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Abstract: The paper considers the modeling of proton transport through the Earth’s atmosphere
during several SEP events (12 August 1989, 23 March 1991, and 8 November 2000), as well as during
the GLE73 event. Solar sources and interplanetary medium conditions during these events are
described in detail. Calculations are carried out using own model implemented with GEANT4. As
the main results, quantitative estimates of the calculated ambient dose equivalent for altitudes in
a wide range (also including civil aircraft flight altitudes of 10–11 km) for the geomagnetic cutoff
rigidity values Rc = 0.13 GV are given.

Keywords: ground-level enhancements; solar energetic particle events; ambient dose equivalent;
numerical modeling

1. Introduction

Galactic cosmic rays (GCRs) continuously interact with matter in the Earth’s atmo-
sphere, ionizing the air and giving rise to cascades of secondary particles [1]. Solar cosmic
ray (SCR) protons (in the energy range of E < 1 GeV) produced by the activity of the Sun
have significantly higher fluxes than GCRs, but SCRs are also able to influence the atmo-
sphere at higher altitudes (>50 km). The difference can reach several orders of magnitude.
As a result, some of the secondary particles during powerful solar events can reach the
Earth surface and cause a Ground-level enhancement (GLE). GLE is a very interesting event,
observed as an increase in the count rate of the ground-based detectors. Such detectors can
be ordinary Geiger counters, scintillation spectrometers, muon telescopes, etc., but the main,
of course, are neutron monitors (NM). The first key feature of these detectors is that they
mainly detect neutrons, which have a large mean free path in the Earth’s atmosphere and
very well represent the state of the primary particle flux through a simple count rate. The
second difference from other detecting devices is that NMs operate as a network of stations
(https://www.nmdb.eu/, accessed on 7 January 2024), each NM is located at a point with
its own geomagnetic cutoff rigidity and reception cone. This approach makes it possible
to determine an important parameter, such as the anisotropy of the primary proton flux.
It should be noted that today, spacecraft make it possible to measure the primary proton
spectrum very well (e.g., PAMELA [2,3], AMS-02 [4], HEPD [5]). NMs are also important
tools for determining a high-energy part of the energy spectrum of primary SCR protons.
The main advantage of the NM network is the coverage of a large range of geomagnetic
cutoff rigidities, as well as a continuous series of data covering several decades. Since the
count rate increases at NMs are very noticeable (from a few percent to several hundred
percent), this detector serves as a very good indicator of the GLE onset [6–9].

However, there are events in which a number of conditions for the occurrence of a GLE
are not met (mainly due to the “softer” energy spectrum of solar protons—up to hundreds
of MeV), despite high particle fluxes and rather sharp profiles. Such events are called Solar
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energetic particle (SEP) events and are not analyzed as much as the GLEs in the literature
but are still of interest for assessing the impact on the upper and lower Earth’s atmosphere.

One of the main tasks connected with the study of the interaction of both GCR and SCR
particles with the Earth’s atmosphere is the calculation of the spectra of secondary particles,
their fluxes, as well as the calculation of the equivalent dose, especially at civil aircraft flight
altitudes (10–11 km) [7]. Such research is carried out using numerical modeling, in which
the main input parameters are the geomagnetic cutoff rigidity and the energy spectrum of
primary protons. These works are based on the fact that protons of cosmic rays interacting
with the Earth’s atmosphere deposit their energy both for ionization and inelastic collisions.
In the upper atmosphere layers, where the air is rarefied and its density is low, ionization
processes prevail. However, from about an altitude of 30 km and lower to the sea level, the
air density increases significantly, and the probability of an inelastic collision of a proton
with nitrogen and oxygen nuclei is also growing. As a result of such collisions, secondary
particles are generated; some are able to path free down to sea level, depositing their energy
in the surrounding matter. The main scientific-practical aim of the presented work is to
estimate the effect of SCR protons on the Earth’s atmosphere and objects in it during SEP
and GLE events. Such information is useful, e.g., in ensuring the radiation safety of the
aircrews during flights in areas of low geomagnetic cutoff rigidity. The desired result in
our case depends on the altitude profile, which describes the amount of energy deposited
per unit of matter mass.

In this work, we consider several SEP events (with maximum fluxes of protons with
energy > 10 MeV exceeding 5000 pfu (particle flux unit, 1 particle per square centimeter
per second per steradian) and protons with energy > 100 MeV exceeding 20 pfu: 1989.08.12,
1991.03.23, and 2000.11.08) and the recent GLE 73 event. Considering different types of
events will allow us to study in detail the nature of the particle flux impact on the atmo-
sphere and objects in it. All the events are carefully analyzed, and their main features are
described. For each SEP a differential spectrum is determined according to the GOES satel-
lite data—https://www.ncei.noaa.gov/data/goes-space-environment-monitor/access/
avg/ (accessed on 7 January 2024), and for GLE—according to ground-based measurements.
The main result of the work is the assessment of the energy spectra of secondary particles
(neutrons, protons, e+, e−, γ, µ−, µ+), as well as the ambient dose equivalent in a wide
range of altitudes (0–98 km), including civil aircraft flight altitudes (~10 km).

2. Data and Methods

The work is performed with the X-ray flare and proton enhancement databases [10].
SCR flux enhancements were selected on the basis of measurements of protons with
energy >10 MeV (P10), >50 MeV (P50), and >100 MeV (P100) by satellites IMP-8 and
GOES (https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-features/solar-
flares/x-rays/ (accessed on 7 January 2024), https://www.swpc.noaa.gov/products/goes-
x-ray-flux (accessed on 7 January 2024)). We also used the data of the world network of
neutron monitors (NMDB, http://www.nmdb.eu/ (accessed on 7 January 2024)). The
parameters of solar wind (SW) and interplanetary magnetic field (IMF) were taken from
the OMNI database (https://omniweb.gsfc.nasa.gov/ (accessed on 7 January 2024)), data
on geomagnetic activity from https://kp.gfz-potsdam.de/en/ (accessed on 7 January
2024) [11], https://wdc.kugi.kyoto-u.ac.jp/dstdir/index.html (accessed on 7 January 2024),
and list of shock waves—http://isgi.unistra.fr/data_download.php (accessed on 7 January
2024).

For modeling CR protons’ transport through the Earth’s atmosphere and calculating
the secondary CR spectra and the ambient dose equivalent, the RUSCOSMICS model was
used, based on the GEANT4 software development toolkit [12–14]. This software package
is conceptually very similar to PLANETOCOSMICS [15]. Application of the GEANT4
for the creation of the model allows to use the principles of object-oriented programming
and implement own geometry classes, connect the necessary interaction models, and
also determine the sources of primary particles with the defined energy and angular
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distribution. Parameterization of density, temperature, and mass percentage of different air
elements was carried out using the NRLMSISE-00 model [16]. Thus, a model of the Earth’s
atmosphere is obtained, which is a volume divided into layers so that each layer contains
an equal proportion of the total atmosphere mass. Practical experience shows that the most
optimal value is 5% per layer. This value was chosen according to the requirements of
the calculation speed increase while maintaining acceptable agreement of the obtained
results with experimental data. To verify the model, data from compact Geiger counters
during flights on civil aircraft were used, as well as the count rate profiles obtained during
the balloon experiments [17]. The deviation of the profiles under consideration from the
model values ranged from 5 to 18% at altitudes of 10–15 km. For the presented task, we
consider this to be a good agreement. However, it should be noted that verification based
on experimental data is continuously performed in order to improve the quality of our
model.

To implement the physics of elementary particles’ interaction with matter, the models
of standard electromagnetic processes included in GEANT4, the model of Bertini cas-
cade [18], the Quark-Gluon string model [19,20], and the high-precision model for neutrons
are used [21]. The model generator of primary particles is specified as a point source at the
top of the Earth’s atmosphere (100 km). The probability density for choosing the primary
particle energy is set in accordance with the energy spectrum of the primary protons. For
GCRs, such a spectrum is determined using the technique described in GOST 25645.104-84
“Cosmic rays. Terms and definitions (1985)” for solar protons during GLEs—according to
the method defined by [22,23], for SEP events—as described in the results of the current
work. Visualization of the passage of protons with an energy of 5 GeV and the creation of
cascades of secondary particles is presented in Figure 1.
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particle propagation and the generation of cascades in the atmosphere. For example, this 

Figure 1. Example of a 5 GeV proton transport through the Earth’s atmosphere in the RUSCOSMICS
model. The picture shows so-called “flat” geometry, a point-defined primary particle source with
an isotropic angle distribution, and secondary particle tracking. The Earth’s atmosphere is divided
into layers and parametrized with the NRLMSISE-00 model. Red—positive charged particles, blue—
negative charged particles, green—neutrons, yellow—photons.

Such figures with secondary particle tracking make it possible to qualitatively evaluate
the parameterization of the atmospheric model as well as the correctness of particle propa-
gation and the generation of cascades in the atmosphere. For example, this figure clearly
shows how primary protons, passing through the upper layers of the Earth’s atmosphere,
spend their energy for ionization (protons, as positively charged particles, are indicated
in red). On the track, this process is visible as blue dots (negatively charged particles are
indicated in blue; in the case of ionization, these are electrons). Further, as the layers of the
atmosphere become denser, processes of cascade formation are observed, since, as men-
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tioned above, the probability of an inelastic collision increases. In these processes, particles
are born that belong to the electromagnetic, muon, and hadronic components of secondary
cosmic rays. As can be clearly seen from the figure, some of these particles become albedo
radiation, and some can penetrate even deeper into the atmosphere, reaching the surface of
the Earth and wasting energy on their track through various types of interactions.

The ambient dose equivalent is defined as the product of the absorbed dose (the energy
deposited in the matter by a particle), expressed in J/kg (Sv), and a weighting factor called
the radiation quality factor [24]. When calculating, it is convenient to represent the ambient
dose equivalent as was shown in the work [7]:

H(h, G) = ∑
i

y

E(G), E′ ,Ω

J(E)Ci
(
E′)Fi

(
h, E, E′, θ, φ

)
dEdΩdE′

where Ci(E′) is the conversion coefficient for a different type of secondary particles (i) with
energies E′, Fi (h, E, E′, θ, φ) is the secondary particle flux, produced by a primary proton
with energy E arriving from zenith angle θ and azimuth angle φ, J(E) is the differential
primary proton spectrum at the top of the Earth’s atmosphere (100 km for this work),
h is the given altitude, G is geomagnetic cutoff rigidity, and Ω is the solid angle. The
paper [7] also shows that the conversion coefficients Ci(E′) were obtained by many groups
of researchers. In our work, these coefficients (also including the radiation quality factor)
are taken into account using our own GEANT4 model, which implements the irradiation
of a volume (elementary andromorphic phantom) with a secondary particle flux Fi (h, E,
E′, θ, φ) at a given height h (0–98 km). This formula is a mathematical convolution of
several functions, one of which is a set of secondary particle differential energy spectra,
depending not only on the altitude but also on the angular distribution. Such information
in our model is collected using special layers located at fixed depths (g/cm2) and having
an infinitesimal thickness (10 mm) relative to the height of the atmosphere, the so-called
“combined detection layers”. Each of them implements the energy-binned scorer function,
integral flux scorer, angle-distribution scorer, and total energy deposit scorer. Passing
through such a layer, the particle does not interact with matter in most of the layer volume
(this part is modeled as a vacuum), and “pure” information about particle state (energy
and angular distribution) is collected in it. The part of the detector responsible for the total
energy deposit is filled with air, and a particle passing through it leaves part of the energy
through a series of interactions. At the end of the simulation, all information is structurally
stored in arrays, which are then put out into a file and can be used in further calculations.

3. Results and Discussions

SEP flux values often show a good correlation with the speed of the correspond-
ing coronal mass ejections (CME) and the power and location of the X-ray flares. The
works [25–28] demonstrated a fairly good correlation between the enhanced proton fluxes
and the magnitude of X-ray flares. Moreover, in [10,27,29–31], an equally good relationship
is shown with the speed of the corresponding CME. However, the state of the interplane-
tary medium is also of great importance, influencing the conditions for the propagation of
particles accelerated in the solar corona, since, for example, additional magnetic barriers
may exist [32–35]. In this regard, it seems important to consider and describe both solar
sources and the interplanetary (including near-Earth) medium for the selected events.

3.1. SEP on 12 August 1989

The first of the events under consideration is mentioned in the paper by [36]. The
authors consider that the sharp increase and first peak in the flux of protons of different
energies observed early on 13 August 1989 (see Figure 2) do not have an established source
(solar flare or interplanetary shock responsible for such a SEP event), but the source of
the second peak (which occurred on the evening of 13 August) is the X2.6 solar flare that
happened on 12 August at 13:57 UT (S16W37 in AR 5629).
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Figure 2. Fluxes of protons of different energies on 12–16 August 1989.

However, we believe that the first peak, on the contrary, is associated precisely with
this flare, and the authors of the catalog [37] come to a similar conclusion; they also note a
possible additional influence on the profile of this event from the X3.5 flare (S16W60), which
occurred on 14 August at 00:31 UT in the same active region. Note that this event started
under quiet conditions: before the beginning, the proton fluxes were at the background
level. Unfortunately, there are no data on IMF and SW near the Earth during the described
period, but from the analysis of available data on geomagnetic activity and GCR fluxes
recorded by a network of neutron monitors, it follows that on August 12–13, 1989, the
Earth was not in any significant interplanetary disturbances. Maxima of proton fluxes
were registered 15–17 h after the first X2.6 solar flare (P10 = 6000 pfu for particles with
energies > 10 MeV; P50 = 875 pfu for particles with energies > 50 MeV; P100 = 23.7 pfu for
particles with energies >100 MeV). Then the flux intensities decreased until the arrival of a
shock wave at 06:12 UT on 15 August 1989, after which a slight increase was again recorded,
subsequently enhanced by the next proton event (on 16 August 1989). Despite the rather
hard spectrum, the SEP on 12–13 August 1989 did not result in a GLE registration.

3.2. SEP on 23 March 1991

This event was associated with the X9.4 solar flare (S26E28, AR 6555) on 22 March 1991
at 22:43 UT. A sharp increase in fluxes of protons of different energies from the background
level began in the first half of the day on 23 March and reached maximum values with
the arrival of a shock wave from the corresponding interplanetary disturbance in the first
hours of 24 March. Particle flux profiles for the period 22–26 March 1991 according to GOES
satellite data are shown in Figure 3. The maximum proton fluxes were P10 = 43,000 pfu,
P50 = 866 pfu, and P100 = 100 pfu. According to the catalog [38], this event could also
have an additional contribution from a flare that occurred several hours later from the
above-mentioned one in the same active region (M6.8 at 03:05 UT on 23 March).

Despite the lack of coronagraphic and interplanetary (IMF strength and SW velocity)
data during the described period, it can be assumed that fast and powerful coronal mass
ejections were associated with these flares because a severe and long-lasting magnetic
storm (more than two days) and a significant modulation of the GCR flux (up to −20%)
were observed according to data from ground-based detectors.
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3.3. SEP on 9 November 2000

Figure 4 shows the behavior of different energies of proton fluxes during the period
8–12 November 2000. According to El-Borie [36] and the catalog by Logachev et al. [38] this
event is the largest in terms of peak values of SEP fluxes in the 23rd solar cycle. Maximum
particle fluxes were recorded in the first 4–8 h and were P10 = 14,800 pfu, P50 = 1580 pfu,
and P100 = 451 pfu. The solar flare M7.4 (N10W77, AR 9213) that caused this proton
flux enhancement occurred at 22:42 UT on 8 November and the associated coronal mass
ejection (at 23:06 UT with an initial speed of 1738 km/s) became a source of interplanetary
disturbance, registered near the Earth’s orbit on 10 November at 06:28 UT.
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3.4. GLE 73 on 28 October 2021

In addition to the SEP events discussed above that did not result in a GLE registration,
the recent GLE 73 was also considered, which differs significantly from previous events.
This event was discussed in detail in [39,40]. Figure 5 shows data on proton fluxes from the
GOES satellite for 28 October–1 November 2021. The source of this proton flux enhancement
was the X1.0 flare (S26W05, AR 12887), which occurred on 28 October at 15:17 UT, and
successive halo-CME (15: 48 UT, with an initial speed of 1519 km/s). The maximum fluxes
for particles of different energies were P10 = 29 pfu, P50 = 11 pfu, and P100 = 7 pfu. At the
South Pole neutron monitor station, a ground-level enhancement of 1% magnitude was
recorded. Note that the corresponding interplanetary disturbance and geomagnetic activity
turned out to be atypically weak in comparison to other GLE-associated events: the SW
speed did not exceed 450 km/s, the maximum IMF value was about 11 nT, not a single
magnetic storm interval was recorded, and GCR modulation according to neutron monitor
data was about −1%.
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Table 1. Main characteristics of the considered events.

Solar Flare Date and
Time Coord X-Flare Max P10, pfu Max P50, pfu Max P100, pfu GLE, % CME Speed,

km/s

12 August 1989 13:57 S16W37 X2.6 6000 875 23.7 - -
22 March 1991 22:43 S26E28 X9.4 43,000 866 100 - -

8 November 2000 22:42 N10W77 M7.4 14,800 1580 451 - 1738
28 October 2021 15:17 S26W05 X1.0 29 11 7 1 1519

3.5. Primary Protons Differential Energy Spectra

In our work, the lower energy threshold for primary protons was defined as 10 MeV,
which corresponds to a geomagnetic cutoff rigidity value of ~0.13 GV. This choice was
made on the assumption that the maximum impact of SCR particles during SEP events will
be in the polar regions. However, the influence of SCR protons during a GLE can have a
significant effect on the Earth’s atmosphere up to 1 GV.

The GOES data used for differential spectra are provided in the form of energy-binned
spectra. The first bin has a range of 15–44 MeV (29 MeV width), the second has 44–80 MeV
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(36 MeV width), the third has 80–165 MeV (85 MeV width), and the fourth has 165–500 MeV
(335 MeV width). In the differential spectra data, a fixed value is relevant to each energy
bin. The task was to define such a dependence that provides the best concordance with
the experimental data. In order to achieve this, a power-law relation was used as the first
approximation. Note that determining the real spectrum is a complex problem, and it will
be considered in future works. This is because depending on the event characteristics, the
spectrum can be expressed not only in a power-law relation but also, for instance, in an
exponential one. The polynomial approximation does not currently seem to be appropriate
since four experimental data points are insufficient, and the resulting spectrum shape
may be a strong misrepresentation. Finding the minimum value for the sum of squared
deviations from the experimental data for all four bins was a choice criterion for the best
coefficient a and the degree γ of F(E) = a·E−γ dependence. That is, using own program,
a set of a and γ combinations was sampled, the integral for four intervals as well as the
sum of squared deviations were calculated and the best value was chosen at the final stage.
Figure 6 shows an example of the obtained spectrum with the specified deviation intervals.
It is clearly seen that deviations from the second and fourth channels are significant and
the solution of this problem is the subject of future research.
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large deviation in the second and fourth channels is clearly visible.

For the GLE 73 event, the spectra were calculated according to the technique described
in [9] and extracted for the moment with the hardest spectrum. It should be noted that this
work implies the calculations for the atmospheric region, where the geomagnetic cutoff
rigidity allows particles with energies E > 10 MeV to penetrate the boundary of 100 km
in polar regions. This is because the largest fluxes are observed in proton energies with
the order of tens MeV for SEP events. Therefore, the lower energy threshold in the spectra
corresponds to a value of 10 MeV. The extension of the obtained spectra to a high-energy
part is performed assuming that GCR protons are always present in this spectrum. As was
mentioned above, since SCR protons are responsible for the spectrum part with E < 1 GeV,
then the part E ∈ [1 GeV,100 GeV] is defined according to the GOST 25645.104-84 Cosmic
rays; Terms and definitions (1985). All spectra with the inclusion of the GCR high-energy
part are presented in Figure 7.
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3.6. Secondary Particles Energy Spectra and the Ambient Dose Equivalent

The energy spectra of secondary particles (neutrons, protons, e+, e−, γ, µ−, µ+) are
obtained from the modeling of CR proton transport through the Earth’s atmosphere. These
spectra are used for the ambient dose equivalent calculation in the altitude range of 0–98 km.
Typical plots of e− and γ spectra are presented in Figure 8. From these graphs, one can
clearly see the “character” of particles depositing their energy: starting from 30 km the
fluxes become smaller since with increasing atmospheric density, the particle energy rapidly
decreases. Starting from a height of 15 km, muons, gamma rays, and neutrons mostly reach
the Earth’s level. Additionally, these energy spectra already show the difference in the
influence of protons on the atmosphere recorded for SEP and GLE events. During SEPs,
energy is wasted mainly in the upper atmosphere due to the soft spectrum of the primary
particles. For the GLE, on the contrary, due to the harder spectrum of primary protons,
particles penetrate deeper into the atmosphere and generate a greater number of secondary
particles there. Along with the dependencies for SEPs and the GLE, data for GCR are also
presented. This is done to enable relative quantification.

It should be noted that it is not possible to present all the spectra obtained since the
data volumes are very large. The ambient dose equivalent calculated in this work is shown
in Figure 9. The nature of the presented profile reflects well the abovementioned features
regarding the differential energy spectra of secondary particles in the Earth’s atmosphere.
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4. Discussion

The work analyzed several SEP events and the GLE 73 event and presented their main
characteristics. Differential energy spectra of protons in these events were also obtained.
Using the RUSCOSMICS software toolkit, calculations were carried out for the transport of
primary CR protons through the Earth’s atmosphere. As a result of the modeling, ambient
dose equivalent values were obtained over a wide range of altitudes, including civil aircraft
flight altitudes. The main results are presented in Figure 9 and Table 2.

As can be clearly seen from the table, during the considered SEPs, the value of the
ambient dose equivalent is practically no different from the GCR for altitudes intended for
flights of civil aircraft. For the GLE event, these values can be several times higher and
affect the dose received by the crew and passengers. For SEPs, a significant difference in
the ambient dose equivalent value is observed in the altitude range from 20 to 100 km
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and can reach several orders of magnitude, which, in turn, can affect, e.g., atmospheric
chemistry [41].

Table 2. The calculated ambient dose equivalent for altitudes 0–10 km.

Altitude GCR,
µSv·h−1

SEP (1989),
µSv·h−1

SEP (1991),
µSv·h−1

SEP (2000),
µSv·h−1

GLE 73,
µSv·h−1

0 0.01 0.01 0.01 0.01 0.02
1 0.03 0.03 0.03 0.03 0.05
2 0.06 0.06 0.06 0.06 0.15
3 0.13 0.14 0.14 0.14 0.34
4 0.27 0.27 0.28 0.27 0.69
5 0.5 0.51 0.52 0.5 1.41
6 0.88 0.91 0.92 0.89 2.65
7 1.45 1.51 1.55 1.48 4.73
8 2.29 2.37 2.47 2.34 7.94
9 3.48 3.62 3.79 3.55 12.68
10 5.07 5.26 5.6 5.18 19.16

The results presented here are in good agreement with [7]; a small difference may be
caused by the fact that in our work we used a lower value of the geomagnetic cutoff rigidity
and also did not consider helium nuclei. Helium nuclei can make a significant contribution
to ionization and subsequent contributions to the ambient dose equivalent. It is planned
to take into account the contribution of heavier nuclei in future works. Additionally, the
obtained equivalent dose values for civil aircraft flight altitudes with only the GCR spectrum
presence are in good agreement with the calculations using the MIRA (the difference is
~9.1%) and PANDOCA (the difference is ~22%) [42]. It is important to emphasize that the
difference between the obtained results is frequently due to the various calculation methods
or model input parameters. For example, this type of discrepancy can be estimated in the
works that were carried out by other scientific groups and were devoted to the equivalent
dose calculations for earlier GLE events (e.g., [7,43]).

It should be noted that the methodology presented in this work can be expanded not
only to analyze existing events but also to predict the ambient dose equivalent at altitudes
of civil aircraft flights, as well as assess the state of the upper atmosphere. This will be
possible if there is a good technique that provides spectra of primary protons in near-real
time. Such an instrument can be useful both for the practical purpose of ensuring flight
safety at different altitudes and in fundamental research concerning the state of the Earth’s
upper atmosphere.
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