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Atmospherics

According to WWLLN (The World Wide Lightning Location Network), up to 50
lightning strikes occur on earth every second. Lightning discharges in thunderstorm
clouds generate naturally occurring electromagnetic radiation.

This allows us to consider lightning discharges as constantly acting sources of
pulsed electromagnetic radiation (atmospherics) [Koronczay, 2019]
[Lichtenberger J., 2008, Storey L. 1953].

Definition 1
Atmospheric is a broadband signal with maximum intensity in the 6-10 kHz range.

However, atmospheric propagates not in free space, but in the complex
conductive structure of a waveguide [Budden and Eve, 1975].



Earth-ionosphere waveguide
A waveguide is a structure that directs waves, such as electromagnetic waves or sound, with minimal

energy loss by limiting energy transfer in one direction [Sarkar et al., 2006].

Figure 1: Geometry of ray propagation in the surface ionospheric waveguide (Earth-ionosphere waveguide)

Ionospheric waveguide – the region of space between the Earth’s surface and the ionosphere (or
between layers of the ionosphere [Wait, 1970]). An example is shown in (Fig. 1), which illustrates
localized radio wave propagation [Spies and Wait, 1961].

Definition 2
In a surface ionospheric waveguide (Earth-ionosphere waveguide), the lower boundary is the Earth’s
surface and the upper boundary is one of the ionospheric layers (Fig. 1).



Inhomogeneities at the waveguide boundary

Atmospheric propagation [Helliwell, 2006, Helliwell and Pytte, 1966] has an imminent interaction
with inhomogeneities in the waveguide.

These inhomogeneities are caused by changes in the conductivity of the waveguide walls in
the direction of atmospheric propagation. They can exist permanently (coastal line of oceans), or
be temporarily occurring (local conductivity change).

In turn, the local change in conductivity can be caused by changes in the chemical composition
of subsurface near-surface water [Копылова et al., 2018].

Water is known to be a good conductor. However, secondary minerals may appear in the
composition of water due to geological activity.

There may also be non-electrically conductive CO2 as part of the free gases dissolved in
the water. Deep CO2 emissions characterize many seismically active regions around the world
[Chiodini et al., 2020].

Such impurities in the composition of subsurface near-surface water may be the cause of
conductivity inhomogeneities.

Presumably, this could link the changes in earth conductivity (inhomogeneity) modeled in this
study and some hydrogeochemical precursors to earthquakes weeks to months before they occur.



System of Maxwell’s equations

In many problems of modeling electromagnetic phenomena (and in particular
computational electromagnetics), the starting point will be Maxwell’s fundamental
equations [Maxwell, 1865]. Formulated more than a century and a half ago, they
are still in great demand:
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Given the additional relations [Nickelson, 2018, page 202] defining the free
space, the equations (1) can be rewritten as:
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где
σe — conductivity [siemens/meter];
σm — magnetic conductivity [ohms/meter].

Remark 1
Using σe and σm, known for each point in the mathematical model, we will
specify the inhomogeneities of the waveguide walls.



Next, we present the vector equations (2) in scalar form of 6 equations for the Cartesian
coordinate system (x , y , z), which can be viewed as two separate systems of equations
(modes) of 3 equations.

In our case, we will consider the problem in a 2-dimensional section. I.e. when the
geometry of the problem and the distribution of fields in one dimension does not change,
let this be the y axis. Then the motion of the (electric) component

−→
E and the (magnetic)

component
−→
H along the x and z axes are of interest. To do this, in Maxwell’s equations (2)

we put the derivative: ∂y = 0.

Remark 2
In our research, only the TEy (Transverse Electric y) mode is of interest:
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The FDTD method for numerical solution

The Finite-Difference Time-Domain (FDTD) method or Yee’s Algorithm
[Yee, 1966], was one of the first methods to numerically solve (1) on spatial grid
and has remained the subject of continuous development.

The fact that Maxwell’s equations (1) are actually hyperbolic PDE is the basis
of the entire FDTD method. That is, for (1) there are solutions that behave like
waves, and the disturbance propagates at a finite speed.

Remark 3
Moreover, when deriving the numerical scheme of the FDTD method, we need to
consider only equations (1a) and (1b), and the divergence equations (1c) and (1d)
will be satisfied by the developed equations of the numerical scheme
[Taflove and Hagness, 2005, page. 60]. Since they are implicitly included in the
update equations of the spatial components (x , y , z) of the

−→
E and

−→
H fields of the

FDTD, which can be clearly seen in Figure 2.



Figure 2: The position of the (x , y , z) components of the vectors
−→
E and

−→
H relative to

the unit 2-D cell in the FDTD grid, for the calculation of the TEy mode
[Chen, 2005, page 635, Figure 9.1]



Boundary conditions problem

The need for boundary conditions arises at least because the cell structure of
the Yi algorithm inevitably leads to a problem with computing points at the edge
of the grid.

For example, for TEy , we can see from Figure 2 that the computation of the
Ez and Ex components depends on the values of Hy on either side of Ez and Ex ,
respectively. However, there are no such Ez and Ex – components in the outermost
cells that have both Hy .

Remark 4
This is a problem that is obviously not solved by adding an extra row of cells to
the problem position.



Perfectly matched layer (PML)

The simplest approach is to set the boundary values of the calculated
components equal to 0. But then they act as Perfect electric conductor (PEC),
and thus completely reflect the incident waves.

However, there are conditions called Absorbing boundary conditions (ABC)
that simulate a transparent (zero reflection coefficient) boundary regardless of the
frequency, polarization and angle of incidence of the signal.

Research in this area has led to PML [Berenger, 1994], i.e., an absorbing
medium bordering the outer planes of the spatial lattice of the modeled region.

Remark 5
PML is an excellent solution for truncating FDTD gratings, when modeling signal
propagation in different lossy materials or waveguides. Since extremely small
numerical wave reflection coefficients on the order of 10−6 and 10−8 can be
achieved with acceptable computational load.



Definition 3
PML is given by certain conductivities σe and σm, so that outgoing waves
penetrate without reflection and attenuate while traveling in the PML medium.
And the papers [Andrew et al., 1995] [Berenger, 1996] [Veihl and Mittra, 1996]
[Gedney, 1996] show the high stability of PML as ABC.

Remark 6
An important feature is that σe and σm (hereinafter referred to as conductivity
profiles) in the PML region should increase smoothly. Otherwise, due to a sharp
jump in the values of conductivity profiles, PEC-like reflections occur.

Given that at the edge of the entire PEC region, we can now numerically model
the conduction inhomogeneities of the waveguide wall.



Setting boundary inhomogeneities with σe and σm

Figure 3: Example of setting the inhomogeneity of the earth-ionosphere waveguide
boundary in simulation. Conductivity profile σe for the inhomogeneity in the 1nd
approximation

We set the inhomogeneity of the waveguide boundary by changing the values of
σe and σm for PML in some region, as in Figure 3. Then the part of the signal that
moves at an angle to the waveguide boundary will not be absorbed by the PML and
the region of interest, will be reflected from the PEC, and will cause the observed
back wave in the region modeling the waveguide. This should be confirmed by
numerical experiment.



FDTD discretization with PML consideration

Usually, how the signal will propagate in the PML region is calculated by
separate equations for the appropriate regions.

This is done because the signal motion in the PML (wall) region is described
by the equations for free space, while the inner region could potentially model any
other material or medium defined by a somewhat different equation.

Definition 4
However, in our problem the inner region is also a free space as well as the walls.
Therefore, the final version of the formulas of the FDTD numerical scheme can be
written for the whole region at once.

Also there is a need to decompose Hy in the equation (3c) two artificial
components Hy = Hyz + Hyx along the directions z and x , in the PML region.

For more detailed information on FDTD schemes in other cases, see
[Elsherbeni and Demir, 2015, page. 13–29], as well as in the book
[Taflove and Hagness, 2005, page 62–74].
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where σpez – this is σe along Oz , σpex – this i σe along Ox , fictitious
conductivity. For σm it’s all the same.

Next, we present a discrete version of the formulas, where: ∆x , ∆z – increments
of the lattice space in the coordinate directions x , z , respectively; indices i , k are
integers denoting the cell number in the space; ∆t – time increment, which is
assumed to be uniform over the observation interval; n is an integer.
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Computational experiment 1

Figure 4: Conductivity profile σe for the inhomogeneity in the 1nd approximation



Figure 5: Experiments: a) source S3(t); b) source S2(t); c) source S1(t)



Computational experiment 2

Figure 6: Conductivity profile σe for the inhomogeneity in the 2nd approximation



Figure 7: Experiments: a) source S3(t); b) source S2(t); c) source S1(t)



Computational experiment 3

Figure 8: Conductivity profile σe for the inhomogeneity in the 3nd approximation



Figure 9: Experiments: a) source S3(t); b) source S2(t); c) source S1(t)



Conclusion

By using mathematical modeling and computer simulations of the process of interaction of
EM waves with inhomogeneity of the lower boundary (ground) of the waveguide, it is shown that:

1. indeed, there is backscattering of the EM wave on the waveguide trace;
2. backscattering occurs due to reflection of EM wave, when it interacts with inhomogeneity of

conductivity of the lower boundary of the waveguide;
3. for different approximations of conductivity inhomogeneities, backscattering waves with

different intensities and different arrival times are observed;

Indeed, mathematical and computer modeling of the process can help in establishing the
relationship between radiation parameters and inhomogeneities.

One can assume that the reverse is also true: observation of EM signal parameters defining
the atmospheric, including the sometimes observed backscattering wave, allows us to establish the
presence of conductivity inhomogeneity on the propagation trace.



Discussion

The next stage of research will be to isolate the effects of inhomogeneities of the upper
boundary of the waveguide (ionosphere) from EM data of atmospheric observations, using satellite
tomography data.

Eliminating their effects on the parameters of the atmospheric EM wave, the remaining effects
caused by inhomogeneities of conductivity can be explained by the fact that they are caused
precisely by inhomogeneities along the lower (ground) boundary.

Further, based on the parameters of the backscattering wave from the atmospheric EM wave,
it will be possible to determine the direction of arrival of the backscattering wave, and therefore
the location of the assumed inhomogeneity.

Proceeding from the fact that, such a local change in conductivity can be caused by a change
in the chemical composition of underground subsoil waters as a consequence of geologic activity
predecessor to earthquakes. It will be possible to test the hypothesis that there is a relationship
between the parameters of the atmospheric and some hydrogeochemical precursors of earthquakes.
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