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Solar energetic particles (SEPs) are created by solar eruptions and their aftermath. These SEPs
pose a significant space weather threat, as they can be accelerated to energies needed to penetrate
the Earth’s magnetosphere and enter the atmosphere, where they increase the radiation environment
at high altitudes, specifically endangering the health of aircrew and airline passengers. Secondary
particles of the SEP-induced atmospheric cascades can reach the Earth’s surface where ground-
based detectors, such as neutron monitors (NMs) can record them, when this occurs it is known as
a ground-level enhancement (GLE). Solar cycle 25 had its first GLE on 28 October 2021, named
GLE 73. This GLE was mainly detected by NMs at the Antarctic plateau (SOPO and DOMC).
In recent work, GLE 73 has been analysed using a verified method and the NM data from the
event to derive its spectral and anisotropic characteristics. Here, we present an application of said
derived characteristics for GLE 73 by using them as inputs into a newly developed radiation dose
model for GLE events. This model was applied over the entire duration of the event resulting in a
comparison between the relative increases in radiation dose and NM count rate for GLE 73.
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1. Introduction

The Sun is a highly volatile object made up of ionised plasma and heated by nuclear fusion
in its core. One of the most dangerous byproducts of the Sun’s structure is the resulting solar
eruptions that can occur, which release large fluxes of particles and energy into the heliosphere [1].
Certain solar eruptions can lead to particles being accelerated up to relativistic energies, we call
these particles solar energetic particles (SEPs). When SEPs are created it is known as an SEP event.
These SEP events can last from several hours up to multiple days, the SEP spectra over this period
can change dramatically [2].

The SEPs from solar eruptions, primarily protons and helium nuclei [3], can be directed at
Earth. Depending on the energy of the SEPs they can be able to penetrate the Earth’s magnetosphere
and enter into the atmosphere. The energy or rigidity, rigidity is typically used as it is independent of
the particle’s species and refers to the ability of a magnetic field to bend the path of the said particle
[4], needed by the particle to penetrate the magnetosphere depends heavily on the location it arrives
at the Earth, this is known as the cut-off rigidity. Equatorial regions have higher cut-off rigidity
values, ≈ 15 GV, whereas polar regions have much lower values, being ≈ 0 GV at the magnetic poles
[5].

Once a high-energy particle, such as an SEP, penetrates the atmosphere it induces a complex
atmospheric shower as it collides with the atmospheric constituents to produce secondary particles.
The secondary particles can then reach the Earth’s surface, given the incident particle had sufficient
energy, where they can be detected by ground-based equipment, such as neutron monitors (NMs).
When a significant increase in SEP flux is detected at the surface by several NMs it is known as a
ground-level enhancement (GLE) [6]. GLEs are fairly sporadic in nature and only a few occur per
solar cycle, typically during solar maximum when the Sun is most active [7].

GLEs are associated with several space weather risks, such as damaging electronics in space-
craft and enhancing the radiation environment at high altitudes, this work focuses on the latter. The
mixed radiation field is enhanced by the arrival of the SEPs into the atmosphere where the particles
can damage human DNA, which, depending on the dose received, can lead to radiation poisoning
and cancer. Naturally, the aviation industry is interested in mitigating the danger posed by SEP
events as it primarily affects aircraft crews and passengers who are at risk of higher exposures.
As such, investigating the impact that GLEs have on the radiation at flight altitudes is crucial in
developing nowcasting methods to help mitigate the impact future GLEs can have on human health.
GLEs must be studied individually due to each one having different characteristics such as their
spectra, particle flux, duration, and angular distribution [8, 9].

GLE 73 was the first GLE of solar cycle 25, which occurred on 28 October 2021. This was a
relatively weak event with less than a 20% increase in the count rate detected by NMs in comparison
to the galactic cosmic ray (GCR) background. This is the most recent GLE at the time of writing
and the impact of this GLE on the radiation dose received at flight altitudes is investigated within
this work.
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2. SEP Spectrum

In order to determine the impact of a GLE on the radiation at high altitudes the SEP spectra
must first be unfolded. This is done by modelling the response of the NM network during the
event to determine the SEP characteristics and apparent source position. This can be done by
taking advantage of the stationary nature of NMs, as each one is sensitive to different rigidities
of particles and their arrival directions. This means that the NM network in conjunction with the
Earth’s magnetic field can be used as a giant particle spectrometer.

The spectral analysis on GLE 73 has already been conducted using methodology detailed in
previous work (for more details see [10–14] and references therein). This method involves modelling
the NM response using the Levenberg-Marquardt algorithm [15, 16] and optimisation methods to
find reasonable solutions to ill-posed problems. The SEP rigidity spectrum is approximated by two
modified power-laws, one for rigidities above 1 GV and another for rigidities equal to and below
1 GV, Eq. 2 and Eq. 1 respectively,

𝐽∥ (𝑃) = 𝐽0𝑃
−(𝛾+𝛿𝛾 (𝑃−1) ) (1)

𝐽∥ (𝑃) = 𝐽0𝑃
−(𝛾+𝛿𝛾 ·𝑃) (2)

where 𝐽∥ (𝑃) is the flux of particles along the axis of symmetry in [m−2s−1sr−1GV−1], 𝐽0 is the flux
of particles at 1 GV, 𝑃 is the rigidity in [GV], 𝛾 is the power-law exponent, and 𝛿𝛾 is the steepening.

A merit function (Eq. 3) is also used to determine the quality of the fit,

D =

√︂∑𝑚
𝑖=1

[(
Δ𝑁𝑖

𝑁𝑖

)
mod.

−
(
Δ𝑁𝑖

𝑁𝑖

)
meas.

]2

∑𝑚
𝑖=1(

Δ𝑁𝑖

𝑁𝑖
)meas.

(3)

where 𝑁 is the NM network response. The merit function is useful as it informs us of the strength
of the GLE. Strong events have a D ≤ 5 % and weak events have typical values ranging from ≈
10 – 15%, for some weak events it can even rise to 20% [13].

The results of the SEP spectra analysis for GLE 73 can be seen in table 1 [10].

3. Radiation Model

The newly developed radiation model known as Oulu CRAC:DOMO (Cosmic Ray Atmospheric
Cascade: Dosimetric Model) was used in this work [17]. This model has been used due to its recent
verification by direct HEMERA-2 stratospheric scientific balloon measurements [18]. Once the
SEP rigidity spectrum for a GLE event is obtained an effective dose can be computed using Eq. 4

𝐸 (ℎ, 𝑇, 𝜃, 𝜑) =
∑︁
𝑖

∫ ∞

𝑇𝑃𝑐𝑢𝑡

∫
Ω

𝐽𝑖 (𝑇)𝑌𝑖 (𝑇, ℎ)𝑑Ω(𝜃, 𝜑)𝑑𝑇, (4)

where 𝐽𝑖 (𝑇) is the differential energy spectrum of the primary SEPs and 𝑌𝑖 is the corresponding
effective dose yield function for a given altitude and energy. The yield functions used within
this model where computed using extensive Monte Carlo simulations performed to model the
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Table 1: Spectral and angular characteristics of SEPs during GLE 73 on 28 October 2021 [10]. The columns
correspond to integration interval (1), particle flux (2), spectrum slope (3), steepening of the spectrum (4),
width of the angular distribution (5), anisotropy axis latitude Ψ (6), anisotropy axis longitude Λ (7), merit
function D (8), and normalised to degrees of freedom 𝜒2

𝑟 (9).

Integration interval 𝐽0 𝛾 𝛿𝛾 𝜎2 Ψ Λ D 𝜒2
𝑟

UT [m−2s−1sr−1GV−1] [rad2] [degrees] [degrees] [%]
15:55–16:00 7.5E4 4.1 1.3 2.7 -10.0 -124.0 22 1.3
16:00–16:05 7.7E4 4.2 1.2 2.8 -12.0 -127.0 21 1.3
16:05–16:10 7.89E4 4.2 1.1 2.8 -13.0 -128.0 23 1.3
16:10–16:15 8.1E4 4.3 0.9 2.9 -14.0 -130.0 19 1.2
16:15–16:20 8.2E4 4.3 0.8 2.9 -15.0 -131.0 14 1.2
16:20–16:25 8.75E4 4.4 0.8 3.0 -21.0 -132.0 12 1.15
16:25–16:30 9.1E4 4.4 0.8 3.1 -30.0 -132.0 11 1.1
16:30–16:35 9.4E4 4.5 0.8 3.1 -34.0 -135.0 7.0 1.0
16:35–16:40 9.48E4 4.7 0.75 3.2 -31.0 -137.0 9.0 0.99
16:40–16:45 9.58E4 4.8 0.7 3.3 -35.0 -140.0 8.0 0.95
16:45–16:50 9.67E4 4.9 0.6 3.5 -38.0 -140.0 12 1.1
16:50–16:55 9.85E4 5.1 0.5 3.7 -37.0 -142.0 11 1.1
16:55–17:00 1.01E5 5.3 0.5 3.9 -40.0 -145.0 12 1.15
17:00–17:05 1.038E5 5.5 0.4 4.2 -50.0 -148.0 10 1.1
17:05–17:10 1.05E5 5.5 0.4 4.2 -50.0 -148.0 10 1.1
17:10–17:15 1.06E5 5.5 0.4 4.2 -48.0 -147.0 12 1.2
17:15–17:20 1.08E5 5.6 0.37 4.2 -50.0 -148.0 11 1.1
17:20–17:25 1.112E5 5.7 0.36 4.3 -52.0 -148.0 9.0 1.05
17:25–17:30 1.134E5 5.75 0.35 4.4 -54.0 -150.0 10 1.1
17:30–17:35 1.148E5 5.8 0.35 4.5 -57.0 -151.0 11 1.1
17:35–17:40 1.152E5 5.9 0.35 4.7 -61.0 -151.0 12 1.15
17:40–17:45 1.171E5 6.0 0.3 4.9 -54.0 -152.0 11 1.1
17:45–17:50 1.192E5 6.1 0.3 5.1 -55.0 -153.0 12 1.1
17:50–17:55 1.21E5 6.25 0.3 5.3 -52.0 -151.0 10 1.1
17:55–18:00 1.241E5 6.3 0.3 5.3 -57.0 -154.0 13 1.2
18:00–18:05 1.25E5 6.3 0.3 5.3 -58.0 -155.0 11 1.1
18:05–18:10 1.27E5 6.4 0.25 5.5 -54.0 -157.0 12 1.1
18:10–18:15 1.29E5 6.5 0.2 5.7 -52.0 -157.0 11 1.1
18:15–18:20 1.314E5 6.5 0.2 5.9 -55.0 -158.0 13 1.15
18:20–18:25 1.25E5 6.6 0.2 6.1 -50.0 -160.0 10 1.1
18:25–18:30 1.21E5 6.7 0.2 6.3 -45.0 -161.0 9.0 1.05
18:30–18:35 1.15E5 6.9 0.2 6.5 -42.0 -162.0 12 1.2
18:35–18:40 1.11E5 7.0 0.15 6.7 -37.0 -162.0 10 1.1
18:40–18:45 1.074E5 7.0 0.15 6.9 -33.0 -165.0 11 1.15
18:45–18:50 1.032E5 7.1 0.15 7.3 -31.0 -166.0 12 1.2
18:50–18:55 1.01E5 7.1 0.1 7.5 -27.0 -167.0 13 1.2
18:55–19:00 1.0E5 7.2 0.1 7.7 -24.0 -168.0 12 1.2
19:00–19:15 9.5E4 7.3 0.0 7.7 -20.0 -168.0 11 1.2
19:15–19:30 9.3E4 7.5 0.0 7.9 -24.0 -171.0 10 1.2
19:30–19:45 9.1E4 7.6 0.0 8.1 -27.0 -173.0 12 1.25
19:45–20:00 8.5E4 7.7 0.0 8.3 -18.0 -175.0 13 1.3
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atmospheric cascades induced by protons and helium nuclei, which comprise the majority of
SEPs [19]. Integrating with respect to the kinetic energy (𝑇) up to infinity, starting at the energy
corresponding to the cut-off rigidity (𝑇𝑃𝑐𝑢𝑡

) of the local area leads to the effective dose for that
region.

4. Results

The radiation model was applied to a global map of the cut-off rigidity for GLE 73 com-
puted by a new tool designed for magnetospheric trajectory computations, called "Oulu - Open
source geomageToSphere prOpagation tool" (OTSO) [20]. The total exposure during GLE 73 was
computed for an altitude of FL350 (35kft), the typical aviation altitude for flights. The result of
this is shown in Fig. 1. Fig. 1 shows that the greatest exposure was seen in the polar regions,
due to the lower magnetic shielding, with the exposure reaching 46.0𝜇Sv in these regions. The
exposure in equatorial regions was much smaller, with the lowest exposure of 7.1𝜇Sv being seen
in southern Asia. A similar computation for total exposure over the same period as a result of the
GCR background revealed that the change in exposure in equatorial regions as a result of GLE 73
was negligible, while in polar regions the total exposure increased by ≈30%. The annual exposure
of a pilot is typically 3mSv and for the general public, it is 1mSv [21], from this, we can tell that
the impact GLE 73 had on human health is small, even in polar regions.

Figure 1: Global event integrated exposure during GLE 73 at FL350.

A comparison between the relative increases in dose and count rate at the south pole NM
(SOPO) for two different altitudes is shown in Fig. 2. One can see that there is a very strong
relationship between the modelled dose and count rate increases at 35kft, the relationship is less
clear at 50kft. We expect higher altitudes to have a greater increase in radiation as a result of less
atmospheric shielding in these regions, this is seen in Fig. 2. The particle flux peak for GLE 73
from the derived spectrum, 18:15, is represented in the 50kft plot within Fig. 2, but not in the 35kft
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plot. This is due to the spectrum softening over the event leading to the lower energy particles in
the latter half og the event not reaching lower altitudes. Note that the general trend for the relative
NM count rate increase also decreases over the particle flux peak of GLE 73 as fewer particles
reach the surface. The largest increase in radiation dose at 35kft is seen at the start of the GLE
when the spectrum is harder meaninging higher energy particles are able to penetrate deeper into
the atmosphere.
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Figure 2: Relative increases in effective dose rate and NM (SOPO) count rate over the duration of GLE 73
at the altitudes of 35kft (left) and 50kft (right).

5. Conclusion

The most recent GLE at the time of writing, GLE 73, has been analysed in past work in
order to determine its spectral and angular characteristics; this work expands upon this prior work
by investigating the impact GLE 73 had on the radiation dose experienced at aviation altitudes.
The results of this investigation show that the space weather impact of GLE 73 was minor with a
maximum relative increase in dose above the typical GCR background of ≈30% being seen in polar
regions, as such this event would provide only a small amount of the average person’s or pilot’s
annual exposure. The impact of GLE 73 on equatorial regions was found to be negligible.

The relative increase in dose computed by the Oulu CRAC:DOMO radiation model was
compared to the relative increase in NM count rate at SOPO. At 35kft a clear relationship between
the two is seen for GLE 73, this can prove beneficial in the search for a reliable nowcasting tool
that uses live NM data to predict radiation at aviation altitudes. Each GLE is different so further
investigations of this relationship for other GLEs are needed. At 50kft the increase in radiation dose
was greater, but the relationship with NM count rate was less clear, this can be due to the softening
of the SEP spectra during the event. More work should be done to investigate the relationship at
higher altitudes in the future.
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