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A B S T R A C T

The effect of Ground Level Enhancements (GLEs) on the atmospheric and dust particles electrical properties
is studied. It has been found that in the case of fair weather conditions, GLE events enhance the atmospheric
electrical conductivity, reduce the columnar resistance, and modify the fair weather electric field, air–earth
conduction current, and possibly the Ionospheric Potential (IP) in a way that depends on the geomagnetic
cut-off rigidity of the location and the altitude. If a dust particle layer is present, GLE events tend to cancel
its electrical effects in the ambient atmosphere. This means that the enhancement of the electric field and
the reduction of atmospheric electrical conductivity, caused by the ion attachment to dust particles, not only
tend to return to their ambient fair weather values, but they can be further modified as if the dust layer
was not present. Finally, in terms of dust particles’ electrical properties, GLE events tend to modify the ion
attachment mechanism, and in principle, the particle net charge, and the electric field ‘‘sensed’’ by them,
increase. Nevertheless, since the electrical force magnitude is up to six orders of magnitude less than gravity,
the increase of the particles’ electrical properties is not sufficient to modify the particle settling dynamics and
settling velocities.
1. Introduction

The Global Electric Circuit (GEC) is a manifestation of the electric
current pathway in Earth’s atmosphere. It is established between the
Earth’s surface, which is a good conductor of electricity, and the iono-
sphere, a weakly ionized plasma at ∼80 km altitude (e.g. Rycroft et al.,
2008). In the absence of any source, the GEC behaves as a leaky spher-
ical capacitor, with the ground being the one plate and the ionosphere
the other, which discharges through the weakly conducting atmosphere
creating a conduction current that flows from the ionosphere to the
ground, that assuming fair-weather conditions globally is about 1kA
integrated over the entire Earth’s surface (e.g. Bering et al., 1998).

There are three quasi-DC sources of electromotive force that drive
the GEC: thunderstorms, a dynamo interaction between the solar wind
and the magnetosphere, and the dynamo effect of atmospheric tides
in the thermosphere (Bering et al., 1998, and references therein).
Thunderstorms are believed to be the most powerful among these three
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sources, by a factor of three (Roble, 1991). Thunderstorms and electri-
fied clouds generate electric currents that flow upwards to the iono-
sphere through the conducting atmosphere, where part of it spreads
horizontally in the equalization layer (the region above about 70 km
that has almost constant potential) and the rest flows along the mag-
netic field lines to the conjugate hemisphere, where it produces a
downward-directed fair-weather electric field (Tzur and Roble, 1985).
The dynamo in the ionosphere is produced by tides generated in situ
and tides propagating upward from the lower atmosphere, generating
horizontal potential differences of 5–15 kV with the current flow of
∼105 A within the ionosphere (Siingh et al., 2007). Finally, the mag-
netospheric dynamo is driven by the interaction of the solar wind with
the Earth’s geomagnetic field and generates a horizontal dawn-to-dusk
potential drop of ∼40–100 kV across the magnetic conjugate polar
cap (Siingh et al., 2007). An overview of the GEC generators, along with
details on their physical mechanisms, can be found in works by Roble
(1991), Siingh et al. (2007), and Tinsley (2008).
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The electrical conductivity of Earth’s atmosphere is attributed to the
presence of ions. Three mechanisms create the atmospheric ions (Tins-
ley and Zhou, 2006, and references therein): (1) natural radioactivity
originating in the ground, including direct 𝛼, 𝛽, and 𝛾 radiation from the
urface layers and dust aerosol, and radiation from radioactive gases
principally 222 Rn but also 220 Rn) and their daughter products.
2) Cosmic rays (CRs) of Galactic and Solar origin, with the second
eing an occasional source (e.g. Mironova et al., 2015). (3) Relativistic
lectrons (of a few MeV) precipitated from the radiation belts and
eaking at subauroral latitudes, and the Solar Energetic Particle (SEP)
vents (mainly protons) in the polar and subpolar regions (Mishev,
013).

Therefore, the investigation of ionization processes within the
arth’s atmosphere is vital for understanding and quantifying the
oupling of the Sun–Earth system. In particular, CRs influence, through
onization, electrical parameters of planetary atmospheres and the
tmospheric chemistry, i.e., the ozone depletion in the stratosphere (see
elinov et al., 2013, and references therein). CRs mainly consist of
rotons of extraterrestrial origin characterized by high and extremely
igh energies (see, e.g., Dorman, 2004). These primary particles ar-
ive at Earth, pass through our planet’s magnetic field, and impinge
t the Earth’s atmosphere. CRs with energies ≥1 GeV/nuc further
nteract with the atmospheric constituents by generating secondary
articles. Such interactions trigger the nuclear-electromagnetic-muon
ascade (Mishev and Velinov, 2014) which directly results in the
onization of the ambient air. In particular, this is achieved as follows:
pon the unfolding of the cascade, only a small fraction of the initial
nergy of the primary particle reaches the ground in the form of
igh-energy secondary particles. The largest part of the energy of the
ncoming primary particle is released in the atmosphere by ionization
nd excitation of the air molecules. Thereby, CRs are an essential source
f ionization within the Earth’s atmosphere (Bazilevskaya et al., 2008).
ased on their sources and achieved energies, there are mainly two
opulations of CRs that affect the atmosphere: (a) Galactic Cosmic
ays (GCRs) and (b) SEPs (Dorman, 2004). GCRs are modulated by

he solar activity and follow an 11 year cycle in an inverse phase with
espect to our host’s star activity as measured, e.g., by the number of
unspots. That means that the maximum of the GCRs flux is obtained
hen the lowest of the solar activity (i.e., solar minimum) is marked
nd vice versa (Gieseler et al., 2017). However, GCRs are ever-present
nd have a significant imprint on Earth’s ionization, especially in the
tratosphere and the troposphere (Usoskin et al., 2009). High-energy
EPs enter the atmosphere and lead to significant enhancements above
he GCR background, termed as Ground Level Enhancement (GLE)
vents (Mishev et al., 2014; Papaioannou et al., 2014). These are
ccelerated during violent phenomena on the Sun, such as solar flares
nd coronal mass ejections (CMEs) (see, e.g., Papaioannou et al., 2016)
nd constitute the high energy tail of SEPs (Gopalswamy et al., 2013;
oluianov et al., 2017). As a result, GLEs are particles that appear
poradically, being mostly favored in periods of intense solar activity
ith their rate being ∼1 such event per year. All GLEs are accompanied
y a lower-energy SEP part (Souvatzoglou et al., 2014), but not all SEP
vents result in GLEs. The effect of SEPs in the atmosphere depends
n their energy directly related to their penetrating ability. Therefore,
LEs (with energies ≥433 MeV) have a direct effect down to the ground

evel (0 km), whereas lower energy SEPs (e.g., 10 MeV) impact the
tmosphere only down to ∼65 km above ground level (see, e.g., Fig. 9
n Banjac, Herbst, and Heber, 2019).

The electrical conductivity, and consequently the GEC electric cur-
ent and electric field, are influenced by clouds. Clouds in the fair
eather return path of the GEC reduce conductivity because of the

on attachment to cloud water droplets, effectively leading to a loss
f ions (Zhou and Tinsley, 2007, 2012; Baumgaertner et al., 2014;
arrison et al., 2020). Similar effects on the atmospheric conductivity
re attributed to aerosols (e.g. Yair and Levin, 1989, and references
2

herein).
Amongst the aerosols affecting the atmospheric electrical content,
mineral dust represents one of the most significant contributors, along
with volcanic ash (Harrison et al., 2010), due to its mineralogical
composition that results in different electrical properties of the dust
particles (Kamra, 1972) and its abundance in terms of dry mass (Tegen
et al., 1997). Mineral dust, and in general aerosols, are also influenced
by the GEC. The ion attachment is one of the charging mechanisms of
dust particles (Mallios et al., 2021b). The electrical force acting upon
the charged particles in the presence of modified atmospheric electric
field has been proposed as a mechanism that could facilitate long-range
transport of large giant particles (Nicoll et al., 2010; Renard et al.,
2018; Toth III et al., 2020), as they travel from the Sahara desert across
the Atlantic ocean to Barbados (Weinzierl et al., 2017; van der Does
et al., 2018), to South America (e.g. Barkley et al., 2021), or towards
the Balkans, central Europe, even to Iceland (e.g. Ðorđević et al., 2019;
Varga et al., 2021). Additionally, it can modify the orientation of dust
particles, influencing their transport and dynamics (Ulanowski et al.,
2007; Mallios et al., 2021a).

Therefore, it is clear that can be a strong connection between solar
phenomena with the electrical properties of the Earth’s atmosphere and
on the dynamics of atmospheric particles. Several works in the past
literature investigate this coupling.

Cobb (1967) provided evidence of a direct solar influence on some
of the electric elements recorded at the Mauna Loa Observatory,
Hawaii. An analysis of the data showed that following a solar flare
eruption, both the air–earth conduction current and the electric field,
measured during fair weather, usually exceeded their established typ-
ical values. The mean value of the air–earth conduction current and
the electric field on ‘‘disturbed’’ solar days exceeded that of the ‘‘quiet’’
solar days by about 10%. During the month of July 1961, a period
of spectacular solar activity, the highest sustained values of the year
for the air–earth current and the electric field were recorded with the
normal 24 hr. Values being exceeded by as much as 35%, and for one
6 hr. period following a multiple flare burst, by 75%.

Reiter (1969) recorded the fair weather electric field and the fair
weather air–earth current at high-elevation mountain stations. Both
electrical quantities increased significantly from the day of the appear-
ance of a solar flare (or a maximum incidence of flares) till the fourth
day after the event. Peak electric field magnitude and air–earth current
exceed the ‘‘normal levels’’ measured during quiet-sun conditions by
∼50% in terms of averages.

Markson (1978) proposed a physical mechanism to explain the solar
influence on the atmospheric electrical properties, according to which
the enhancement of atmospheric ionization results in the increase of the
electrical conductivity above thunderstorms, leading to amplification of
the thunderstorm output current, and consequently on the Ionospheric
Potential (IP) and the fair weather current and electric field magnitude.
In this analysis, thunderstorms were assumed to be voltage sources of
the GEC. These findings were later discussed by Willett (1979), who
showed that the effect of conductivity perturbations in the upper atmo-
sphere strongly depends on the chosen description of GEC generators,
and in the case of the thunderstorms being current sources, this effect
is not significant.

Holzworth and Mozer (1979) presented experimental evidence for
the effect of solar flares on stratospheric electrical phenomena by com-
paring atmospheric electric field variations with fluxes of solar protons
that bombarded the atmosphere during the August 1972 solar flares.
The observed order of magnitude variations of the vertical electric field
at 30 km altitude in anti-correlation with the intensity of solar protons
were quantitatively interpreted in terms of atmospheric conductivity
enhancement produced by solar proton ionization of the air.

Hays and Roble (1979) developed a quasi-static 3D spherical model
to examine the electrical coupling between the Earth’s upper and
lower atmospheric regions. Among others, the perturbation of the
calculated electric potential and current distributions was studied due

to an increase in CRs during a solar flare, and the subsequent Forbush
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decrease. It was derived that the calculated global electrical resistance
decreased during the solar flare (as the CR intensity above the earth’s
surface increases) and then increased during the Forbush decrease. The
calculated IP decreased during the CR increase but increased during
the subsequent Forbush decrease. The total current decreased, then
increased during the same sequence. The ground electric fields at both
the equator and the pole were also modulated, decreasing first and later
increasing. It was concluded that the conductivity changes due to a
solar flare are capable of altering the electrical circuit on a global scale.

Sartor (1980) observed an enhanced effect on the electrification
of extensive high-level clouds of the air–earth current associated with
solar flares. Following a solar eruption, the Mauna Loa, Hawaii, ob-
servations reported increased electric fields of 1.35–1.75 times normal,
which could be expected to persist over a lifetime comparable to the
lifetime of clouds or the atmospheric conditions responsible for the
clouds. The disturbed conditions outside the cloud are enhanced inside
and are large enough in precipitating clouds to initiate further charging
by the polarization–induction mechanism (through particle collisions).

Markson (1981) derived positive correlations between cosmic radi-
ation and IP, indicating that the electrification of the atmosphere is
modulated by changes in ionizing radiation. A 10% change in ground-
level cosmic radiation is associated with a 10%–20% variation in IP.
No correlation was found due to magnetospheric–ionospheric coupling,
suggesting that the ionizing radiation must affect atmospheric elec-
trification through regulation of the thunderstorms’ electrical current
output, which maintains the fair weather electric field, otherwise in-
creased conductivity in the fair weather part of the atmosphere would
lower IP.

Holzworth et al. (1987) presented an analysis of the electric field,
conductivity, and ionization rate data, collected on two balloon pay-
loads at 26 km altitude, in the southern hemisphere stratosphere,
during the solar flare of 16 February 1984. Both polarities of the
conductivity were enhanced by a factor of two at a payload located
at a latitude with a cut-off rigidity equal to 1.4 GV. At the same
time, no transient effects were seen in any of these parameters by a
more equatorially located payload at a latitude with a cut-off rigidity
equal to 2.8 GV. The vertical current density at the poleward most
payload was enhanced by over a factor of two, for at least 20 min,
while the equatorward payload saw no variations. Since these current
perturbation times were on the order of the quoted global circuit time
constant, and since no variation was seen at the low latitude payload,
it was concluded that the global circuit return current may not have
been constant through the event.

According to Sheftel et al. (1994), the concept of an atmospheric
electricity response to intensive solar flares can be divided into at least
three components. The first one is the response to the Forbush decrease
of the GCRs flux, the second is the response to an increase of the solar
proton flux during a GLE, and the third is the response to a change
of cosmic ray geomagnetic cut-off rigidity during magnetic storms
conditioned by the flare. Each of these disturbances has its distinctive
features, and every real event is the complicated superposition of these
disturbances.

Farrell and Desch (2002) suggested that SEPs ( > 100 MeV) can
ffect the fair-weather electric field at ground level. They created a
odel that applies changes in the high-altitude atmospheric conduc-

ivity profile to the GEC. They found that the strongest flare-generated
roton events are capable of creating a measurable change to the
lectric field at ground level (5% change), but these changes are small
n comparison to those associated with passing thunderstorms.

Kokorowski et al. (2006) presented in-situ atmospheric electricity
easurements during the highly energetic GLE event on January 20,
005, taken at the MINIS stratospheric balloon campaign above Antarc-
ica. One-to-one increases in the electrical conductivity and decreases to
ear zero of both the vertical and horizontal electric field components
ere observed in the stratosphere, in conjunction with an increase in
3

article flux at GLE onset. Rapid vertical electric field changes were
observed many hours later. These two unique features of the MINIS
data set cannot be explained by simply enhancing the atmospheric
conductivity. Instead, the rapid vertical fluctuations are likely related
to rigidity cut-off motion, while the vanishing of the horizontal field
may be connected to more interesting magnetospheric dynamics.

Harrison and Usoskin (2010) compared surface vertical current
density and electric field magnitude measurements made independently
at Lerwick Observatory, Shetland, from 1978 to 1985, with modeled
changes in cosmic ray ionization arising from solar activity changes.
Both the lower troposphere atmospheric electricity quantities were
found to significantly increase at CR maximum (solar minimum), with
a proportional change more pronounced than that of the CR variation.
The percentage change between the CR maximum and minimum was
5.4% for neutron monitor (NM) counts, 12% for the electric field
magnitude, and 16.5% for the current density magnitude. Additionally,
10% change in NM count resulted in a 15.4% change in IP, consistent
with the correlation of Markson (1981).

Nicoll and Harrison (2014) presented simultaneous measurements
of increased ionization in the troposphere, with a response in surface
atmospheric electrical parameters at a mid-latitude site during a SEP
event associated with a solar flare on April 11, 2013. The vertical
ionization rate profile obtained using a balloon-borne detector showed
enhanced ionization with a 26% increase at 20 km over Reading,
United Kingdom. Fluctuations in atmospheric electrical parameters
were also detected beneath the balloon’s trajectory at the surface. The
absence of geomagnetic fluctuations allowed the electrical variations to
be attributed solely to ionization effects. During this event, the lack of
response of surface NMs indicated that energetic particles that are not
detected at the surface by NMs could nevertheless enter and influence
the atmosphere’s weather-generating regions.

Elhalel et al. (2014) examined the temporal variations and spectral
characteristics of continuous measurements of vertical current density,
conducted at the Wise Observatory in Mitzpe-Ramon, Israel, during
two large CMEs, and during periods of increased solar wind density.
Evidence was presented for the effects of geomagnetic storms and sub-
storms on low latitude vertical current density during two CMEs, on
October 24—25, 2011 and March 7—8, 2012, when the variability in
current density increased by an order of magnitude compared to normal
fair weather conditions. Similar low-frequency characteristics occurred
during periods of enhanced solar wind proton density.

Jánský and Pasko (2015) used a time-dependent 3D spherical model
of GEC to model the effects of conductivity perturbations appearing
in the middle atmosphere, produced by 𝛾 ray bursts from magnetars.
These perturbations have timescales between 0.01–10 s. They found
the modification of the IP to be minor. Increasing the conductivity by
a factor of 10 at altitudes above 20 km, they found that the IP increases
(even slightly) if the perturbation is at the same hemisphere with the
thunderstorm that acts as a GEC source, decreases if the perturbation
is at the opposite hemisphere, and remains constant if the perturbation
covers the whole atmosphere. Although the conductivity perturbation
was caused by another physical process, their results are applicable
in the case of similar conductivity perturbations due to solar activity,
because the GEC electrical response depends on resultant perturbations
and not on the cause of them. It can be argued that, the timescale of
the perturbations due to the 𝛾 ray bursts are much smaller than of the
perturbations due to the GLEs, and therefore, the GEC response can
be different. As Holzworth et al. (1987) pointed out, the GEC time
constant can be large enough, meaning that both phenomena can create
transient perturbations, much faster than the GEC relaxation time, and
consequently lead to qualitatively similar results.

Slyunyaev et al. (2015) analyzed and discussed the sensitivity of the
GEC to variations of atmospheric conductivity and current sources. The
IP variation due to solar activity and, in particular, solar modulation of
GCR flux was also discussed and modeled, which required an adequate
parameterization of the rate of atmospheric ion-pair production over

the solar cycle. It was estimated that the maximum IP variation on the
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scale of the solar cycle does not exceed 5% of the mean value unless
source current perturbations are taken into account.

Tacza et al. (2018) investigated the effect of solar events on the GEC
by analyzing the atmospheric electric field variations in fair weather
regions. No significant effect was found during solar flares without
solar protons, suggesting that solar flare photons are unlikely to modify
the GEC. Intense SEPs may modify the conductivity in areas above
thunderstorms (disturbed weather regions), affecting the GEC in fair
weather regions. Furthermore, a very intense SEP event (which oc-
curred together with GLE71) can produce changes in the ionization
which modifies the atmospheric conductivity and, therefore, alters the
atmospheric electric field on the Earth’s surface in fair weather regions.
We note that the acronym GLE71 corresponds to the 71st GLE event
registered since 1942. Moreover, throughout the rest of the manuscript,
the acronym GLEXX (where XX a number) refers to the XX GLE event
recorded since 1942.

Motivated by the studies mentioned above, we focus on the study
of GLE events on atmospheric electrical properties, in fair weather
and in the presence of aerosols, such as dust particles, and on the
dust particle electrification mechanism of ion attachment. This can be
seen as a novel effort for the quantification of solar activity with the
dynamics of atmospheric particles. We use the 1D numerical model
developed by Mallios et al. (2021b), for the study of spherical dust
particle electrification and settling in the presence of large scale electric
field.

The model takes into account several atmospheric processes, such
as: (i) the ionization due to the cosmic rays radiation, (ii) the ion–
ion recombination, and (iii) the ion attachment to dust particles, and
can calculate self consistently the modification of the atmospheric ion
densities in the presence of the dust particles, and the consequent
alteration of the atmospheric electrical conductivity and the large
scale electric field. Moreover, it can evaluate the acquired electrical
charge on the dust particles and thus calculate the electrical force
that is applied to them. Finally, the effect of the electrical force on
the gravitational settling, and the terminal velocity is quantified. By
modifying the ionization rate, the effects of the GLE events in local
atmospheric electricity parameters can be studied and quantified. This
study constitutes the first step and serves as proof of concept, high-
lighting and quantifying the coupling of the solar activity-atmospheric
electrical properties. It can be considered as a first step towards a global
model, that would be able to account for horizontal asymmetries and
inhomogeneities and quantify this coupling on a global scale.

In Section 2 the mathematical formulation of the model along
with all the assumptions and considerations is presented and explain.
In Section 3 the results of the model under different conditions are
presented and discussed. Finally, in Section 4 the results of this work
are summarized.

2. Model formulation

2.1. System dynamics

The system dynamics have been presented and discussed thoroughly
by Mallios et al. (2021b). The bottom (𝑧 = 0 km, Earth’s surface) and
the top (𝑧 = 40 km) boundaries are assumed to be perfect conductors
of electricity. At the bottom boundary, the electrical potential, 𝛷, is
set equal to 0 V, while at the top boundary is a parameter under
examination.

In the region under investigation, the ion conductivity is dominant
over the electron conductivity, as electron number density exceeds
the bipolar ion number densities at altitudes above ∼60 km (Pasko
et al., 1997). Therefore, the particle types considered in the presented
formalism are the small atmospheric ions and the dust particles in terms
of atmospheric aerosol content.

The mineral dust particles are assumed to be spherical with mass
density, 𝜚 , and good conductors of electricity. The large electrical
4
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conductivity can be explained by the water adsorption that takes place
on the particle surface at low electric field frequencies and even at low
humidity (e.g. Ulanowski et al., 2007, and references therein).

The wind speed has been neglected, and the particle velocity with
respect to the air is the same as the particle velocity with respect to an
observer at the ground, 𝑣p.

The continuity equation for positive and negative small ion number
densities, 𝑛±, is:
𝑑𝑛±

𝑑𝑡
= −∇⃗ ⋅

[

±𝑛±𝜇±�⃗� −𝐷±
ion∇⃗𝑛

±
]

+ 𝑞 − 𝑎𝑛+𝑛− − 𝑛±
∑

𝑖
𝛽±𝑖 , (1)

here 𝜇± are the positive and negative small ion electrical mobilities,
⃗ is the large scale electric field, 𝐷±

ion are the positive and negative
mall ion diffusion coefficients, 𝑞 is the ion pair production rate, 𝑎 is
he ion–ion recombination rate, and 𝛽±𝑖 are the positive and negative
on attachment rates to dust particles with radius 𝑟𝑖. The first two
erms in brackets are the flux of small ions due to their motion in
esponse to the large-scale electric field and the ionic diffusion. The
hird term describes the production rate of positive and negative ions,
hile the last two terms express the ion losses due to recombination
nd attachment to dust particles.

The current continuity equation for the charge transport of dust
articles with radius 𝑟𝑖 is:
𝑑𝜌p,𝑖
𝑑𝑡

= −∇⃗ ⋅
[

𝜌p,𝑖𝑣p,𝑖 −𝐷p,𝑖∇⃗𝜌p,𝑖
]

+ 𝑞e
(

𝛽+𝑖 𝑛
+ − 𝛽−𝑖 𝑛

−) , (2)

where 𝜌p,𝑖 is the dust particle charge density, 𝑣p,𝑖 is the dust particle
velocity, 𝐷p,𝑖 is the dust particle diffusion coefficient, and 𝑞e is the
elementary charge. We note that all physical constants appearing in the
manuscript are listed in Table A.1 in Appendix A. The first two terms in
brackets are the charge flux due to the dust particles advection/settling
(advection is a valid term for the 3D case where horizontal components
of velocity exist, while the settling happens in the 1D case, where the
particles fall in the vertical direction), and the diffusion. The third term
describes the gain of charge due to the ion attachment.

The continuity equation for the transport of number densities, 𝑁p,𝑖,
that correspond to dust particles with radius 𝑟𝑖, is:
𝑑𝑁p,𝑖

𝑑𝑡
= −∇⃗ ⋅

[

𝑁p,𝑖𝑣p,𝑖 −𝐷p,𝑖∇⃗𝑁p,𝑖

]

, (3)

where the terms in brackets are the dust particle flux due to the
advection/settling and the diffusion.

Finally, the large scale electric field, �⃗�, is calculated from the total
charge density, 𝜌tot , from the Gauss law:

∇⃗ ⋅ �⃗� =
𝜌tot
𝜀0

=
∑

𝑖 𝜌p,𝑖 + 𝑞e
(

𝑛+ − 𝑛−
)

𝜀0
. (4)

Although Eqs. (1)–(4) are generic, we focus on the 1D case, in the
vertical direction along the altitude. The applicability of the model can
be easily extended to other types of aerosols that can be simulated by
spherical shapes and act as good conductors of electricity, but this is
beyond the scope of the current work.

Substituting �⃗� in Eq. (4) with −∇⃗𝛷, the Poisson equation is derived,
which is solved using a Full Multigrid Algorithm (FMG) (Press et al.,
1992, p. 877). The advection terms in Eqs. (1)–(3) are discretized using
the third order Upstream Nonoscillatory (UNO3) advection scheme (Li,
2008). The diffusion terms in Eqs. (1)–(3) are discretized as a second
order central difference scheme.

Extensive details on the formulation of the parameters used in
Eqs. (1)–(4), can be found in Mallios et al. (2021b).

2.2. Meteorological conditions

The U.S. Standard Atmosphere 1976 (NOAA/NASA/USAF, 1976) is
considered as the standard static atmospheric model, and the vertical
distributions of pressure, 𝑃 , and temperature, 𝑇 , are constant over time



Journal of Atmospheric and Solar-Terrestrial Physics 233–234 (2022) 105871S.A. Mallios et al.
Fig. 1. Vertical distribution of the meteorological parameters in SATP: (a) temperature T, and (b) pressure 𝑃 .
Fig. 2. Particle number density distributions: (a) measured mean normalized number density distribution by Ryder et al. (2013b), (b) vertical profile of number density distribution,
𝑁p,𝑖, along the altitude.
(see Fig. 1). The air mass density, 𝜚air , at a given altitude can be calcu-
lated from pressure and temperature, provided that the atmosphere is
an ideal gas:

𝜚𝑎𝑖𝑟 =
𝑃

𝑅∗𝑇
, (5)

where 𝑅∗ is the specific gas constant for dry air.

2.3. Dust particle number density distribution

The mean size distribution between altitudes of 1–6 km at STP,
measured by Ryder et al. (2013b) during the Fennec 2011 aircraft
campaign at Mauritania and Mali, is used as the dust particle size
distribution (Fig. 2a). The adopted size distribution is discretized using
19 bins, similarly to Mallios et al. (2021b), and listed in Table B.1
in Appendix B.

In reality, this distribution is valid near the emission sources, but
it decreases in regions away from the emission sites due to the dust
particle settling. Since one of the scopes of the current work is to study
the effects of GLEs on the dynamics of an atmospheric sub system such
as the dust particle settling, the measured average size distribution is
used as a generic initial distribution in the model, to highlight the
coupling mechanism between different systems and processes. A more
comprehensive study on more ‘‘realistic’’ dust particle size distributions
is planned to be made in future publications, along with the proper
modeling of the dust particle transport in the framework of a 3d model.
5

The dust particles are introduced in the simulation domain as a
rectangular distribution along with the altitude (Fig. 2b):

𝑁p,𝑖 =
1
2
𝑁0,𝑖

( 273.2
𝑇

)( 𝑃
101320

)

⎧

⎪

⎨

⎪

⎩

[

1 − tanh
(

𝑧−ℎ𝑖−
𝑑𝑖
2

𝑏z

)]

, 𝑧 ≥ ℎ𝑖
[

1 − tanh
(

−𝑑𝑖
2𝑏z

)]

, 𝑧 < ℎ𝑖

, (6)

where ℎ𝑖 = 3 km is the altitude of the distribution center, 𝑑𝑖 =
2500 m is the distribution depth, and 𝑏z = 3𝑑z is a smoothing factor
regarding the number of mesh points that will sample the boundary
of the distribution (in our case 3). The two terms right before the
bracket convert the number density 𝑁0,𝑖 from STP to the model ambient
temperature and pressure conditions at a given altitude, 𝑧.

2.4. Ionization rate

In general, the cosmic-ray induced ionization rate, 𝑞CR, is given
by Usoskin and Kovaltsov (2006):

𝑞CR(𝜙, 𝑃c, 𝑥) =
∑

𝑖 ∫

∞

c,𝑖(𝑃c)
𝐽𝑖(𝜙, )𝑌𝑖( , 𝑥)𝑑

=
∑

𝑖 ∫

∞

c,𝑖(𝑃c)
𝐽𝑖(𝜙, )

(

𝛼
ion

𝛥𝑖
𝛥𝑥

)

𝑑 (7)

where 𝜙 is the modulation potential (a direct measure of solar ac-
tivity given in MV), 𝑃c is the geomagnetic cut-off rigidity, and 𝑥 is
the atmospheric depth. For primary cosmic ray particle with index 𝑖,
c,𝑖(𝑃c) is the kinetic energy corresponding to the local 𝑃c, 𝐽𝑖(𝜙, ) the
differential cosmic ray particle flux at Earth, 𝑌𝑖( , 𝑥) the atmospheric
ionization yield function, and  is the particle’s kinetic energy (given
in MeV/nuc). The parameter 𝛼 = 2𝜋 ∫ cos(𝜃) sin(𝜃)𝑑𝜃 is the geometrical
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normalizing factor (𝜃 being the zenith angle varying between 0◦ and
0◦). Moreover, ion ≈ 32 eV (e.g., Wedlund et al., 2011) is the aver-
ge atmospheric ionization energy, and 𝛥𝑖 the mean specific energy

loss at a certain atmospheric depth 𝛥𝑥. Thus, the total CR-induced
ionization rates strongly depend on the solar activity, through 𝜙, the
geographic location, which alters 𝑃𝑐 , and the altitude, that depends on
the atmospheric depth, 𝑥.

The influence of the modulation of GCRs can be studied with the
help of the often-used Force-Field approximation (Caballero-Lopez and
Moraal, 2004):

𝐽𝑖( , 𝜙) = 𝐽LIS,𝑖( + 𝜙)
( + 2r )

( +𝛷𝑖)( +𝛷𝑖 + 2r )
, (8)

where 𝐽LIS,𝑖 represents the unmodulated local interstellar spectrum of
𝑖th species (here we use the LIS by Herbst et al., 2017), and 𝑟 =
938 MeV/nuc denotes the rest energy of the primary particle. The solar
modulation function of 𝑖th species is given by 𝛷𝑖 = (𝑍𝑖𝑞e∕𝐴𝑖) 𝜙, with
𝑍𝑖 being the atomic number, and 𝐴𝑖 the mass number of the particle.

The geomagnetic cut-off rigidity 𝑃c is a direct measure for the ability
of a charged particle to enter the magnetic field at a certain location
and is used to both describe the shielding effect of the geomagnetic
field and to order charged particle data acquired in the magneto-
sphere (Smart and Shea, 2005). 𝑃c can, e.g., be derived by Størmer’s
pproximation (Elsasser et al., 1956) as:

c ≈ 1.9 𝑀 cos4 𝜑G, (9)

here 𝜑G is the geomagnetic latitude, and 𝑀 is the dipole moment
f the geomagnetic field, expressed in 1022 Am2. The geomagnetic
atitude depends on the geographic latitude and longitude and the
arth’s geomagnetic north pole position. We note that Eq. (9) provides a
easonable first-order approximation to the effective cut-off rigidity for
sotropic flux (Cooke, 1983). However, other cut-off rigidity estimates
ased on, e.g., PLANETOCOSMICS simulations (e.g., Herbst et al.,
013) may lead to differences in the calculated 𝑃c-values, and, thus,
he ionization rates. Investigating these differences exceeds the scope
f this study and will be addressed soon.

To investigate the impact of CRs on atmospheric electric properties
esides GCRs, we have further studied two GLEs. We investigated
he impact of GLE05, the largest GLE directly measured so far, that
ccurred on February 23, 1956 (𝜙 = 589 MV, 𝑀05 = 8.05 × 1022 Am2)
nd GLE59 that occurred on July 14, 2000 (𝜙 = 1220 MV, 𝑀59 =
.79 × 1022 Am2). Both 𝜙-values have been derived based on Usoskin
t al. (2011) and Herbst et al. (2017).1

GLE05 was measured on February 23, 1956 by 14 NMs around the
orld (Table C.2). Although there were no in-situ spacecraft measure-
ents of the solar wind nor complementary solar data (i.e., X-rays,
MEs), the magnitude of the event ∼5120% increase in Leeds NM
cut-off rigidity ∼2.2 GV, sea-level NM) is remarkable (Belov et al.,
005). Such magnitude led GLE05 to achieve a > 1 GV fluence ∼2.5
imes larger from an episode of five strong GLEs from August through
ctober 1989 (Cliver et al., 2020) and has one of the hardest spectra
mong GLEs to date (Asvestari et al., 2017; Usoskin et al., 2020b). The
mportance of this landmark event and this outstanding period were
ummarized at that time in Nature (Ellison, 1957) and has been the
asis for the quantification of extreme solar events unleashed by our
ost star in the past (i.e., AD 774/775 SEP event) (Cliver et al., 2020).

GLE59 was recorded by almost ∼30 NMs worldwide on July 14,
000 (Table C.1). A maximum increase of 57.93% was marked at South
ole NM (vertical cut-off ∼0.1 GV, altitude = 2820 m) (Belov et al.,
001). A solar flare of X5.7 class and a fast (1674 km/s) and halo

1 Note that the 𝜙-values are LIS-model dependent (Herbst et al., 2010;
erbst et al., 2017). According to the linear regressions given in Herbst et al.

2017) 𝜙HE17 = 1.025 ⋅ 𝜙US11 + 24.16, and thus the 551 (1167) MV given
y Usoskin et al. (2011) for February 1956 (July 2000) translate to 589 (1220)
V when the LIS by Herbst et al. (2017) is used.
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CME were the drivers of this GLE. The most remarkable feature of this
event is the high-speed propagation of the CME in the interplanetary
space that lasted only ∼28 h, signifying the arrival of one of the most
impacting CMEs (Török et al., 2018).

In this study, we focus on locations within 5◦W to 26◦E and 20◦N to
65◦N, covering regions from the Sahara desert up to Scandinavia. There
are several reports in the past, that dust particles can travel from the
Sahara desert through this region, reaching the Balkans, central Europe,
even Iceland (e.g. Ðorđević et al., 2019; Varga et al., 2021). Choosing
pairs of latitudes and longitudes lying within the given region, the
geomagnetic cut-off rigidities (𝑃c) given the geomagnetic field dipole
moment and Eq. (9) can be derived.

Fig. 3a illustrates the dependence of 𝑃c on the geographic latitude
and longitude during the time GLE59 occurred (a similar plot can be
derived for GLE05). It can be seen that the dependence on latitude
increases as 𝑃c increases. High cut-off rigidity values mean that the
shielding effect of the geomagnetic field is stronger, and therefore a
large number of charged particles are deflected, reducing the effect on
the atmospheric ionization. On the other hand, for small values of 𝑃c,
where the dependence on longitude is not significant, the shielding is
weaker, leading to a larger contribution of incoming charged particles
to the atmospheric ionization. Based on this, and in order to simplify
the studied cases, the values of 𝑃c are averaged along with the longi-
tudinal range of 5◦W–26◦E, for each event, resulting in the latitudinal
dependence displayed in Fig. 3b. In addition, Fig. 3c, a geographical
representation of regions with the same values of cut-off rigidity is
illustrated, focusing on 𝑃c values between 1 and 6 GV.

Fig. 4 depicts the time profiles of the two GLEs under study. The
5-min de-trended NM data have been used since those provide a much
more realistic representation of the GLE in the respective NM measure-
ments (see details in Usoskin et al., 2020a). NM stations presented in
Fig. 4 for GLE05 span from 𝑃c ∼ 1–8 GV with the lowest vertical cut-
off rigidity being at Ottawa (OTWA) NM (red line) and the highest one
at Mexico (MXCO) NM (black line). GLE59 spans from 𝑃c ∼ 0.1–3 GV
with the lowest vertical cut-off at the South Pole (SOPO) NM (red line)
and the higher vertical cut-off at Moscow (MOSC) NM (black line). The
presence of an enhancement up to ∼8 and ∼3 GV, respectively for each
of the two GLE cases, indicate the presence of particles with at least
such rigidities, per case.2 Therefore, a conservative upper limit of 6 GV
has been chosen for GLE05 and of 3 GV for GLE59.

To model the altitude-dependent cosmic ray-induced ionization
rates, we utilized the simulation code AtRIS (Banjac, Herbst, and Heber,
2019). Based on an averaged atmospheric profile of the regional grid
assumed in this study utilizing the NRLMSISSE-00 database3 we first
performed simulations of the GCR-induced ionization. Therefore, the
FTFP_BERT_HP (hadronic) interaction packages and the standard EM
constructor provided by the GEANT4 collaboration have been used.
The results are displayed in Fig. 5. The direct correlation between the
solar minimum and maximum conditions (different line styles) and
geographic location (different coloring) can be seen. While the ioniza-
tion rates at flight altitudes are roughly up to a factor of two higher
during solar minimum conditions, the ionization rates at the Earth’s
surface only slightly change. Additionally, it becomes evident that the
influence of geographic location on the higher-altitude production rates
is more prominent during solar minimum conditions (dashed lines).
Further, to study the effect of GLE05 and GLE59 on the atmospheric
ionization profile, we utilized the proton fluence spectra by Raukunen
et al. (2018).

2 Note that in the case of GLE05, particles have been recorded up to
13 GV, however our analysis showed that SEPs dominate the differential
article intensity below ∼9 GV and thereafter GCRs take over. Since our goal
s to illustrate the effect of solar particles we chose to use a limit (i.e. 6 GV)
n which the dominance of SEPs is evident.

3
 https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php

https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php
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Fig. 3. 𝑃c and geographical location: (a) 𝑃c during the GLE59 for different latitudes and longitudes, (b) averaged 𝑃c along the longitude, as a function of latitude, for GLE05 and
GLE59, (c) geographical locations that correspond to values of the same 𝑃c. In circles are the locations investigated in the current work.

Fig. 4. The time profile and relative increase (%) of cosmic rays recorded by several NMs based on 5-min de-trended NM data; (left panel) GLE05 on 23 February 1956 and (right
panel) GLE59 on 14 July 2000.

Fig. 5. Galactic cosmic ray induced ion-pair production rates during solar minimum (𝜙 = 589 MV, dashed lines) and maximum (𝜙 = 1220 MV, solid lines) conditions.
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Fig. 6. Ionization rate, 𝑞: (a) factor 𝐴 for the temporal contribution of the GLE events on the ionization rate, (b) ionization rate along the altitude for the cut-off rigidity values
used in the present study, regarding GLE59, (c) ionization rate along the altitude for the cut-off rigidity values 1, 2, 3 used in the present study, regarding GLE05, and (d)
ionization rate along the altitude for the cut-off rigidity values 4, 5, 6 used in the present study, regarding GLE05. The solid lines represent the ionization rate due to the GCR,
while the dashed lines denote the total ionization rate at the peak of the GLE event.
In order to clearly identify the contribution of each of the GCR
and SEP components we employed a simplified, yet straightforward
procedure detailed here below. In particular, we assume that the total
ionization rate 𝑞 is given by:

𝑞 = 𝑞GCR + 𝐴 ⋅ 𝑞GLE, (10)

where 𝑞GLE is the ionization rate caused by the solar particles at the
peak of the event, and 𝐴 is a factor that illustrates the temporal
contribution of the GLE event to the total ionization rate. As shown
in Fig. 6a, in the beginning of the event 𝐴 is zero and the ionization
rate depends only on the GCR contribution, while at the peak of the
event (𝐴 = 1) the contribution of the GLE has reached its maximum.
Thereafter 𝐴 decreases to zero at the end of the event.

We note that 𝐴 results from a fitting procedure based on the GLE
measurements from the NMs that had the most prominent peak per
event. Namely, we used the Leeds (GLE05) and South Pole (GLE59)
NM peak (Fig. 4). We found that GLE05 rises faster than GLE59 and
relaxes slower to the background NM count rates dominated by GCRs.
Thus, besides the steeper energy spectrum with higher primary particle
energies, its contribution to the atmospheric ionization lasts longer than
the contribution of GLE59, see Fig. 6(a).

Fig. 6(b) shows the background ionization rate (solid lines), and the
total ionization rate at the peak of GLE59 (dashed lines) for 𝑃c between
1 GV and 3 GV. In the case of 𝑃c = 1 GV, the ionization rate increases
more than one order of magnitude compared to the background value,
while in the case of 𝑃c = 2 GV the increase does not exceed a factor
of three. It further shows that the larger contribution of the GLE event
occurs at high altitudes, from the stratosphere and above. At altitudes
below 10 km (in the troposphere) the increase of the ionization rate
due to the GLE event is almost independent of the cut-off rigidity, and
does not exceed a factor of two.
8

Figs. 6(c) and 6(d) show the impact of GLE05 on the atmospheric
ionization at location with 𝑅c between 1–3 GV and 4–6 GV, respec-
tively. As in Fig. 6c, solid lines give the GCR-induced rates, while
dashed lines represent the GLE contribution. As can be seen, at high
latitudes (𝑅c = 1 GV), the ionization rates increase by almost two orders
of magnitude above 10 km — also, the ionization rates at the surface
increase by up to a factor of four. Even at locations with (𝑅c = 6 GV),
the ionization rates are increased by almost a factor of two throughout
the atmosphere.

However, we note that no other sources of ionization are assumed
in the present formulation. Especially the ionization due to the natu-
ral radioactivity originating in continental areas, which is the domi-
nant mechanism of ionization in the planetary boundary layer, about
1 km above the ground, (Tinsley and Zhou, 2006) has been neglected
for simplicity and the better presentation of the mechanism under
investigation.

2.5. Ionospheric potential

Markson (1981) reported a positive correlation between the cosmic
radiation recorded by the NM at Mount Washington, New Hampshire,
and simultaneous (within an hour interval) IP measurements, using
least squares regression. Two data sets of potential measurements were
used. The first one was obtained in the Bahamas using an aircraft
from December 1971–March 1972, during the declining phase of solar
cycle 20 (Markson, 1976). The correlation of this data set with the NM
measurements showed that the 10% increase of the cosmic radiation
resulted in a 22% increase of the IP.

The second data set contained a more significant number of mea-
surements and was obtained by balloon soundings in Germany between
1959 and 1976, during the declining phase of solar cycle 19 and the

complete solar cycle 20 (Fischer and Mühleisen, 1980). In this case, a
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10% increase of the cosmic radiation resulted in a 13%–14% increase
of the IP. The differences between the correlations are attributed to
the different periods of the Bahama data (3 months) compared with
the German data (17 years) (Markson, 1981). Additionally, these dif-
ferences can be attributed to the differences in the solar cycle phase
that each data were obtained.

Although it is emphasized by Markson (1981) that the percent
increase of the IP with 10% increases in cosmic radiation should not
be interpreted quantitatively, but rather as estimates of the expected
responses range, it is clear that the ratio of the IP change to cosmic ray
change (as reflected by NM count rate change) is greater than unity,
and therefore observations suggest that, the IP can change during solar
activity.

The physical mechanism that justifies this modification is still not
clear. Markson (1978) proposed that the ionization increase above
thunderstorms, enhances the ion densities, and consequently the elec-
trical conductivity:

𝜎 = 𝑞e
(

𝑛+𝜇+ + 𝑛−𝜇−) . (11)

Defining the conduction current density as:

𝐽 = 𝜎�⃗�, (12)

increase of the conductivity amplifies the conduction current (assuming
that the generated electric field magnitude inside the thunderstorms
does not change). Since thunderstorms are considered the main con-
tributors to the IP, amplifying their output current leads to amplifying
the IP.

Slyunyaev et al. (2015) used a simple equivalent-circuit model and
presented a general discussion of the IP sensitivity to atmospheric
electrical conductivity and source current perturbations. They pointed
out that the Markson (1978) proposed mechanism holds if the thunder-
storms are considered voltage sources of the GEC. If thunderstorms are
considered current sources, amplifying the IP requires the conductivity
reduction inside the thunderstorms. This generally happens due to the
ion attachment to cloud particles (Gunn, 1954, 1956). Additionally, it
is required for the conductivity to remain unchanged below the thun-
derstorms, which is not the case since enhancement of the ionization
occurs at all altitudes, even below thunderstorms and right above the
ground (e.g. Tinsley and Zhou, 2006).

Additionally, Slyunyaev et al. (2015) showed that under the as-
sumptions that: (1) thunderstorms are current sources of the GEC,
(2) the atmospheric electrical conductivity is reduced inside thunder-
storms, and (3) the atmospheric electrical conductivity is enhanced be-
low them, the IP is reduced. This is consistent with a global quasi-static
model presented by Hays and Roble (1979), where they calculated an
increase of the IP when the GCR flux decreases (i.e., during a Forbush
decrease) and a decrease of the IP when the SEP flux increases (during a
solar flare). These results seem to contradict the measurements and cor-
relations of Markson (1981), but they also contain many uncertainties
and are not conclusive.

As Slyunyaev et al. (2015) mentioned, there might be other factors
to which the IP is more sensitive, especially those affecting the source
current density inside thunderstorms. They also provide an extensive
discussion on how the changes of the thunderstorms considerations in
numerical models (such as the thunderstorm global spatial distribution
and number, whether all thunderstorms are identical or have different
electrical behavior, etc.) can change the simulated results. On top
of this discussion, we would like to add the fact that these global
models require the GEC to be in a steady-state, which can be the
case of the slow varying effects of the solar cycle, but not for the
solar transient phenomena such as GLEs, or solar flares that last a few
hours (Holzworth et al., 1987). Moreover, as has been shown by Jánský
and Pasko (2015) the location of the conductivity perturbations with
respect to the thunderstorms can also influence the behavior of the IP.

In the current work, we study two scenarios for the IP. The first
9

one is that the potential does not change during the event and is equal
to 250 kV, which can be seen as the average potential along the iono-
sphere (Rycroft et al., 2000). The second scenario is a generalization
of Markson (1981) correlations. It is assumed that any increase of the
NM counts coexists with increased IP. The ratio of the IP change (with
respect to the constant value of 250 kV) to cosmic radiation change (as
observed by NMs with respect to the baseline value) is considered to
be equal to 1.3, which is consistent with the correlation results based
on the German data set.

For the calculation of the IP change during the two GLE events the
following procedure is followed: The available NMs during each event
are identified based on data obtained from the GLE database (https:
//gle.oulu.fi/), and are shown in Figs. 7a and 7d. The latitude range
90◦N–90◦S, and the longitude range 180◦W–180◦E, are discretized in
points with step 1◦. At each point the cut-off rigidity, 𝑃c is calculated
(Figs. 7b and 7e), based on Eq. (9).

At points with 𝑃c > 𝑃c,lim, the percentage increase is set equal to
zero. 𝑃c,lim is the upper energy limit of the GLE event particles, which
re shielded completely by the Earth’s magnetic field in regions with
ut-off rigidity above this value. A conservative upper limit of 𝑃c,lim = 3
V was used for GLE59 and, 𝑃c,lim = 6 GV for GLE05 (see Fig. 4). At

he rest of the points, interpolation has been performed based on the
nverse distance weighting algorithm (Shepards’s algorithm, Shepard,
968), taking into account the points that were set equal to zero and
he values from the NMs (the percentage increase that each available
M recorded at the peak of each GLE event, with respect to its baseline,

s listed in Tables C.1 and C.2 in Appendix C). The distance between two
oints required by the interpolation algorithm is calculated using the
aversine formula (Gade, 2010), under the assumption of a spherical
arth with a mean radius of 3671 km. Moreover, the power parameter
sed in the interpolation algorithm that regulates the influence of
alues closest to the interpolated point is set to a value above which
he average over the whole map converges to a specific value. In the
ase of GLE59, the power parameter is set equal to 30, while in the case
f GLE05, the power parameter is set equal to 45.

Figs. 7c and 7f illustrate the interpolated values all over the map
or GLE59 and GLE05, respectively. These values would estimate the
ercentage increase that could have been recorded if a NMs existed
t each point. These values depend on the number of NMs used in
he interpolation procedure, but they seem to be physically reasonable
esults. The maximum increase appears at the poles that have very low
ut-off rigidity values, while there is no increase between 45◦N–45◦S

latitudes where the rigidity is maximized. In the case of GLE05, due
to the small number of available NMs, especially in the southern hemi-
sphere, the interpolated values can be considered as an underestimation
of the ‘‘actual expected’’ values.

Multiplying the results of Figs. 7c and 7f with the factor 1.3, the
percentage increase of the IP can be found at each location. In the
case of GLE59, the maximum percentage increase is 75.3%, while in
the case of GLE05, it is 6650%. The spatial distribution of the IP seems
to contradict that the potential about above 70 km altitude (lower part
of the ionosphere, inside the equalization layer) is almost constant, as a
consequence of the conductivity anisotropy that makes the conduction
current horizontal (Tzur and Roble, 1985). This discrepancy can be
attributed to the generalization of the IP-cosmic radiation correlation.
Markson (1981) derived the correlation based on a specific NM (Mount
Washington, New Hampshire). In reality, each NM records a different
count percentage increase with respect to its baseline for the same po-
tential percentage increase (assuming that the IP is spatially constant).
This means that each NM station will have a unique IP-cosmic radiation
correlation, and more work needs to be done in this direction. In the
present study, for the treatment of this issue, the potential percentage
increase is averaged along with the whole map, leading to a constant
global increase. In the case of GLE59, this increase is 18.6%, while in

the case of GLE05, it is 794.2%.

https://gle.oulu.fi/
https://gle.oulu.fi/
https://gle.oulu.fi/
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Fig. 7. (a) Location of the NM stations that provided data during the GLE59, (b) 𝑃c distribution along the globe during the GLE59, (c) interpolated values of the NM station %
increase counts at the peak of the GLE59 with respect to the baseline, (d) Location of the NM stations that provided data during the GLE05, (e) 𝑃c distribution along the globe
during the GLE05 (f) interpolated values of the NM station % increase counts at the peak of the GLE05 with respect to the baseline.
The temporal variation of the IP (the top boundary of the simulation
domain) can be modeled similar to Eq. (10):

𝛷ion = 250
[

1 + 𝐴
𝛥𝛷%
100

]

, (13)

where 𝛥𝛷% is the percentage increase, and 𝛷ion is in kV.

2.6. Simulation procedure

At each of the six points illustrated in Fig. 3c, that correspond to
different cut-off rigidity values, Eqs. (1)–(4) are solved in the absence
of dust particles (𝜌p,𝑖 = 𝑁p,𝑖 = 0), with 𝑞 = 𝑞GCR, and 𝛷ion = 250 kV.
The calculations carry on, until steady state is reached ( 𝑑𝑛

±

𝑑𝑡 = 0). The
derived distributions along the altitude of 𝑛±fw and 𝐸z,fw form the initial
fair weather conditions of each location.

As next step, the time is set 𝑡 = 0 s, the dust particle bins are placed
in the domain and are allowed to move according to Eqs. (1)–(4). The
ionization rate, 𝑞, is expressed by Eq. (10), while the IP either remains
constant or is calculated by Eq. (13), depending on the case study. The
calculations proceed until the end of each GLE event, 𝑡 = 50000 s for
GLE59, and 𝑡 = 78000 s for GLE05. At each time step the ion number
densities, 𝑛±, the electrical potential, 𝛷, the electric field magnitude,
𝐸z, the dust particle charge densities, 𝜌p,𝑖, the dust particle number
densities, 𝑁p,𝑖, and the dust particle velocity magnitudes, |𝑣|p,𝑖 are
derived.

The average charge of each bin at a given altitude, 𝑞𝑖 is calculated by
dividing the dust particle charge density, with the dust particle number
density, 𝑞𝑖 =

𝜌p,𝑖
𝑁p,𝑖

. Finally, the electrical force magnitude upon a dust
particle of specific size at a given altitude is obtained as 𝐹el = 𝑞𝑖𝐸z.

3. Results and discussion

3.1. Effects of the ionization rate enhancement

First, the IP is kept constant during the GLE events, equal to 250 kV,
and the GLE events are assumed to modify only the ionization rate
in the atmosphere. This is consistent with the hypothesis that the
potential difference between the lower part of the ionosphere and the
Earth’s surface is generated almost solely by thunderstorms. As a first
approximation, it can be considered that the majority of thunderstorms
can be distributed between 45◦N–45◦S (see e.g. Brooks et al., 2003).
In this region, the GLE events do not alter the ionization rate due to
high rigidity values (Figs. 7b,7c,7e, 7f), and therefore the thunderstorm
electrical properties remain unaffected, keeping the IP value constant.
10
3.1.1. Fair weather electrical properties
The simulation procedure is performed to study the effect of GLEs in

the fair-weather electrical properties without introducing dust particles.
After calculating the initial fair weather conditions, the ionization rates
are modified according to Eq. (10) until the end of the time span
covered by the GLEs at each case. Moreover, for the generalization
of the results, fair weather conditions are assumed everywhere above
45◦N and below 45◦S. This means that in these regions, the electric
field is vertical, and since here we have vertical electric field, the
conclusions drawn by the effect of GLEs on the electrical properties in
these regions are assumed to be valid on a global scale.

GLE59 case. Fig. 8a illustrates the altitude-dependent fair weather
electrical conductivity distribution for locations with different cut-
off rigidity values prior to the occurrence of GLE59. The electrical
conductivity monotonically increases, opposed to the ionization rate
vertical distribution behavior, and consequently, the ion number den-
sity vertical distribution behavior, which rises up to an altitude of
∼15 km, and then falls (see Fig. 5). This comes from the fact that
the electrical conductivity also depends on the ion electrical mobility
distribution (i.e. Eq. (11)), which increases monotonically (e.g. Mallios
et al., 2021b, and references therein), and compensates the decrease of
the ion density number density.

The electric field magnitude distribution along the altitude is mono-
tonically decreasing (Fig. 8b), resulting from the system’s steady state.
In the steady-state, the current density along the altitude is con-
stant (which is the steady-state condition inside conductors, see, e.g.,
Landau and Lifshitz, 1963, p. 86), as can be seen in Fig. 8c. Based
on Eq. (12), when the conduction current is constant, increasing
conductivity leads to decreasing electric field magnitude.

It is also clear that although the selected locations cover a latitude
range between 47◦N–59◦N, the fair-weather electrical properties, espe-
cially in the troposphere, are almost identical. The conduction current
magnitude relative difference between locations with 𝑃c = 1 GV and 𝑃c
= 3 GV, is less than 2%.

As GLE59 progresses, the ionization rate increases, leading to an
increase of the ion number densities and the atmospheric electrical
conductivity. The increase is larger at altitudes from the stratosphere
and above (> 12 km), and for locations with 𝑃c < 2 GV (Fig. 6b). Fig. 8d
illustrates the percentage relative difference between the initial fair-
weather conductivity and the conductivity at the peak of the GLE59.
In the case of regions with 𝑃c = 2–3 GV, the conductivity increase is
almost constant along the altitude and lies in the range 30%–40%. On
the other hand, in the case of 𝑃c = 1 GV, the increase starts from 40%
right above the ground and reaches a value of 610% at 40 km altitude.
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Fig. 8. Electrical properties of the fair weather atmosphere prior and at the peak of GLE59 for locations with different cut-off rigidity value, 𝑃c: (a) Conductivity distribution along
the altitude prior to event, (b) electric field magnitude distribution along the altitude prior to event, (c) conduction current density magnitude distribution along the altitude prior
to event, (d) percentage relative difference between conductivity at the peak of the event and the ambient fair weather value, (e) percentage relative difference between electric
field magnitude at the peak of the event and the ambient fair weather value, (f) percentage relative difference between conduction current density magnitude at the peak of the
event and the ambient fair weather value.
Although the system is at a steady-state, as can be seen from Fig. 8f,
where the percentage increase of the current density magnitude with
respect to the initial value is constant along the altitude, and therefore
the current density distribution remains constant, the electric field
magnitude does not decrease similarly to the conductivity increase
(Fig. 8e). In the case of 𝑃c = 3 GV, the electric field magnitude remains
almost constant with its initial value up to 30 km altitude and then
increases up to 9%. For locations with 𝑃c = 2 GV, decrease up to 5%
at around 30 km altitude, and then returns to its initial value. Finally,
in the case of 𝑃c = 1 GV, the electric field magnitude increases up to
15% in the first 7 km altitude and then decreases up to 80% at 40 km
altitude.

The reason for this behavior can be explained as follows. Defining
the columnar resistance, 𝑅c as (Rycroft et al., 2008):

𝑅c = ∫

𝑧max

0

𝑑𝑧
𝜎
, (14)

where 𝑧max is the altitude of the top boundary of the simulation domain,
the current density magnitude at the ground can be written as (Rycroft
et al., 2008):

𝐽z,0 = 𝜎0𝐸z,0 =
𝛷ion
𝑅c

. (15)

Since the current altitude-dependent density is constant due to the
steady-state, the electric field magnitude at any altitude can be written
as:

𝐽z = 𝐽z,0 ⇒ 𝐸z =
𝛷ion
𝜎𝑅c

. (16)

As the conductivity increases, the columnar resistance decreases
Eq. (14)), while the conduction current density magnitude increases
Eq. (16)). This explains the increase of the conduction current den-
ity with respect to the initial values (Fig. 8f), as the conductivity
ncreases (Fig. 8d), when the IP, 𝛷ion, is kept constant. Additionally,
rom Eq. (16), it is clear that the decrease of the columnar resistance
ompensates for the increase of the conductivity, and this compensation
egulates the increase or the decrease of the electric field magnitude.

For GLE59, the decrease of the columnar resistance at the peak of
he event with respect to the initial fair weather value is 28.9% in the
ase of 𝑃c = 3 GV, 29.6% in the case of 𝑃c = 2 GV, and 38.8% in the case
f 𝑃 = 1 GV. The decrease of the columnar resistance in the first two
11

c

locations is similar to the increase of the conductivity, which explains
the minor modification of the electric field magnitude with respect to
its initial value. In the case of 𝑃c = 1 GV, though, the decrease of the
columnar resistance at altitudes up to 7 km dominates the conductivity
increase, leading to enhancement of the electric field magnitude. At
altitudes above 7 km, the conductivity increase surpasses the columnar
resistance decrease, and the electric field magnitude decreases with
respect to the initial fair weather value, as has also been observed
by Holzworth and Mozer (1979).

Another interesting point has to do with the IP. At the peak of
GLE59 the current density magnitude increases from 40% at 47◦N
(𝑃c = 3 GV) to 63% at 59◦N (𝑃c = 1 GV) with respect to the initial
value. The fair weather current during the GLE event increases at
least by 40%. Assuming that the system is at steady state, the current
driven by the thunderstorms is expected to be equal to the return fair
weather current. Since the current sources are assumed to be at regions
unaffected by the GLE59, it is concluded that the amplified return
fair weather current is a consequence of the constant IP. So, there are
two scenarios. (1) The IP should decrease for the equalization between
the source and return fair weather current. This is consistent with the
model results by Hays and Roble (1979), and Slyunyaev et al. (2015).
(2) The system is not in steady state, and there is a temporal difference
between the currents, consistent with observations by Holzworth et al.
(1987). These scenarios require a more global complex model and are
planned to be investigated in the future. A certainty arising from our
analysis is that, the GLE events can lead to a significant temporal
decrease of the fair weather resistance.

GLE05 case. The same logic is applied in the case of GLE05 (Fig. 9). In
this case the decrease of the columnar resistance is more significant
compared to the GLE59. It can lead to amplification of the current
density magnitude >100%, and enhancement of the electric field in
the troposphere >30%, with respect to their initial values, in regions
northern than 45◦N. Specifically, the columnar resistance decrease is
26.7% for 𝑃c = 6 GV, 29.2% for 𝑃c = 5 GV, 37% for 𝑃c = 4 GV, 48.2%
for 𝑃c = 3 GV, 63.5% for 𝑃c = 2 GV, and 75.1% for 𝑃c = 1 GV.

It is also noted that the extensiveness of this event that affects
regions between 30◦N–45◦N leads to possible modification of the cur-
rent sources’ electrical properties. Again, the study of this interaction
requires a more extensive model and is planned to be done as a next
step.
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Fig. 9. The same as Fig. 8, but in the case of GLE05.
Fig. 10. Electrical properties of the fair weather atmosphere prior and at a timepoint equal to 𝑡 = 7000 s (peak of GLE59 when occurs) in the presence of dust layer for locations
with different cut-off rigidity value, 𝑃c: (a) Percentage relative difference between the atmospheric conductivity in the presence of dust layer, and the fair weather conductivity in
he absence of GLE59, (b) Percentage relative difference between the electric field magnitude in the presence of dust layer, and the fair weather value in the absence of GLE59,
c) Percentage relative difference between the current density magnitude in the presence of dust layer, and the fair weather value in the absence of GLE59, (d) percentage relative
ifference between conductivity at the peak of the event in the presence of dust layer and the ambient fair weather value prior to the event, (e) percentage relative difference
etween electric field magnitude at the peak of the event in the presence of dust layer and the ambient fair weather value prior to the event, (f) percentage relative difference
etween conduction current density magnitude at the peak of the event in the presence of dust layer and the ambient fair weather value prior to the event.
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.1.2. Atmospheric electrical properties in the presence of dust particles
In the presence of dust particles, ions attach to them, leading to

epletion of ion number densities, and therefore, reducing the atmo-
pheric electrical conductivity. Based on Eqs. (14)–(16), modification
f the electrical conductivity results in modification of the electric field
agnitude. Moreover, since the attachment coefficients depend on the

onic electrical mobility, which is different for positive and negative
ons, the dust particles will acquire a net charge that, in general, is
egative. However, it can also be positive if the dust particle number
ensity is larger than the ion number density. Mallios et al. (2021b)
rovided an extensive study of the mechanism and its impact on the
ust particle net charge, as well as on the modification of the ambient
air weather electrical conditions.

LE59 case. Fig. 10a shows the conductivity reduction with respect
o the fair weather value (percentage relative difference), caused by
he ion attachment to dust particles, at different locations, and in the
12

r

bsence of GLE event, at a time point equal to 𝑡 = 7000 s (which
orresponds to the peak of the GLE59 in the case it had happened).
he percentage reduction is similar to all three locations since their
air weather conductivity distributions below 10 km are very similar
see Fig. 8a). The reduction decreases with respect to the latitude in
he range of 1–6 km because the particle number density decreases
ith respect to the altitude due to the atmospheric scaling (Eq. (6) and
ig. 2b).

The system is almost at steady state, as the current density remains
early constant regarding the altitude (Fig. 10c), and thus Eqs. (15) and
16) can be applied. The columnar resistance 𝑅c increases in all cases by
1.4%, and since the conductivity at the ground is mainly unchanged,
he electric field at the ground decreases according to the increase of
he 𝑅c, about 10%. As the conductivity decreases with respect to the
air weather value, it compensates for the increase of the columnar
esistance and the electric field increases and vice versa (Fig. 10b). The
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Fig. 11. The same as Fig. 10, but in the case of GLE05.
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reduction of the current density magnitude occurs mainly due to the
increase of the columnar resistance (Fig. 10c).

At the peak of GLE59, the enhancement of the ionization rate causes
enhancement of the ion number density and influences the ion attach-
ment process. Fig. 10d illustrates the modification of the conductivity
at the peak of the event with respect to the fair weather value. Starting
at the ground, the conductivity increases by 40% with respect to the
fair weather value. As the altitude increases, the conductivity increase
is rising. Inside the dust layer (1–6 km), the conductivity increase is
falling due to the ion attachment process. Nevertheless, as opposed to
the case where no GLE took place (Fig. 10a), inside the dust layer the
conductivity was lower than the fair weather value. In the presence of
the GLE, the conductivity is higher than the fair weather value. Finally,
above the dust layer, the conductivity behavior is the same as in the
case of GLE occurrence in fair weather conditions (Fig. 8d).

During GLE59, the columnar resistance decreases (since the conduc-
tivity increases). For 𝑃c = 3 GV the decrease is 23% with respect to the
fair weather value, for 𝑃c = 2 GV it is 24%, and for 𝑃c = 1 GV it is
34%. These decreases are very similar to the GLE59 occurrence in the
absence of a dust layer. These reductions of the columnar resistance
explain the enhancement of the current density magnitudes (Fig. 10f)
and the vertical distribution of the electric field magnitude (Fig. 10b),
following the logic presented in Section 3.1.1.

It can be concluded that the effects of the dust layer presence at the
fair weather atmospheric electrical properties (conductivity reduction,
columnar resistance increase, current density magnitude decrease) are
canceled during GLE59. This happens due to the significant ion number
density increase, which occurs because of the ionization rate amplifi-
cation, which can compensate for the ion losses during the attachment
process. It is emphasized that the ion attachment process is still present
and still causes ion depletion, but since the ion number densities in-
crease at values much larger than the fair weather values, the depletion
is not sufficient to compensate for this increase. Therefore, the electrical
conductivity and the current number density appear to increase during
the event, as in the case of the dust layer absence.

GLE05 case. Similar analysis is performed in the case of
GLE05 (Fig. 11). During this event, the cancellation of the dust layer
effects at the fair weather atmospheric electrical properties is more
apparent, and for regions with 𝑃c >= 2 GV, this cancellation is total,
and the results are the same as in the case of no dust layer (Fig. 9d–
9f). As the cut-off rigidity values increases, the contribution of GLE05
vanishes, and the cancellation of the dust layer effects decreases.
Nevertheless, even at 𝑃c = 6 GV, there is a positive contribution and
the atmospheric conductivity along with the current number density
magnitude increase with respect to the fair weather value.
13
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3.1.3. Dust particles electrical properties and dynamics
During the interaction of dust particles with the atmosphere, apart

from modifying the atmospheric fair weather electrical properties, the
electrical properties of dust particles are modified as well (Mallios
et al., 2021b). In Section 3.1.2 the influence of the GLE events on the
atmospheric electrical properties, as well on the modified atmospheric
electrical properties in the presence of dust particles, was studied. In
this Section, the influence of the GLE events on the electrical properties
of dust particles is presented.

The electrical properties of the dust particles, such as the net charge
or the electrical force that is acted upon them, or mechanical properties
such as their settling velocity, are changing during their motion in the
atmosphere (Mallios et al., 2021b). For the better representation of the
results, we calculate the following average for a given quantity 𝑓 (𝑡, 𝑧):

𝑓𝑖 =
1
𝑡end ∫

𝑡end

0

∫ 𝑧max,𝑖
𝑧min,𝑖

𝑓𝑖(𝑡, 𝑧)𝑁p,𝑖𝑑𝑧

∫ 𝑧max,𝑖
𝑧min,𝑖

𝑁p,𝑖𝑑𝑧
𝑑𝑡, (17)

where the first integral over time is the temporal average throughout
the GLE event, while the fraction inside the integral is the spatial
weighted average based on the distribution of the particles of bin 𝑖
along the altitude. The limits 𝑧min and 𝑧max are the spatial limiting
points between which, 𝑁p,𝑖 > 0. The quantity 𝑓 is the particle net
charge, 𝑞p, the electric field magnitude, 𝐸z, the ratio between the
electrical force and the gravity that act upon the particle, 𝑅𝐹 = |𝐹el|

|𝐹g|
,

and the particle terminal velocity, |𝑣|p,∞.
The ion attachment to dust particles process depends on the dust

article number density (Mallios et al., 2021b). Therefore, the dis-
retization of the continuous particle size distribution presented by Ry-
er et al. (2013b) is of high importance for the correctness of the
esults. Mallios et al. (2021b) discretized the measured distribution
sing 19 bins, according to the following rule. 9 bins were chosen as
ins of interest, between the size range 0.1 μm and 150 μm. These bins

had a very narrow width, and their relative difference with the original
distribution was less than 1%. The remaining bins, covering the rest of
the sizes, were introduced for the accurate calculation of the cumulative
effect of the entire particle size distribution to the ambient fair weather
electrical properties. They showed that this methodology leads to an
accurate calculation of the dust particles’ electrical properties in the
bins of interest, as well as the accurate modification of the large
scale ambient electrical properties, such as the electric field, and the
ion number densities. In the present work we follow this procedure,
with the bins of interest being the bins 𝑖 = 1, 2, 4, 6, 8, 10, 12, 14, 16, 18
according to Table B.1). The averaged quantities are calculated for the

elected bins of interest, and then using cubic interpolation (Press et al.,
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Fig. 12. Electrical properties of settling dust particles for different particle sizes, at locations with different cut-off rigidity value, 𝑃c, with and without the GLE59, at time period
equal to the duration of the GLE59: (a) Average particle net charge, in number of elementary charges, in the absence of GLE59, (b) average electric field magnitude ‘‘sensed’’ by
particles during their settling, in the absence of GLE59, (c) average ratio between electric force magnitude and gravity, in the absence of GLE59, (d) average settling velocity, in
the absence of GLE59, (e) percentage modification of the particle net charge during the occurrence of GLE59, (f) percentage modification of the electric field magnitude ‘‘sensed’’
by particles during the occurrence of GLE59, (g) percentage modification of the electric force magnitude over gravity ratio during the occurrence of GLE59, (h) percentage
modification of the particle settling velocity during the occurrence of GLE59.
1992, p. 108), the corresponding values for the other sizes have been
derived. We also note, that doubling the number of bins of interest (and
consequently the number of total bins) modifies the generalization of
the interpolation method by less than 0.6%.

GLE59 case. Fig. 12a illustrates the average net charge, given in a num-
ber of elementary charges, as a function of particle size, for locations
with different 𝑃c values, when the particles are left in the fair weather
atmosphere and are let to fall for a period equal to the duration of the
GLE event. All the sizes are negatively charged because the number
densities are much smaller than the fair weather ion densities (Mallios
et al., 2021b). Moreover, as the particle size increases, the particle net
charge increases for two reasons. The first is that more ions can attach
to particles as their sizes increase. The second is that large particles
have small number densities, as can be seen by the measured mean
normalized particle size distribution (Fig. 2a), and the available charge
is divided among fewer particles, leading to a higher net charge per par-
ticle. This behavior is called particle competition, as described by Gunn
(1954). The justification of the particle number density decrease as the
particle size increases comes mainly from the fact that large particles
settle quickly to the ground after their lift even in areas near the
emission sources (Ryder et al., 2013a). Consequently to their settling
process, large particles are observed at low altitudes (Ryder et al.,
2013b), reducing their mean number density values in the altitude
range of 1–6 km at which the measured size distribution is obtained.

Fig. 12b shows the average electric field that particles of each
size ‘‘feel’’ as they move in the atmosphere for the given period. The
negative sign means that the electric field points downwards. The
electric field increases as the altitude decreases (Figs. 8b and 10b). The
large particles settle faster than the small ones (Fig. 12d), and during
the period under examination, they reach regions with a larger electric
field magnitude than their small counterparts. This explains why the
large particles, on average, are in a larger electric field than the small
particles.

In Fig. 12c, the ratio between the electrical force magnitude and
the magnitude of gravity is presented as a function of particle size. The
electrical force is, in general, much smaller than gravity. For particles
around 0.1 μm, the electrical force is one order of magnitude less than
gravity, and in the case of giant particles ∼ 100 μm, the electrical force
becomes 6 orders of magnitude less than gravity. The ratio between
the forces increases as the size decreases because gravity (which is
proportional to the cube of size) decreases faster than the electrical
force (Mallios et al., 2021b). Moreover, given the negative charge polar-
ity of the dust particle net charge, and the downwards pointing electric
field, the electrical force points upwards in the opposite direction of
14
gravity. Nevertheless, given the small values of their ratio, the electrical
force does not influence the terminal velocity of the dust particles.

The occurrence of GLE59 does not significantly alter the average
electrical properties of the dust particles. The particle net charge in-
creases between 1.5%–4% (Fig. 12e). The average electric field on the
particles is nearly unaffected for locations with 𝑃c = 2–3 GV, and it
can reach a 7% increase for particles with r = 50 μm in regions with
𝑃c = 1 GV (Fig. 12f). The ratio between the electric force magnitude
and gravity, reaches a maximum 5% increase in regions with 𝑃c = 2–
3 GV, and a 13% increase in regions with 𝑃c = 1 GV (Fig. 12g). All
these effects are very small, leaving the settling velocity practically
unaffected (Fig. 12h).

This behavior of the average quantities can be explained as follows.
Based on the evolution of the GLE59 (Fig. 6a), it starts at 𝑡 = 0 s
(which is also the time point that the dust particles are introduced in
the domain and are allowed to settle), it reaches its peak at 𝑡 = 7000 s
and then relaxes to the baseline value at 𝑡 = 50000 s. Particles with sizes
of up to 10 μm are in the domain for the whole duration of the event and
experience its rise and fall. Therefore, the time average smooths any
significant transient effect at the peak of the event. Particles with sizes
between 10 μm and 50 μm, experience the rise of the event but have
settled to the ground before the fall ends. Particles with sizes ∼ 50 μm
experience the maximum contribution of the event. Finally, particles
larger than 50 μm have settled before the event reaches its peak.

The contribution of the GLE event on the dust particle dynamics
depends on the time dynamics both of the event and of the dust parti-
cles. The presented results quantify an expected range of contributions.
The lower limit affects the small particles since they are present during
the whole duration of the event. The maximum limit is the effect on
particles with radius ∼ 50 μm because they experience the maximum
contribution of the event.

GLE05 case. Similar reasoning applies in the case of GLE05 (Fig. 13).
The electrical properties in the absence of the GLE event (Fig. 13a–
13d) are very similar to the electrical properties of the previous case
(Fig. 12a–12d). In the presence of the GLE05, the maximum contri-
bution can reach 21% in terms of average charge, 32% in terms of
average electric field magnitude, 70% in terms of average forces ratio,
but still, these modifications are not sufficient to change the particle
settling velocity (Figs. 13e–13h). The maximum distribution appears
at particles ∼ 100 μm since in this case, the GLE05 has a very steep
rising time and quite slow falling time (Fig. 6a), shifting the maximum
contribution to larger particles (in smaller particles the contribution
smooths out between the rise and fall periods).
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Fig. 13. The same as Fig. 12, but in the case of GLE05.
Fig. 14. Comparison between the cases of constant and variable IP in the fair weather electrical properties, at locations with different 𝑃c values: (a) Percentage relative difference
n conductivity vertical distributions for GLE59, (b) percentage relative difference in electric field magnitude vertical distributions for GLE59, (c) percentage relative difference in
urrent density magnitude vertical distributions for GLE59, (d) percentage relative difference in conductivity vertical distributions for GLE5, (e) percentage relative difference in
lectric field magnitude vertical distributions for GLE5, (f) percentage relative difference in current density magnitude vertical distributions for GLE5.
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.2. Additional effects of the IP enhancement

In this case study, the IP is modified according to Eq. (13), consis-
ently with observations and correlations presented by Markson (1981).
ll the comparisons presented in this Section are made with respect to

he case of GLE occurrence but with constant IP.

.2.1. Fair weather electrical properties
LE59 case. Fig. 14a–c illustrates the percentage modification of the

air weather electrical properties, at locations with different cut-off
igidity values, if during the GLE59 there was an 18.6% increase of the
P (based on the discussion in Section 2.5). The increase in the potential
s not significant, and no modification is observed in the atmospheric
lectrical conductivity (Fig. 14a).

In the absence of the ion attachment term, and for the given
odification of the IP, Eq. (1) is in the linear region. This means that

he electric field magnitude is modified in the range between 18.4–
8.8%, similarly to the IP (Fig. 14b). The current density magnitude
istribution follows the electric field magnitude distribution since the
onductivity does not change (Fig. 14c).

LE05 case. In the case of GLE05 the IP increases by 794.2% (based on
he discussion in Section 2.5). The conductivity modification increases
y two orders of magnitude, compared to the case of GLE59, but still
s less than 1% and can be considered practically negligible (Fig. 14d).
15

i

For this increase in the potential, Eq. (1) is shifting towards the non-
inear region, although they can still be considered. The electric field
agnitude follows again the IP increase, but the modification range

ncreases, and lies between 780%–805% (Fig. 14e). Similar behavior is
bserved in the current density magnitude (Fig. 14f).

.2.2. Atmospheric electrical properties in the presence of dust particles
LE59 case. Fig. 15a–c illustrates the percentage modification of the
tmospheric electrical properties, at locations with different cut-off
igidity values, in the presence of settling dust particles, if during the
LE59 there was an 18.6% increase of the IP. The behavior of the

ystem is similar to the fair weather case (Section 3.2.1). The conduc-
ivity modification is negligible (Fig. 15a), and the IP modification is
eflected on the electric field magnitude (Fig. 15b), and the current
ensity magnitude (Fig. 15c).

LE05 case. Similar behavior is observed in the case of
LE05 (Fig. 15d–e).

.2.3. Dust particles electrical properties and dynamics
LE59 case. Increasing the IP by 18.6% has minimal effects on dust
articles’ electrical properties. The particle net charge is practically
he same (Fig. 16a), but there is a slight increase between 4%–10%
n the electric field ‘‘sensed’’ by the charged dust particles (Fig. 16b).
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Fig. 15. Comparison between the cases of constant and variable IP in the modified atmospheric electrical properties in the presence of dust particles, at locations with different
c values: (a) Percentage relative difference in conductivity vertical distributions for GLE59, (b) percentage relative difference in electric field magnitude vertical distributions

for GLE59, (c) percentage relative difference in current density magnitude vertical distributions for GLE59, (d) percentage relative difference in conductivity vertical distributions
or GLE5, (e) percentage relative difference in electric field magnitude vertical distributions for GLE5, (f) percentage relative difference in current density magnitude vertical
istributions for GLE5.
Fig. 16. Comparison between the cases of constant and variable IP in the electrical properties of settling dust particles, at locations with different 𝑃c values: (a) Percentage relative
difference in average charge for GLE59, (b) percentage relative difference in average electric field magnitude ‘‘sensed’ by dust particles for GLE59, (c) percentage relative difference
in electrical force magnitude over gravity ratio for GLE59, (d) percentage relative difference in particle terminal velocity for GLE59, (e) Percentage relative difference in average
charge for GLE05, (f) percentage relative difference in average electric field magnitude ‘‘sensed’ by dust particles for GLE05, (g) percentage relative difference in electrical force
magnitude over gravity ratio for GLE05, (h) percentage relative difference in particle terminal velocity for GLE05.
Additionally, the electrical force magnitude over gravity ratio increases
between 4%–11% (Fig. 16c). The maximum impact appears at particles
with radius ∼ 50 μm since they experience the full impact of the event
(as discussed in Section 3.1.3). Nevertheless, these modifications cannot
alter dust particles dynamics in terms of terminal velocity (Fig. 16d).

GLE05 case. In the case of GLE05, with a possible increase of the
IP by 794.2%, the electrical properties of the dust particles change
significantly. The average net charge increases for particles with sizes
in the range of 10–100 μm, while decreases for smaller particles in the
ange of 0.1–10 μm (Fig. 16e). The increase can reach up to 70% for
articles ∼ 100 μm. On the other hand, the decrease can be considered
ractically negligible, and is less than 1% in the whole range.

The difference in the charging behavior can be attributed to the
ifferences in the electric field ‘‘sensed’’ by the particles (Fig. 16f). For
articles up to 10%, the increase of the electric field is ∼50%. This
ncrease, along with the large number densities of the small particles,
annot significantly modify the behavior of the ion attachment process.
n the other hand, for larger particles, this increase on the electric field
an reach on average by 400%, and apparently is able to change the
16
ion attachment process by modifying the dominant mechanism between
the diffusion and polarization process (Mallios et al., 2021b).

The electrical force magnitude over gravity ratio increases similarly
to the electric field case (between 50%–800%, see Fig. 16g). Still, this
increase is insufficient to alter the particle dynamic (Fig. 16h). It is
noted that the small increase of the terminal velocity at small particles
occurs because the percentage decrease of their net charge dominated
over the percentage increase of the electric field.

4. Conclusions

We presented a consistent attempt to investigate the impact of GLE
events on the atmospheric electric properties, and on dust particles
charging mechanism through the ion attachment. Our results were
consistent with observations and other models presented in the past
literature. It has been found that in the case of fair weather conditions,
GLE events enhance the atmospheric electrical conductivity, reduce
the columnar resistance, and modify the fair weather electric field,
air–earth conduction current, and possibly the Ionospheric Potential
(IP) in a way that depends on the geomagnetic cut-off rigidity of
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the location and the altitude. Specifically, as the cut-off rigidity of a
location increases, then the GLE effects on the atmospheric electrical
properties vanish. As the cut-off rigidity decreases, the air–earth con-
duction current magnitude increases. The electric field strength near
the ground increases with the decreasing cut-off rigidity, and as the
altitude increases the electric field strength decreases.

The terms of the IP, the modification is a bit more complicated. It
is still unknown if the IP is modified directly by the GLEs and there
is a lot of uncertainty in the understanding of the influence of solar
activity on it. Under the assumption that there is a linear correlation
between the measured count increase of NMs and the IP as presented
by Markson (1981), then the IP can increase ∼20% in the case of
GLE59, and ∼800% in the case of GLE05 with respect to the average
GEC value of 205 kV. The air–earth conduction current magnitude and
the electric field strength follow this increase of the IP.

On the other hand, under the assumption of unchanged IP, there is
an increase of the air–earth conduction current, leading to an imbalance
between to the charging and the discharging GEC currents. This means
that either the IP should decrease for the equalization of these two
currents, or that the imbalance is temporal due to the transient nature
of the GLE effects, and ti will vanish when the GLE stops.

If a dust particle layer is present, GLE events tend to cancel its
electrical effects in the ambient atmosphere. This means that the en-
hancement of the electric field and the reduction of atmospheric elec-
trical conductivity, caused by the ion attachment to dust particles, not
only tend to return to their ambient fair weather values, but they can
be further modified as if the dust layer was not present as the event
becomes more massive (as in the case of GLE05).

Finally, in terms of dust particles’ electrical properties, GLE events
tend to modify the ion attachment mechanism, and in principle, the
particle net charge, and the electric field ‘‘sensed’’ by them increases.
Nevertheless, since the electrical force magnitude is up to six orders
of magnitude less than gravity, the increase of the particles’ electrical
properties are not sufficient to modify the particles settling dynamics
and terminal velocities.

This study constitutes the first step towards a proper quantification
of the solar activity-atmospheric electrical properties interaction. The
following steps are towards modifying the presented 1D model to a
time-dependent global model that can capture regional and global
aspects of this interaction.
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ppendix A. List of physical constants

In Table A.1, the values of the physical constants used in the
alculations throughout the paper are listed.

ppendix B. Particle size distribution binning
17

In Table B.1, the discrete bins of the size distribution are listed.
Table A.1
Physical constant values.

Symbol Name Value Unit

𝑅∗ Specific gas constant for dry air 287.058 J/(kg K)
𝑘 Boltzmann constant 1.381 × 10−23 m2kg/(s2K)
𝑞e Elementary charge 1.602 × 10−19 C
𝜀0 Vacuum permittivity 8.854 × 10−12 F/m
𝑔 Gravitational acceleration 9.80665 m/s2

𝜚p Mass density of dust particle 2600 kg/m3

Table B.1
Discretization bins of the size distribution.

i Bin𝑖 start (μm) Bin𝑖 end (μm) 𝑟𝑖 (μm) 𝑁0,𝑖 (m−3)

1 0.05 0.49754 0.11009 1.129286 × 108

2 0.49754 0.5025 0.5 7.29383 × 104

3 0.5025 0.9952 0.67089 2.088442 × 106

4 0.9952 1.005 1 2.196567 × 104

5 1.005 2.4877 1.4363 1.176378 × 106

6 2.4877 2.5125 2.5 4.171284 × 103

7 2.5125 4.976 3.4757 2.029122 × 105

8 4.976 5.025 5 2.045581 × 103

9 5.025 9.952 6.6764 8.080773 × 104

10 9.952 10.05 10 4.882423 × 102

11 10.05 24.878 13.132 1.42718 × 104

12 24.878 25.125 25 1.6105 × 101

13 25.125 49.756 30.175 3.065036 × 102

14 49.756 50.25 50 3.805 × 101

15 50.25 74.635 57.013 5.401142
16 74.635 75.375 75 2.673747 × 10−2

17 75.375 99.514 83.132 3.160056 × 10−1

18 99.514 100.5 100 3.303402 × 10−3

19 100.5 150 112.55 3.96402 × 10−2

Table C.1
Percentage increase with respect to the baseline during GLE59.

Neutron monitor station Latitude (◦) Longitude (◦) % Increase

ALMA-ATA-B (AATB) 43.25 76.92 0a

APATITY (APTY) 67.55 33.33 33.47
CALGARY (CALG) 51.08 245.86 35.09
GOOSE BAY (GSBY) 53.27 299.6 35.1
HOBART (HBRT) −42.9 147.33 18.3
HERMANUS (HRMS) −34.42 19.22 0a

INUVIK (INVK) 68.35 226.28 26.91
IRKUTSK (IRKT) 52.47 104.03 2.6
JUNGFRAUJOCH (JUNG) 46.55 7.98 0a

KERGUELEN (KERG) −49.35 70.22 28.37
KIEL (KIEL) 54.33 10.13 8.5
LOMNICKY (LMKS) 49.2 20.22 2.87
MCMURDO (MCMU) −77.85 166.72 34.32
MAGADAN (MGDN) 60.12 151.02 12.78
MOSCOW (MOSC) 55.47 37.32 9.7
MT. WELLINGTON (MTWL) −42.92 147.24 20.6
MAWSON (MWSN) −67.6 62.88 34.45
MEXICO CITY (MXCO) 19.33 260.82 0a

NOVOSIBRSK (NVBK) 54.8 83 5.6
NEWARK (NWRK) 39.68 284.25 9.28
OULU (OULU) 65.05 25.47 29.27
POTCHEFSTROOM (PTFM) −26.41 27.06 0a

ROME (ROME) 41.9 12.52 0a

SANAE (SNAE) −70.3 357.65 39.39
SOUTH POLE (SOPO) −90 0 57.93
TERRE ADELIE (TERA) −66.65 140 26.94
THULE (THUL) 76.58 291.58 40.36
TSUMEB (TSMB) −19.12 17.35 0a

TIXIE (TXBY) 71.6 128.9 24.82
YAKUTSK (YKTK) 62.02 129.7 16.75

aNo de-trended NM data are available.

Appendix C. Neutron monitor measurements

In Tables C.1 and C.2, the percentage increase of each available NM
count is listed, at the peak of GLE59 and GLE05, respectively.
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Table C.2
Percentage increase with respect to the baseline during GLE05.

Neutron monitor station Latitude (◦) Longitude (◦) % Increase

ALBUQUERQUE (ALBQ) 35.05 −106.62 1169.29
USSA ARNEB (ARNB) −41.28 174.77 593.07
BERKELEY (BERK) 37.86 −123 987.5
CHICAGO (CHGO) 41.83 −87.7 2031.2
CLIMAX (CLMX) 39.37 −106.18 2704.57
GOTTINGEN (GOTT) 51.53 9.93 2619.28
HUANCAYO (HUAN) −12.03 −75.33 36.9
LEEDS (LEED) 53.83 −1.58 5116.76
MT. NORIKURA (MTNR) 36.11 137.55 51.91
MT. WELLINGTON (MTWL) −42.92 147.24 0a

MEXICO CITY (MXCO) 19.33 −99.18 123.09
OTTAWA (OTWA) 45.4 −75.6 2972.19
SACRAMENTO (SACR) 32.72 −105.75 987.5
STOCKHOLM (STHM) 59.35 17.95 4157.04
WEISSENAU (WEISS) 51 10 1956.4

aAlthough MTWL recorded GLE05, no de-trended NM data are available.
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