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e galactic cosmic rays are the main source of ionization in the troposphere of the Earth. Solar energetic particles of MeV energies
cause an excess of ionization in the atmosphere, speci�cally over polar caps. e ionization effect during the major ground level
enhancement 69 on January 20, 2005 is studied at various time scales. e estimation of ion rate is based on a recent numerical
model for cosmic-ray-induced ionization. e ionization effect in the Earth atmosphere is obtained on the basis of solar proton
energy spectra, reconstructed from GOES 11 measurements and subsequent full Monte Carlo simulation of cosmic-ray-induced
atmospheric cascade. e evolution of atmospheric cascade is performed with CORSIKA 6.990 code using FLUKA 2011 and
QGSJET II hadron interaction models. e atmospheric ion rate is explicitly obtained for various latitudes, namely, 40∘N, 60∘N
and 80∘N. e time evolution of obtained ion rates is presented. e short- and medium-term ionization effect is compared with
the average effect due to galactic cosmic rays. It is demonstrated that ionization effect is signi�cant only in subpolar and polar
atmosphere during the major ground level enhancement of January 20, 2005. It is negative in troposphere at midlatitude, because
of the accompanying Forbush effect.

1. Introduction

Cosmic rays are high, ultrahigh, and extremely high energy
particles of extraterrestrial origin, mostly protons. Cosmic
rays (CRs) constantly impinge the Earth’s atmosphere. While
the low-energy particles are absorbed in the atmosphere,
those with energies greater than 1GeV/nucleon generate new
particles through interactions with atomic nuclei.ey are an
important source of ionization in the Earth atmosphere [1].
e ionization in the stratosphere and troposphere is gov-
erned by galactic cosmic rays [2]. ey initiate a complicated
nuclear-electromagnetic-muon cascade resulting in an ion-
ization of the ambient air. In such a cascade a small fraction
of the initial primary particle energy reaches the ground as
high energy secondary particles. Most of the primary energy
is released in the atmosphere by ionization and excitation of
the air molecules, resulting in an ionization of the ambient
air. e maximum in secondary particle energy release is
observed at altitudes of 15–26 km depending on latitude and
solar activity level. is is the Pfotzer maximum.

e galactic cosmic ray (GCR) is affected by solar activity.
ey follow the 11-year solar cycle and respond to long and
short time scale solar-wind variations. ey are modulated
with the opposite phase, that is, the higher solar activity, the
lower the intensity of galactic CRs is. Solar energetic particles
(SEPs) are accelerated during explosive energy release on
the Sun and by acceleration processes in the interplanetary
space. ey enter the atmosphere sporadically, with a greater
probability during periods of increased solar activity. In
addition the heliosphere transient phenomena lead to a
strong, relatively short suppression of GCR intensity in the
vicinity of Earth, followed by a slower recovery on the time
scale of several days known as Forbush decrease [3]. ese
events are generally interpreted as a result of the in�uence of
coronal mass ejections (CMEs) and/or high-speed streams of
the solarwind from the coronal holes on the backgroundCRs.

e abundances of CR are nearly independent of the
energy. For lower energies below 1GeV/nucleon, the relative
abundance of heavier nuclei increases, particularly around
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solar maximum, because they are less modulated than pro-
tons. In addition for a given energy, protons produce an
atmospheric cascade that develops deeper in the atmosphere
than cascades from heavier nuclei.

e investigation of ionization processes in atmosphere is
important for better understanding of various processes and
space weather mechanisms [1]. As example galactic cosmic
rays in�uence via ionization the electrical parameters of
planetary atmospheres. ey are also related to atmospheric
chemistry, as example the ozone depletion in the strato-
sphere. In addition to CR particles, solar electromagnetic X
andUV radiations can affect the ionosphere and atmosphere,
speci�cally the upper atmosphere.e effect varies geograph-
ically following the insolation pattern. It is beyond the topic
of this study.

In the work presented here the ionization rate in the
atmosphere during the major solar energetic particle event
on January 20, 2005 is estimated. e obtained ion rates are
compared with the average GCR ion production. is event
is considered for study, because it is among the largest solar
energetic particles events. In addition, the event occurred
during the winter period; therefore the contribution of solar
UV radiation could be neglected at polar latitudes for further
atmospheric studies.

2. Modeling of CR Induced
Atmospheric Ionization

e estimation of cosmic-ray-induced ionization, as was
recently demonstrated, could be performed on the basis of
a full Monte Carlo simulation of the atmospheric cascade
[4]. At present, with the development of numerical methods,
evolution of the knowledge of high energy interactions and
nuclear processes, an essential progress inmodels for cosmic-
ray-induced ionization in the Earth atmosphere is carried out
[5–8]. As was recently demonstrated the models agree with
10–20%, the difference is mainly due to the various hadron
generators and atmospheric models [2].

e full Monte Carlo simulation of the atmospheric
cascade permits to follow the longitudinal cascade evolution
in the atmosphere and obtains the energy deposit by different
atmospheric cascade components from ground level till the
upper atmosphere. ese full target models apply the form-
alism of ionization yield function 𝑌𝑌

𝑌𝑌(𝑥𝑥𝑥 𝑥𝑥) = Δ𝑥𝑥 (𝑥𝑥𝑥 𝑥𝑥)
1
Δ𝑥𝑥
⋅
1
𝑥𝑥ion
⋅ Ω𝑥 (1)

where Δ𝑥𝑥 is the deposited energy in layer Δ𝑥𝑥 in the atmo-
sphere and Ω is a geometry factor, integration over solid
angle, 𝑥𝑥ion = 35 eV, which is the energy necessary for
production of one ion pair [9, 10]. e ionization yield func-
tion represents the number of ion pairs produced at given
altitude 𝑥𝑥 in the atmosphere by given primary cosmic ray
nuclei with kinetic energy 𝑥𝑥 on the top of the atmosphere.
In fact the ionization yield function represents the ionization
capacity in air by given primary CR particle.

e estimation of atmospheric ion rate production is
obtained by convolution of 𝑌𝑌(𝑥𝑥𝑥 𝑥𝑥) and SEP spectrum as
shown in

𝑞𝑞 ℎ𝑥 𝜆𝜆𝑚𝑚 = 
∞

𝑥𝑥0
𝐷𝐷 𝑥𝑥𝑥 𝜆𝜆𝑚𝑚 𝑌𝑌 (ℎ𝑥 𝑥𝑥) 𝜌𝜌 (ℎ) 𝑑𝑑𝑥𝑥𝑥 (2)

where 𝐷𝐷(𝑥𝑥𝑥 𝜆𝜆𝑚𝑚) is the differential primary cosmic ray spec-
trum at given geomagnetic latitude 𝜆𝜆𝑚𝑚 for a given component
of primary cosmic ray, 𝑌𝑌 is the yield function (1), and 𝜌𝜌(ℎ)
is the atmospheric density (g ⋅ cm−3). We express 𝑥𝑥, during
the simulations in g ⋅ cm−2, which is a residual atmospheric
depth, that is, the amount of matter (air) overburden above
a given altitude in the atmosphere. is is naturally related
to the development of the cascade. Subsequently the mass
overburden is transformed as altitude above sea level (a.s.l.)
in [km].

In this study the simulation of the development of
atmospheric cascade is carried out with CORSIKA 6.990
code [11] with corresponding hadron interaction generators
FLUKA2011 [12] andQuarkGluon Stringwith JETsQGSJET
II [13]. COsmic Ray SImulations for KASKADE (CORSIKA)
code is the most widely used atmospheric cascade simula-
tion tool. e code simulates the interactions and decays
of various nuclei, hadrons, muons, electrons, and photons
in the atmosphere. e particles are tracked through the
atmosphere until they undergo reactions with an air nucleus
or in the case of unstable secondary particles, they decay.
e result of the simulations is detailed information about
the type, energy, momenta, location, and arrival time of the
produced secondary particles at given selected altitude a.s.l.
e primary particles that can be considered are protons,
light, middle, and heavy nuclei up to iron.

3. Ionization Effect in the Atmosphere due to
Galactic and SEP

e described above formalism is applicable for the whole
atmosphere where CR could affect from ground level to
altitude of 100 km a.s.l. Aer obtaining the energy deposi-
tion from all secondary cosmic ray particles, respectively,
ionization yield function 𝑌𝑌 (1) on the basis of (2), the ion
rate as ion pairs per second in cm3 is obtained. e ion
rates are presented as ion pairs per second, per cm3, and per
atmosphere.

3.1. Ion Rates at Solar Minimum and Maximum at Various
Atmospheric Depths. e cosmic-ray-induced ionization by
GCR at solarminimumandmaximum is obtained for ground
level to the upper atmosphere. In Figure 1 the obtained
ion rates are presented for various atmospheric depths,
namely, 100 g cm−2 (16 km a.s.l.), 300 g ⋅ cm−2 (10 km a.s.l.),
500 g ⋅ cm−2 (5 km a.s.l.), and 700 g ⋅ cm−2 (3 km a.s.l.) as a
function of the rigidity cut-off.

It is demonstrated that solar activity affects ion rate pro-
duction signi�cantly at high latitudes, while at the Equator
(15GV cut-off), this effect is not so strong. Such computation
of GCR-induced ionization permits to estimate the ion rate
production at various time scales. erefore the average ion
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F 1: Cosmic-ray-induced ionization by GCR at solar mini-
mum and maximum at various atmospheric depths.

rate due to GCR could be estimated for speci�c conditions
(solar minimum and maximum). Hence, the obtained ion
rates due to GCR permit to compare the SEP ionization effect
with average ionization CR effect in a realistic manner.

3.2. Ionization Effect on January 20, 2005, during the Major
GLE 69. In addition to continuous ionization in the Earth’s
atmosphere caused by galactic cosmic ray a sporadic ioniza-
tion occurred during solar energetic particle events, poten-
tially affecting the Earth’s environment [14]. In general such
events are low energy and are not able to initiate atmo-
spheric cascades. eir ionization effect is limited to the
upper polar atmosphere. Hence the studies of the effects
caused by solar energetic particles are usually limited to the
upper atmosphere above 30 km. However, it was recently
demonstrated [15–18] that during some major ground level
enhancements (GLEs), which are characterized by very high
energy of solar particles, the ionization effect is important
speci�cally over polar atmosphere.

On January 20, 2005 all energy channels of GOES satellite
simultaneously register enhancement of proton �ux. e
(SEP) onset was registered at 6:50UT, 3 minutes before
maximum of �-ray �are. �uring the �rst hour the proton
spectrum parameters change dramatically [19]. e changes
of the spectra could be connected with some particle accel-
eration mechanism preceding the CME launch. e next
10 hours of acceleration produce spectra with very stable
parameters [20], most likely formed at CME driven shock
site.

A well-studied event [19] such as ground level enhance-
ment 69 on January 20, 2005 was considered for analysis.
Since this event is among the largest (the second largest in
observation history), the ionization effect is expected to be
maximal. e event on January 20, 2005 is characterized by

an anisotropic component with a very hard spectrum at the
onset of the event, followed by a long isotropic emission with
a soer spectrum [21]. e spectral index for SEP during
GLE is typically between 4 and 6. In this work the solar
proton spectrum is obtained on the basis of GOES 11 satellite
measurements (high energy channels) and additional data
[22, 23].

e spectrum of solar protons is expressed in two differ-
ent moments: at 08:00UT a high energy part with a slope of
2.32 and at 23:00UT low energy part with a slope of 3.43.
�uring the simulation, a realistic winter pro�le of the Earth
atmosphere is considered [24, 25]. It is demonstrated that
the ionization effect on event onset at 08:00UT (Figure 2(a))
is greater than the one produced by delayed component at
23:00UT (Figure 2(b)). Because the event on January 20, 2005
occurred during the recovery phase of the Forbush decrease
and in the following days an additional suppression of the
cosmic ray intensity was observed leading to a complicated
time pro�le of cosmic ray �ux, the net ionization effect is
calculated as a superposition of ion rate from solar energetic
particles and from reduced galactic cosmic rays.

In the case of 40∘N latitude the effect at 08:00UT is com-
parable to the average of GCR (Figures 1 and 2(a)). However,
the ion rates quickly decrease with altitude (below 5 km a.s.l.).
e ionization effect due to low energy component of the SEP
spectrum, namely, at 23:00UT is negligible (Figure 2(b)). In
this case the ion rates are due mostly from reduced GCR.

e situation is quite different for latitude of 60∘N (Figure
3). e ion rate due to SEP at 08:00UT is signi�cant. e
ion rates from solar particles are greater than ion rates
from GCR roughly an order of magnitude. e ionization is
signi�cant at altitudes above some 12 km a.s.l. and decreases
in the troposphere. e ion rate at 23:00UT due to a low
energy component, as in a previous case, is negligible. In
the case of 80∘N latitude both components, hard at 08:00UT,
respectively, so at 23:00UT cause a signi�cant excess on ion
rates in the atmosphere. e effect at 08:00UT is due mainly
to solar protons (Figure 4(a)). It is signi�cant at altitudes
above 10–12 km a.s.l. Because the hard spectrum is with a
slope of 2.32, it causes signi�cant ionization even in a low
atmosphere. At 23:00UT the effect due to solar particles
is signi�cant at altitudes above 12 km a.s.l. and decreases
in the troposphere, because of the soer spectrum. e
ionization effect in a low troposphere is due to a reducedGCR
(Figure 4(b)). Computed ion rates permit to estimate the net
ionization effect at various time scales and to compare it to
the average effect due to GCR.

3.3. Short and Medium Time Ionization Effect due to GLE 69
on January 20, 2005. e ionization effect is maximal during
the �rst 24 h from the event onset [14, 16, 17]. e 24 h effect
is computed as superposition of SEP and GCR ionization.
Since the event occurred during the recovery phase of a
strong Forbush decrease, a reduced GCR �ux is considered.
e 48 h effect is superposition of 24 h effect and reduced
GCR ionization effect for the following 24 h.eweekly effect
is computed taking into account the 24 h ionization effect
from solar protons and complicated GCR �ux, considering
explicitly the transient phenomena during the week.
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F 2: Ionization effect at 40∘N due to GCR and SCR during GLE 69 on January 20, 2005.
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F 3: Ionization effect at 60∘N due to GCR and SCR during GLE 69 on January 20, 2005.
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F 4: Ionization effect at 80∘N due to GCR and SCR during GLE 69 on January 20, 2005.
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F 5: 24 h ionization effect due to solar protons during GLE69,
compared with average GCR, as a function of latitude for various
observation depths.

e ionization effect at various timescales is computed
at various altitudes a.s.l., namely, at 100 g cm−2 (16 km a.s.l.),
300 g ⋅ cm−2 (10 km a.s.l.), 500 g ⋅ cm−2 (5 km a.s.l.), and
700 g ⋅ cm−2 (3 km a.s.l.) as a function of the rigidity cut-off.
is permits to estimate with good precision in which region
of the atmosphere the ionization effect is signi�cant, weak
or negative. e Figures 5–7 demonstrate the net ionization
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F 6: 48 h ionization effect due to solar protons during GLE69,
compared with average GCR, as a function of latitude for various
observation depths.

effect as a function of the rigidity cut-off at various altitudes
compared with average ionization effect from GCR. e
average ionization effect from GCR is computed for period
corresponding to the week before GLE 69 onset.

In general, as was shown in (Figure 2), the effect at 40∘N
is weak, with excess in the region of Pfotzer maximum.
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F 7: Weekly ionization effect due to solar protons during
GLE69, compared with average GCR, as a function of latitude for
various observation depths.

erefore the 24 h is weak in a whole midlatitude atmosphere
(Figure 5).We observe negative ionization effect compared to
average effect from GCR at 700 g ⋅ cm−2 (red lines on Figure
5). e effect from SEP is weak at 500 g ⋅ cm−2 (green lines).
Only at altitudes around some 10 km a.s.l. the ionization
effect due to solar protons is greater than the average due to
GCR at 40∘N latitude. As was expected the effect increases for
low rigidity cut-offs, that is, in subpolar and polar regions.
We conclude that the 24 h ionization effect is important in
the subpolar and polar atmosphere during major ground
level enhancement of January 20, 2005, speci�cally at high
altitudes (Figure 5—black and blue dashed lines).

e 48 h ion production at 40∘N is comparable with the
average due to GCR at altitudes above 500 g ⋅ cm−2 (Figure
6). e 48 h ion production is below the average due to
GCR at altitude of 3 km for 40∘N. �ecause the signi�cant ion
production at 60∘N and 80∘N; the 48 h ionization effect is
still strong at these regions, speci�cally at high altitudes. e
48 h effect results on 50% increase compared to the average
due to GCR at 60∘N. e effect is even stronger at 80∘N.
erefore the 48 h ionization effect is important only in the
subpolar and polar atmosphere during major ground level
enhancement of January 20, 2005 at high altitudes.

e weekly effect at 40∘N (Figure 7) is clearly negative at
low altitude (green and red lines at Figure 7). It is comparable
with average GCR (black lines at Figure 7) effect at high
altitude. However, the signi�cant ion production during the
event onset results on important ionization effect in the
region of the Pfotzer maximum at 40∘N (blue lines at Figure
7). e weekly effect is weak at the troposphere even at
subpolar latitudes. However at 80∘N the weekly effect is still
important.
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An illustration of the above conclusions is shown in
Figure 8. Figure 8 demonstrates the relativity to the average
GCR ionization effect for 24 h, 48 h, and 168 h at 40∘N in the
low troposphere. It is shown that the 24 h ionization effect
is positive in a tight region of the troposphere above some
5 km a.s.l. In this region the interplay between reduced GCR
�ux and SEP leads to slight increase of the ionization. As was
expected the 48 h is negative, as well as the weekly ionization
effect (red and blue lines). In the upper troposphere the
24 h ionization effect is positive compared to the average of
GCR only is a small region (Figure 9). e ionization effect
is negative in the stratosphere. e 48 h ionization effect is
clearly negative as was mentioned above.

Similarly it is demonstrated that 24 ionization effect at
60∘N is not important in the lower troposphere (Figure 10).
e 48 h ionization effect is not important as well and is
slightly negative in planetary boundary layer.

Taking into account the time evolution of the obtained
ion rates, the conclusion is the ionization effect is nearly
negative for 40∘N, especially in the troposphere and small
for 60∘N, because of the accompanying Forbush decrease
during the event. e ionization effect is important only in
the subpolar and polar atmosphere duringmajor ground level
enhancement of January 20, 2005 at high altitudes.

4. Applications and Discussion

e application of recent Monte Carlo CR ionization models
is related to the study of various processes in the atmosphere,
speci�cally related to atmospheric chemistry and physics �26,
27�.e in�uence of GCR should not be neglected in investi-
gations of the tropospheric and stratospheric chemistry and
dynamics. e CR ionization models show that the effects
of galactic cosmic rays on the atmosphere are statistically
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signi�cant in large geographic regions and for a number of
relevant atmospheric species.

It was recently demonstrated for Southern hemispheric
troposphere that NOx increases more than 20% in the polar
region [26]; HOx decreases of 3% in the midlatitude upper
troposphere; HNO3 increases by more than 10% between
the South Pole and subtropics and O3 increases by up to 3%
throughout the troposphere to 20 km between the South Pole
to 20∘N. Respectively, for Northern hemispheric troposphere
HNO3 marginally signi�cant increases in the midlatitude
upper troposphere and O3 signi�cant decreases in the polar
upper troposphere. Undoubtedly these effects are relatedwith
the planetary distribution of GCR.

In addition it was demonstrated that major solar events
leading toGLEs could also impact the Earth atmosphere [28].
According to the current knowledge, the cosmic-ray-induced
ionization of the atmosphere, due to solar and galactic cosmic
rays produces additional chemical sources and in�uences
ozone molecules in the atmosphere [29] via photochemistry
[30]. Recently, was demonstrated, that the ionization of the
polar atmosphere by SEPs is responsible for the impact on
neutral constituents. In addition it was shown that even
events with limited particle �ux could change the abundance
of the minor constituents in the mesosphere and the upper
stratosphere [31].

e obtained results presented here are related to these
studies, since the atmospheric ionization is related to the
mentioned above phenomena. Recent studies at the upper
atmosphere on short-medium time [32, 33] demonstrate
that the January 2005 SPEs caused large enhancements in
the northern polar mesospheric HOx and NOx constituents
(both observed and modeled). Observations indicated large
mesospheric increases in OH (up to 4 ppbv) and HO2
(>0.5 ppbv) as a result of the SPEs during the time period
16–21 January in the 60–85N latitude. e WACCM3 sim-
ulations showed quantitatively similar, although somewhat
larger enhancements in OH and HO2. ese large HOx
enhancements led to considerable ozone decreases of greater
than 40% throughout most of the northern polar mesosphere
during the SPE period. All these studies demonstrate that
SEP impact on the atmosphere is more important than
GLE particles in the upper atmosphere. However, for better
understanding of the atmospheric chemistry and physics
process is the investigation if their impact is important.

While the recent model studies of cosmic-ray-induced
ionization during the major GLE 69 on January 20, 2005
focus on the onset of the event and the next following hours,
when the effect is maximal, in the study presented here we
focus on short- tomid-term ionization effect. Previous works
did not concern the mid-term ionization effect in details for
various altitudes in the atmosphere. In addition several of the
previous studies are limited to a high atmosphere [32] or only
on the contribution of heavy ions [34]. erefore the results
presented here extend the recent studies of such events and
give basis for further improvement of model studies related
to atmospheric physics phenomena.

5. Conclusion

e application of Monte Carlo methods for investigation of
cosmic-ray-induced ionization is very important, because it
is possible to consider explicitly the hadron component. It
gives the possibility to estimate middle and low atmospheric
effects related to cosmic-ray-induced ionization realistically.
As was recently demonstrated their application in a speci�c
conditions [15, 17] permits detailed study of the ionization
effect, speci�cally at middle and low altitudes [16].

e effect of sporadic solar energetic particle events is
limited on a global scale but most energetic events could
be strong locally, speci�cally in subpolar and polar regions,
affecting the physical-chemical properties of the upper atmo-
sphere. Since the large SEP events leading to GLEs are
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different on spectra and composition, their detailed study
is connected with detailed information about heliospheric
and geospace conditions. In this connection extension of the
existing models to the upper atmosphere is very important,
as well as their comparison with analytical models.

e ionization effects in the upper atmosphere during
GLE 69 on January 20, 2005 are well studied [32, 33]. In
this study it is shown that ionization effect is signi�cant
at subpolar and polar atmosphere, with fast tropospheric
decrease [16, 17]. Previous studies are focused on a maximal
phase of ionization effect during the �rst hours from GLE
onset. In this study the obtained ion rates are used to estimate
the mid-term ionization effect. It is demonstrated that the
ionization effect is nearly negative compared to GCR at
middle latitudes for short- to mid-term periods. is is very
important for further studies of the in�uence of GLE particles
on atmospheric chemistry and physics.

It has a general agreement that cosmic-ray-induced ion-
ization of the atmosphere, due to solar and galactic cosmic
rays, produces additional chemical sources and in�uences
ozonemolecules in the atmosphere. As was mentioned above
the ionization effect due to SEPs is important only in a
subpolar and polar atmosphere. is is very important for
recent composition changes studies. e January 20, 2005
SPEs caused large enhancements in the northern polar HOx
and NOx constituents in mesosphere, which lead to ozone
decrease in the order of 40%. However on the basis of the
obtained ion rate it is demonstrated that the tropospheric and
stratospheric ionization effects due to SEPs are important on
short to medium time scales in polar atmosphere and are
nearly negative compared to the average GCR on medium
time scales at middle latitudes (because of the accompanying
Forbush decrease�. More detailed studies of the in�uence
on minor components of the atmosphere deserve special
interest.

In addition, it was recently demonstrated [34] that the
contribution of light nuclei, speci�cally Helium could be
important for total ionization even at middle latitudes during
GLE 69. e extension of such models, speci�cally in the
upper atmosphere on the basis of a full Monte Carlo sim-
ulation of the atmospheric cascade with combination with
analytical procedures [35] will contribute to deep under-
standing of the impact of solar and galactic cosmic rays on
the atmosphere of the Earth and their connection to the space
weather [36–38] and atmospheric physics [39].
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