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Electric fields generated by the motion of ocean waves through the Earth’s
ambient geomagnetic fields and the induced secondary magnetic field can be
observed at the seafloor and at the sea-surface, and even in the air. Most of current
studies on ocean wave-induced electromagnetic fields assume that seawater
conductivity is constant, and oceanwaves are treated as regular waves with a fixed
amplitude and frequency. However, these assumptions are inconsistent with
actual ocean conditions. In this paper, we present a finite difference algorithm
for simulating the ocean wave-induced electromagnetic fields with variable
seawater conductivity. We investigate impacts of variable seawater conductivity
on the electromagnetic fields induced by the wind waves and swell as well as
mixed ocean waves, which are treated as the superposition of a number of regular
waves with different frequencies and amplitudes, and analyze the characteristics
of the induced electromagnetic fields.
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Introduction

Oceanic waves can carry charged ions dissolved in seawater, and electromagnetic fields
can be induced by the dynamo interaction of ocean waves with the geomagnetic field. The
ocean wave-induced electromagnetic fields can be observed at various locations, including
the seafloor, sea surface, and, sometimes, even at satellite altitudes (Crews and Futterman,
1962; Cox et al., 1978; Minami, 2017). These electromagnetic fields can provide sufficient
information for the inversion of the ocean wave spectrum, which is widely used in ocean
engineering and seakeeping considerations in ship design (Cieutat et al., 2003; Techet, 2005;
Nielsen and Dietz, 2020). However, they will seriously interfere with natural magnetotelluric
(MT) signals and reduce the quality of MT data.

In the past decades, the study of ocean wave-induced electromagnetic fields focused on the
plane surface gravity waves with a fixed amplitude and frequency, which are usually considered
the approximation of ocean waves. Weaver (1965) and Fraser (1966) calculated and observed
the magnetic fields induced by surface gravity waves in the infinite ocean. Larsen (1971)
developed a general theory of ocean wave-induced electromagnetic fields, especially long and
intermediate surface gravity waves. Miles et al. (1977) established an analog model of magnetic
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fields induced by surface gravity waves in the laboratory. Ochadlick
(1989) measured the magnetic fields generated by surface gravity
waves at an aircraft. Lilley and Weitemeyer (2004a) calculated the
apparent aeromagnetic wavelengths of the magnetic signals of the
ocean swell. Lilley et al. (2004b) also observed the magnetic fields
generated by ocean waves near the sea surface. Semkin and Smagin
(2012) investigated the effect of self-induction exhibited by the ocean
wave-induced electromagnetic fields. Shimizu and Utada (2015)
demonstrated that the ocean wave-induced electromagnetic fields
were rarely affected by the conductive subseafloor media.

It is well-known that actual ocean waves are not regular waves with
a fixed amplitude and frequency but rather the sum of multiple-
frequency amplitudes that exhibit a particular sea state with a
significant wave height and peak period (Rasool et al., 2021).
Recently, a more realistic and accurate ocean wave-induced
electromagnetic field model has been proposed by combining
surface gravity waves with the wave spectrum, which provides the
distribution of oceanwave energy empirically (Chave, 1983; Ailliot et al.,
2013; Ryabkova et al., 2019), and thus, connections between ocean
wave-induced electromagnetic fields and the ocean wave spectrum are
established. The electromagnetic fields generated by wind waves can be
solved efficiently using wind speed and significant wave height, and
other parameters (Yaakobi et al., 2011). Meanwhile, many studies focus
on the wind-driven electromagnetic fields at different wind speeds (Zhu
and Xia, 2014; Zhan and Pan, 2019). To the best of our knowledge, the
electromagnetic fields generated by both the swell and mixed ocean
waves have not been discussed in the literature.

In the aforementioned studies, seawater conductivity is often
assumed to be constant. However, seawater conductivity is variable
in the realistic ocean (Zheng et al., 2018). Previous studies have
shown that there is an approximately linear relationship between
seawater conductivity and temperature, and the salinity of seawater
also influences the conductivity of seawater. Both the salinity and
temperature of ocean water can exhibit significant spatial and
temporal variations, thereby leading to variations in sea water
conductivity. The mean conductivity of seawater is approximately
3.3–4 S/m, while it may reach 6 S/m above the main thermocline.
Chave and Luther (1990) and Irrgang et al. (2016) investigated the
effect of vertically varying seawater conductivity on ocean current-
induced electromagnetic fields. As far as we know, the impact of
changes in seawater conductivity on the ocean wave-induced
electromagnetic fields has not been well-investigated.

In this paper, we simulate the ocean wave-induced
electromagnetic fields with variable seawater conductivity using
the finite difference method. The impact of variable seawater
conductivity will be investigated, especially within the main
thermocline at different seasons and latitudes. Then, the wave
spectra of wind waves, swell, and mixed waves are presented and
the characteristics of the electromagnetic fields are analyzed.

Methodology

FD simulation of surface gravity wave-
induced electromagnetic fields

The electromagnetic fields induced by surface gravity waves
can be obtained by solving the motional induction equation.

Here, we adopt two-dimensional surface waves propagating in
the x-direction, with no variation in the y-direction. The z-axis
points downward, and the origin of the Cartesian coordinate
system is at the averaged sea surface. We assume that seawater is
incompressible and flow is irrotational. This means that there
exists a velocity potential Φ for the flow. The velocity potential Φ
is a harmonic function that obeys the following Laplace equation:

∇2Φ � 0, (1)
where Φ can be expressed as follows (Larsen, 1971):

Φ � ag

ω

cosh p d − z( )[ ]
cosh pd( ) ei ωt−px( ), (2)

where a is the height of the ocean wave, the acceleration of gravity
g equals to 9.8 m/s2, and p and ω indicate the wave number and
angular frequency of the ocean wave, respectively. The dispersion
relation of the ocean wave can be expressed as (Larsen, 1971)

ω2 � gp tanh pd( ). (3)
The gradient of the velocity potential Φ is the flow velocity �V,

i.e., we have

�V � ∇Φ. (4)
From Eqs. 2 and 4, we get the velocity field of the ocean wave:

�V � −Re agpi

ω

cosh p d − z( )[ ]
cosh pd( ) ei ωt−px( )[ ] �i

− Re
agp

ω

sinh p d − z( )[ ]
cosh pd( ) ei ωt−px( )[ ] �k,

(5)

where �i and �k are the unit vectors in the x- and z-directions,
respectively. Re indicates the real part of a complex function.

The frequency domain Maxwell equations in the quasi-
stationary state approximation can be written as

∇× �H − σ �E � σ �V× �F( ),
∇× �E + iωμ �H � 0,
∇ · �H � 0,

⎧⎪⎪⎨⎪⎪⎩ (6)

where �E is the in situ electric field, �H is the magnetic field, σ is the
conductivity, and μ is the magnetic permeability, which is assumed
to be equal to the permeability of free space. �F is the ambient
geomagnetic field given by

�F � F0 cos I cos θ �i − cos I sin θ �j + sin I �k( ), (7)

where �i, �j, and �k are the unit vectors in the positive directions of x-,
y- and z-axes, respectively. F0 is the intensity of the geomagnetic
field, and θ and I are the declination and inclination of the
geomagnetic field, respectively.

Taking the curl of first equation of Eq. 6 and eliminating �E with
the use of the second equation of Eq. 6, yields

∇×∇× �H + iωμσ �H � σ∇× �V× �F( ) + ∇σ × �V× �F + �E( ). (8)

Compared to the spatial variability of ocean waves �V, the
variations in the geomagnetic field �F are small and can be
ignored. By using ∇ · �F � 0 and ∇ · �V � 0, Eq. 8 can be
rewritten as
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∇2 �H − iωμσ �H � −σ �F · ∇( ) �V[ ] − ∇σ × �V× �F + �E( ). (9)

Since the impact of the conductivity of the subseafloor
material on the electromagnetic fields within the frequency
range of ocean waves at and above the seabed is negligible
(Larsen, 1971; Minami and Toh, 2013; Shimizu and Utada,
2015), an air–seawater–seafloor three-layer conductivity
model, as shown in Figure 1, is considered here. Assuming
that the conductivity of air is σ0, the conductivity and
thickness of seawater are σ1 and d, respectively, and the
conductivity of the seafloor medium is σ2.

Since the forcing term of �V is harmonic in time t and x, the
electromagnetic fields resulting from �V have a similar harmonic
form as �H∝ exp(iωt − ipx) and �E∝ exp(iωt − ipx) (Weaver,
1965; Håland et al., 2012). Hence, Eq. 9 can be rewritten as

∂2 �H

∂z2
−m2

j
�H � −σ �F · ∇( ) �V[ ] − ∇σ × �V× �F + �E( ), (10)

where mj �
���������
p2 + iωμσj

√
is the wave number in the jth layer

(j � 0, 1, 2). The first term on the right-hand side of Eq. 10
represents the influence of the source term, and the second
term indicates the influence of the change in seawater
conductivity.

For the length scale of ocean waves, the horizontal variation in
seawater conductivity is negligible compared to its vertical variations
(Chave and Luther, 1990; Tyler et al., 2017). Hence, Eq. 10 can be
simplified as (Minami et al., 2021)

∂2

∂z2
−m2

j( ) Hx

Hz
( ) �

−σj Fx
∂
∂x

+ Fz
∂
∂z

( )Vx − ∂σj

∂z
VzFx − VxFz + Ey( )

−σj Fx
∂
∂x

+ Fz
∂
∂z

( )Vz

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠.

(11)

The magnetic fields in the air can be expressed as

Hx

Hz
( ) � Pa exp m0z( )

Ra exp m0z( )( ), (12)

where Pa and Ra are the coefficients to be determined.
Similarly, the magnetic fields in the seafloor layer can be

expressed as

Hx

Hz
( ) � Ps exp −m2z( )

Rs exp −m2z( )( ), (13)

where Ps and Rs are the coefficients in the seafloor layer to be
determined.

At the air–ocean interfaces (z � 0) and the seafloor (z � d),
both the tangential (Hx) and normal (Hz) components of the
magnetic field are continuous. The induced magnetic field tends
to be zero as z approaches ± ∞. Using the third equation of Eqs 6,
12, 13, we have the boundary conditions on both the sea surface
and seafloor:

dHz 0( )
dz

Hz 0( ) � m0,

dHz d( )
dz

Hz d( ) � −m2.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
(14)

The boundary value problems (11) and (14) can be solved
using the finite difference method. We consider that the one-
dimensional grid and the space from the sea surface to the
seafloor are spatially discretized into N equally spaced
elements. The step size is h � d

N, and each spatial point is
defined by zi � ih, i � 0, 1,//N.

Using the Taylor series expansion, the second derivative of the
normal (Hz) component of the magnetic field can be
approximated by

f″ zi( ) ≈ f zi+1( ) − 2f zi( ) + f zi−1( )
h2

− h2

12
f 4( ) ξ i( ), zi−1 < ξ i < zi, i

� 1, 2/, N − 1.

(15)
Eq. 11 can then be approximated using the symmetric difference

equation

1
h2

fi−1 − 2fi + fi+1( ) + qifi ≈ gi, i � 1, 2/, N − 1, (16)
with

qi � − p2 + iωμσ1,i( ), gi � −σ1,i Fx
∂
∂x

+ Fz
∂
∂z

( )Vz,i. (17)

The first derivative of the magnetic field component f′(z) at
the sea surface (z � z0) and seafloor (z � zN) can be
approximated by

f′ z0( )≈ −3f z0( )+4f z1( )−f z2( )
2h

+ h2

3
f‴ ξ0( ),z0<ξ0<z2,

f′ zN( )≈ f zN−2( )−4f zN−1( )+3f zN( )
2h

+ h2

3
f‴ ξN( ),zN−2<ξN<zN.

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
(18)

The boundary conditions in Eq. 14 become

−m0f0 + −3f0 + 4f1 − f2

2h
� 0,

m2fN + fN−2 − 4fN−1 + 3fN

2h
� 0.

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (19)

One obtains a linear system of N-1 equations, which can be
written in the following matrix form:

FIGURE 1
Horizontally three-layered conductivity model.
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q1 − 2

h2
+ 4

2hm0 + 3( )h2
1

h2
− 1

2hm0 + 3( )h2 0 / 0

1

h2
q2 − 2

h2
1

h2
/ 0

/ / / / /

0 /
1

h2
qN−2 − 2

h2
1

h2

0 /
1
2h

1

h2
− 1

h2 3 + 2hm2( ) qN−1 − 2

h2
+ 4

3 + 2hm2( )h2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

×

f1

f2

..

.

fN−2
fN−1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �

g1

g2

..

.

gN−2
gN−1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (20)

The aforementioned equations can be solved by using a
direct solver to obtain Hz, and Hx and Ey can be computed
from Hz:

Hx � 1
ip

∂
∂z

Hz,

Ey � ωμ

p
Hz.

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (21)

It should be noted that the electric fields calculated in this section
are in situ electric fields. The geomagnetic electro-kinetograph field
E′
→
, observed by the observer moving with the fluid velocity, can be

referred to (Larsen, 1971)

E′
→ � �E + �V× �F. (22)

The magnetic induction intensity �B can be described as

�B � μ �H. (23)

Validation of FD simulation

In order to validate the accuracy of the finite difference (FD)
algorithm described in the previous section, we simulated the
wave-induced electromagnetic fields in the model, as shown in
Figure 1. The conductivity in the air is set to be 10−8S/m. The
conductivity and depth of seawater are 3.33 S/m and 200 m,
respectively, and the seafloor conductivity is supposed to be
1 S/m. The amplitude and frequency of the surface gravity
wave are set to be 1 m and 0.1 Hz, respectively. The ambient
geomagnetic field is F0 � 45000nT, and the declination θ � 30°
and inclination I � 60°. The finite difference grid is a uniform
grid with a grid spacing of 0.05 m.

Figure 2 shows the amplitudes of ocean wave-induced
electrical and magnetic field components obtained using the
FD method. For comparison, the analytic solutions calculated
using the formulae used by Shimizu and Utada (2015) are also
shown. The FD numerical results agree very well with the
analytic solutions. The relative errors of all three
components (Ey, Bx, and Bz) are below 0.5%. Figure 2shows
that 1) the amplitudes of both Bz and Ey components near the
sea surface are much larger and decrease exponentially with
increasing|z|. The attenuation of both Bz and Ey in seawater is
faster than that in the air; 2) the horizontal magnetic
component Bx exhibits two peaks, one at the sea surface and
the other in the seawater.

Impact of variable seawater conductivity on
ocean wave-induced electromagnetic fields

Generally, the conductivity of seawater decreases with the
depth of the ocean. It may exhibit either a linear or exponential
decrease. In this section, we evaluate how seawater conductivity
affects the electromagnetic field generated by ocean waves in both
linear and exponential models. Additionally, we utilize empirical
formulas to calculate the ocean wave-induced electromagnetic
field while also factoring in the effects of the thermocline layer. In
the following numerical simulation, the amplitude and frequency
of the surface gravity wave are set to be 1 m and 0.1 Hz,
respectively.

The effect of the depth-averaged seawater
conductivity

To investigate the impacts of seawater conductivity
distribution on ocean wave-induced electromagnetic fields, we
conducted modeling studies for two cases. In the first case, the
seawater conductivity is set to be a constant of 3 S/m, 4 S/m, and
5 S/m. In the second case, seawater conductivity linearly varies
with depth z, with a depth-averaged conductivity of 3 S/m, 4 S/m,
and 5 S/m (Figure 3A). The ambient geomagnetic field is
F0 � 45000nT, and the declination θ � 30° and inclination I �
60°.

Figures 3B–D show the ocean wave-induced electromagnetic
fields with different seawater conductivity distributions. One can
see that 1) maintaining a constant depth-averaged seawater
conductivity but changing from a uniform to a linear
distribution with depth results in an increase in the induced
electromagnetic fields. Here, the variations in seawater
conductivity distribution led to an increase of up to 25% in
the electromagnetic fields; 2) for a fixed seawater conductivity
distribution (i.e., a constant gradient of linear conductivity
variation), changes in the depth-averaged seawater
conductivity also affect the induced electromagnetic field. It is
evident that the induced electromagnetic field increases with the
increase in the depth-averaged seawater conductivity.

The effect of the seawater conductivity
gradients

To investigate the effects of the seawater conductivity gradients,
we consider the model with the same depth-averaged conductivity
but different conductivity gradients. The depth-averaged
conductivity gradient σg can be defined as

σg � 1
d
∫d

0

dσ z( )
dz

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣dz. (24)

Figure 4A shows the variation in seawater conductivity for depth-
averaged conductivity gradients of 0.0025, 0.006, and 0.011. As shown
in Figures 4B–D, the induced electromagnetic fields increase with the
increase in the depth-averaged conductivity gradient.
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FIGURE 2
Amplitudes of electromagnetic fields induced by ocean waves; the blue triangles and the black solid line represent the FD results and analytic
solution, respectively. Bx (A), Bz (B), Ey (C), and relative errors (D).

FIGURE 3
(A) Seawater conductivity profiles of six conductivity distributions; vertical profiles with different depth-averaged conductivity distributions are
presented for (B) Bx, (C) Ey, and (D) Bz.
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The effect of the thermocline

The thermocline is the transition layer between the warmer
mixed water near the surface and the cooler deep water below. It
plays an important role in marine ecology, meteorological
forecasting, underwater communication, and aquaculture. In the
body of the thermocline, there is a sudden temperature change. The
temperature decreases rapidly from the mixed layer to the cooler
deep layer.

The temperature t, salinity S, and pressure p in seawater affect
the variations in seawater conductivity. According to the
1978 Practical Salinity Scale (Fofonoff and Millard, 1983), the
seawater conductivity C(S, t, p) can be expressed as

C S, t, p( ) � C 35, 15, 0( )R S, t, p( ), (25)
where R(S, t, p) is the conductivity ratio, and C(35, 15, 0) represents
the conductivity of standard seawater at a salinity of 35‰, a
temperature of 15°C, and standard atmospheric pressure (0 dbar),
with a value of 4.2914S/m.

The conductivity ratio R(S, t, p) can be written as

R S, t, p( ) � 1
2A

�������������������������
B − ArtRt( )2 + 4rtRtA B + C( )

√
− B − ArtRt( )[ ]

(26)
with

rt � 0.6766097 + 0.0200564t + 1.104259 × 10−4t2 − 6.9698 × 10−7t3

+ 1.0031 × 10−9t4,

(27)

A � 0.4215 − 0.003107t,

B � 1 + 0.03426t + 4.464 × 10−4t2,

C � 2.07 × 10−5 − 6.37 × 10−10p + 3.989 × 10−15p2( )p. (28)

The factor Rt(S, t) can be calculated from the salinity S and the
temperature t as

S � 0.008 + 0.0005c − 0.1692 + 0.0056c( )R1/2
t

+ 25.3851 − 0.0066c( )Rt + 14.04941 − 0.0375c( )R3/2
t

+ −7.0261 + 0.0636c( )R2
t + 2.7081 − 0.0144c( )R5/2

t (29)
with

c � t − 15
1 + 0.0162 t − 15( ). (30)

As a high linear correlation exists between temperature and
conductivity in the thermocline, the conductivity in it may
include the temperature dependence only and a constant
salinity of 36 psu can be considered in Eq. 29 (Tyler et al.,
2017; Zheng et al., 2018).

The thermocline largely depends on the seasons and latitudes.
Figure 5 displays the variation in temperature and seawater
conductivity in the thermocline for different latitudes (Figure 5A)
and different seasons (Figure 5B). The temperature profiles vary at
different latitudes as the surface water is warmer near the equator
and colder at the poles. In low-latitude tropical regions, the sea
surface is much warmer, leading to a highly pronounced
thermocline, while in polar regions, the temperature is fairly
constant at all depths. Seasons also have an impact on the

FIGURE 4
(A) Seawater conductivity with different depth-averaged conductivity gradients; (B) Bx, (C) Ey, and (D) Bz.
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vertical variation in seawater temperature and conductivity. In
winter, the sea surface temperature is lower than that in summer,
resulting in a thicker thermocline. In contrast, in summer, due to
solar radiation, the thermocline is thinner and has more pronounced
variations.

The geomagnetic field also varies with latitudes. The intensity
of the magnetic field is generally higher near the magnetic poles
and lower near the equator. At the magnetic equator, where the
proximity to the geographic equator is high, the magnetic field
lines intersect Earth’s surface, resulting in a smaller magnetic
inclination angle. However, as the latitude increases, the
magnetic inclination angle gradually becomes larger (Table 1).

Figure 6 shows the electromagnetic fields in the thermocline for
tropical, mid-latitude, and polar regions, and for winter and
summer, respectively. Figure 6 shows that 1) compared to
tropical and polar regions, the mid-latitude regions have the
highest amplitude values of induced electromagnetic fields
(Figure 6A). This is because tropical regions have relatively high
seawater conductivity but low geomagnetic field values, while mid-
latitude regions have slightly lower seawater conductivity than

tropical regions but significantly higher geomagnetic field values;
2) due to the relatively insignificant seasonal variations in the
geomagnetic field, the values of induced electromagnetic fields
are larger in summer than those in winter (Figure 6B).

Numerical simulation of electromagnetic
fields induced by ocean wave based on sea
wave spectrums within inhomogeneous
ocean

The motion of realistic ocean waves can be described as a
stationary random process. The ocean waves can be simulated by
the wave spectrum, which represents the statistical characteristic of
ocean wave motion (Longuet-Higgins, 1962; Grainger et al., 2021).
Thus, the height and velocity potential of the ocean waves can be
simulated by linear superposition:

η x, t( ) � Re∑N
k�1

ak exp i ωkt − pkx − ϵk( )[ ], (31)

FIGURE 5
(A) Representative temperature and corresponding conductivity profiles for tropical, mid-latitude, and polar regions, and for (B)winter and summer.

TABLE 1 Geomagnetic field intensity, magnetic declination, and inclination vary with latitudes (polar, mid-latitude, and tropical regions) and seasons (summer and
winter).

Magnetic induction ntensity (nT) Declination (°) Inclination (°)

Latitude

Pola region 586873 −1.8 881

Mid latitude 584233 −97 68.2

Tropical region 42906.4 −21 26.9

Season
winter 584901 −11.2 687

summer 58477.2 −111 687
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Φ x, t( ) �∑N
k�1

akg

ω

cosh p d − z( )[ ]
cosh pd( ) exp i ωkt − pkx − ϵk( )[ ], (32)

where ak, ωk, and pk are the amplitude, angular frequency, and wave
number for each component of the ocean wave, respectively.N is the
number of frequencies. The phase ϵk is randomly distributed within
the interval [0, 2π]. The amplitude ak can be expressed as (Zhu and
Xia, 2014)

ak �
����������
2S wk( )Δωk

√
, (33)

where S(wk) is the spectrum of the ocean wave and Δωk is the
interval of the angular frequency.

We consider the wave-induced electromagnetic field in a specific
area of the South China Sea, taking into account the actual
temperature, salinity, and density of seawater. The area is located
at latitude 18°N and longitude 119.336°E. The water depth in this
region is 294 m. The seawater conductivity can be calculated using
Eqs 25–30. Figure 7 shows the distribution of temperature, salinity,
and seawater conductivity in this area. The geomagnetic induction
intensity in this region is 40,174.6 nT with a magnetic declination of
47° and a magnetic inclination of 1.1°.

Electromagnetic fields induced by wind
waves

The JONSWAP spectrum is commonly used to describe the
spectrum of wind waves (Hasselmann et al., 1973):

S ω( ) � αg2

ω5
exp −5

4

ωp

ω
( )4[ ]γr (34)

with

r � exp − ω − ωp( )2
2τ2ω2

p

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦, α � 0.076
V2

10

gx
( )0.22

,ωp � 22
g2

V10x
( )1/3

,

τ � 0.07ω#ωp,
0.09ω>ωp,

{ (35)

where α is the energy scale factor, ωp is the peak wave frequency, and
γ is the peak shape parameter. V10 is the wind speed at a height of
10 m above the sea surface, and x is the distance over which the wind
blows with a constant velocity, also called wind fetch.

FIGURE 6
(A) Induced electromagnetic fields of ocean waves in thermoclines for tropical, mid-latitude, and polar regions and (B) for winter and summer,
respectively.

FIGURE 7
Distribution of temperature (the blue dashed line), salinity (the
blue solid line), and seawater conductivity (the greed solid line) in a
certain area of the South China Sea.
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Figure 8 shows that with the increase in both the wind speed and
wind fetch, the magnitude of the spectrum increases but the peak
frequency decreases.

The wind-induced electromagnetic fields at the sea surface can
be obtained by combining Eqs 20, 23, 32 with the JONSWAP
spectrum (34) and are depicted in Figure 9. One can observe that
1) the amplitude of the induced electric andmagnetic fields increases

with the increase in wind speed; 2) the magnitude of the electrical
and magnetic fields increases with the expansion of the wind fetch;
3) as the wind speed increases and the wind fetch expands, the
dominant peak frequency gradually shifts toward lower frequencies;
and 4) the wind-induced electromagnetic fields are considerably
smaller in magnitude at the seafloor (dashed lines) than those near
the sea surface (solid lines).

FIGURE 8
JONSWAP spectrum for different wind speeds and fetches V = 15 m/s and x = 9,000 m (the blue solid line); V = 10 m/s and x = 9,000 m (the red solid
line); V = 8 m/s and x = 9,000 m (the yellow solid line); V = 8 m/s and x = 6,000 m (the purple dashed line); and V = 8 m/s and x = 3,000 m (the green
dashed line).

FIGURE 9
Electromagnetic fields generated with the (A) wind speed of 8 m/s, 10 m/s, and 15 m/s (a wind fetch of 9,000 m) and the (B) wind fetch of 3,000,
6,000, and 9,000 m (a wind speed of 8 m/s).
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Electromagnetic fields induced by a swell

Wind waves travel in a great circle route after being generated,
and after moving out of the area of the wind fetch, the waves are

called swell waves and can travel thousands of kilometers. As short-
wavelength waves carry less energy and dissipate faster, swell waves
often have a relatively long wavelength (Gao et al., 2022). The swell
spectrum is given by (Lucas and Guedes Soares, 2015)

FIGURE 10
Swell spectrum for three different peak shape parameters γS = 2, 5, and 8, and HS = 5 m, and ωP = 0.3142 rad/s.

FIGURE 11
Electromagnetic field spectrum for peak shape parameters γS = 2, 5, and 8 at the sea surface (A) and seafloor (B).
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S ω( ) � β
ω

ωp
( )−5

exp −1.25 ω

ωp
( )−4[ ]γSr (36)

with

r � exp
− ω − ωp( )2

2τ2ω2
p

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦, τ � 0.07ω#ωp

0.09ω>ωp
{ ,

β � 5H2
s

16ωp
1.15 + 0.1688γS −

0.925
1.909 + γS( )[ ]−1

, (37)

where ωp is the peak wave frequency, γS is the peak shape parameter,
andHs is the significant wave height. We assume ωp � 0.3142rad/s
andHs � 5m. Figure 10 shows the spectrum of swell waves for three
different peak shape parameters γS � 2, 5, and 8.

Figure 10 shows that with the increase in the shape peak
parameter γS, the amplitude of the swell spectrum increases but
results in a narrower band of the spectrum.

Figure 11 shows the electromagnetic fields generated by the
ocean swell at both the sea surface (A) and seafloor (B). Figure 11
shows that 1) as the shape peak parameter γS increases, the
magnitudes of the electromagnetic fields also increase at both the
sea surface and seafloor; 2) compared to the spectrum of wind waves
at the seafloor, the magnitudes of the swell spectrum are much larger
for their low frequency ranges.

The electromagnetic fields induced by
mixed ocean waves

In some cases, the realistic ocean waves are mixed with wind
waves and swell, called mixed ocean waves. The former refers to wind
waves in equilibrium with the local wind, while the latter is defined as
the swell waves generated elsewhere and not significantly affected by
the local wind at that time (Hwang et al., 2012; Garcia-Gabin, 2015).

In order to describe complicated sea states due to the
coexistence of wind waves and ocean swell, a double-peaked
spectrum is proposed by combining the wind wave system and
the swell system (Guedes Soares, 1984, 1991; Rossi et al., 2021).
Ochi and Hubble (1976) presented a double-peaked spectrum as
a combination of two gamma distributions as follows:

S ω( ) � 1
4
∑2
j�1

4λj+1
4 ω4

pj( )λj
Γ λj( )

H2
sj

ω4λj+1 exp − 4λj + 1

4
( ) ωpj

ω
( )4[ ] (38)

with

Γ λj( ) � ∫+∞

0
sλj−1e−sds s> 0( ), (39)

where Hsj, ωpj, and λj (j � 1, 2) are the significant wave height,
angular peak frequency, and spectral shape factor, respectively, for

TABLE 2 Parameters of mixed ocean waves; type 1: strong wind and weak swell
type; type 2: equivalent wind and swell type; and type 3: weak wind and strong
swell type.

Type 1 Type 2 Type 3

Hs1m 2.51 3.81 4.5

Hs2m 4.5 3.35 2.51

ωp1rad/s 0.5067 0.5067 0.4909

ωp2rad/s 0.7953 0.7953 0.8963

λ1 1.4 3.3 3.3

λ2 3.3 1.38 1.4

category 0.1≤ Sm1
Sm2

< 0.67 0.67< Sm1
Sm2

≤ 1.5 Sm1
Sm2

> 0.15

FIGURE 12
Double-peaked spectrum of the weak wind and strong swell type (the blue line), the equivalent wind and swell type (red line), and the strong wind
and weak swell type (the green line).
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low- and high-frequency parts (known as swell and wind–sea
components, respectively). The parameters Hs1, Hs2, ωp1, ωp2, λ1,
and λ2 involved in Eq. 38 are determined for the appropriate initial
values.

Due to the difference in the effect caused by the wind waves
and swell, the spectrum of the mixed ocean waves can be divided
into three types: the strong wind and weak swell type, weak wind
and strong swell type, and equivalent wind and swell type. The
classification of the three types can be determined by the 0th

spectral moment of the wind waves and swell, which are defined
as Sm1 and Sm2, respectively (Cai et al., 2007):

Sm1 � 1
4
∫∞

0

4λ1+1
4 ω4

p1( )λ1
Γ λ1( )

H2
s1

ω4λ1+1 exp − 4λ1 + 1
4

( ) ωp1

ω
( )4[ ]dω, (40)

Sm2 � 1
4
∫∞

0

4λ2+1
4 ω4

p2( )λ2
Γ λ2( )

H2
s2

ω4λ2+1 exp − 4λ2 + 1
4

( ) ωp2

ω
( )4[ ]dω. (41)

Table 2 shows the parameters of themixed ocean waves. Figure 12
shows that the energy in the spectrum of weak wind and strong swell
type is usually concentrated at low frequencies, but the energy in the
spectrum of the strong wind and weak swell type is usually
concentrated at high frequencies. The energy distribution is more
balanced in the spectrum of the equivalent wind and swell type.

The electromagnetic fields induced by three types of mixed
ocean waves are shown in Figure 13. From Figure 13, we can see
that 1) the three-type mixed wave spectrum can be easily
recognized by the x- and z-components of the induced
magnetic intensity strength spectrum observed at the sea

surface (Figure 13A); 2) due to the high-frequency filtering
effect of the ocean, the electromagnetic field spectra at the
seafloor (Figure 13B) mainly retain the low-frequency
information on the wave spectrum and may not reflect the
realistic spectrum of the mixed ocean waves.

Conclusion

In this paper, we presented a finite difference algorithm for
simulating ocean wave-induced electromagnetic fields with
varying seawater conductivity. Our method allows us to
simulate and investigate the influence of arbitrary variation in
seawater conductivity on wave-induced electromagnetic fields.
Our numerical examples show that seawater conductivity has a
significant effect on wave-induced electromagnetic fields. We also
investigated the effects of the thermocline on wave-induced
electromagnetic responses at different latitudes and seasons. We
observed the maximum amplitude of induced electromagnetic
fields in the mid-latitude regions, while we observed the
minimum amplitude of induced electromagnetic fields in the
polar regions. This is mainly influenced by both the
geomagnetic field and temperature of the thermocline at
different latitudes. Furthermore, in mid-latitude regions, the
thermocline conductivity exhibits seasonal variations, with a
greater decrease during summer than that during winter,
leading to a larger induced electromagnetic field. The latitude
and seasonal variations in the geomagnetic field and seawater

FIGURE 13
Electromagnetic fields induced by three types of mixed ocean waves at the sea surface (A) and seafloor (B).
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conductivity are crucial for the accurate simulation of ocean wave-
induced electromagnetic fields.

Moreover, we simulate the electromagnetic field spectra for
wind waves, ocean swell, and mixed ocean waves in the
inhomogeneous ocean. We find that the energy of the wind
wave-induced electromagnetic field is predominantly
concentrated in the high-frequency band, while the energy of
the swell wave-induced electromagnetic field is mainly
concentrated in the low-frequency band. Additionally, we
simulate three types of mixed wave-induced electromagnetic
fields based on the combination of wind and swell strengths,
and analyze their characteristics.
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