field data we observe are in the
time domain. Simulated data in the time domain are also
needed in some studies, such as signal processing. Here,
we theoretically simulate the time series of motional fields
caused by short ocean waves as well. To reflect the initial
phase’s randomness of the field without changing its ampli-
tude, we multiply each frequency component of the spectrum
by an exponential term eiε(

∣∣eiε∣∣ ≡ 1) in which ε is uniformly
distributed in the interval (0, 2π ). Then, we use the complex
conjugate symmetrical spectrum. We perform a fast Fourier
transform (FFT) to simulate the time series of fields.

We simulate that the time series is 15 minutes long and
suppose that the sampling frequency is Fs = 1 Hz; thus, the
sampling points are 900. Of course, we can simulate data of
arbitrary sampling frequency and arbitrary sampling length.
Here, the wind speed is set to U10 = 10m/s. The water depth
is h1 = 500m, and the electrical conductivity of the sediment
layer is σ2 = 1S/m.

Figs. 8 and 9 show clear periodicity at the sea surface and
within the sea for noise-free data. Moreover, the motional
fields vary simultaneously in time as a quasi-sinusoidal
period of approximately a few seconds. Random noise can
be added to simulate a more realistic marine environment if

FIGURE 8. The 15-minute time series of the electromagnetic fields
induced by 3-D ocean waves at z = 0 m. The sampling frequency is
Fs = 1 Hz , and the number of sampling points is 900. The water depth
is h1 = 500m and the electrical conductivity of the sediment layer is
σ2 = 1S/m. The wind speed is set to be U10 = 10m/s.

needed. Six components are mainly distributed at ±2 mV/m,
±2 mV/m, ±0.4 mV/m, ±7 nT, ±8 nT, and ±12 nT at the
sea surface. The amplitude is smaller at z = 50 m than at
the sea surface, largely ranging in ±0.1 mV/m, ±0.1 mV/m,
±0.02 mV/m,±2 nT,±3 nT, and±5 nT, respectively. Even if
the magnitude of extrema in the time domain is much greater
than that in the frequency domain, smaller values account
for the majority of the sequence. Fluctuating more frequently
at the sea surface than within the sea, both electrical and
magnetic flux density have higher frequency components at
the sea surface. Hence, the data in the time domain can reflect
field attenuation in seawater as well.

FIGURE 9. Same as Figure 8 but at z = 50m.

C. POSSIBILITY OF DETECTING SEAFLOOR
CONDUCTIVITY STRUCTURES BY USING
THE ELECTROMAGNETIC RESPONSE OF
OCEAN WAVES
Before analyzing the possibility, we first discuss the influence
of ocean thickness on motional fields to determine the condi-
tions under which the finite sea can be assumed to be infinite
when involving the motion induction of ocean waves.
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FIGURE 10. Electromagnetic response in seawater for various water
depths. The electrical conductivity of the sediment layer is σ2 = 1S/m.
The wave period is T = 15s. The wind speed is U10 = 18m/s.

Fig. 10 shows the response in seawater for five water
depths (h1 = 20 m, 50 m, 100 m, 200 mand500 m). More-
over, we determine that σ2 = 1S/m and T = 15s. A higher
wind speed is set to U10 = 18m/s (gale, corresponding to
Beaufort scale 8). Fig.11 as Fig.10 but for σ2 = 0.001 S/m.
The thickness of seawater affects the fields’ distribution and
magnitude until it is larger than 200 m, whether it is a high
resistivity or high conductivity seabed beneath the sea. Under
a gale sea state, at the sea surface, the difference between
20 m- and 200 m-thick seas can reach a couple of nT in the
magnetic flux density and dozens of µV/m in the electrical
field. One exception is that the induced vertical electrical
field is barely affected by the thickness of seawater when
far from the seabed. Hence, using a model of infinite sea
depth to simulate induced fields generated by short ocean
waves in shallow water (less than 200 m thick) is likely to
produce inaccuracies that cannot be overlooked. In addition,
it can be inferred that topographic relief may influence the
electromagnetic response caused by short ocean waves in
shallow water, such as coastal regions.

Then, we calculate the motional fields in seawater for four
values of electrical conductivity of the sediment layer (σ2 =

1S/m, 0.1 S/m, 0.01 S/m, 0.001 S/m), and the sea depth is
set to h1 = 30mand200 m. Moreover, we determine that T =

12s and U10 = 15m/s (near gale, corresponding to Beaufort
scale 7). As shown in Fig. 12, the induced fields have not
decayed significantly before reaching the seafloor in the case
of a 30-m sea depth. The conductivity of the seafloor layer
affects the horizontal magnetic flux density and electrical
field except at the sea surface. The smaller the conductivity is,
the greater the horizontal fields are at the seafloor. However,
the effect on the magnetic flux density decreases dramatically
with continually decreasing conductivity and disappears if it
is lower than 0.01S/m. The critical value of the influence on

FIGURE 11. As in Figure 10, but for the electrical conductivity of the
sediment layer at σ2 = 0.001 S/m.

FIGURE 12. Electromagnetic response in seawater for various values of
electrical conductivity of the sediment layer. The sea water depth is
h1 = 30m, and the wave period is T = 12 s. The wind speed at 10 m above
the sea surface is set to U10 = 15m/s.

the electric field is 0.1 S/m. However, the seafloor conductiv-
ity does not affect the vertical components of motional fields
at all.

As shown in Fig. 13, the magnitude has nearly decayed to
zero before reaching the seafloor in the case of 200 m sea
depth. At this time, the seafloor conductivity has no effect
on the fields caused by short ocean waves at all. Hence,
as expected, it may not be suitable to detect seafloor conduc-
tivity structures in the deep sea by usingmotional fields due to
short ocean waves. Only if motional fields have not decayed
significantly before reaching the seafloor in very shallow sea
regions and the effect of seafloor conductivity is visible can
we continuously discuss this possibility.

The spectrum at the seafloor corresponding to Fig. 12 is
shown in Fig. 14. Since vertical motional fields are not influ-
enced by seafloor conductivity, they are not discussed here.
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FIGURE 13. As in Figure 12 but for sea water depth of h1 = 200m.

The effect of seabed conductivity on the field’s spectrum is
present in the amplitude and shape rather than the bandwidth.
The spectral amplitude corresponding to the high resistivity
seabed is clearly larger in both electric and magnetic flux
density. As shown in the magnetic flux density, the spectral
shape corresponding to the 1 S/m seabed shows an obvious
asymmetry, and the peak frequency inclines to the low fre-
quency. After passing a sharp peak, the amplitude decreases
very slowly with increasing frequency compared with that
corresponding to the lower conductivity seabed, which has a
sharp slope at high frequencies. This can possibly be applied
to identify high-conductivity seabed structures.

FIGURE 14. Frequency spectrum at the seafloor for various values of
electrical conductivity of the sediment layer. The sea water depth is
h1 = 30m, and the wave period is T = 12 s. The wind speed at 10 m above
the sea surface is set to U10 = 15m/s.

IV. CONCLUSION
In this paper, the simulation results can be summarized as
follows:

(1) For the magnetic flux density induced by three-
dimensional ocean waves, the vertical component is invari-
ably larger than the two horizontal components regardless of
the value of inclination, and only if the angle between the
horizontal component and wind direction is relatively large
does the ratio of the vertical component to the horizontal

component decrease with increasing inclination. Otherwise,
the inclination barely affects the ratio. Conversely, for the
electric field, the vertical component is always much smaller
than the two horizontal components. Moreover, the larger the
inclination is, the smaller the ratio. Additionally, the wind
speed barely affects the ratio in the electric field but clearly
affects the ratio in the magnetic flux density.

(2) The induced horizontal magnetic flux density closer
to the wind direction or geomagnetic north has a larger
value than its orthogonal horizontal component. It contrasts
to two horizontal electrical fields as well. The effect of
the wind direction on the ratio of both horizontal magnetic
flux density is more obvious than the effect of geomagnetic
deviation.

(3) The electromagnetic fields due to three-dimensional
ocean waves have a narrow band spectrum. The spectrum has
a peak frequency, where the amplitude of the fields is largest,
and does not vary with depth. The deeper the position is, the
narrower the band, which moves toward a lower frequency,
and the lower magnitude the fields have, which can be seen
in the results of the time series as well. The attenuation of
the high-frequency component is more significant in the elec-
trical field than in the magnetic flux density with increasing
depth. The wind above the sea surface obviously affects the
spectrum. The larger the wind speed is, the greater magnitude
the fields have, the lower the peak frequency is, and the wider
the frequency band becomes. The wider band appears in the
lower frequency component.

(4) Regarding high resistivity or high conductivity seabeds,
the thickness of seawater affects the induced fields’ distri-
bution and magnitude until it is larger than 200 m. One
exception is that the induced vertical electrical field is barely
affected by the thickness of seawater when far from the
seabed. Using a model of infinite sea depth to simulate
induced fields generated by ocean waves in shallow water
(less than 200 m) is likely to produce inaccuracies that cannot
be overlooked, and topography may influence on the electro-
magnetic response caused by short ocean waves in shallow
water, such as coastal regions.

(5) Only if motional fields have not decayed significantly
before reaching the sea floor in a region of very shallow
sea and the effect of seafloor conductivity is visible can
the possibility of detecting seafloor conductivity structures
be discussed by using the electromagnetic response related
to short ocean waves. Moreover, the shape of the spectrum
of the induced horizontal components at the seafloor, espe-
cially the magnetic flux density, can be applied to identify
high-conductivity seabed structures.
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