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Abstract: Before and after earthquakes, abnormal physical and chemical phenomena can be ob-
served by gathering ground-based and satellite data and interpreted by the lithosphere–atmosphere–
ionosphere coupling (LAIC) mechanism. In this study, we focused on the mechanism of LAIC
electromagnetic radiation and investigated the seismic electromagnetic (EM) wave generated in
the lithosphere by earthquakes and its global propagation process from the lithosphere through
the atmosphere and into the bottom of ionosphere, in order to analyze the abnormal disturbance
of ground-based and space-based observation results. First, analytic formulas of the electrokinetic
effect were used to simulate the generation and propagation process of the seismic EM wave in
the lithosphere, interpreted as the conversion process of the seismic wave and EM wave in porous
media. Second, we constructed a three-dimensional Earth–ionosphere waveguide by applying the
finite-difference time-domain (FDTD) algorithm to model the global propagation process of the
seismic EM wave into the atmosphere and cavity between the bottom of the ionosphere and the
surface of the Earth. By combining the model of the electrokinetic effect in the lithosphere with the
numerical model of the Earth–ionosphere waveguide in the atmosphere and ionosphere, we numeri-
cally simulated the global transmission process of extremely low-frequency (ELF: 3 Hz–3000 Hz) EM
waves which are related to earthquakes. The propagation parameters of coseismic ELF EM waves
with different duration times and center frequencies were analyzed and summarized. The simulation
results demonstrate that the distribution characteristics of an electric field along longitude, latitude
and altitude with time are periodic and the time interval during which an EM wave travels around
the whole Earth is approximately 0.155 s when adopting the conductivity of the knee profile. We also
compared the observation data with the simulation results and found that the attenuating trends of
the ELF electric field are consistent. This proposed ELF EM wave propagation model of lithosphere–
atmosphere–ionosphere coupling is very promising for the explanation of abnormal disturbances
of ground-based and space-based observation results of ELF EM fields which are associated with
earthquakes.

Keywords: lithosphere–atmosphere–ionosphere coupling; ELF electromagnetic radiation; multi-layer
electromagnetic wave model; numerical modeling; wave propagation; electrical properties

1. Introduction

Seismo-ionospheric effects have become a topic of intensive research in recent years
since researchers observed a large number of abnormal ionospheric disturbance events be-
fore and after earthquakes which may be related to earthquakes. Since ref. [1] first analyzed
ionosphere observation data to determine the seismo-ionospheric signature before the
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Alaska earthquake, research into pre-earthquake ionospheric anomalies have been continu-
ously intensified [2]. The occurrence of seismic anomalies is related to certain physical or
chemical mechanisms, and the lithosphere–atmosphere–ionosphere coupling mechanism
has been suggested as a theoretical basis to explain the formation process behind these
phenomena. At present, the scientific interpretation of the LAIC mechanism mainly focuses
on three aspects: first, that anomalies in the lithosphere, atmosphere and ionosphere are
caused by the penetration of the electric field or current induced by earthquakes, namely
the LAIC direct current (DC) electric field mechanism; second, that anomalies are caused
by the upward propagation of acoustic gravity waves generated by earthquakes, namely
the LAIC acoustic gravity wave (AGW) mechanism; third, that anomalies are caused by
abnormal EM radiation, namely the LAIC electromagnetic radiation mechanism. These
three physical mechanisms have been verified by corresponding observational results [3–5].
The anomalies of electric field, acoustic gravity wave and electromagnetic radiation are
the direct sources of the disturbance events affecting the ionosphere which are caused by
underlying mechanisms. Scholars have put forward lots of physical hypotheses attempting
to interpret these abnormal phenomena, such as the propagation of positive holes [6,7] and
radon (or other gas) emanation to explain the LAIC DC electric field mechanism preced-
ing earthquakes; internal gravity wave theory [8] to explain the LAIC AGW mechanism
after earthquakes; and the electrokinetic effect [9,10] to explain the LAIC electromagnetic
radiation mechanism after earthquakes. Various models have been proposed to simulate
the corresponding physical mechanisms, including the electric field penetration model in
ref. [11] and the acoustic and gravity wave propagation model in ref. [12].

In this paper, we focused on the mechanism of LAIC electromagnetic radiation, and
investigated the propagation process and physical mechanism of earthquake-induced ELF
electromagnetic waves in the lithosphere, atmosphere and ionosphere. According to the
LAIC electromagnetic radiation mechanism, earthquakes lead to the abnormal radiation
of EM waves and the radiated seismic energy is a small portion of the entire released
energy. In the process of propagating from the underground to the air, seismic abnormal
EM waves will cause ELF electric field perturbations in the lithosphere and atmosphere and
directly interact with various particles in the ionosphere, affecting various ionosphere pa-
rameters, which is called lithosphere–atmosphere–ionosphere coupling. Many researchers
have utilized ground-based and satellite data to observe ultra-low frequency/extremely
low-frequency/very-low-frequency (ULF/ELF/VLF) electromagnetic emissions that may
be associated with earthquakes. Using four stations with magnetotelluric (MT) mea-
surement, ref. [13] observed large variations in the MT fields which are associated with
seismic waves. Ref. [14] performed statistical methods to study the relationship among
20 earthquakes (M ≥ 5.0) which occurred from 26 August 2003, to 13 July 2004, with ELF-
whistlers/emissions below 100 Hz. Their ELF observation system consisted of magnetic
and electric antennas which can measure magnetic fields and electric fields. They summa-
rized that the occurrence ratios of ELF emissions increased significantly 5~7 days before
the earthquakes and were proportional to the magnitude of the earthquakes. Analyzing
the three magnetic field components (Bx, By and Bz) in the ULF/ELF range which are
measured by means of three orthogonal induction coil magnetometers, ref. [15] found that
the Schumann resonance (~26.4 Hz) observed in Japan was related to the Chi-chi earth-
quake in Taiwan. Ref. [16] observed and analyzed the Intercosmos-24 satellite data from 16
November 1989, to 31 December 1989, during which 28 strong earthquakes (5.2 < MS < 6.1)
occurred worldwide, and found an enhancement in the emission occurrence probability of
ELF, ULF and VLF in the region over the epicenter before the earthquakes. The DEMETER
satellite data were processed by [5], and more than 2/3 of the chosen Chilean earthquakes
of magnitudes larger than 6.0 were accompanied by significant ULF/ELF electric field
perturbations before and after the earthquakes. Observing ULF/ELF data within the
frequency range of 0.1 Hz–24 Hz, ref. [17] pinpointed that the precursor of the Japanese
earthquake on 11 March 2011 was ULF/ELF radio emission.
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Observation results have proved that earthquakes are accompanied by EM fields in
the lithosphere [13,18,19]. Some scholars believe that the EM field is induced by seismic
waves when earthquakes occur. Refs. [20,21] detected seismoelectric signals related to
underground seismic waves. The electrokinetic effect is a physics theory proposed to
demonstrate the coseismic and post-seismic electromagnetic radiation mechanism in the
lithosphere, which can reasonably interpret the coupling between seismic energy and
electromagnetic energy. Ref. [9] set up the governing equations of acoustic-electromagnetic
coupling in porous media as the fundamental equations of the electrokinetic effect, which
combined the Biot’s poroelastodynamic equations (mechanical equation of an elastic field)
and Maxwell’s equations (electromagnetic equation of an EM field) together through the
electrokinetic coupling coefficient. Since the coupling coefficient can be measured by exper-
iment, it is feasible to properly model the EM fields generated by seismic waves. Ref. [22]
derived the Green functions of solid displacement u, relative fluid–solid displacement w
and electric field E in the frequency space domain under single point force. In addition,
they calculated the plane wave solutions to Pride equation, and summarized that the elec-
trokinetic effect produced two types of EM field. The first one is an accompanying EM field
which propagates with the seismic wave at the same speed and does not exist outside of
the seismic disturbance region. The other is an independently propagating EM field which
propagates outside the seismic wave with a much higher speed and is generated only when
seismic waves pass through the interfaces of different media and accomplish wave type
conversion. This phenomenon has corresponding observational evidence: ref. [20] detected
it at the surface of the ground with electrode pairs, and the results clearly distinguished
the accompanying EM field from the independently propagating EM field. The EM wave
induced at the interface and the electric field accompanying the P-wave were also observed
near the Earth’s surface by [23]. Furthermore, ref. [24] extended the electrokinetic effect
and derived the analytical expression of the EM field induced by a double-couple source in
infinite space. In this paper, we mainly investigated the transmission process of the inde-
pendently propagating EM wave generated by the seismic wave between the lithosphere,
atmosphere and ionosphere. Such a wave propagates at a high speed, and can probably be
used as an early earthquake warning.

After introducing the physical mechanism of earthquake-induced EM radiation in
the lithosphere, it is necessary to investigate the propagation process of EM waves in the
atmosphere and the cavity between the bottom of the ionosphere and the surface of the
Earth. Compared with the EM wave of higher frequency, there is very little loss in the
height range from the Earth’s surface to the ionosphere for the ELF-band wave; therefore,
the propagation process of the ELF wave in the atmosphere and the ionosphere can be
simulated by utilizing analytical methods. FDTD is a proper method to model Maxwell’s
equations and provides a novel idea for the numerical calculation of an EM field—which
was first proposed by [25] who derived the difference expression of Maxwell’s equations in
the three-dimensional Cartesian coordinate system. Ref. [26] extended the FDTD method
with spherical coordinates and derived the difference expression of Maxwell’s equations in
the three-dimensional spherical coordinates. Based on the FDTD method and Maxwell’s
equations on the neutral medium, ref. [27,28] numerically simulated the propagation
process of an ELF wave in a two-dimensional spherical coordinate system and three-
dimensional spherical coordinate system, respectively, and presented the results of ELF
wave propagation in the Earth space by assuming a current source on the surface.

Before and after earthquakes, abnormal disturbances of an ELF EM wave can be
observed at stations on the Earth’s surface and in the air. According to the observations re-
ported in previous research, ELF EM signals related to EQs can be observed both locally and
remotely [13–15]. On the one hand, stations close to the epicenter can directly receive the
abnormal signal caused by earthquakes. On the other hand, the abnormal signal is received
by stations after propagating in the Earth–ionosphere waveguide. Since the simulation
sources of other researchers are ideal, we further investigated the simulation of physical
sources based on electrokinetic effects in this study. Therefore, this paper mainly focused
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on the simulation of ELF EM waves generated by the underground electrokinetic coseismic
effect and its global propagation characteristics in the Earth–ionosphere waveguide model
which extends 100 km radially from sea level. The electrokinetic effect model was adopted
to simulate the generation process of the underground ELF EM wave more physically and
the Earth–ionosphere cavity model is adopted to simulate the propagation of the ELF EM
wave in the atmosphere and cavity between the bottom of the ionosphere and the surface
of the Earth. The outline of this paper is as follows. In the next section, we briefly introduce
the basic process of electrokinetic effect and simulate the equations of EM radiation caused
by seismic waves in the lithosphere which were proposed by [24]. Section 3 introduces the
three-dimensional spherical FDTD model of the Earth atmosphere and ionosphere, and
provides the initial conditions, boundary conditions and stability conditions of the model.
Section 4 simulates the global propagation process of the earthquake-induced EM wave in
three-dimensional space and analyzes the simulation results. Sections 5 and 6 presents a
discussion and summary of the research.

2. Electrokinetic Effect

When earthquakes occur, a seismic wave (a kind of elastic wave) is produced whose
propagation medium is mainly rock. Rock is a natural porous medium due to the existence
of pores that allow fluid (usually electrolyte solutions) to pass through, and the porous
crust can be divided into solid grain frame and pore fluid. When the fluid flows in the pores,
an electric double layer is formed on the solid–fluid interface in a porous medium [29]
(174–188). The electric double layer is formed as follows. Anions and cations exist in the
electrolyte solution. When the fluid flows in the porosity of the rock, some ions (such as
anions) will be selectively adsorbed by the solid grain framework of the rock and form an
adsorbed layer, while other ions (cations) remain in the pore fluid will thus form a diffusion
layer. The adsorption layer and diffusion layer constitute the electric double layer. When
seismic waves propagate in rock, the solid grain framework remains stationary and the
pore fluid moves relative to the solid grain framework, thus causing the charged ions in the
pore fluid to move so that the mechanical energy is converted into electromagnetic energy
and finally, the EM field is generated [22,24]. These processes are called seismoelectric
and seismomagnetic conversions, respectively. Seismic waves generated at the earthquake
source propagate in the lithosphere and meanwhile stimulate EM waves. When arriving
at the Earth’s surface, EM waves penetrate the interface and propagate in the atmosphere
and ionosphere. Figure 1 is the schematic diagram.

Figure 1. Schematic diagram of the LAIC electromagnetic radiation mechanism.
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In view of the above physical process, ref. [9] set up the governing equations of
acoustic-electromagnetic coupling in porous media, which coupled the Biot equations
and Maxwell equations. Additionally, in the special case of homogeneous and isotropic
wholespace, the homogeneous equations with the average solid displacement u, the average
relative fluid–solid displacement w and the electric field E as the basic field quantities are
obtained. There are four plane wave solutions calculated, namely fast P wave (Pf), slow
P wave (Ps), shear wave (S) and electromagnetic wave (EM) [22]. The first three waves
are accompanying EM fields that exist only with seismic waves, and the last wave is an
independently propagating EM field with a higher speed. These two types of EM fields
have been experimentally confirmed [30].

Furthermore, using the Pride equations, ref. [24] derived the Green function of the
electric and magnetic fields in order to calculate the wavefields induced by the double-
couple source in infinite space. The analytical expressions of the electric field and magnetic
field in the frequency domain are thus obtained [24]:
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where ω is the angular frequency; r is the distance between the source and the observation
point; s is the complex slowness, which is essentially a complex variable with ω as its
independent variable; TF

E,s and LF
E,s are the complex amplitudes of the transverse and

longitudinal components, respectively; ê and ĥ are the unit vectors; M0 is the earthquake
moment tensor, which is the absolute mechanical quantity defined to describe the magni-
tude of an earthquake where M0 = 4.37 × 1017 N·m; and µ is the magnetic permeability
coefficient where µ = 4π × 10−7 H/m. Thus, the EM radiation propagation process in
the lithosphere can be simulated. Ref. [24] proposed that the time-domain waveforms of
electric and magnetic fields could be obtained via the discrete Fourier transform. Firstly, a
cosine pulse function was set up as the acoustic source function of the seismic source:

s0(t) =

{
1
2

[
1 + cos 2π

Tc

(
t− Tc

2

)]
cos
[
2π f0

(
t− Tc

2

)]
0 ≤ t ≤ Tc

0 t < 0, t > Tc
(8)

where Tc is the pulse duration; f 0 is center frequency; and t is the time series. Tc and f 0
were chosen to be 2.2 s and 1 Hz, respectively, and can be set to different values depending
on the actual situation. Time series t is set here as 0 s~40.96 s, and the time interval is 0.02 s.
Therefore, the time series has 2048 points and the sampling frequency is fs = 50 Hz. The
waveform of s0(t) in the time domain is shown in Figure 2a and the frequency spectrum
of s0(t) can be obtained by fast Fourier transform, which is shown in Figure 2b. The
cosine pulse function is mainly distributed between 0 Hz and 2 Hz. Secondly, the physical
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schematic diagram of the lithosphere is presented. The lithosphere in Figure 1 is a three-
dimensional space and the specific parameters in the model are plotted in Figure 3. The
electrokinetic effect model can simulate the propagation of the EM wave at any position
in the lithosphere. The width (X and Y axes) of the three-dimensional space is 160 km
(−80 km ≤ X ≤ 80 km, 0 km ≤ Y ≤ 160 km), and the depth (Z axis) is 60 km (0 km ≤ Z
≤ 60 km). Figure 3 is a simplified model where the seismic fault consists of two layers of
porous media with different parameters. The porous medium in the range of 0 km–30 km
below the surface is Sandstone 1, and the porous medium in the range of 30 km–60 km
below the surface is Sandstone 2. The parameters of Sandstone 1 and Sandstone 2 are
shown in Table 1 [24,31]. The seismic source is located 45 km below the surface, and we
use Equation (8) as the acoustic source function. Apparently, in real earthquakes, seismic
faults are filled with spatially distributed heterogeneous irregular media with different
contributions—which can be achieved in simulations by adjusting the model parameters.

Observation point A is selected, and the distance between point A and the seismic
source is ∆X = 60 km, ∆Y = 1.8 km and ∆Z = 15 km. Finally, by performing the 2048-point
Fast Fourier transforming, the frequency response of s0(t) can be calculated, which is
S(ω). We multiply S(ω) with Equations (1) and (5) and then apply the inverse Fast Fourier
transform method to obtain the time domain waveform of the electric field and magnetic
field induced by the seismic source. Point A was selected to intuitively examine the
underground results simulated by the electrokinetic effect model.

Figure 2. The acoustic source function of the seismic source: (a) the waveform of s0(t) in the time
domain; and (b) the frequency spectrum of s0(t).

Figure 3. Schematic diagram of the lithosphere in the electrokinetic effect model. The distance
between observation point A and the seismic source is ∆X = 60 km, ∆Y = 1.8 km, and the depth of
point A is 30 km.
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Table 1. Parameters of Sandstone 1 and Sandstone 2.

Parameter Symbol Sandstone 1 Sandstone 2

Pore fluid density (kg/m3) ρf 1000 1000
Solid grain density (kg/m3) ρs 2650 2650

Pore fluid bulk modulus (GPa) Kf 2.25 2.25
Solid grain bulk modulus (GPa) Ks 35.7 35.7

Frame bulk modulus (GPa) Kb 17.91 4.51
Shear modulus (GPa) G 17.79 3.55

Tortuosity α∞ 3 1.52
Fluid viscosity (Pa·s) η 10−3 2 × 10−3

Pore fluid permittivity (F/m) εf 80 77
Solid grain permittivity (F/m) εs 4 4

Pore fluid salinity (mol/L) C0 10−3 10−1

Porosity ϕ 0.15 0.33
Permeability (m2) κ0 10−13 10−11

Figure 4 presents the horizontal component and vertical component of the electric
field in the time domain, in which the first 2.2 s of the wave is multiplied by a factor of
10,000 to emphasize the EM wave. Figure 4 demonstrates that the simulated electric fields
have multiple disturbances in time-waveforms. It is known that an EM wave propagates
faster than a body wave. Meanwhile, the fast P wave propagates faster, followed by the
shear wave and slow P wave. Therefore, it can be determined that the first disturbance of
the electric field is induced by the EM wave and appears in 0~2.2 s; the second disturbance
is induced by the fast P wave and appears in 13~18 s; the third disturbance is induced by
shear wave and appears in 22~26 s, and only exists in a vertical component of the electric
field. These results are consistent with those of [22,24]. In this paper, we focused on the EM
wave because it is the only independently propagating electromagnetic wave which is one
of the probable explanations of the LAIC electromagnetic radiation mechanism. Therefore,
the EM wave generated by electrokinetic effect can be employed as a source to simulate
the propagation process of an abnormal ELF electromagnetic wave in the atmosphere and
ionosphere.

Figure 4. The abnormal horizontal and vertical ELF electric fields induced by earthquake, calculated
by the electrokinetic effect model: (a) the electric field in the x direction; (b) the electric field in the y
direction; (c) the electric field in the z direction.
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3. Earth–Ionosphere Waveguide

In Section 3, we establish the Earth–ionosphere waveguide model. Compared with
the EM wave of higher frequency, the attenuation of the ELF-band wave is very low when
transmitting from the Earth’s surface to the ionosphere. Therefore, the propagation process
of the ELF wave in the atmosphere and ionosphere can be simulated by utilizing analytical
methods. The space between the Earth’s surface and the ionosphere is conceptualized and
defined as a waveguide, which is called the Earth–ionosphere waveguide system [32–34].

We adopted the finite difference time domain method to set up the difference scheme
of Maxwell equations and established the propagation mechanism of EM waves in three-
dimensional spherical coordinates. The expressions of the Maxwell equations in differential
form are as follows:

∇× E = −∂B
∂t

(9)

∇×H =
∂D
∂t

+ J (10)

where E is the electric field intensity vector; B is the magnetic induction vector; H is
the magnetic field intensity vector; D is the electric displacement vector; and J is the
current-density vector.

Firstly, the definition of a coordinate in the Earth–ionosphere waveguide model is
introduced. Since the Earth is almost spherically symmetrical, the spherical coordinate
system is especially suitable for its modeling. We mapped the complete spherical space
of the Earth–ionosphere waveguide geometry onto a logically 3-D FDTD grid where r
denotes the radial direction, and the grid-cell position index in this direction is i; θ denotes
the meridional direction, and the grid-cell position index in this direction is j; ϕ denotes
the zonal direction, and the grid-cell position index in this direction is k. In the radial,
meridional and zonal directions, the grids are divided into Nr, Nθ and Nϕ segments,
respectively. Therefore, in the Earth–ionosphere cavity, i = 1 is the coordinate of the Earth’s
surface and i = Nr is the coordinate of the model’s topped layer; j = 1 is the coordinate of
the North Pole and j = Nθ is the coordinate of the South Pole; k = 1 is the coordinate of the
meridian and k = Nϕ is the coordinate of the meridian after traveling along an entire great
circle. When modeling the Earth–ionosphere waveguide, we chose equal increments along
the radial, meridional and zonal directions, respectively. After dividing the FDTD grids, at
all heights, the ordinary cells are trapezoidal, while the cells at the north and south poles
are triangular. We chose the value of Nr as 20, therefore, the distance of 100 km from the
Earth’s surface to the ionosphere is evenly divided into 20 segments, each of which is 5 km.
The value of Nθ is 128, and the south–north span of the model from the South Pole to the
North Pole is evenly divided into 128 segments, each of which is π/128. The value of Nϕ

is 256, and the west–east span of the model is evenly divided into 256 segments, each of
which is 2π/256. Thus, the resolutions are ∆r = 5, ∆θ = π/128 and ∆ϕ = 2π/256.

Secondly, Maxwell equations in differential form can be applied to develop the differ-
ence expression of the electric field and magnetic field in the grids:

En+1
r (i, j, k) = 2ε−σ∆t

2ε+σ∆t En
r (i, j, k) +

2∆t
2ε+σ∆t

[(i∆r+Re) sin(j∆θ)]
× {

sin(j∆θ)
Hn+0.5

ϕ (i,j,k)
∆θ − sin((j− 1)∆θ)

Hn+0.5
ϕ (i,j−1,k)

∆θ

−Hn+0.5
θ (i,j,k)

∆ϕ +
Hn+0.5

θ (i,j,k−1)
∆ϕ }

(11)

En+1
θ (i, j, k) = 2ε−σ∆t

2ε+σ∆t En
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2∆t
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i∆r+Re × {
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r (i,j,k)
∆ϕ sin(j∆θ)

− Hn+0.5
r (i,j,k−1)
∆ϕ sin(j∆θ)

−
(

i + Re
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)
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ϕ (i, j, k) +
(

i− 1 + Re
∆r

)
Hn+0.5

ϕ (i− 1, j, k)}

(12)
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En+1
ϕ (i, j, k) = 2ε−σ∆t

2ε+σ∆t En
ϕ(i, j, k) +

2∆t
2ε+σ∆t

i∆r+Re × {(
i + Re

∆r

)
Hn+0.5
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(
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∆θ }

(13)

Hn+0.5
r (i, j, k) = Hn+0.5

r (i, j, k)− ∆t
(µi∆r+Re) × {

sin((j + 1)∆θ)
En
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En
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∆ϕ }

(14)

Hn+0.5
θ (i, j, k) = Hn+0.5

θ (i, j, k)− ∆t
(µi∆r+Re) × {

En
r (i,j,k+1)

sin(j∆θ)∆ϕ
− En
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sin(j∆θ)∆ϕ

−
(
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)
En
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(
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)
En
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(15)

Hn+0.5
ϕ (i, j, k) = Hn+0.5

ϕ (i, j, k)− ∆t
(µi∆r+Re) × {

En
r (i,j,k)

∆θ − En
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+
(
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)
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(
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∆r

)
En
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(16)

where Re denotes the Earth’s radius; ε denotes the dielectric constant; σ denotes the con-
ductivity; µ denotes the permeability coefficient; ∆t denotes the time interval; and En

r (i, j, k)
denotes the radial electric field of position (i, j, k) at time step n. When the computational
space is filled with lossy medium, due to the high conductivity at the top of the Earth–
ionosphere cavity, the ELF EM wave will rapidly decay with the propagation of radial
distance. Compared with its amplitude below 60 km, it will be almost exhausted before
reaching the surface of the outer spherical shell, which is the bottom of the ionosphere.
Therefore, it is not necessary to especially consider the ionospheric reflection, which cannot
be significantly helpful for this paper in the study of the propagation characteristics of
the ELF EM wave in the Earth–ionosphere cavity [35]. The boundary conditions at the
surface of the waveguide were set to match the perfect electric conductor (PEC) boundary
conditions in the three-dimensional Earth–ionosphere waveguide model. Where longitude
lines of 0◦ and 360◦ coincide, the periodic boundary condition in Equation (17) is set:

Er(i, 1) = Er(i, Nϕ) (17)

The conditions of cells at the south and north poles require special processing because
the iterative formula in the spherical Earth–ionosphere waveguide model induces insta-
bility at the south and north poles. Equation (18) is the iterative equation of the radial
component of the electric field in the Arctic region:

En+1
r (i) = 2ε−σ∆t

2ε+σ∆t En
r (i)

+
sin( ∆θ

2 )∆ϕ

2π(1−cos( ∆θ
2 ))(Re+(i+0.5)∆r)

k=2π

∑
k=0

Hn+0.5
ϕ (i, 0, k)

(18)

Equation (19) is the iterative equation of the radial component of the electric field in
the Antarctic region:

En+1
r (i) = 2ε−σ∆t

2ε+σ∆t En
r (i)

− sin( ∆θ
2 )∆ϕ

2π(1+ cos( ∆θ
2 ))(Re+(i+0.5)∆r)

k=2π

∑
k=0

Hn+0.5
ϕ (i, jb, k)

(19)

Furthermore, we consider the numerical stability of the three-dimensional Earth–
ionosphere waveguide model. In the meshing process, the length of the cell is an important
factor that decides whether the iterative process will be of convergence. In general, the finer
the mesh, the smaller the probability of occurrence of numerical dispersion effect. However,
considering the computing power of computers, the model can meet the condition if the



Remote Sens. 2021, 13, 4107 10 of 27

grid is less than one-twelfth of the wavelength of the EM wave propagating through it.
In this paper, the numerical dispersion constraint was satisfied. In addition, the stability
condition of the finite-difference time-domain equation was the Courant stability limit,
which is the relationship between the space step and time step. The Courant stability
condition of the time step in the spherical coordinate system is Equation (20), and we
generally adopt Equation (21) in the actual simulation experiment:

∆t ≤ δmin/
√

3c (20)

∆t = δmin/2c (21)

where c is speed of the light; and δmin is the minimum mesh length. It is obvious that the
smallest space–cell distance in the waveguide model is the radial length ∆r, which is 5
km in this paper. The numerical stability condition can be satisfied and so far, the three-
dimensional Earth–ionosphere waveguide model in spherical coordinates is complete.

The next step is to set the relevant parameters of the electromagnetic characteristics of
the atmosphere and the ionosphere, and two types of model can be selected: the lossless
model and the lossy model. In the lossless model, no parameters of the waveguide
environment are set. Thus, the whole waveguide model is in vacuum, which is an ideal
state. In the lossy model, the parameters are set as horizontal uniformity. The permeability
σm is 0, the dielectric constant ε is 8.85 × 10−12 F/m and the permeability coefficient µ is
4π × 10−7 H/m. Altitude profiles of conductivity can be chosen as the knee model and
two-exponential model. Equation (22) is the formula of the conductivity models:

σ(h) = Ae
h−hkn1

a + Be
h−hkn2

b (22)

where A = B = 5.6 × 10−10, hkn1 = hkn2 = 45 km, a = 2.9 km and b = 8.3 km for the knee
model [36]; A = 4.4 × 10−10, B = 1.6 × 10−4, hkn1 = 50 km, hkn2 = 10 km and a = b = 5 km
for the two-exponential model [33,37]; and h is the height in kilometers. The knee profile
and the two-exponential profile are plotted in Figure 5 where the blue curve indicates the
knee model and the red curve indicates the two-exponential model. Figure 5 illustrates the
fact that the knee model is larger than the two-exponential model at the same height below
40 km and they intersect between 40 km and 90 km. Above 90 km, the knee model is less
than the two-exponential model at the same height. The Earth’s surface is chosen to be that
of rock.

Figure 5. The conductivity of the knee profile and the two-exponential profile. The blue line
corresponds to knee profile and the red line corresponds to the two-exponential profile.
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4. Results

In Sections 2 and 3, the simulation of the lithospheric EM radiation model and the
Earth–ionosphere waveguide model were established, respectively. Furthermore, we
simulated the wave coupling and alternating electric field coupling in multiple circles of the
lithosphere, atmosphere and ionosphere in Section 4. The schematic diagram of the whole
process is presented in Figure 1. By combining the lithosphere electrokinetic coseismic
effect model and the Earth–ionosphere waveguide model, the global propagation process
of the EM wave in the atmosphere and ionosphere could be simulated after calculating the
distribution of the EM wave on the Earth’s surface as the initial input waveform. Therefore,
a multi-layer coupling simulation was realized, which is a feasible and convenient method
of studying the LAIC electromagnetic radiation mechanism.

In Section 2, we obtained the electric field components of an EM wave in the rock
medium near the Earth’s surface simulated by the lithosphere electrokinetic coseismic
effect model. Before we assume the results, as a source of input into the Earth–ionosphere
waveguide system, it is necessary to consider the specific situation in which the EM
wave crosses the surface. In the lithosphere, the EM wave simulated by the electrokinetic
coseismic effect model propagates in all directions, thus generating electric and magnetic
fields in all directions, and finally forming horizontal electric field components Ex, Ey and
vertical electric field components Ez in the Cartesian coordinate system, which was clearly
demonstrated in Section 2. For continental earthquakes, the boundary of the medium is
the surface of the Earth (take rock and air as an example); therefore, the EM wave must
satisfy certain boundary conditions when crossing the surface.

After penetrating the boundary of the medium, EM waves either propagate as ground
waves along the surface of the Earth, or radiate to high altitudes at certain elevation angles.
In both cases, electric field components of the waves exist in all directions. Since this paper
is mainly focused on the electric field component of EM waves propagating to the bottom
of ionosphere, the vertical electric field component was selected as the initial input for the
Earth–ionosphere waveguide model. It is known that when the electric wave propagates
from the ground across the boundary to the air, the normal components of the magnetic
flux densities and the tangential components of the electric field intensities in two media
are continuous at the interface (z = 0 km):

E0t|t=0+ = E0t|t=0− (23)

while the normal components are discontinuous and ignore the current:

k0
2E0z|z=0+ = kg

2E0z|z=0− (24)

where k denotes the propagation wave number k =
√

ω2µε̃; k0 denotes the propagation
wave number in air; kg denotes the propagation wave number in rock; ω denotes the
angular frequency ω = 2π f ; µ denotes the permeability; ε̃ denotes the complex dielectric
constant, which is an important parameter to characterize the electrical characteristics of
geology, where ε̃ = εr− j σ

ωε0
= εr− j60λσ; εr denotes the relative permittivity, where εr ≈ 1

for the air and εr ≈ 4 for the rock; ε0 denotes the vacuum permittivity; σ denotes electrical
conductivity, where σ ≈ 10−14 S/m for the air near the Earth’s surface and σ ≈ 10−7 S/m
for the rock; and λ denotes the wavelength of the radio wave, where λ = 6 × 106 m for
the EM wave of 50 Hz. The air occupies the upper half of the space characterized by the
permittivity ε0 and permeability µ0 while the ground occupies the lower half space charac-
terized by the permittivity ε1 = εr·ε0, permeability µ0, and conductivity σ1, as presented in
Figure 1. Therefore, according to Equation (24), the electric field in the atmosphere near the
ground surface is approximately 36 times that in the rock. In order to be more practical
and credible, the electric field amplitude on the Earth’s surface can be modified according
to the observation values. In Section 4, when modeling the Earth–ionosphere cavity, the
results of the electrokinetic coseismic effect model at the surface are normalized to facili-
tate the comparison with the actual observation results. The waveform of the coseismic
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simulation result is adopted as the initial electric field imported into the Earth–ionosphere
waveguide model, while the amplitude is determined by the observation results in the
atmosphere. Additionally, if the wave normal vector is not vertical, the horizontal electric
field components can also be chosen as the source by changing the boundary conditions of
Earth’s surface.

Refs. [38–40] pointed out that the duration and frequency of natural earthquakes
and blasting earthquakes are different. Whilst the duration of a blasting earthquake is
short, generally less than 1 s, and the frequency is high, ranging from 10 Hz to 100 Hz, the
duration of a natural earthquake is long with a main frequency ranging from 1.25 Hz to
10 Hz. By adjusting the parameters of the acoustic source function at the earthquake source,
we can obtain the EM waves at the ground with the forms of a one-dimensional point or a
two-dimensional surface. Section 4 contains the simulation results of the Earth–ionosphere
waveguide model in the following four cases.

4.1. Case 1

The Earth conductivity model is in knee profile, and the EM wave on the Earth’s sur-
face is located in one cell whose initial center frequency is 50 Hz and whose duration time
is 0.04 s. The reason for choosing 50 Hz was that the frequency of the blasting earthquake
ranges from 10 Hz to 100 Hz, and in order to prevent the influence of Schumann resonance
on the simulation, a frequency below 50 Hz was not selected. Based on the electrokinetic
coseismic effect model, the normalized waveform of the EM wave at the surface (setting
x = 3.5 km; y = 0 km; z = 0 km) was calculated, as shown in Figure 6a. By Fourier trans-
forming the waveform, Figure 6b presents the corresponding frequency which varies from
0 Hz to 100 Hz. Referring to other researchers’ single-point source simulation method, the
EM wave in Figure 6a was input into the Earth–ionosphere waveguide model at an altitude
of 0 km, a longitude of 176◦E and a latitude of 21◦N to simulate the propagation process
of the EM wave in the atmosphere and ionosphere. Thus, we obtained the simulation
result of 20 (0 ≤ r ≤ 95 km) ×128 (−π/2 ≤ θ ≤ π/2) ×256 (−π ≤ ϕ ≤ π) cells on the
three-dimensional sphere of the Earth with time varying from 0 to 0.4 s. The resolutions
were ∆r = 5, ∆θ = π/128 and ∆ϕ = 2π/256, and the time interval was 8.34 × 10−6 s.

Figure 6. The abnormal vertical ELF electric field induced by earthquake, as calculated by the
electrokinetic effect model and then normalized: (a) the waveform of Ez in the time domain; and
(b) the frequency spectrum of Ez.

Figure 7 demonstrates the three components of the electric field and the total elec-
tric field received at six positions of the FDTD grid on the Earth–ionosphere waveg-
uide system, in which (a) corresponds to a longitude of 176◦E, a latitude of 21◦N and a
height of 0 km; (b) corresponds to a longitude of 141◦E, a latitude of 30◦S and a height
of 0 km; (c) corresponds to a longitude of 80◦W, a latitude of 30◦N and a height of 0 km;
(d) corresponds to a longitude of 150◦W, a latitude of 51◦S and a height of 0 km; (e) corre-
sponds to a longitude of 80◦W, a latitude of 30◦N and a height of 10 km; and (f) corresponds
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to a longitude of 80◦W, a latitude of 30◦N and a height of 50 km. Figure 7a–d present
the variation of the electric field in four different positions at the height of 0 km and
the results are contrastively analyzed. Figure 7a is the source position from which the
earthquake-induced EM wave simulated by the electrokinetic effect model was imported
into the Earth–ionosphere waveguide model. Figure 7c shows that the waveform is blank
before 0.04 s, which is the same as the time required for the EM wave transmitting from
the epicenter to the destination at the speed of light in the medium. The first and second
waves appear between 0.04 s and 0.08 s and between 0.12 s and 0.16 s, which are spread
from the shorter path and longer path between the two positions on the Earth’s surface,
respectively. Furthermore, Figure 7 shows the 180 phase reversals of the electric field at
the second wave, which is because the phase of the EM wave will jump by 90◦ When it
propagates through the antipode, as proven by ref. [27,41]. Furthermore, after the wave
propagates through the observation point and travels along an entire great circle, the third
disturbance appears between 0.20 s and 0.23 s, which presents the bounce of the EM wave
in the Earth–ionosphere waveguide. The time difference between the first wave and the
third wave is approximately 0.155 s, which is uniform with the circumnavigation period of
the EM wave. The results in Figure 7b,d are roughly the same as that in Figure 7c, while
the second waves appear between 0.08 s and 0.11 s. The distinction is that a new wave
appears between 0.13 s and 0.16 s, and the interpretation will be analyzed in detail below.

Figure 7c,e,f present the variation of the electric field in same position at heights of 0,
10 km and 50 km and the results are contrastively analyzed. The three subfigures all have
three disturbances and compare the radial component of electric fields, and the waveforms
and amplitudes at heights of 10 km and 50 km are analogous to those at the surface. The
meridional and zonal electric fields at heights of 10 km and 50 km have similar waveforms
and different amplitudes. Since the amplitude at the height of 50 km is greater than that at
10 km, this illustrates the process of the radial electric field being partially converted into
the meridional and zonal electric fields.

As shown in Figure 8, the variation of the total electric field at different heights with
time after fixing the longitude and latitude positions are plotted, where (a) corresponds
to a longitude of 114◦E and a latitude of 21◦N; (b) corresponds to a longitude of 141◦E
and a latitude of 30◦S; (c) corresponds to a longitude of 80◦W and a latitude of 30◦N;
and (d) corresponds to a longitude of 150◦W and a latitude of 51◦S. Figure 8a–d present
the variation of the electric field in four different positions with the height from 0 km to
95 km and the results were contrastively analyzed. The emergence time of the EM waves
in subfigures c,d is slightly lagging behind because the distances between the positions
(c) and (d) and the epicenter are farther than those of positions (a) and (b). Figure 8a,c
show three waves which are consistent with the analysis in Figure 7c. As was the case for
Figure 7b,d, the interpretation of Figure 8b,d will be analyzed in detail below. Figure 8
indicates that the electric fields significantly attenuate near the height of 60 km, which is
influenced by the inflection point of the conductivity knee model and is coherent with the
simulation results of [42].
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Figure 7. Horizontal and vertical electric fields and total electric field received at six positions of the FDTD grid on the
Earth–ionosphere waveguide model. The longitude, latitude and height were (a) (176◦E, 21◦N, 0 km); (b) (141◦E, 30◦S, 0
km); (c) (80◦W, 30◦N, 0 km); (d) (150◦W, 51◦S, 0 km); (e) (80◦W, 30◦N, 10 km); and (f) (80◦W, 30◦N, 50 km).
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Figure 8. Total electric field received at different heights with time on the Earth–ionosphere waveg-
uide model. The longitude and latitude are (a) (114◦E, 21◦N); (b) (141◦E, 30◦S); (c) (80◦W, 30◦N); and
(d) (150◦W, 51◦S).

Figure 9 presents the variation of the electric field at different longitudes with time
after fixing heights and the latitude position, where (a) corresponds to a height of 30 km and
a latitude of 20◦S; and (b) corresponds to a height of 90 km and a latitude of 20◦S. The EM
wave firstly appears near a longitude of 176◦E at 0.02 s and then diffuses and propagates
towards the west and east, as shown in Figure 9. Then, it converges for the second time
near a longitude of 176◦E at 0.18 s and continues its propagation process. By comparative
analysis of the subfigures in Figure 9, at different heights, the diffusion and propagation
processes of the electric field are approximately the same, while the amplitudes at 30 km
and 90 km have approximately three orders of magnitude in difference, which is coherent
with the conclusion of rapid attenuation above 60 km in Figure 8. At 0.1 s, the amplitude of
the EM wave has a slight rise that covers the entire longitude and the interpretation will be
analyzed in detail below.

Figure 10 illustrates the variation of the electric field at different latitudes with time
after fixing heights and the longitude position, where (a) corresponds to a height of 20 km
and a longitude of 155◦E; and (b) corresponds to a height of 60 km and a longitude of 155◦E.
The EM wave first appears near a latitude of 21◦N at 0.01 s, then arrives in the north and
south poles at 0.03 s and 0.05 s, respectively. After reaching the north and south poles, the
EM wave crosses the poles and appears at a longitude of 25◦W (not shown in Figure 10).
Meanwhile, waves from a longitude of 25◦W appear at 0.05 s and 0.13 s in the north and
south poles and converge near a latitude of 21◦N at 0.18 s. After comparatively analyzing
the subfigures in Figure 10, we found that the diffusion and propagation processes of the
electric field are roughly similar at different heights, while the amplitude at 20 km and
60 km is approximately equal, which is coherent with the conclusion that the electric field
does not attenuate below a height of 60 km in Figure 8.
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Figure 9. Total electric field received at different longitudes with time on the Earth–ionosphere
waveguide model. The latitude and height are (a) (20◦S, 30 km) and (b) (20◦S, 90 km).

Figure 10. Total electric field received at different latitudes with time on the Earth–ionosphere
waveguide model. The longitude and height are (a) (155◦E, 20 km) and (b) (155◦E, 60 km).

Combining the distributions of the electric field at different longitudes and latitudes
after fixing height and time in Figures 11–13—where subfigures a–f correspond to different
times and Figures 11–13 correspond to different heights—we analyzed the transmission
regularity of EM waves. As mentioned above, at the initial time, the simulation result of
the electrokinetic coseismic effect model was imported into the Earth–ionosphere model
as the source. Subgraphs a, b, c and d demonstrate that the EM waves diffuse around the
epicenter and temporally gather at the antipode of the source (longitude 4◦W, latitude 21◦S)
at 0.08 s, which agrees well with the simulation conclusions of other researchers [27,43].
There are circles with increasing and decreasing intensities because of the initial wave
pattern. Subfigure e is analyzed in detail to explain Figure 7b,d and Figure 8b,d. At the time
of 0.16 s, the EM wave finishes a great circle around the Earth at the speed of light. However,
in contrast with the initial moment, the distribution of the EM wave is not only at the
epicenter but also around its region, which elucidates the reason for which the additional
disturbances exist between 0.13 s and 0.16 s, as shown in Figure 7b,d and Figure 8b,d. At
the time of 0.1 s, the EM wave is propagating back to the epicenter from the antipode.
Therefore, it leads to the slight increase in the EM wave’s amplitude that covers the entire
longitude at the latitude of 20◦S in Figure 9. In addition, subgraph f presents the simulation
results of 0.32 s and that the distribution shape of EM waves changes after transmitting
around the Earth twice. By investigating the subfigures in Figure 11 at different heights,
the diffusion and propagation processes of the electric field are roughly analogous, while
the amplitude decreases as height increases—which is coherent with the conclusion of
Figure 8.
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Figure 11. The electric field distribution on the Earth–ionosphere waveguide model at 10 km. The
time is (a) 0.02 s; (b) 0.04 s; (c) 0.06 s; (d) 0.08 s; (e) 0.16 s; and (f) 0.32 s.

Figure 12. Same as Figure 11, but for a height of 60 km.
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Figure 13. Same as Figure 11, but for a height of 90 km.

Figure 14 illustrates the variation of the electric field at different latitudes and heights
after fixing the time and longitude position, where (a) corresponds to a time of 0.02 s and
a longitude of 176◦E; (b) corresponds to a time of 0.04 s and a longitude of 176◦E; and
(c) corresponds to a time of 0.20 s and a longitude of 176◦E. At 0.02 s, the disturbance
appears near 21◦N, and then the EM wave propagates towards the north and south poles.
In terms of height, Figure 14 presents an obvious attenuation of the electric field at 60 km,
and the propagation range increases at 0.04 s. After transmitting around the Earth, the EM
wave converges at the epicenter region again, as shown in Figure 14c.

Figure 14. Total electric field received at different latitudes and heights on the Earth–ionosphere
waveguide model. The longitude and time are (a) (176◦E, 0.02 s); (b) (176◦E, 0.04 s); and (c) (176◦E,
0.20 s).

Figure 15 demonstrates the variation of the electric field at different longitudes and
heights after fixing the time and latitude position, where (a) corresponds to a time of
0.02 s and a latitude of 21◦N; (b) corresponds to a time of 0.04 s and a latitude of 21◦N;
(c) corresponds to a time of 0.06 s and a latitude of 21◦N; and (d) corresponds to a time
of 0.20 s and a latitude of 21◦N. At 0.02 s near the initial time, the disturbance appears at
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approximately 176◦E, and the EM wave propagates towards the west and east. In terms
of height, Figure 15 shows an obvious attenuation of the electric field at 60 km and the
propagation range increases at 0.04 s and 0.06 s. At 0.20 s, the EM wave transmits back to
the epicenter region, therefore amplitudes around the epicenter region have large values.

Figure 15. The total electric field received at different longitudes and heights on the Earth–ionosphere
waveguide model. The latitude and time are (a) (21◦N, 0.02 s); (b) (21◦N, 0.04 s); (c) (21◦N, 0.06 s);
and (d) (21◦N, 0.20 s).

4.2. Case 2

The Earth conductivity model has a two-exponential profile, and the EM wave is
located in one cell, whose initial center frequency is 50 Hz and whose duration time is
0.04 s. The EM wave in Figure 6a is input to the Earth–ionosphere waveguide model at the
altitude of 0 km, longitude of 176◦E and latitude of 21◦N.

Figure 16 demonstrates the variation of the electric field at different longitudes and
latitudes after fixing the times and altitude, where (a) corresponds to a time of 0.02 s
and an altitude of 60 km; (b) corresponds to a time of 0.04 s and an altitude of 60 km;
(c) corresponds to a time of 0.06 s and an altitude of 60 km; (d) corresponds to a time
of 0.08 s and an altitude of 60 km; (e) corresponds to a time of 0.16 s and an altitude
of 60 km; and (f) corresponds to a time of 0.32 s and an altitude of 60 km. Combining
Figures 12 and 16, it is obvious that the propagation results are similar while the amplitudes
vary by several times because of the discrepancy of the conductivity profiles.

4.3. Case 3

The Earth conductivity model is in knee profile, and the EM wave is located in several
cells whose initial center frequency is 50 Hz and whose duration time is 0.04 s. We modified
the Earth–ionosphere waveguide model in Section 3, including by dividing the radial grid
into 5, the meridional grid into 1280, the zonal grid into 640 and selecting an appropriate
time step to meet the stability conditions of the model. The EM wave was input into the
Earth–ionosphere waveguide model at the altitude of 0 km, longitude of 174.3–177.1◦E and
latitude of 19.3–22.1◦N. Since the range of the electrokinetic effect model on the surface
is 160 km × 160 km and the resolution of the Earth–ionosphere model is approximately
30 km × 30 km, the simulation result of electrokinetic effect is constituted of 5 × 5 grids.
At every grid, the ELF electric field results are similar to those in Figure 6a. Based on
the electrokinetic coseismic effect model, the EM wave at the surface (x = −80 km–80
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km, y = −80 km–80 km, z = 0 km) is calculated and the result at initial time is shown in
Figure 17. Thus, we obtain the simulation result of 5 (0 ≤ r ≤ 80 km) × 640 (−π/2 ≤ θ ≤
π/2) × 1280 (−π ≤ ϕ ≤ π) cells on the three-dimensional sphere of the Earth with time
varying from 0 s to 0.4 s. The resolutions are ∆r = 20, ∆θ = π/640 and ∆ϕ = 2π/1280.

Figure 16. The electric field distribution on the Earth–ionosphere waveguide model at 60 km. The
time is (a) 0.02 s; (b) 0.04 s; (c) 0.06 s; (d) 0.08 s; (e) 0.16 s; and (f) 0.32 s.

Figure 17. The seismic electric field distribution on the Earth’s surface at the initial time which is
calculated by the electrokinetic coseismic effect model and then normalized.

Figure 18 demonstrates the variation of the electric field at different longitudes and
latitudes after fixing the times and altitude. Comparing Figures 12 and 18, in terms of over-
all morphology, the global distributions of EM waves in two cases are roughly analogous.
Nevertheless, it is conspicuous that the details in Figure 18 are more abundant and can
reveal the propagation approach of EM waves, although the corresponding calculations
are also greatly increased. Furthermore, in some local areas, EM waves have different
distribution shapes in two cases because of the increase in data around the epicenter region
at the initial time.
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Figure 18. The electric field distribution on the Earth–ionosphere waveguide model at 60 km. The
time is (a) 0.02 s; (b) 0.04 s; (c) 0.06 s; (d) 0.08 s; (e) 0.16 s; and (f) 0.29 s.

4.4. Case 4

The Earth conductivity model is in knee profile, and the EM wave is located in one
cell, whose initial center frequency is 3 Hz and whose duration time is 1 s. The reason
for choosing 3 Hz is that the frequency of a natural earthquake ranges from 1.25 Hz to
10 Hz. As mentioned above, it takes an EM wave 0.155 s to circle the Earth in the model.
Therefore, it is difficult to discern the periodic propagation regulation of the EM wave
from the simulation results due to a natural earthquake’s long duration. As shown in
Figures 7–13, the periodic propagation regulation of the EM wave is obvious because its
focal duration is far less than 0.16 s. Figure 19 is the same as Figure 6 but for a new EM wave
result after altering the center frequency and pulse duration of the acoustic source function
at the seismic source. The EM wave in Figure 19a was input into the Earth–ionosphere
waveguide model at the altitude of 0 km, longitude of 176◦E and latitude of 21◦N. The
variation of the electric field at different altitudes with time after fixing the longitude and
latitude positions is plotted in Figure 20. In the first second, the imported electric field from
the epicenter propagates to the whole Earth. Additionally, the electric field’s amplitude
gradually attenuates. In accordance with Figure 8, the amplitude rapidly decreases above
60 km, and its maximum height gradually decreases with time. Figure 21 illustrates the
variation of the electric field at different longitudes and latitudes after fixing the times and
altitude, in which the altitude is 60 km, and subgraphs a, b, c and d correspond to the times
of 0.2 s, 0.4 s, 0.6 s and 1.2 s, respectively. In the first second, the distribution regularities
of EM waves of Figure 20a–c resemble those in the previous figures because of the input
electric field from the epicenter. Afterwards, Figure 20d shows that the eventual global
distribution of the EM field will gradually become uniform.
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Figure 19. Same as Figure 6, but for the EM wave with new parameters of center frequency and
duration time.

Figure 20. Total electric field received at different heights with time on the Earth–ionosphere waveg-
uide model. The longitude and latitude are (a) (114◦E, 21◦N); (b) (141◦E, 30◦S); (c) (80◦W, 30◦N); and
(d) (150◦W, 51◦S).
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Figure 21. The electric field distribution on the Earth–ionosphere waveguide model at 60 km. The
time is (a) 0.2 s; (b) 0.4 s; (c) 0.6 s; and (d) 1.2 s.

5. Discussions

By means of theoretical analysis and numerical simulation, the global propagation
process of ELF electromagnetic waves generated by electromagnetic radiation in the litho-
sphere, atmosphere and ionosphere during the coseismic period was systematically inves-
tigated in this paper. By establishing the model of EM wave propagation across multiple
circles, the qualitative and quantitative simulation of coseismic ELF electromagnetic radia-
tion was preliminarily realized. The numerical model adopted in the lithosphere is based
on the electrokinetic coseismic effect, and the numerical model applied in the atmosphere
and the bottom of ionosphere is based on the Earth–ionosphere waveguide system. Mean-
while, the two models were coupled at the surface by boundary conditions. The results
present that it takes the EM wave 0.155 s to circle the Earth in our model, and that this
time and the spatial distribution of the EM wave vary in different simulation models. For
example, when changing the conductivity, porous media and considering the existence of
ocean and plasma, the time distribution and spatial distribution of simulation results will
be different, which can be addressed in future works.

We can further update the numerical model by combining the ground-based and
space-based observation results of ELF electromagnetic fields in the lithosphere, atmo-
sphere and ionosphere, so as to make the simulation results more consistent with real
situations and provide a reliable reference for related research. Considerable observations
of the ELF electric field were reported which can be utilized to confirm the amplitude of
ELF electric fields in the lithosphere, atmosphere and ionosphere. Ref. [44] mentioned that
solar activity, galactic cosmic ray modulation and modulated short-wavelength radiation
are accompanied with ELF Ez disturbances of 10−3–1 V/m. They developed a fluxmeter to
monitor the weak Ez oscillation in the ELF range at heights of 1 m and 3 m and observations
showed that the amplitude of the ELF atmospheric vertical electric field is approximately
tens of mV/m under normal conditions. ELF data recorded by two observatory stations in
Israel and Hungary during thunderstorms were investigated, and using vertical electric
ball antennas for receiving Er, ref. [45] detected the ELF vertical electric field results with
amplitudes of tens of mV/m. The vertical DC atmospheric electric field is approximately
102 V/m under fair weather conditions, but will increase to 104 V/m during thunderstorms,
and increase to 103 V/m before and after earthquakes [46]. Therefore, it is reasonably spec-
ulated that the amplitude of an atmospheric ELF vertical electric field will also significantly
increase before and after an earthquake. However, observational evidence to confirm the
increase in ELF atmospheric electric field caused by earthquake is still lacking, let alone its
specific amplitude. In addition, ref. [5,47,48] investigated different physical phenomena by
analyzing Demeter satellite data, respectively, and their results imply that the amplitude
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of an ELF electric field at an altitude of 660 km is approximately 10µV/m under normal
conditions.

In this paper, we simulated the global propagation characteristics of the coseismic
ELF electromagnetic wave in the Earth–ionosphere cavity by virtue of the waveform of
the lithosphere electrokinetic coseismic effect model on the Earth’s surface. As presented
in Figures 11–13, the amplitude of the electric field simulated by the Earth–ionosphere
waveguide model attenuates by approximately 2–3 orders of magnitude when the ELF
wave at the surface propagates to the bottom of the ionosphere, and by approximately
4–5 orders of magnitude when it propagates to a height of 90 km. ELF observation data
in the low ionosphere are relatively scarce and cannot be quantitatively compared with
the model simulation results, but the decreasing trend of the ELF electric field is consistent
with the model results.

Other researchers have also contributed to the numerical simulation of electromagnetic
radiation. Utilizing topographic and bathymetric data from the NOAA-NGDC “Global
Relief CD-ROM”, a conceptual model of the lithosphere conductivity profile, atmosphere
day- and nighttime exponential conductivity profiles, ref. [49] proposed a rigorous 3-D
computational solution to the full-vector Maxwell equations for hypothesized pre-seismic
EM phenomena propagated within the entire Earth–ionosphere cavity. Furthermore, they
simulated electrokinetic currents near the hypocenter of the Loma Prieta earthquake and
presented the calculated surface H-field. Furthermore, ref. [50] extended the model in the
lithosphere, atmosphere and ionosphere and analyzed ionospheric anomalies during or
prior to the earthquakes. Our model and the model in ref. [49] both employ an electrokinetic
model as the source of the ELF EM wave. The difference is that they utilized a Biot–
Savart model to calculate the EM wave while we adopted Pride’s governing equations of
acoustic-electromagnetic coupling in porous media. Additionally, ref. [49] did not present
simulation results for the atmosphere. In addition, ref. [49] and [50] did not analyze the
global distribution of EM fields because they mainly focused on the frequency distribution
of the modeling results. Ref. [42] simulated the Earth–ionosphere system model utilizing
a three-dimensional FDTD algorithm and Maxwell equations on the neutral medium,
whose excitation sources are Gaussian pulse current sources on the Earth’s surface. They
analyzed the distribution of ELF EM fields in a local area and their simulation results
of the propagation process in atmosphere and ionosphere were consistent with ours.
Moreover, ref. [51] did theoretical calculations on EM fields in the frequency range of
10−2 Hz–102 Hz induced by stochastic micro-current activity inside the seismic sources
in the lithosphere, atmosphere and ionosphere. They presented the dependence of radial
distance on the ground for the radial and azimuthal current source and their attenuation
trends of electric field and magnetic field components with distance were consistent with
our simulation results.

However, the simulation of electromagnetic radiation in the lithosphere, atmosphere
and ionosphere is complicated work. The multi-layer coupling model in this paper was
not sufficiently established, and the current research results are only preliminary. On the
one hand, the formation principle of seismic electromagnetic radiation in the lithosphere
is still not comprehensive and thorough. In this paper, we adopted the electrokinetic
coseismic effect as the formation mechanism of earthquake-induced EM waves in the
lithosphere; however, it is only one of the credible theories attempting to elucidate the
EM radiation. Other possible theories include the piezoelectric effect, motion of charged
edge dislocations (MCD) [52] and stress-induced electromagnetic emissions. In addition,
the electrokinetic effect is insufficient to explain the abnormal phenomena of ULF, ELF
and VLF observed by researchers before earthquakes and the pre-earthquake seismic EM
radiation mechanism has not yet formed a convincing simulation model. The physical
mechanism of seismic electromagnetic radiation in the lithosphere still requires further
research. Therefore, the electrokinetic coseismic effect model in the lithosphere can be
substituted when a reliable numerical model of pre-earthquake seismic electromagnetic
radiation is implemented. On the other hand, although the Earth–ionosphere waveguide
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model established in this paper fulfills the basic requirements of EM wave simulation, it
does not embody the realistic characteristics of the ionosphere. We expect that further
optimizations can be realized, including by adopting a realistic ionosphere conductivity
tensor and introducing interaction between EM waves and plasma.

6. Conclusions

In our study, we aimed to combine the underground electrokinetic coseismic effect
model and the Earth–ionosphere waveguide model to investigate the global propagation
characteristics of ELF EM waves generated by earthquakes. This proposed ELF EM wave
propagation model of lithosphere–atmosphere–ionosphere coupling is very promising for
the explanation of abnormal disturbances of ground-based and space-based observation
results of ELF EM fields which are associated with earthquakes.

Our principal conclusions are as follows:

1. The coseismic EM wave with a frequency of 50 Hz and a duration of 0.04 s is simulated
in multiple layers, and the modeling results indicate that it takes approximately 0.155 s
to circle the Earth under the influence of the phase delay of the conductivity profiles.
When the electromagnetic wave reaches heights of 60 km and 90 km, its amplitude
rapidly decreases by approximately 2–3 and 4–5 orders of magnitude, respectively.
The electromagnetic field distributions are roughly similar across all altitudes and
initially are uncomplicated but later on become irregular.

2. The Earth’s conductivity parameter dramatically influences the simulation and leads
to several times of difference in the amplitude of the EM wave. Therefore, we can
update the model by applying a more sophisticated and realistic conductivity model.

3. The simulation results of the blasting earthquake with a short duration (0.04 s) present
the periodic propagation regulation of the EM wave, which provides references for
the propagation regulation of a natural earthquake of long duration (1 s).

4. The electrokinetic coseismic effect model generates a one-dimensional or two-dimensional
distribution of EM waves on the surface of the Earth and is coupled with the Earth–
ionosphere waveguide model through boundary conditions. Although the compu-
tation is larger if the initial source on the Earth’s surface is two-dimensional, the
simulation results present more details.
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