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Abstract

This study presents a mathematical exploration of the atmospheric electric field components resulting
from radon-induced ionization, with implications in the study of earthquake phenomena. By
formalizing the general solution to the proposed equations with given boundary conditions, the
research offers a comparative analysis of electric parameters across different radon concentrations
and radii of influence. The near-surface atmospheric electric field and electric potential are found to
vary within the ranges of (1 —27)V/m and (0.3 —162)V respectively, while near-surface
conductivity varies between (1 —29)x 107'*Sm~1. The study highlights the sensitivity of
boundary layer conductivity to radon exhalation and discusses the indirect relationship between radon
and the upper atmosphere in the context of the Global Electric Circuit (GEC) and earthquake. The
behavior of radon-induced electric fields and potentials from the surface to upper atmospheric heights
is analyzed, particularly in relation to seismic activity. The role of local atmospheric conditions as
amplifiers or dampeners of radon's influence is also explored. The tabulated data provide reference
values for real-world observations, demonstrating the dominant influence of radon on electric
parameters at lower altitudes and their attenuation at ionospheric heights. The potential geophysical
interplay between radon emanations and seismic activities is suggested, highlighting the need for
further investigation into this complex relationship to enhance earthquake prediction.

Key words: Radon, earthquake, atmospheric electric field

1. Introduction

A majority of natural disasters like earthquakes, hurricane, volcanic activities, Tsunamis etc. happen
as a consequential effect of the physical processes occurring either in the lithosphere or in the
atmosphere. A common factor related to most disasters having lithospheric origin is earthquake
(Engineering, 2018; Ersoy & Kogak, 2016; Kanamori, 1972; Walter & Amelung, 2006). However,
earthquake, like most disasters, is difficult to predict. In this regard, scientists work tirelessly in order
to study/understand the physical mechanisms associated with its occurrence. One of the important
factors in this study is the way Earth’s Lithosphere and Atmosphere or Lithosphere, Atmosphere, and
Upper atmosphere (Ionosphere) are related. This is often referred to as Lithosphere-Atmosphere
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coupling (LA) or Lithosphere-Atmosphere-lonosphere coupling (LAIC)(Havemann et al., 2023;
Muhammad et al., 2023; Sorokin & Hayakawa, 2013). Understanding this would be of great
significance in interpreting events relative to earthquakes.

Atmospheric electric field phenomenon is a topic of interest in LAIC coupling studies due to its
relationship with earthquakes. It involves the study of electric field present in the Earth's atmosphere,
which can be influenced by numerous factors including solar activity and tropospheric variables.
Studies showed that electric fields over seismically active regions can be noticed from several minutes
to days of pre or post occurrence of the main shock (Sorokin and Ruzhin, 2015). The
production/dispersion of ions under the influence of earthquakes can cause changes in atmospheric
electric properties within the vicinity of earthquake pre- or post-seismic regions. In recent years,
researchers developed models that aim to set up relationships between the atmosphere and ionosphere
(Denisenko et al., 2013; Denisenko et al., 2019; Prokhorov and Zolotov, 2017; Sorokin and Ruzhin,
2015; Zhou et al., 2017). They solve a set of equations which include the Faraday law (relating
electromagnetic induction), the charge conservation law (relating the flow of charged particles), and
Ohm's law (relating current and electric fields). These equations aid to uncover theoretical exchange
between the near boundary layer atmospheric processes, and the ionosphere. The findings have
practical implications in atmospheric science, geophysics, space weather forecasting, earthquake
studies, and climate research. Some of the deductions of such studies in the LAIC (earthquake)
context are presented in Table 1. The magnitude of electric field reaching ionospheric heights over a
disturbed/active earthquake region is of the order between 1072 and 1076 V /m (Valery M. Sorokin
et al., 2020) . This corresponds to an amplitude of outgoing electric field of about E, = 100V /m or
greater near the disturbed earth’s surface region. Estimation results vary depending on model
formulation assumptions, the nature of the source region, as well as the source of the generated
electric field. The treatment given to lower atmospheric processes in developing such models is by
adopting some literature boundary layer atmospheric electric field/conductivity amplitudes. These
adopted values are then applied to serve as boundary layer values which originated from the
lithosphere. In this regard, the role of lithospheric physical processes is limited.

The pursuit for a comprehensive LAIC model that considers parameters relatively common to the
three spheres (lithosphere, atmosphere, and ionosphere) is inevitable. This is because, such models
would enable the opportunity to explore simultaneously the feedback between Lithosphere-
Atmosphere or Lithosphere-Atmosphere-Ionosphere processes in pre or post-earthquake periods. A
parameter that can be promising is the radioactive radon gas. Although its relationship with the upper
atmosphere is indirect (Mohammed et al., 2021), it is a common entity to both lithosphere and
atmosphere. Radon is also one of the prominent sources of ionization in the lower atmosphere. Its
contribution to the modification of lower atmospheric electrical properties can locally affect the
electric potential existing between lower and wupper atmosphere (Sorokin and Ruzhin,
2015)(Muhammad et al., 2024). This is in addition to its applications in many disciplines, especially
in earthquake precursory studies(Muhammad et al., 2020; Pulinets et al., 1999).

Thus, incorporating radon in an earthquake related model would give an improved theoretical and a
more comprehensive exploration of the LAIC phenomenon. This study aims to incorporate
lithospheric radon influence into the LAIC model. The resulting model is used to analyze radon’s
influence on boundary layer atmospheric electric properties relative to earthquakes. Sensitivity
analysis is applied to find how the effect or radius of earthquake preparation radius affects the
generated radon induced electric field. The journey of this electric field in higher altitudes is
examined. In Section 2, model formulation and boundary conditions are discussed, and the solution
of theoretical LAIC coupling model is set up. In Section 3, model estimation results are presented
and discussed. In the concluding section, remarks are given.

Table 1: Atmosphere-ionosphere electric properties reported by different studies, as well as the surface distribution functions.

Study E (0,0) Surface Rn E (x, zup) max E (0, zup) j(x,0)
concentration
CRn
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Ruzhin, 2015 10 mV/m

1.1 Novelty and Methodological contribution

Most existing lithosphere—atmosphere—ionosphere coupling (LAIC) models prescribe near-surface
electric fields, currents, or conductivities phenomenologically and treat them as external boundary
conditions originating from the lithosphere. In contrast, the present study explicitly derives the lower
atmospheric electric boundary conditions from lithospheric radon exhalation through a closed
physical chain linking radon transport, ionization production, ion density, atmospheric conductivity,
and the resulting electric field. This formulation provides a physically consistent parameterization of
the boundary layer that reduces reliance on assumed surface electric amplitudes and allows systematic
investigation of how radon concentration and preparation-zone radius control the vertical penetration
of electric fields toward ionospheric heights. As such, the novelty of this work lies not in the
governing LAIC equations themselves, which are well established, but in the explicit coupling of
lithospheric radioactivity to atmospheric electric parameters used as inputs to LAIC modeling.

2.1 LAIC Model Equations

In earthquake regions, the lower and upper atmosphere can be studied by solving the Faraday’s
Law (Eq 1), The charge conservation law (Eq 2), and Ohm’s Law (Eq 3) (Sorokin and Yaschenko,
2000).

VXE=0; E=—-V¢ (1)
7-J=0 (2)
J=oE 3)

where j is the current density, E is the electrostatic field existing between the Earth’s surface and
upper atmospheric heights, o is the conductivity tensor, assumed to be isotropic below ionospheric

heights, and finally ¢ is the electric potential. The above three equations are represented as follows.

o, 0 9% 3006 9000 9030 _
6y2+06x2+0622+6y6y dx 0x 0z 62_0 (4)

The conductivity tensor o is assumed to be isotropic in near ionospheric heights, its vertical variations
would dominate, (Z—z = 0). An approximation of atmospheric conductivity tensor as a height
dependent function (6 = 0(z)) is defined in Eq (5) (Denisenko and Boudjada, et al., 2008; Prokhorov
etal., 2019; Zhou et al., 2017).

o = ag,exp(z/h) (5)
where, g, is the near surface atmospheric electric conductivity, the estimate for this value will later

be discussed. Using equation (5), it is possible to rewrite Z—Z = g, in Eq (8) such that; g, = % h is
4
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best referred to as conductivity scale height, it has a typical value of 6km. The solution to Eq (4) using

separation of variables gives.

¢ (x,z) = Crcos(\ux) + Cpsin(vux)(Czexp(m,z) + Coexp(m;,z)) (6)

My, = — Z—; 42 /% + 4pu, and C;, C,, C3, Cy, u are estimated using the boundary conditions which

-2

will follow.

2.2 Upper Boundary conditions

The geometry of the problem is presented in Figure 1. Earth’s magnetic field is assumed to
orient at (I = 90°) parallel to the vertical part of electric field reaching the ionosphere from
earthquake region on Earth’s surface (Denisenko and Boudjada, et al., 2008; Chree, C. (1913)). The
upper boundary is set at lonospheric heights z ~ 80km, at this region the boundary condition is

defined in Eq (7a) (Denisenko and Boudjada, et al., 2008; Xu et al., 2015a).

2 (09 D) sy = T Zup) 22 |y (Ta)
The ionospheric thin-layer hypothesis relies on the use of the integrated Pedersen conductivity (ay,).
0, has a value of about 10 S during the day, and 0.1 S at night. For simplicity, a single constant value
is employed in the hypothesis. These values are taken at the upper boundary of 80 km. The reason for

using a constant value of g, is that the horizontal scale of interest is much smaller compared to the
horizontal scale of the entire ionosphere. 0(z,;) is the value of atmospheric conductivity at the upper

boundary.
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Figure 1: Lithosphere-Atmosphere-lonosphere coupling schematic diagram. The effect of radon generated (due to
earthquake) at 1m depth beneath the soil is estimated in the atmosphere, up to ionospheric heights (80 km). Boundary
conditions which are based on the model assumptions are seen in the figure. The current reaching the ionospheric
boundary layer is assumed to correlate with plasma electric field. The geomagnetic field is assumed to be parallel to the

propagation of the electric field align z-axis.

2.3 Lower Boundary conditions

Beneath the soil surface above earthquake zone, the potential is expected to die out at far
distances from the epicenter. i.e. let 7 be a point on x axis where a weaker influence of the potential
is felt, then at a distance x > r, the potential should have a minimum or zero influence (Fig 1). In
other words, ¢(r,z) = ¢(—r,z) = 0. This is important, because the relationship between the electric

field reaching the ionosphere and the radius of influence r (or earthquake preparation radius) will be
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examined. The symmetry of cos(x), i.e. cos(—6) = cos(f) makes it possible to preserve the

function, resulting from Eq (6) to Eq (7b).

¢ (x,2) = Ln=o cos(y/ (Un)x) (Anexp(mynz) + Bpexp(mznz)) (7b)
Up = %, A, = C,C5, and B,, = C,C,. Another condition at the surface is that the potential ¢
satisfy Eq (8).

-d -
2 $(—1,2) = 2 p(r,2) = 0 (®)

The epicenter (x = 0,z = 0). This is where radon and its progeny are introduced to the atmosphere.
In other words, the region of high ion production rates. It is where the local modification of
atmospheric conductivity is pronounced. The electric field near the surface at (0,0) is expected to
have higher magnitudes compared to other distances. i.e. ¢(x,z) < ¢(x =0,z =0), this is

presented in Eq (9).
= $(x,0) = f(x) ©

Eq (10) is chosen to represent the electric field behavior near the surface in the earthquake region for
a given amplitude E,. The choice of the function f(x) depends on the desire to achieve a required
symmetry or evenness in the interval —x < r < x. The reason for this is to simplify model
formulation complexity. Models in literature carefully define f(x) to achieve a desired symmetry,
while satisfying the boundary conditions in the lower region of the LAIC model (Denisenko, et al.,
2008; Denisenko et al., 2013; Khegai, 2020; Surkov et al., 2022; Xu et al., 2015a; Zhou et al., 2017).
The left frame of Figure 2 presents a comparison between Eq (10), and some literature theoretical
distributions for the near surface electric field. The graphs correspond to near surface values E, =
100V /m,r = 100km, —500km < x < 500km. The right frame of Figure 2 depicts the derivatives
of these functions, it is clear they all have similar behavior. The minor differences between the curves

can lead to outcome variations in estimation processes. The functions in Figure 2 include f(x) =
E,exp(—x%/r?) (Surkov et al., 2022; Xu et al., 2015a), and f(x) = Eocosh(zr—x) (Denisenko,

Boudjada, et al., 2008). Eq (10) performs well in observing symmetry while satisfying the boundary

conditions. The function is also capable of restricting all values to exist within —r < x < 7.

) =22 (1 + cos(5))exp(—x2/r?) (10)
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Figure 2: From the left, near surface electric field distribution, comparing Eq (10) with some theoretical models in

literature. From the right is the gradient of these functions.

2.3.1 Radon transport
In earthquake periods, Rn gas can travel a long distance vertically from soil to atmosphere
while ionizing its surroundings. A one-dimensional radon migration equation is presented in Eq (11)

(Nazaroft, 1992).

OCRn =D azCRn _ OCRrn _
ot 0z2 0z

ACrp + F (11)
F is the Rn production rate from its mother nuclei (Radium) F = AeCg,p , A is radon decay constant
(s™Y), Crq in(qu_3) is the radium concentration at a given time near the region of radon

measurement, u is radon convective velocity in soil (ms™?!), D is the effective radon diffusion
coefficient in soil (m2s™1), z represent soil depth in meters (0-1 meter). € is the radon emanation
coefficient, it ranges between 0 and 1, and it is a measure of the effectiveness of soil in emitting radon
gas. p is the soil bulk density (kgm™3). Taking z = 0 at the soil surface (see Figure 1), and the
migration assumed to flow upwards from a given soil depth (often at 1m). A solution with the

boundary conditions presented in Eq (12) (Muhammad and Kiilahei, 2022).

0Crn(z,t
Crn(0,0) = F()(1 — @), FBED =0 (12)

The function f(t) in Eq (12), represents radon concentration recorded at a depth z and time t by the
monitoring device, in this study the depth is Imeter. The constant a represents a fraction of radon that
is attenuated during its journey from production depth to soil surface. With this in place, Eq (13)

represents the radon migration model from production to surface.

Crn(z,1) = Q(1 — exp(—az)) + f(t)(1 — a)exp(—az) (13)
where a = — % + % - M, and w is time evolution constant (s~ 1), and Q = %represents radon

concentration far from production point. The values a = 0.9952, a = 0.905 are used in Eq (13) for

8
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soil to air Rn concentration estimations. The near surface electric field estimation is done for a quasi-
stationary condition. To incorporate radon transport into to equations which follow, the time evolution

constant w = 0, and Eq (13) becomes a steady state approximation to soil-air radon transport

Crn(2,t) = Crp(2).

2.3.2 Lithosphere to Atmosphere ionization production

Radon decay products, such as bismuth and polonium, can ionize the air during seismic
periods. This results in the creation of ion pairs and a net charge transfer between the Earth's
atmosphere and the lithosphere (Harrison et al. 2017). The primary cause of this ion pair generation
is the decay of polonium (*'®Po and 2'*Po), which releases alpha particles throughout its
disintegration(Muhammad et al., 2024). By measuring the energy of the alpha particles produced by
radon and its progeny and comparing it to the average energy required (35 eV) to create an ion-pair
in the soil or in atmosphere, the ionization rate in soil or in air may be determined by using Eq (14)
(Muhammad et al., 2021; Omori et al., 2007). Therefore, it is possible to estimate radon contribution
to ion production rate q(z) from soil to atmosphere by applying Cr,(z) of Eq (13) to Eq (14). This
estimation is on the assumption that the contribution of other radon isotopes to ionization is small

(due to short half-life) compared to that of **Rn.

5.49X100CRn+6X10°C218p0+7.69%10%C214p0

G (2) = - (14)

A secular equilibrium between 2!*Bi and 2!“Po is also assumed in the implementation of Eq (14). The

ratio of radon, polonium-218, and polonium-214 concentrations (Cgy,, C218p0, C214p0), averaged over
time is found to be approximately 1:0.7:0.5 (Omori et al., 2007). Moreover, the attachment of these
nuclides to aerosols does not affect the ionization of soil and atmosphere particles, as the range of
alpha particles is much larger than the radius of the aerosols. The ratio 1:0.7:0.5 refers to the relative
concentrations of three different nuclides (radon, polonium-218, and polonium-214) in a given
sample. It means that for every 1 unit of radon, there are 0.7 units of polonium-218 and 0.5 units of
polonium-214. This ratio is an average over time and assumes a secular equilibrium between 2!*Bi

and %'*Po.

2.5 Surface Electric field and conductivity (E,, o,)

The atmospheric electric field generated in the near surface boundary layer (due to surface
ionization) is assumed to have an amplitude, which is higher at the point where radon and its progeny
are exhaled and decreases with distance from exhalation point. For a quasi-neutral atmosphere, the
magnitude of radon induced atmospheric surface electric field E, can be derived from the continuity
equations for ions and aerosol particles, the equations of motion, and the Poisson equations for a

given coordinate system. Shalimov and Riabova (2021) solved these equations using quasi-
9
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hydrodynamic assumptions to obtain the resulting near surface atmospheric electric field in one
dimension along z-axis (Eq. (15)). Their simplification allows for a focused analysis of the system
dynamics, disregarding horizontal variations and emphasizing the vertical dimension as the primary

factor influencing the behavior of ions and aerosol particles.

— eQaZa.g (15)

0 200Vq

e = 1.6023 x 1071°C, Q, = 10C is aerosol particle charge(C), g = 9.8ms™2. Z, is the aerosol
concentration (m~3). The near surface atmospheric electric conductivity g, (Eq (16)) is defined in
terms of charge mobility u, ion concentration n, and the electric charge e. u has a near surface value
of about (0.5 —3.2) X 107*m2V~1s 1(Anisimov et al., 2018; Omori et al., 2007; Rosen and
Hofmann, 1981). The ion concentration also depends on the ion-ion recombination coefficient @ =
(1 —3) X 107*2m3s71, the ion-aerosol attachment coefficient § = (3 — 4) X 107 12m3s71, the ion
production rate g, and the aerosol concentration Z, (Eq. (17)) (Harrison et al., 2014; Rosen and

Hofmann, 1981; Turbulent, 1983; Xu et al., 2015a)

0, = 2uen (16)
n = —,BZ+\/(L2?CZla)2+4aq (17)

The parameter v, = % in Eq. (15) denotes the effective collision frequency of aerosol particles; n
aFa

is air viscosity (1.8 X 10 5kgm~1s™1), p, is aerosol density, and R, is the acrosol radius. The radius
and density of aerosols can vary depending on the composition, size, and characteristics of the

3

particles. p, = 2.5kgm™3 and R, = 1.2 X 107%m are chosen for the estimation in this study.

Z20Q4 = (10° — 10'2)m™3 for near surface aerosols (Namgaladze et al., 2018).

3.0 Estimation Results

The general solution to Eq (6) using the boundary conditions Eqns 7a, 7b, 8, and 9 is given in
Eq (15). Resulting atmospheric electric field components are determined using the relations in Eq
(16). Estimated values for near surface electric parameters E,, 0,,y, can be seen in the first four
columns of Table 2. The last three columns contain estimated values for E,(0,80), ¢(0,80), and the
surface ion production rate Q. These estimations are for the values z, = 10%,u =3 x
107*m3v~1s7,a = 1072m3s™ 1, and B =4 x 107 2m3s~1. Table 2 is structured such that;
colored rows mark the start of new estimations (having repeated column names) for different Radon
concentration Rn, and radius of influence r values. There are four sub tables in Table 2, one sub table
for each of the elements in the sequence r = {399km, 199km, 19km, 1km}. For each value in 7,

estimations are made for radon concentrations.

10
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Rn = {6.2 kBqm3,20.5 kBqm™3,82.4 kBqm™3,206 kBgm 3} This can be seen in each of the sub
tables.

¢(x’ Z) — Z;.;J f(x) (exp(man)—lnexp(mlnz)) (15)

(man—minin)

_ OpHn+0(Zyp)Man _
where Ay = —Gpﬂn+U(Zup)m1n eXp((mZn mln)Zup)
__9 )
E, = " and E, = P (16)

According to estimation results, the near surface atmospheric electric field, and electric potential vary
within the range (1 —27)V/m and (0.3 —162) V respectively (Table 2). The near surface
conductivity varies within (1 — 29) X 1071*Sm™1. The estimates are within a reasonable range (see
Table 1 and (Pierce, 1976)). These electric field values are small compared to fair weather
atmospheric electric field, which vary between 20 V/m to 220 V/m (Wu et al., 2023). However, such
magnitudes can be significant when averaged over time due to continuous radon exhalation. In
addition, it can be seen from Table 2 that, the boundary layer conductivity is more sensitive to radon
exhalation compared to the electric field. This is due to its strong dependence on parameters such as
aerosol concentration and ion production rate, and this makes it a potential candidate for detecting
anomalies relative to atmospheric electric properties (Pierce, 1976). High surface conductivity
implies that generated surface electric charges can move freely in the atmosphere. In regions with
low conductivity, the charges will have a harder time moving through atmospheric layers. The
relationship between atmospheric electric field, atmospheric conductivity, and ion production can be
influenced by numerous factors such as meteorological conditions, geochemical properties of the
region etc. For this reason, estimation results can vary depending on parameter configuration in the
model. The important thing is to explore how these generated radon influences can reach ionospheric
heights. Rn exhalation and the Ionosphere can both respond to lithospheric disturbances (e.g.
earthquakes) (Park et al. 1997). However, the responses are not always correlated due to some
physical processes (Muhammad et al., 2023). An interesting way to explain this indirect relationship
is via the global electric circuit (Rycroft et al., 2000; Sorokin and Ruzhin, 2015). There could be two
possible ways here. First is when radon influence is favored by atmospheric conditions (e.g. vertical
convective currents) to reach ionospheric heights. The second is the modification of conductive
current between earth and ionosphere. Charges generated by exhaled radon and its progeny from the
lithosphere can affect the boundary layer conductivity (Table 2). The locality within the radius of
influence r becomes quasi-ionized. Perturbation in the vertical or horizontal direction induces an
electromotive force (EMF), which decreases with height. An EMF current is generated within the
localized exhalation region (extraneous current). The vertical and horizontal components of this
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current depend on physical atmospheric processes such as winds, air masses, convective currents, and
jet streams. The uplift and gravitational settling of charges in vertical direction would be a major
source of this extraneous current. This is because, under atmospheric thermal instability conditions
(e.g. earthquake influences), atmospheric ions and aerosols are transported by turbulent eddies. These
eddies move the ions and aerosols from regions of high concentration at higher altitudes to areas of
lower concentration. A state of equilibrium is attained when the vertical aerosol movement is
counteracted by gravitational settling (Sorokin and Ruzhin, 2015). This effect, when added to the
conductive current, can cause variations in locality of the GEC system. It is possible to estimate the
magnitude of this radon induced extraneous current right above the Earth’s surface from Eq (16) and
Eq (19). Using Ohm’s law, this current can be of the order (10712 — 10713)Am™1. This current is
also low when compared to fair weather GEC current j ~ 107°Am™~2 (Daskalopoulou et al., 2021;
Kudintseva et al., 2016; Xu et al., 2015b). However, it is comparable with the near surface current
estimations due to Sahara dust by (Daskalopoulou et al., 2021). This is another implication of chosen
model parameters as mentioned earlier.

According to Figure 3, the behavior of E,, and the potential ¢ (x, z) vary independent of height.
They both have higher magnitudes at the origin and decrease with increase in distance from the origin
at any given height. This behavior can be attributed to the non-stratified nature of the conductivity
profile, as well as the influence of f(x) in Eq(10). As seen in Figure 3, the magnitudes of E, and
¢ (x, z) are dominant in lower altitudes ((z < 20km)). At these heights, the atmosphere is dominated
by about 78% Nitrogen, and 21% Oxygen. About 99% of Earth’s water vapor also exists within this
region, and Radon influence (ionization) is favored. Beyond this, the concentration of these gasses
drastically decreases, and radon influence is seen to decline. At ionospheric heights (80 km), about

99.9999% of these magnitudes are already gone, resulting to  E,y;, ~ 107°V/m and ¢(x,z) ~

1077V. This is expected because, radon ionization effects are dominant in some few meters above
Earth’s surface. It is possible to look at these estimation results by assuming that the radius of
influence r is comparable to earthquake preparation radius (Dobrovolsky et al., 1979). Fleischer

(1981) presented an empirical relation for earthquakes of various magnitudes; r = 10943 M > 3

100.813M

andr = ,M < 3 (Deb et al., 2018).

16.6

Table 2: Estimated values for near surface electric parameters E,, a,, P, .

r =399.00km 1m soil
-3
Rn(Bqm™)| Ez(v/m) $o (V) 0,(S/m) | Eypy(v/m) | ¢up(v) Qu)
Rn=30 Bg/m3 6.20E+03 1.12E+01 6.70E+01 3.26E-14 1.80E-05 2.33E-07 1.16E+07
Rn=99Bq/m3
2.05E+04 4.84E+00 2.90E+01 7.52E-14 7.78E-06 2.33E-07 3.83E+07
Rn=399B¢/m3 8.24E+04 2.06E+00 1.23E+01 1.77E-13 3.31E-06 233E-07 1.54E+08
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387
388
389

390
391
392
393
394

395

Rn=999Bq/m3 2.06E-+05 1.23E+00 7.35E+00 2.97E-13 1.97E-06 2.33E-07 3.86E+08
r=199.00km 1m soil
_3 .
Rn(Bqm™°)| Eyz(v/m) ¢, (V) a,(S/m) Eui (v/m) ¢ui (v) Q)
Rn=30Bq/m3
4 6.20E+03 1.12E+01 6.69E-+01 3.26E-14 1.76E-05 5.68E-08 1.16E+07
Rn=99Bq/m3
4 2.05E+04 4.84E+00 2.90E+01 7.52E-14 7.62E-06 5.68E-08 3.83E+07
Rn=399B¢/m3
4 8.24E+04 2.06E+00 1.23E+01 1.77E-13 3.24E-06 5.68E-08 1.54E-+08
Rn=999Bq/m3
4 2.06E+05 1.23E+00 7.34E+00 2.97E-13 1.93E-06 5.68E-08 3.86E+08
r =19.00km 1m soil
_3 _
Rn(Bqm™2)| Eq(v/m) $o(v) 0,(S/m) | Epy(v/m) | up(v) Q)
Rn=10Bq/m3
4 2.07E+03 2.71E+01 1.35E+02 1.34E-14 3.36E-06 4.08E-11 3.87E+06
Rn=30Bq/m3
4 6.20E+03 1.12E+01 5.56E-+01 3.26E-14 1.39E-06 4.08E-11 1.16E+07
Rn=99Bq/m3
4 2.05E+04 4.84E+00 2.41E+01 7.52E-14 6.01E-07 4.08E-11 3.83E+07
Rn=399Bq/m3
4 8.24E+04 2.06E+00 1.03E+01 1.77E-13 2.56E-07 4.08E-11 1.54E-+08
Rn=999B¢/m3
4 2.06E-+05 1.23E+00 6.11E+00 2.97E-13 1.52E-07 4.08E-11 3.86E+08
r =9.00km 1m soil
_3 _
Rn(Bqm™)| Ey(v/m) $o(v) 0,(S/m) Ewp (v/m) Pup (v) Q)
Rn=10Bq/m3
4 2.07E+03 2.71E+01 9.78E+01 1.34E-14 9.18E-09 2.50E-14 3.87E+06
Rn=30Bq/m3
4 6.20E+03 1.12E+01 4.04E+01 3.26E-14 3.79E-09 2.50E-14 1.16E+07
Rn=99Bq/m3
4 2.05E+04 4.84E+00 1.75E+01 7.52E-14 1.64E-09 2.50E-14 3.83E+07
Rn=399Bq/m3
4 8.24F+04 2.06E+00 7.44E+00 1.77E-13 6.98E-10 2.50E-14 1.54E-+08
Rn=999Bq/m3
" vm 2.06E+05 1.23E+00 4.43E+00 2.97E-13 4.16E-10 2.50E-14 3.86E+08
r =1.00km 1m soil
_3 _
Rn(Bqm™°)| Ez(v/m) ¢, (V) 0, (S/m) Eyp (v/m) ¢up (v) Qury
Rn=30B
n=30Bg/m3 6.20E+03 1.12E+01 6.74E-+00 3.26E-14 6.02E-57 4.90E-64 1.16E+07
Rn=99B
n=99Bq/m3 2.05E+04 4.84E+00 2.92E+00 7.52E-14 2.61E-57 4.90E-64 3.83E+07
Rn=399Bq/m3
" vm 8.24E+04 2.06E+00 1.24E+00 1.77E-13 L11E-57 4.90E-64 1.54E-+08
Rn=999Bq/m3
" m 2.06E+05 1.23E+00 7.40E-01 2.97E-13 6.61E-58 4.90E-64 3.86E+08
r =0.50km 1m soil
_3 .
Rn(Bqm™)| Ey(v/m) $o(v) 0,(S/m) Ewp (v/m) Pup (v) Q)
Ro=10B¢/m3 2.07E+03 2.71E+01 8.39E+00 1.34E-14 4.35E-111 3.66E-119 3.87E+06
Rn=30Bq/m3 6.20E+03 1.12E+01 3.46E+00 3.26E-14 1.79E-111 3.66E-119 1.16E+07
Rn=99Bq/m3
=rRam 2.05E+04 4.84E+00 1.50E+00 7.52E-14 7.77E-112 3.66E-119 3.83E+07
Rn=399Bq/m3
8.24F+04 2.06E+00 6.38E-01 1.77E-13 331E-112 3.66E-119 1.54E-+08
Rn=999Bq/m3 2.06E+05 1.23E+00 3.80E-01 2.97E-13 1.97E-112 3.66E-119 3.86E+08

For the first two sub tables (in Table 2), the theoretical earthquake magnitudes corresponding to

399.00 km and 199.00 km preparation radii are 6 and 5.34 (Richter scale), respectively. The near

surface estimated variables due to these earthquakes are seen in the first and second sub-tables in

Table2. The radon induced electric field and electric potential at ionospheric heights are both of the

order of 107V /m. These estimation outcomes are for the assumption that, radon and its progeny are

the source of lower atmospheric properties in the disturbed (earthquake) region. In addition, the

values are comparable to estimations presented in Table 1. In this regard, it is possible to infer that,
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the relationship between radon ionization and atmospheric electric properties has profound
implications, as it suggests that radon-induced changes in atmospheric conductivity might serve as

an early indicator, or a diagnostic tool, to detect anomalies in the atmospheric electric properties.

- Ez(x,0km)=1.12e+01 V/m, Ez(x,80km)=1.80e-05 V/m $(0,0)=6.70e+01V, ¢(0, 80km)=2.33e-0V
2
0
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& ) ~ 60
50 ~ 50
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Figure 3: Electric field E, (x, z) and electric potential @(x, z) behavior from the ground to the ionosphere

The discussion has so far focused on radon influence in atmosphere due to seismic effects. However,
it is also possible to explore the model outcomes under non-seismic conditions. This can be achieved
by analyzing model outcomes under different fair-weather conditions. For example, the variation of
parameters like ion-aerosol attachment rates relative to non-seismic conditions can result in different
model outcomes. In this case, radon variation also needs to be relative to the fair whether values. A
major limitation of studies like the one presented in this article is that the assumptions made in the
process of modeling often affect its accuracy. For example, herein, meteorological factors like
soil/atmospheric temperature and pressure were not incorporated. These factors are significant for
both radon and the atmospheric processes. However, for simplicity, with the steady state condition,
such effects are minimal. In order to properly explore the model presented herein, simultaneous
Radon, atmospheric, and Ionospheric measurements are required. This is challenging, as some of
these parameters (e.g. recombination rate) are quite difficult to monitor. Nevertheless, the authors

look forward to collaborating with experimentalist in the future to determine these consequences.

Conclusions

This research provides a comprehensive mathematical and empirical analysis of the influence of
radon-induced ionization on atmospheric electric fields and potentials, with significant implications
for earthquake monitoring. The findings indicate that boundary layer conductivity is more sensitive
to radon exhalation compared to the electric field, and that local atmospheric conditions can

significantly affect the transport and impact of radon-induced ions. The study suggests a potential
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connection between radon emanations and seismic activities, which could offer new insights into
earthquake precursors and disaster prediction. The tabulated reference values and radial behavior of
electric parameters offer valuable tools for future observational studies aimed at disaster
preparedness. Overall, this work contributes to a deeper understanding of the complex interactions
between lithospheric radon exhalation and atmospheric and ionospheric electric properties,
highlighting the importance of integrating observational datasets and real-world measurements to

advance our knowledge in earthquake prediction and disaster management.
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