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Abstract

Ground level enhancements (GLEs) comprise the high-energy end of solar energetic particle (SEP) events
and constitute a special class in which ions are accelerated to relativistic energies, causing a significant
suddenincrease of cosmicrays atground-based detectors, mainly at neutron monitors (NMs). GLEs require
acceleration processes capable of producing particles with sufficient energy to allow their secondary
productstoreachtheterrestrialgroundand be detected. Moreover, due to their fast propagation, relativistic
protons in GLEs are particularly useful for the identification of SEP sources at the Sun (i.e. flare, coronal
mass ejections) - nonetheless, the debate about the exact nature of GLE mechanisms is still ongoing. GLEs
are furthercritical for the establishment of Space Weather services and the accurate determination of their
imposed radiation risk. In this tutorial, an overview of GLEs with respect to their historical identification,
measurements from the worldwide neutron monitor network, modeling and forecasting efforts will be
provided. In addition, a hands-on tutorial that willdemonstrate how the Neutron Monitor Database (NMDB)

can be utilized for GLE analysis will be conducted.

1. Introduction

Ground level enhancements (GLEs) are short-term increases of the cosmic ray intensity above the ever-
present background of galactic cosmic rays registered at the ground by particle detectors (usually neutron
monitors — NMs; Miroshnichenko, 2001; Poluianov et al. 2017) (see Figure 1). These particles originate at
the Sun and are very fast (i.e. reach near-relativistic energies). GLEs are associated with solar eruptive
events such as solar flares and coronal mass ejections (CMEs). A central scientific question which is still
under debate up to nowadays concerns the mechanisms responsible for the production of these near-re-

lativistic protons that give rise to GLEs.
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Fig. 1: Recordings of GLE71 on 17 May 2012 by South Pole (SOPQ), Fort Smith (FSMT), Apatity (APTY) and Oulu (OULU)
NMs. The red dashed horizontal line depicts the average galactic cosmic ray background and the shaded purple area the
excess of solar cosmic ray particles that constitute this GLE event (adapted from Papaioannou et al. 2014).

Fig. 2: Distribution over time of 68 GLEs since 1956, on the background of the evolving solar cycle. The blue squares depict
the fluence F(>1 GV) for each GLE.

GLEs constitute the most energetic class of solar energetic particle (SEP) events. They were first disco-
vered by Forbush (1946) who identified three unusual cosmic ray increases and further linked them to
charged particles emitted from the Sun. A few years later with the implementation of NMs Meyer, Parker
and Simpson (1956) studied the GLE that was recorded on 23 February 1956 (GLEO5) indicating solar flares
as the driving source of these particles. GLEO5 is the largest GLE event to date (see Usoskin et al. 2020,
Mallios et al. 2022). GLEs are rare events since from 1946 there have only been 73 such events (or 68 if the
counting starts at the NM era, i.e. GLEO5 onwards) leading to a rate of ~1.04 GLEs/yr. Figure 2 depicts all
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68 GLESs since 1956 through their achieved fluence at >I1GV (F(>1GV) in cm?; y-axis on the right) plotted on
the background of the evolving solar cycle which in turn is presented through the sunspot number (SSN;
y-axis on the left). One may notice that GLEO5 achieved a fluence almost one order of magnitude larger
than all other GLEs up until today. Moreover, although GLEs follow the solar cycle (SC) evolution, in ge-
neral, they seem to be present not only in the maximum but also in the ascending and declining phases
of the SC. Finally, SC24 (after 2006) was the weakest SC presented and the origin of only two GLE events.

2. From the Sun to the ground

Multiple steps and building blocks need to be taken into account in order to understand and evaluate the
physics of high-energy particle acceleration, injection and transport in the inner heliosphere, the interac-
tion of these particles with the magnetosphere and the atmosphere of the planet (in our case, the Earth), as
well as, the pivotal role of GLEs and ground based detectors, i.e. NMs. This is because GLE near-relativistic
particles (i.e. “primary” solar cosmic ray particles) are accelerated at the Sun, propagate in interplanetary
space and — once they reach the magnetopause — enter the magnetosphere where their particle trajectories
bent. Consequently they enter the atmosphere and interact with its molecules creating a cascade that
leads to the “secondary” solar cosmic rays. In turn, these secondary products eventually are recorded by
a NM. Hence, it becomes apparent that taking all of the aforementioned steps into consideration is vital
in the understanding of the underlying physics at every step. What is more, GLE recordings are most ap-
propriate to shed light on the problem of particle acceleration, since those: (a) frame the early phase of
SEP events — close to the time of acceleration and (b) the role of interplanetary transport is assumed to be

minimal on the scattering of the particles (i.e. focused transport of near-relativistic particles).

2.1 The Sun is the giver of (life) particles
Paraphrasing Ramses the II, the Sun is the giver of particles. For hundreds of years people are looking at
the Sun, drawing and monitoring its sunspots (Cliver and Herbst 2018). Modern instrumentation allowed
scientists to get unprecedented imaging of the Sun and its dynamics, providing insights to concepts of
i.e. the solar cycle variation and the eruption of solar flares and CMEs. Figure 3 shows a combination
of both these solar eruptive events. In particular, (from left to right), actual observations of a solar flare
recorded by the Solar Dynamic Observatory (SDO) on 2012-05-17, a 2D model of stochastic acceleration in
solar flares; magnetic field lines (in green) and turbulent plasma or plasma waves (as red circles) generated
during magnetic reconnection (highlighted with a red circle). Blue arrows heading back to the solar surface
depict accelerated particles impinging on the lower denser chromosphere, while similar arrows heading
upwards present accelerated particles that may escape to interplanetary space. These are then detected
as SEPs and/or GLEs (adapted from Vlahos et al. 2019; Temmer 2021) and a CME on the same date obser-
ved by the Solar and Heliospheric Observatory (SOHO); an emerging CME-driven shock (black arc) that
may also accelerate SEPs/GLEs (black dots) in the corona or heliosphere via diffusive shock acceleration
(highlighted with a red circle; adapted from Miki¢ and Lee 2006; Temmer 2021).

During a solar flare, electromagnetic radiation covering the whole electromagnetic spectrum is ge-
nerated by the hot plasma and the non-thermal particles and travels at the speed of light through the
interplanetary space. Usual indicators of solar flares lie in the X-ray and the radio emissions. This type of
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Fig. 3: A composite figure demonstrating the two major solar eruptive events (i.e. solar flare and CME) for GLE71
(17/05/2012) (made with https://www.jhelioviewer.org), as well as the dominant acceleration mechanisms, i.e. stochastic
acceleration in solar flares (adapted from Vlahos et al. 2019) and DSA in propagating bow shocks (adapted from Miki¢ and
Lee 2006). The red dashed circles demonstrate the acceleration sites.

radiation travels radially from the Sun to the Earth and requires ~8.33 minutes to reach the observing point
(at Earth). The onset of an increase in soft X-ray (SXR) emission detected by sensors on the Earth-orbiting
spacecraft is approximately simultaneous with the visual observations of a solar flare (see Figure 3, left pa-
nel) usually made in the Ha wavelength. CMEs are sudden expulsions of magnetized plasma into the solar
wind from regions initially magnetically closed. These form in the low corona (below ~ 2 Rs) and their ener-
gies range up to ~ 10°'- 10* erg, and their mass up to ~ 10* erg. The average speed of CMEs is ~500 km/s and
their width is ~ 50 degrees (Vourlidas 2021). Most CMEs are in general associated with some level of X-ray
emission, although, there are many more flares than CMEs. Nonetheless the strongest flares (in terms of ma-
gnitude) are most probably associated with CMEs, since solar eruptive events do not evolve in isolation but
in concert, as a result of changes in the magnetic field (Yashiro et al. 2006). Radio waves from the Sun indi-
cate electron acceleration, primarily to energies of tens of keV, and such electrons are likely to be accelerated
at any time that high energy ions are accelerated. The characteristics of solar radio emissions as a function
of frequency and time, at frequencies below a few hundred MHz, have been described in terms of five main
types of bursts named type I through V (Wild et al. 1963). The most common types are: (a) type III burst, a
classic signature of the so-called “impulsive phase” of flares which signify the opening of the magnetic field
lines allowing the release of particles to the interplanetary medium' and (b) type II bursts denoted by their
slow drift, implying speeds appropriate for coronal shock waves, and thus related to CMEs (Klein 2021a,b).

2.2 The Sun-Earth connection for energetic particles

Unlike solar electromagnetic radiation, those particles that are accelerated and injected into interplane-
tary space need to be directed to the appropriate interplanetary magnetic field (IMF) line that connects
the source at the Sun to the observer at Earth. That said, both the onset time and the obtained maximum

1 Type lll bursts trace electron streams as they propagate along open field lines from flaring regions near the Sun into the inter-
planetary medium. Nonetheless, a study by e.g. Benz et al. (2005) suggests that only in a third (33%) of all flares (>C5.0) at least
one of the four ends of reconnecting field lines is open.
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Fig. 4: A schematic of the solar storm scenario divided into 4 steps. A solar eruptive event initiates the scenario [1], its
electromagnetic signatures arrive at the detector/observer [2], charged particles [3] are released and spiral along the IMF
lines and if the CME drives a shock, when that reaches the Earth a geomagnetic storm may occur [4].

intensity of an SEP/GLE at a given (detection) point in the interplanetary space is dependent on the partic-
les’ source. This means that the location (i.e. helio-longitude) of the parent solar flare of an SEP/GLE with
respect to the detection point is very important. This is explained as follows: first of all, as it is known,
the IMF topology is governed by the solar wind outflow and the rotation of the Sun. As a result, during
so-called “quiet” conditions (when the solar wind speed ranges from 300-400 km/s) the IMF can be appro-
ximated by an Archimedean (or a Parker) spiral, the nominal length of which is ~1.2 AU. Second of all, the
previously accelerated and injected particles into the interplanetary medium, being charged, spiral along
the IMF lines. Thereby, a favorable magnetic connection is established between the Earth and solar flares
that occur at the Sun’s W50-W70 helio-longitude, being termed as “well-connected” ones. In this picture
one may further add a propagating CME that drives a shock. SEPs time-intensity profiles are organized in
terms of the longitude of the observer with respect to the solar source (Cane and Lario 2006), in general,
and the CME-driven shock (Cane et al. 1988), in particular, and thus particles are able to propagate to re-
mote observers within the inner heliosphere.

Another important aspect is the energy of the released particles. For example, for the propagation
along a nominal Archimedean spiral (i.e. scatter-free propagation) from the Sun to the Earth, 10 MeV
protons take ~70 minutes; 100 MeV ~24 minutes and 450 MeV ~14 minutes to cover the same distance.
That said, the higher the energy of the particles the less time they require to reach the Earth and in turn,
near-relativistic protons recorded by NMs offer a prime sample for the investigation of the acceleration
mechanisms at play. Figure 4 presents a combined scenario distributed over 4 steps taking into account

the aforementioned facts.

2.3 Flare versus CME-shocks for GLEs
The open scientific question that rose decades ago and is still under debate focuses on the dominant
acceleration mechanism for GLEs. For example, studies indicated that relativistic particles can be acce-

lerated either through a coronal shock driven by the CME (see e.g. Vainio & Laitinen 2007, Afanasiev et
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Fig. 5: A schematic of the prompt and focussed injection of particles following a solar flare giving ground to the “prompt”
component of GLEs, followed by the expansion of a CME that leads to supercritical shock and results in a more isotropic
injection giving ground to the "delayed” component of a GLE (adapted from Moraal and McCracken 2012).

al. 2018), or through magnetic reconnection during a flare (see a recent review in e.g. Vlahos et al. 2019).
The observational findings that point to a flare origin are summarized as: (a) powerful flares are always
present during GLEs; (b) the flare versus GLE timing has an excellent correlation; (c) no (significant) cor-
relation of the fluence of GLEs with the CME speed and (d) favorable longitudinal distribution of the pa-
rent flares (the majority for GLEs are “well-connected” ones). On the opposite site, observational findings
pointing to a CME origin are: (a) the majority of GLEs is associated with most powerful CMEs; (b) close
connection with a type II radio emission which is indicative of a shock; (c) a delay between the flare’s
timing and the particle’s escape into interplanetary space — depending on energy and (d) long injection
comparatively to the impulsive phase of a flare. Nonetheless, since GLEs always occur after a very strong
solar flare and a fast and wide CME (see e.g. Gopalswamy et al. 2012) a clear-cut separation has not been
achieved up until today. Thereby each GLE event is treated separately (see some recent studies in e.g.
Klein et al. 2022; Mishev et al. 2022; Papaioannou et al. 2022). Moreover, the pioneer work of Vashenuyk
et al. (2011) introduced the so-called “prompt” and the “delayed” components scenario for GLEs, with
the former being driven by the flare and the latter by the CME (see also McCracken et al. 2012; Figure 5).

2.4 Propagation in the magnetosphere

The motion of a charged particle in the magnetosphere is governed by the Lorentz force, that is, that the
trajectories of particles are bent by the Earth’s magnetic field. Numerical methods employing a model of
the magnetic field are required for the calculation of the particles’ trajectories in the magnetosphere (Smart
et al. 2000). The magnetic field of the Earth is represented with two parts: the inner one generated by an
internal dynamo and the outer part induced by different current systems in the ionosphere and the ma-
gnetosphere accounting for the interaction of the Earth’s magnetic field with the solar wind (e.g. Biitiko-
fer 2018 and references therein). For the internal magnetic field, the International Geomagnetic Reference
Field (IGRF) model is usually employed while for the external magnetic field the semi-empirical model by
Tsyganenko et al. (1989) (TSY89) requiring as the only input the geomagnetic activity index Kp is usually
used (see e.g. discussion in Herbst 2021 and references there in). The geomagnetic field provides a shield
against charged particles, which is most effective near the geomagnetic equator and marginal or almost
non-present near the geomagnetic poles. Therefore, the access of energetic particles at a specific point

of observation within the magnetosphere is determined by: (a) the Earth’s magnetic field, (b) the energy
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Fig. 6: An illustration of the concept of the asymptotic cones (taken from Herbst 2021).

Fig. 7: Comparison of the NM yield function (taken by Fliickiger et al. 2008).

and (c) the incidence angle of the particle. Usually, this access is quantified by the effective cut-off rigidity,
R (RC=pC/Ze, where p is the momentum, c is the speed of light and Z, is the charge of the particle; units GV),
which is defined as the rigidity below which particles have no access to this location. Therefore, the trajecto-
ries of particles with rigidities greater (below) than R_are “allowed” (“forbidden”). Moreover, the asymptotic
direction of the incoming particles is used as the particle’s trajectory direction of approach at the boundary of

the magnetosphere. The geomagnetic cut-off varies from 0 to 17 GV (~17 GeV in energy for protons).

2.5 Propagation in the atmosphere

The transport of particles in the Earth’s atmosphere depends on the atmospheric depth or atmospheric
cut-off which is the lower energy limit of particles that can reach a given location on the ground and be re-
gistered by a NM. This cut-off is about 1 GV (~433 MeV in energy for protons). Nonetheless, the atmospheric
cut-off decreases with altitude, and thus provides additional sensitivity of high-altitude polar neutron
monitors to low-energy particles, mainly during GLEs pushing the lower-energy limit to ~ 300 MeV (see

Poluianov and Batalla 2022). As noted here above, once a “primary” particle enters the atmosphere it
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Fig. 8: Image of the distribution of the neutron monitors on the world map (credit: NMDB; http://nmdb.eu) treated with an
artificialintelligence filter called Deep Dream technology (https://deepdreamgenerator.com/).

interacts with its molecules producing an atmospheric cascade and results to “secondary” particles. The
intensity of the cascade (i.e. the number of secondary particles) grows with the growing atmospheric depth,
until a maximum is reached. Thereafter it exponentially decreases. That said, it becomes apparent that a
more energetic “primary” particle induces a stronger atmospheric cascade with a higher probability to
reach the ground, and be measured by a NM. The unfolding of the cascade in the atmosphere and the NM
detection efficiency for secondary cosmic ray particles are combined in the NM yield function (see Figure 7)
(Fliickiger et al. 2008; Mishev et al. 2013, 2020).

3. Analysis of GLEs by neutron monitor measurements

3.1 The neutron monitor network

Neutron monitors record secondary particles and the NM location corresponds to primaries: (a) with
energies covering a specific part of the primary spectrum depending on the cut-off rigidity of the location
and (b) coming from a specific set of directions. Thereby the usage of all available neutron monitors
offers a more complete picture of the angular and energy distribution of the primary particles. That said
the Network of NMs (Figure 8) serves as a Multi-directional tool, revealing the properties of primary par-
ticles reaching the Earth’s atmosphere. Almost 15 years ago, the implementation of the Neutron Monitor
Database (NMDB; https://www.nmdb.eu) provided the opportunity to gather high-quality fine resolution
(1-min) NM data in real-time mode, directly addressing the need for timely Space Weather related ap-
plications and archived data with higher time resolution that facilitates long-term investigations of the

solar-terrestrial relations (Mavromichalaki et al. 2011; Steigies and Fuller 2023).
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Fig. 9: Composite picture of the GLE analysis/modeling: (a) GLE73 recordings of NMs; (b) calculated asymptotic directions
for GLE73 (from Mishev et al. 2022); (c) modeled spectrum of GLE73 and (d) modeled pitch-angle distribution for GLE73
(from Papaioannou et al. 2022).

3.2 Modeling GLEs

The analysis of GLEs requires the modeling of the response (i.e. recordings) of an adequate (optimally a

significant number of NMs with good spatial coverage around the world and with quality data) number

of NMs aiming at determining an optimal fit for the SEP spectrum and the angular distribution at 1 AU

(see Mishev et al. 2022 and references therein). The usage of the worldwide network of neutron monitors

is ideal for this task, since NMs situated in different geographic regions are sensitive to a different part of

the solar particle spectra and arrival direction (Mishev and Usoskin 2020). This is basically achieved via

a three-step procedure:

e First step: Compute the asymptotic directions and the cut-off rigidity of NM stations, i.e. simulate the
propagation of the charged particles in a modeled magnetosphere.

e Second step: Make an initial guess of the inverse problem by viable assumptions keeping in mind that
functions need to represent the physical processes involved.

o Third step: Apply an optimization method and identify the energy spectrum, the anisotropy axis direc-
tion and the pitch-angle distribution.
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The model of the global response of NMs during a GLE has been developed over many years (e.g. Shea
and Smart 1982; Fliickiger & Kobel 1990; Belov et al. 2005; Bieber et al. 2013; Bombardieri et al. 2008;
Biitikofer et al. 2008, 2016; Plainaki et al. 2007, 2010; Vashenyuk et al. 2011; Mishev et al. 2018, 2022) and
is described in detail by Cramp et al. (1997). This method employs a least-squares fitting technique to de-
termine the axis of symmetry of the particle arrival, the spectrum and the anisotropy of the high-energy
solar protons that give rise to the increased neutron monitor response.

The spectral shape of the “primary” particles needs to be assumed in such a process. This is directly
related to the acceleration process involved. Several such forms have been investigated, as pure and
modified power laws, as well as spectra based on theoretical expectations (Ellison and Ramaty 1985). An
empirical functional form that can be employed to fit the neutron monitor observations is the so-called:
“modified power-law” spectrum which incorporates the change of the power law exponent (8y), leading
to a spectrum that steepens with increasing rigidity (see Mishev et al. 2022; Papaioannou et al. 2022 and
references therein).

The propagation of particles through the interplanetary medium results in a distribution of pitch angles
which can be described using a functional form. Formally, the particle pitch angle is defined as the angle
between the axis of symmetry of the particle distribution and the asymptotic direction of view. The most wi-
dely-used functions have been cosine or Gaussian relationships (see Cramp et al. 1997; Mishev et al. 2022).
Figure 9 depicts results from the analysis and modeling of the recent GLE73.

3.3 Forecasting solar storms

Since the propagation of particles is governed by their energy (speed) the near-relativistic particles that
are recorded by NMs are the fastest and establish a distinguishable enhancement at the ground level
prior to the arrival of the bulk of the several 10’s of MeV particles that follow. Therefore one can make use
of the particle recordings at NMs in order to forecast the arrival of lower energy protons (see details in
e.g. Kuwabara et al. 2006; Souvatzoglou et al. 2014), as this is illustrated in Figure 10 (left panel) which
shows the NM recordings of GLE60 on 15 April 2001 compared to the GOES spacecraft measurements at
E>10 and E>100 MeV (Kuwabara et al. 2006). As it can be seen, the first arriving particles at the ground
provide an earlier onset compared to the time when the enhancement was clearly identified in spacecraft
measurements. Thereby, the time difference provides a window of reliable forecasting based solely on
NM measurements giving ground to the so-called “GLE Alert”. Figure 10 (right panel) shows the velocity
dispersion analysis (VDA; Vainio et al. 2013; Paassilta et al. 2017) for GLE31 on 07 May 1978. VDA assumes
that particles at all energies exhibit a simultaneous release into the interplanetary medium follow the
IMF lines and arrive promptly to the observer (i.e. Earth). Due to this scenario (see also Section 2) the
onset times of these solar particles at different energies as a function of their inverse velocity leads to a
linear fit, with the slope of the fit providing the path length travelled by the particles and the intersection
with the y-axis denoting the solar release time.

Once a “GLE Alert” is established then NMs can further provide an estimation of the expected spectrum
down to lower-energies and most importantly can inform about the radiation hazard at flight altitudes due
to the forthcoming increased exposure, particularly during long flights at low cut-off rigidities, e.g. over
the polar and sub-polar regions (Mishev and Velinov 2020).
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Fig. 10: Left panel: Recordings of the GLE60 on 15 April 2001 by NMs (bottom) and by GOES spacecraft (upper plot; adapted
from Kuwabara etal. 2006). Velocity Dispersion Analysis (VDA) of GLE31 on 07 May 1978 based on spacecraft (IMP7 & IMP8)
and neutron monitor measurements (adapted from Reames 2009).

4. Analysis of GLEs in the inner heliosphere

Particles emitted from the Sun, reaching to GLE energies (E>430 MeV or E>300 MeV for high altitude polar
NMs) are recorded as excesses of solar particles above the background since the start of the space era.
These data have been obtained from particle sensors on near-Earth satellites and on space probes throug-
hout the heliosphere. When these observations are coupled with NM recordings they greatly increase
our understanding of the fundamental processes of the generation of solar energetic particles and their

propagation in the interplanetary medium.

4.1 Recordings at spacecraft detectors
From the patrol measurements offered by the Geostationary Operational Environmental Satellite (GOES) se-
ries, the High Energy Proton and Alpha Detector (HEPAD) could register particles up to 700 MeV. Thereby,
GOES observations have been used for the identification of a number of GLEs at a range from ~10-700 MeV
(Figure 11, left panel; e.g. Mishev et al. 2018; Rodriguez and Kress 2023). Moreover, such recordings led to the
unfolding of the spectrum during GLEs and demonstrated a double power-law behavior with a characteristic
“break” energy (Figure 11, right panel, see details in Mewaldt et al. 2012; Cohen and Mewaldt 2018) which has
been explained either on the basis of the CME-shock acceleration, transport of solar particles and/or on the
existence of two distinct components: one CME related for lower energies and a second one for higher ener-
gies which is flare related (for the latter see the detail discussion in Kiselev et al. 2022).

Recent re-calibrations of science grade instruments further expanded the capabilities of space based
detectors. For example, Kiihl et al. (2017) demonstrated that the Electron Proton Helium Instrument
(EPHIN) on board SOHO recorded 42 SEP events from 1997 to 2015 that reached a mean energy up to 610
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Fig. 11: Left panel: Recordings of the GLE72 on 10 September 2017 by (from top to bottom) GOES (8.7-700 MeV), SOHO/
ERNE Fe/0 at 50-100 MeV/n and GOES SXRs denoting the driving X8.2 solar flare (from Mishev et al. 2018). Right panel:
Proton fluence spectrum for 5 GLEs obtained by GOES measurements demonstrating the double power law behavior
(from Cohen and Mewaldt 2018).

Fig. 12: Recordings of SOHO/EPHIN at 500-700 MeV from 1995-2015. The red triangles and the vertical lines denote the
identified SEP events in these measurements (from Kiihl et al. 2017).

MeV (Figure 12). A few of these SEP events were further recorded on the ground by NMs and thus were labe-
led as GLEs. Nonetheless, this paper gave rise to the identification of mildly relativistic particles and added
context to the previously reported term: “sub-GLEs”.2 Moreover, most recently similar work has taken place
for Solar Orbiter/HET and showed that particles up until ~890 MeV can be recorded, with most trusted ones
reaching ~300 MeV. Both SOHO/EPHIN and Solo/HET measurements have been used in the identification

of GLE73 (see Kouloumvakos et al. 2023). In addition, measurements from Payload for Antimatter Matter

2 Seedetailsin https://www.issibern.ch/teams/heroic/.
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Fig. 13: Recordings of MSL/RAD at E>150 MeV demonstrating GLE72 (left panel; from Guo et al. 2018) and GLE73 (right
panel; from Kouloumvakos et al. 2023).

Exploration and Light-nuclei Astrophysics (PAMELA) and the Alpha Magnetic Spectrometer (AMS)-02 pay-
loads added significant information that bridges the critical gap in the spectra from the low-to-high energy
particles (typically from about ~ 100 MeV to the NM range) (see e.g. Whitman et al. 2017; Bruno et al. 2018).

4.2 Recordings at different planets

100 years since the discovery of Cosmic Rays by Victor Hess in 1912, the Radiation Assessment Detector
(RAD) onboard the Mars Science Laboratory (MSL) (Hassler et al. 2012) measures for the first time Cosmic
Rays on the surface of another planet. This allowed us to observe solar particles reaching Mars at a few
cases up to now with two of them being GLESs, i.e. GLE72 (Guo et al. 2018) and GLE73 (Kouloumvakos et al.
2023). As it can be seen in Figure 13 RAD onboard MSL on the surface of Mars recorded a distinguishable in-
crease at both E- and B-dose rates (Hassler et al. 2012; Guo et al. 2015) for both GLEs. It should be noted that
the required energy for the initiation of a proton triggering a GLE recorded by RAD located in Gale crater on
Mars is ~ E>150 MeV (see Guo et al. 2018).

5. Future directions

5.1 GLEs as the stepping stone for super events

GLEs are hard spectrum events (Asvestari et al. 2017) and pose a significant threat for the radiation en-
vironment. Although, the Carrington event and its corresponding particle fluence were seen as the worst-
case estimate of radiation hazard in the near-Earth environment that the Sun is capable of producing
(Miroshnichenko & Nymmik 2014), with the help of cosmogenic radionuclide records, it became clear
that much more extreme events (e.g. the event around AD774/775) might have occurred on the Sun (Miyake
et al. 2012). Hence, these solar driven “super-events” are modeled on the basis of a multiplication factor
of the measured GLEO5 spectra. That said, GLEs provide direct context for the quantification and specifi-

cation of the radiation environment during these “worst-case” scenario events.

5.2 GLEs contribution to the Sun-Earth-atmosphere system

The Sun-Earth connection is an intensive field of research for the past decades, GLEs provide a direct link
to the atmospheric processes. For example, several works have focused on the ozone depletion (see the
detailed work of Mironova et al. 2015) explaining the proposed mechanisms by which penetrating particles

(i.e. not only of solar origin) can affect the atmosphere, including chemical changes in the upper atmo-
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sphere and lower thermosphere, chemistry-dynamics feedbacks, the global electric circuit (GEC) and
cloud formation. Most recently, a study by Mallios et al. (2022) proposed a model of the atmospheric elec-
tricity and its variability during strong GLEs, demonstrating 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 of the observer.

6. Conclusions

An overall presentation of Ground Level Enhancements (GLEs) has been provided in this work. Their his-
torical identification and evolution of ideas for their origin; measurements from the worldwide neutron
monitor network; modeling and forecasting efforts as well as their imprint in the inner heliosphere (on
space based detectors and on the surface of Mars) together with a few future research directions have
been presented. Thereby, if the question is, “What do we learn from GLEs?”, the answer is that GLEs
provide us with a direct link to access acceleration mechanisms at the Sun, to understand the solar storm
evolution and to quantify their impact in the inner heliosphere and the near-Earth space, in particular.
Additionally, GLEs pave the way for the understanding of the “worst-case” scenario for extreme SEP
events and have further a direct impact on the atmospheric processes, which in turn, are directly related
to the habitability of our planet and beyond.

Further contents

A Jupyter Notebook was implemented for this tutorial, accessible at: https://github.com/atpapaio/GLE-

NMDB. It makes use of the script by C.T. Steigies (nest.py) to call NMDB and download data from the

neutron monitor (NM) stations selected by the user (see also Steigies and Fuller 2023). The notebook

(GLE_tutorail.ipynb) provides three plots:

e First plot: A percentage increase plot of the selected stations. In order to make the percentage a baseline
(taken simply as the 1 hour, i.e. the first 60 minutes from the selected interval).

e Second plot: A plot of the North-South latitudinal anisotropy. Similar as before, in order to make the
percentage a baseline (taken simply as the 1 hour, i.e. the first 60 minutes from the selected interval).
Then, it makes a plot of two stations including their difference (the idea here is to directly evaluate the
North-South latitudinal anisotropy. For this THULE and JBGO (or MCMU for earlier GLEs) should be
selected, see also https://www.aanda.org/articles/aa/full_html/2022/04/aa42855-21/F10.html for an
example).

e Third plot: This script provides the longitudinal anisotropy. Similar as before, in order to make the
percentage a baseline (taken simply as the 1 hour, i.e. the first 60 minutes from the selected interval).
The script makes a sum of all selected stations except the first one and then provides the difference
between the first one and the rest of the NMs. The idea is to have all NM stations with a nominal cut-off
Rc< 1.4 GV in order to evaluate the longitudinal anisotropy see also https://www.aanda.org/articles/
aa/full_html/2022/04/aas42855-21/F11.html for an example).
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