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Abstract
The first solar proton event observed at ground, that is ground level enhancement, of solar cycle 25 was 

detected on 28 October 2021 by several neutron monitors (NMs), specifically those in the polar region as well as 

by space-borne instruments. It was identified as the GLE (ground-level enhancement) #73 in the International 

GLE database. The strongest signal at the ground was registered by the DOMC/DOMB monitors located at the 

Antarctic plateau at the Concordia French-Italian research station. Here, we report the observations and the 

study of this event using the global NM network and SOHO/ERNE records. We present the derived angular and 

spectral characteristics of solar energetic protons, including their dynamical evolution throughout the event. 

Several applications are discussed, namely the terrestrial effects of the GLE particles during the event.

1. Introduction

A methodological study of high-energy particles originating from the Sun, that is, the solar energetic 
particles (SEPs), specifically their properties such as spectra and angular distribution provides a unique 
opportunity and basis to reveal important and still open questions as their acceleration and propagation 
in the interplanetary space (e.g. Reames 1999, Kocharov et al. 2021). A specific interest represents a 
particular class of SEPs, namely particles believed to be the tail of the spectrum, that is, particles with 
energy reaching about GeV/nucleon or even greater values. Solar protons with energy above some 300 
MeV/nucleon produce, following consecutive interactions, a shower of secondary particles in the Earth’s 
atmosphere, so that they can be registered at ground by convenient detectors, that is neutron-monitors 
(NMs) (for details see Dorman 2004, Mishev and Poluianov 2021). This specific class of events is known 
as ground-level enhancements (GLEs) (Shea and Smart 1982, Poluianov et al. 2017).  
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In addition, GLE particles can significantly affect the complex radiation field in the atmosphere as 
well as the atmospheric ionization, thus playing an important role in atmospheric chemistry and physics 
(Usoskin et al. 2011, Mironova et al. 2015). Since GLEs occur sporadically and differ from each other, spe-
cifically in spectra, angular distribution, duration, and geomagnetic conditions (Moraal and McCracken, 
2012) they are naturally studied case-by-case. Here, we consider the latest occurred event upon the sub-
mission of the paper, that is, GLE # 73 observed on 28 October 2021.

2. GLE # 73: Observation and data analysis

The first GLE of the current solar cycle 25 was observed on 28 October 2021, notably by several low-ri-
gidity cut-off NMs, as well as by space-borne instruments (for details see Papaioannou et al. 2022). The 
event was associated with an X1.0 solar flare at S28W01 and an asymmetric halo CME. The peak of the soft 
X-ray emission was at 15:35 UT. At ground, the peak count rate increase was registered by South Pole SOPO 
(5.4%) and South Pole Bare SOPB (5.7%), DOMC (7.3%) and DOMB (14%), standard and bare monitors, 
respectively. A detailed report of radio, and X-ray observations is given by Klein et al. (2022).

For the analysis of this event, we used the fact that NMs at different geographic locations are sensitive 
to a different part of the SEP spectra and arrival direction, that is, one can use the geomagnetosphere 
as a giant spectrometer (Bieber and Evenson, 1995; Mishev and Usoskin 2020). Using the relationship 
between NM count rate and primary particles given with the expression:

    N ( P  c  , h, t)  =  ∑ 
i
    ∫ 

 { P  c  } 
  

∞
    S  i   (P, h)  ⋅  J  i   (P, t)  ⋅ dP     (1)

where N(Pc,h,t) is the count rate of the NM, Si is the NM yield function, which accounts for the particle 
propagation in the atmosphere and the registration efficiency of the device itself, Ji(P,t) is the rigidity 
spectrum of incoming SEPs, Pc is the rigidity cut-off of the station, we can model each NM station coun-
ting rate.  Here, using Eq. (1), we model the NM count rate increase due to SEPs. Subsequently, on the 
basis of the method, details given in (Mishev and Usoskin, 2016; Mishev et al. 2018, 2021), which was 
initially developed by Cramp et al. (1997); Vashenyuk et al. (2006), we unfold the GLE characteristics, 
that is spectra, apparent source position and pitch angle distribution (PAD).

The method involves the computation of asymptotic directions and rigidity cut-offs of all NMs used for 
the data analysis; making a convenient initial guess of the optimization procedure and performing the 
optimization itself by minimizing the difference between modeled and recorded NM responses over a se-
lected space of unknown parameters. Here, the rigidity cut-off and asymptotic directions were computed 
using a new open-source tool OTSO (Larsen et al. 2022), employing a combination of the IGRF + TSY 89 
models (Tsyganenko 1989), which provides reasonable precision and straightforward computation of 
the needed parameters for the data analysis (Kudela et al. 2008; Nevalainen et al. 2013). An illustration 
of computed asymptotic directions of selected NMs is given in Fig. 1. Thus, using data from the interna-
tional GLE database and the Neutron Monitor Database NMDB (Mavromichalaki et al. 2011), and the afo-
rementioned method, we derived the spectra during GLE # 73. The best fit for the SEP spectra according 
to our analysis is depicted by modified power-law Eq. (2) 
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     J (P)  =  J  0    P   − (  γ+δγ (  P−1 )   )      (2)

Accordingly, the angular distribution was approximated with Gaussian, see Eq. (3). 

      G (α (P) ) ~exp (   −  α   2  /  σ   2  )           (3)

The derived spectra and PAD are presented in Fig. 2, whereas the details are reported in (Mishev et al. 
2022a). The derived spectra were moderately hard, with a considerable steepening during the event on-
set, which vanished in the late stage of the event. The SEP spectra revealed a gradual softening throug-
hout the event. The derived PAD was relatively wide, considerably wider compared to beam-like events. 
In addition, analysis based on SOHO/ERNE shows that the anisotropy of relativistic protons was sur-
prisingly low compared to the anisotropy of deka-MeV protons, notably revealing different anisotropy 
direction (Mishev et al. 2022a). While, the low-energy protons arrived predominantly from the north and 
west, which is consistent with the observed direction of the interplanetary magnetic field, the relativistic 
protons arrived from a location near the eruption center.

Fig. 1: Asymptotic directions of several NMs during to the event onset of GLE #73. The cross corresponds to the 
interplanetary magnetic field (IMF) direction obtained by the Advanced Composition Explorer (ACE) satellite. The lines of 
equal pitch angles relative to the derived anisotropy axis are plotted for 30◦ and 150◦ respectively.
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3. Atmospheric ionization effect

During GLEs the increased intensity of high-energy particles entering the atmosphere is greatly increa-
sed, leading to enhanced ionization, namely SEPs result in important space weather issues, specifically 
over the polar caps, where the geomagnetic shielding is marginal (Usoskin et al. 2011).

Using the derived spectra during the GLE # 73 and employing a model originally developed by Usoskin 
and Kovaltsov (2006), and recently verified by stratospheric balloon-borne measurements (Mishev et al. 
2022b), we computed the ion production rate in the atmosphere due to GCRs and SEPs over the GLE # 73. 
In order to realistically quantify the terrestrial effects of the precipitating high-energy SEPs, specifically 
for atmospheric physics and chemistry studies, we normalized the ion production rate to a given period, 
namely to 24 hours, employing the recombination model by Krivolutsky et al. (2006) and assuming isotro-
pic distribution (Pätsi and Mishev 2022), that is, we computed the 24h averaged ionization effect similarly 
to (Mishev and Velinov 2018, 2020). Employment of an isotropic distribution during these computations is 
reasonable, because of the wide angular distribution of incoming SEPs and none the least the fast isotrop-
ization of the event. The computed ionization effect in the upper atmosphere, that is, at a depth of 25 g/cm2 is 
presented in Fig. 3, and in the region of Regener-Pfotzer maximum (Regener and Pfotzer 1935), at a depth 
of 200 g/cm2, in Fig. 4.

One can see that the ionization effect was notable in the upper atmosphere (about 300% in the polar 
region, 120% in the sub-polar region, 40% at mid-latitudes and marginal or null in high rigidity cut-
off region), yet considerably diminished at lower altitudes, e.g. at Regener-Pfotzer maximum, (less than 
30% in the polar region), due to the softer SEP spectra compared to the GCRs spectra.

Fig. 2:  Derived rigidity spectra and PAD during GLE #73.  The solid black line depicts the GCR flux. Time [UT] corresponds 
to the start of the five-minute interval over which the data are integrated.
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Fig.3: Averaged ionization effect during GLE # 73 at a depth of 25 g/cm2.

Fig.4: Averaged ionization effect during GLE # 73 at a depth of 200 g/cm2.
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4. Conclusion

In the present study here, we derived the spectral and angular characteristics of high-energy SEPs during 
the first GLE event of solar cycle 25, namely GLE# 73, which occurred on 28 October 2021. The best fit 
was achieved with a modified power-law in the spectrum and a simple Gaussian PAD. Moderately hard 
SEP spectra were derived, with considerable steepening, specifically during the event initial stage.

Subsequently, employing a Monte Carlo-based numerical model, we assessed for the first time, the 
atmospheric ionization effect during the GLE # 73. It is shown, that the effect was moderate in the polar 
region, whilst at mid- and high rigidity cut-off regions was barely seen.

The study presented here, representing full chain analysis of GLEs using NM records, namely derivation 
of SEP spectra and computation of terrestrial effects, provides the necessary basis to study the impact of 
precipitating high-energy particles in the Earth’s atmosphere at different scales.
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