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Abstract

Solar eruptive events such as flares and coronal mass ejections can accelerate charged par-
ticles up to nearly relativistic energies producing so-called solar energetic particles (SEPs).
Some of those SEPs can propagate towards Earth and be registered by, e.g., particle detec-
tors onboard satellites. Favourable acceleration conditions make strong SEP events possible
with a high flux of high-energy (> 500 MeV) protons, which can be registered even on
the ground by neutron monitors (NMs) as rapid enhancements of their count rate over the
background. Such events are accordingly called ground-level enhancements (GLEs). GLEs
are rare, with only 73 events registered from 1942 to 2023, and three more GLEs 74 —76
occurred in 2024, close to the maximum of solar activity. In this work, we report GLE 75
that happened on 8 June 2024, initially missed during real-time monitoring, but identified
retrospectively. The SEP event, which induced the GLE, was associated with a flare from
the solar active region 13697 (13664 on the previous solar rotation). It caused statistically
significant increases in the count rate of NMs Dome C, South Pole, and Peawanuck, as well
as in the proton intensity measured by Geostationary Operational Environmental Satellite
GOES-16. Here, we show the GLE in NM data, describe the procedure of evaluation of its
statistical significance, and present the analysis with reconstruction of the spectral and an-
gular SEP distributions.

Keywords GLE - Ground-level enhancement - SEP - Solar energetic particles - Neutron
monitor

1. Introduction

The high-energy particle radiation environment near the Earth is governed by the om-
nipresent galactic cosmic rays (GCRs) originating mostly from our Galaxy, yet the most
energetic species have extra-galactic origin (e.g., Gaisser, Engel, and Resconi 2016). In ad-
dition, there are also the so-called solar energetic particles (SEPs) accelerated during solar

X S. Poluianov
stepan.poluianov @oulu.fi

Sodankyld Geophysical Observatory, University of Oulu, 90014 Oulu, Finland
Space Physics and Astronomy Research Unit, University of Oulu, 90014 Oulu, Finland
3 Institute of Tonosphere, 050020 Almaty, Kazakhstan

Published online: 18 August 2025 &\ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11207-025-02518-9&domain=pdf
http://orcid.org/0000-0002-9119-4298
http://orcid.org/0000-0002-7184-9664
http://orcid.org/0000-0001-5847-395X
http://orcid.org/0000-0003-0085-5802
http://orcid.org/0000-0002-1426-9428
http://orcid.org/0000-0001-8227-9081
mailto:stepan.poluianov@oulu.fi

113 Page2of16 S. Poluianov et al.

eruptive processes such as solar flares and coronal mass ejections (CMEs) (e.g., Reames
1995; Waterfall et al. 2023). SEPs have a sporadic nature, and occasionally can be observed
in the vicinity of the Earth, as well as at other locations in the Heliosphere (e.g., Guo et al.
2023). Here we focus on a specific class of SEPs, that can be observed on the surface of the
Earth, namely the ground-level enhancements, details given below.

Naturally, SEP events can differ from one to another by their acceleration sites, helio-
spheric conditions, and connectivity to the Earth, resulting in their spatial distribution, du-
ration, energy ranges and intensities of particles (Miroshnichenko 2015, 2018). Therefore,
they are studied on a case-by-case basis.

SEPs are routinely studied with space-borne instruments and ground-based detectors at
the Earth. Spacecraft provide direct measurements of the SEP intensity, whilst ground-based
observations specifically with neutron monitors (NMs) register SEPs indirectly via detec-
tion of secondary hadrons from cosmic-ray induced atmospheric cascades (e.g. see, Simp-
son 2000; Dorman 2004, and references therein). Both approaches have their own advan-
tages and disadvantages and are complement to each other (e.g., Tylka and Dietrich 2009;
Raukunen et al. 2018; Koldobskiy et al. 2021). In this work, we employ mostly ground-level
measurements with NMs.

An SEP event in NM data is observed as an enhancement of the count rate over the
GCR-defined background and accordingly called a Ground-Level Enhancement (GLE). By
definition, a GLE is registered when there are statistically significant enhancements in the
count rates of at least two NMs in different locations. The solar origin should be confirmed
by a corresponding increase in the particle intensity directly measured by space-borne in-
strument(s) (Poluianov et al. 2017). NM stations at different locations have different geo-
magnetic and atmospheric cutoffs (latitude- and altitude-dependent, respectively) and thus
accordingly different sensitivity to register SEPs (e.g., Smart and Shea 2009; Mishev and
Poluianov 2021; Poluianov and Batalla 2022). This gives the necessary basis to study SEPs,
namely by using the global network of NMs as a single giant spectrometer (Bieber and
Evenson 1995; Mishev and Usoskin 2020).

Since 1942, there were 75 known GLEs including two events registered on 11 May 2024
and 21 November 2024. Starting from GLE 5, they can be found in the International GLE
Database at https://gle.oulu.fi. However, after careful re-examination of existing data, we
found one more GLE that happened on 8 June 2024 and was associated with a very produc-
tive solar active region that generated multiple X-class flares, caused strong geomagnetic
storms and GLE 74 in May 2024. In this work, we report the newly found GLE named
number 75, describe the evaluation procedure of the statistical significance of an NM count
rate enhancement needed to claim a GLE, and present an analysis of the event with a recon-
structed energy and angular distributions of SEPs that caused it.

2. Observations

Herein we used records from 16 polar NM stations, shown in Figure 1, details given in
Table 1. The NM count rates were mainly retrieved from the Neutron Monitor Database
NMDB (https://www.nmdb.eu). SNAE data were provided by the station PI. For BRBG
and NRLK, we used the plots from the database of the Pushkov Institute of Terrestrial
Magnetism, Ionosphere and Radio Wave Propagation (IZMIRAN, http://cr0.izmiran.ru/
common/links.htm). Data from OULU, DOMB and DOMC NMs were directly taken from
the Oulu cosmic-ray database at https://cosmicrays.oulu.fi/. We used data with a 5-minute
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Figure 1T Map with locations of NM stations used in this work. The northern and southern polar regions are
on the left- and right-hand sides, respectively. See Table 1 for details.

Table 1 NM stations used in this work. The type NM64 is the standard design described by Carmichael
(1964), while the compact type mini-NM is presented in Poluianov et al. (2015), Strauss et al. (2020). The
information about the stations was taken from databases NMDB (https://www.nmdb.eu), IZMIRAN (http://
cr(.izmiran.ru/common/links.htm), and https://pgia.ru/data/nm. The elevation is given in meters above sea
level (m asl). The geomagnetic cutoff rigidity R, was computed specifically for the GLE time with code
OTSO (Larsen, Mishev, and Usoskin 2023). The confidence interval of the integral increase Ceym is given
for 3 standard deviations.

Name Abbreviation NM type Elevation (m asl) Geom. cutoff R (GV) Increase Ceym (% h)
Barentsburg BRBG 18NM64 70 0.0 0.0"

Dome C DOMC mini-NM 3233 0.0 3.04+£1.97
Calgary CALG 12NM64 1128 0.9 0.49 +0.62
Fort Smith ~ FSMT 18NM64 180 0.2 —0.04 £0.79
Inuvik INVK 18NM64 21 0.2 0.93 +1.00
Jang Bogo JBGO 6NM64 30 0.0 0.97 £0.89
Mawson MWSN 18NM64 30 0.4 1.02+0.53
Nain NAIN 18NM64 46 0.2 0.68 +0.87
Norilsk NRLK 18NM64 0 0.4 0.0"

Oulu OULU INM64 15 0.4 0.78+1.43
Peawanuck PWNK 18NM64 53 0.2 1.54 +£1.04
SANAEIV  SNAE 6NM64 856 0.3 1.26 +1.18
South Pole ~ SOPO 3NM64 2820 0.0 2.03+£0.59
Terre Adelie TERA ONM64 30 0.0 —0.10£0.97
Thule THUL 18NM64 26 0.0 0.92 +0.88
Tixie Bay TXBY 18NM64 0 0.5 0.25+0.94

The count rate increase was assessed from a plot

time resolution as a good compromise between the reduced random variability of the sig-
nals and still sufficiently fine resolution. Most of the NMs listed in Table 1 are standard
instruments of the type NM64 described in Carmichael (1964). However, DOMC has the
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Figure 2 Eruption at the Sun as
captured in the Solar Dynamics
Observatory extreme ultraviolet
filtergrams at 131 A and
associated to the active region
13697 (encircled in the image).
The figure corresponds to
01:55:56 UT, 8 June 2024.
Adopted from https://www.
spaceweatherlive.com/en/archive/
2024/06/08/xray.html.

“mini-NM” design (Poluianov et al. 2015; Strauss et al. 2020). In addition to those instru-
ments, there are so-called “bare”, i.e., having no lead layer NMs DOMB and SOPB in the
same locations as DOMC and SOPO, respectively. We excluded them from the analysis due
to the lack of a reliable yield function, but still find it useful to show their behaviour during
the GLE, see Figures 3 and 7.

To confirm the arrival of SEPs to the Earth, we used the proton intensity data measured by
a particle detector onboard the Geostationary Operational Environmental Satellite GOES-16
with the 5-minute resolution. This data are available on the website of the National Centers
for Environmental Information of the U.S. National Oceanic and Atmospheric Administra-
tion (https://data.ngdc.noaa.gov).

On 8 June 2024, the solar active region 13697 has been relatively quiet, however ap-
proaching the western limb of the Sun, it produced a long-duration flare classified with the
soft X-ray intensity as M9.7 (Figure 2). The flare had the onset at 01:23 UT, reached the
maximum at 01:49 UT and ended at 02:19 UT. It was accompanied by a coronal mass ejec-
tion (https://kauai.ccmc.gsfc.nasa.gov/CMEscoreboard/). We note that a smaller eruption of
M3.3 occurred an hour earlier, at 00:51 UT. The M9.7 flare and the following CME pro-
duced SEPs that reached the Earth at around 02:00 UT, as seen in the proton intensity data
from GOES-16 (Figure 3 (c) and (d)).

The NM count rates, normalized to the background but not detrended, are shown in
Figure 3 (a) and (b). Their backgrounds used for normalization and thus corresponding
to 0% were calculated as the average count rates during two hours before the SEP event,
specifically, during 00:00—02:00 UT, 8 June 2024. In order to highlight the timing of the
SEP event in the figure, we added a vertical arrow indicating the maximum of the solar flare
and plotted the proton intensity for energies £ > 500 MeV measured by GOES-16 (Figure 3
(c) and (d)).

A visual comparison of the count rate series and the proton intensity from GOES pro-
vided us with initial hints that SOPO, SOPB, and PWNK observed increases during the
SEP event. DOMC and especially DOMB have very high variability of the data, which is
explained by their compact mini-NM design and consequent low count rates. For a further,
more robust evaluation of the increases, we detrended data and calculated the count rate
cumulative sums Cy,,(¢) for every NM series and corresponding errors (cf. Usoskin et al.
2020). Based on that, the time-integral increases were estimated, and their values and con-
fidence intervals at the level of 30, are given in Table 1. Additionally, it was clarified
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Figure 3 NM count rates (panels (a) and (b)) and the proton intensity for £ > 500 MeV from satellite
GOES-16 (panels (c) and (d)) during the GLE. The NM count rates are given normalized to corresponding
average values during 2 hours before the event (00:00-02:00 UT, 8 June 2024) and with offsets for better
visibility. The time of the associated solar flare’s maximum is marked by a vertical arrow. Panels (c) and (d)
are identical. The time in the x-axis is given in UT.

from the C.ym () curves that the GLE event had the onset at 02:00 UT and ended at 04:10
UT. The details of the calculations are described in the Appendix. The integral increases
ranged from null in most NM data up to 3.04 &= 1.97% h in DOMC. Here, we considered an
increase as null, if it did not exceed its confidence interval, i.e., was not statistically signif-
icant. Therefore, we concluded that three NM stations did statistically significant responses
in Coym % 30cym during the SEP event: DOMC (3.04 + 1.97% h), PWNK (1.54 £ 1.04% h),
and SOPO (2.03 & 0.59% h). Their data are shown in more detail in Figure 4. There are
also stations JBGO, SNAE, THUL, which showed marginally significant increases but were
conservatively assumed by us as having null responses. Also, we decided to take the sta-
tion MWSN as null because of its quite small increase, though it was formally significant
(1.02 £ 0.53% h). Then, BRBG, CALG, FSMT, INVK, NAIN, NRLK, OULU, TERA, and
TXBY had clearly no statistically significant increases. The “bare” NMs DOMB and SOPB
had also very noticeable enhancements of the count rate of 4.80 & 5.41 and 2.20 +0.76% h,
respectively. DOMB, though having the highest increase among all NMs, did not have it
statistically significant due to a very low count rate, approximately 250 counts min~'. The
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Figure 4 Count rates ¢(¢) (in %103 counts min_l) of DOMC, PWNK, and SOPO during the GLE on 8
June 2024 (panels (a), (b), and (c), respectively). The enhancements associated with the event are highlighted
with colour-filled areas. The solid grey lines indicate the linear background interpolations derived from 2-
hour periods before and after the GLE and used for detrending. Panels (d), (e), and (f) show the calculated
cumulative sums of the count rates Ceym () of DOMC, PWNK, and SOPO, respectively. The 1o and 30
error bands are shown with dark and light colour areas. The onset and end of the studied increase are marked
with vertical dashed lines.

agreement in timing of the observed NM count rate enhancements, increase of the proton
intensity measured by GOES, and the M9.7 solar flare support the conclusion that the NM
count rate enhancements were caused by SEPs, and thus there was a GLE on 8§ June 2024
according to its definition (Poluianov et al. 2017).

3. Analysis

To assess the characteristics of SEPs, causing the GLE event on 8 June 2024, we collected
and analysed different data sets. The ground-based records analysis involves both modelling
of the magnetospheric propagation of particles and the detector’s response, including un-
folding of spectral and angular information of solar protons for the latter (for details see
Biitikofer 2018a,b, and references therein).

In order to analyse the characteristics of a strong SEP event, it is necessary to model
accurately the magnetospheric conditions, specifically to compute the cutoff rigidity and
asymptotic directions of NM stations. Herein, a recently developed tool OTSO was used, its
full description is given in Larsen, Mishev, and Usoskin (2023). Since the K|, index prior to
the event was below 5, we employed a combination of the International Geomagnetic Ref-
erence Field IGRF-13 (Alken et al. 2021) as the internal, and Tsyganenko-89 (Tsyganenko
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1989) as the external field, which provides reliable approach for an undisturbed geomagne-
tosphere (e.g. Kudela, Bucik, and Bobik 2008; Larsen, Mishev, and Usoskin 2023).

The spectra and anisotropy of the GLE-causing SEPs can be derived using a method
based on the modelling of the global NM response (Mishev 2023). In this study, we em-
ployed the approach adapted from the algorithm proposed by Cramp et al. (1997), subse-
quently used by different teams, e.g. by Bombardieri et al. (2006) and Vashenyuk et al.
(2006). The applied here method is described elsewhere (Mishev et al. 2021), yet a slight
modification related to the quality of the fit (see their Section 4.3 in Mishev et al. 2024) is
introduced that accounts for the specifics of the GLE analysis when there is a marginal count
rate increase of the majority of NM stations (for details see Poluianov et al. 2024).

In general, the method consists of modelling of the global NM response and subsequent
unfolding of the spectra by several steps: computation of geomagnetic cutoff rigidities and
asymptotic directions of all NMs, and a least-squares optimization of the difference between
experimental and modelled NM responses. We emphasize that the modelling procedure
should reproduce the observed increases as well as zero/marginal NM responses (Cramp
et al. 1997; Mishev et al. 2024). Records from stations with a null count rate increase de-
termine the boundary on SEP spectra and anisotropy. Therefore, the inclusion of stations
such as BRBG and TXBY, which revealed zero count rate increases in their 1-hour data, is
justified.

We note that a natural initial guess for the optimization is assumed, that is, plausible spec-
tra and angular distribution based on statistical analysis of a plethora of GLEs (Kocharov
et al. 2023; Larsen and Mishev 2024) and assuming the apparent source position along the
interplanetary magnetic field (Mishev and Usoskin 2016b; Kocharov et al. 2017), herein re-
trieved from space-borne measurements by Advanced Composition Explorer (ACE, Smith
et al. 1998). The modelling employs a new-generation NM yield function (for details see
Mishev et al. 2020) calibrated on direct particle measurements with PAMELA (Payload
for Antimatter Matter Exploration and Light-nuclei Astrophysics, Adriani et al. 2017) and
AMS-02 (Alpha Magnetic Spectrometer, Aguilar et al. 2021) space-borne experiments (for
details see Koldobskiy et al. 2019; Koldobskiy and Mishev 2022, and the discussion therein).
The new NM yield function is also in very good agreement with latitude surveys and was rec-
ommended for GLE analysis (e.g. Nuntiyakul et al. 2018; Xaplanteris et al. 2021; Caballero-
Lopez and Manzano 2022).

There are several criteria that determine the quality of the fit, governed by the normal-
ized residual (e.g. Himmelblau 1972; Dennis and Schnabel 1996), see Equation 1, uniform
distribution of the normalized residual, targetting relative difference between the observed
and calculated NM increases to be about 10— 15% for each NM with statistically significant
count rate increase and avoiding over-fitting (Aster, Borchers, and Thurber 2005).

The merit function D is defined as

(), - ()]

AN;
Z:'nzl(Til)meas

D=

) ey

AN; AN; . .
where <Tl) and (T) are the modelled and measured relative count rate increases
¢/ mod meas

of the i™ NM, respectively, and m is the number of the stations used in the analysis, herein
used only the polar stations possessing a greater response to SEPs (Bieber and Evenson
1995).

A reliable fit is achieved, with sustainable and smooth convergence of the optimisation,
leading to a robust solution and satisfactory fit of the experimental data, when D <5-10%
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Figure 5 Selected asymptotic directions of polar NM stations during the GLE event of 8 June 2024 at 02:00
UT. The asymptotic directions are shown as dots, different colours for different NMs. Each series is plotted
for protons of rigidities from the atmospheric cutoff (~ 1 GV for sea level) to 5 GV with an exception for
high-altitude SOPO and DOMC having the rigidity range 0.7-5 GV. The small black circle depicts the
derived anisotropy axis direction, while the cross corresponds to the interplanetary magnetic field direction
according to measurements from the satellite Advanced Composition Explorer (ACE, Smith et al. 1998). The
lines of equal pitch angles relative to the derived anisotropy axis are plotted for 15°, 30°, 60°, and 90° for the
sunward direction, and 120°, 150°, and 165° for the anti-Sun direction. The coordinate system of the figure
is Geocentric Solar Ecliptic (GSE).

(Vashenyuk et al. 2006; Mishev and Usoskin 2016a), however D could be ~ 15-20% for
weak GLEs (e.g. Dennis and Schnabel 1996; Mishev et al. 2018), still providing reasonable
results. Herein, the optimisation procedure uses the Levenberg-Marquardt algorithm (Lev-
enberg 1944; Marquardt 1963) and includes also the ridge regression (Tikhonov et al. 1995;
Johansen 1997; Leonov and Yagola 1998; van Wieringen 2015; Huber 2019), allowing to
unfold the SEP spectra in a case, when marginal NM count rate increases are considered in
the analysis (Engl, Hanke, and Neubauer 1996; Yagola, Leonov, and Titarenko 2002).

4, Results and Discussion

A moderate interplanetary disturbance was observed prior to the event, yet the geomagne-
tospheric conditions during the GLE on 8 June 2024 were relatively quiet with K, index of
about 4 (Matzka et al. 2021, https://kp.gfz-potsdam.de/en/data). This resulted on straight-
forward modelling of proton propagation in the magnetosphere using OTSO with IGRF-13
(epoch 2020) as the internal field model and the Tsyganenko-89 model as the external field.
Several computed asymptotic directions for selected NM stations are shown in Figure 5 as an
illustration. We point out that we plot asymptotic directions in the maximum NM response
range of 1 -5 GV (0.7—5 GV for the high-altitude stations SOPO and DOMC) in the figure,
whilst the broader rigidity range of 1 -20 GV (0.7-20 GV for SOPO and DOMC) was used
in the analysis.
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Table 2 Derived characteristics of SEPs during the GLE event on 8 June 2024. The spectral shape with
parameters jo, ¥, 6y, and angular distribution with parameter s2 according to Equations 2 -3 are presented
with the 95% confidence intervals. The fit merit function D (see Equation 1) in the corresponding range, the
geographical latitudes W and longitudes A of the anisotropy axis positions are also shown. The accuracy of
the derived W and A is in the range of &+ 8 — 12 degrees.

Interval (UT) jo y sy GV sZ(rad®) W A D (%)
(em Zsrls~lgvl (deg)  (deg)

02:00-02:15  7.35703 66707  074£003 69402 —12  —161 9-12
02:15-02:30  7.54703 663701 0.65+£007 72401 —17 —165 11-15
02:30-02:45 7.81703 67101 06+£003  74+£01 -23 171 12-14
02:45-03:00 7.28704 68701 06+006  7.6+03 -31 —173 9-12
03:00-03:15  6.83705 6901 0.6+005 7.8+02 -25 178 8-12
03:15-03:30  6.6470:3 70701 0.6+£003  7.9+03 —20 174  10-13
03:30-03:45 6.13703 71107 06£005  82£00 —21 172 8-10
03:45-04:00 5.9270%3 74T 0.6£004  87£04 —17 169 7-9

A modified power-law function was applied to represent the SEP spectrum over a range
of particle rigidities R (in GV):

JI(R) = joR™I 7RGV, 2

where j;(R) is the differential SEP intensity parallel to the axis of symmetry with geo-
graphic coordinates W and A (see Table 2) and jj is the differential SEP intensity for rigidity
R =1 GV. Both j;(R) and j, are in the units of particles cm=2sr~! s7! GV~!. Then, y and
8y are the power-law exponent (dimensionless) and its steepening (in GV~!), respectively.

The SEP population was assumed to have some degree of anisotropy. For that, the particle
angular distribution was approximately defined as a Gauss function:

G(a) ~ el 3)

where « is the pitch angle, sic. the angle between the axis of symmetry of the particle distri-
bution and the asymptotic viewing direction at rigidity R, associated with the arrival direc-
tion (Cramp et al. 1997; Bombardieri et al. 2008), and s is angular width of the distribution
(both in radians).

The mentioned parameters of the SEP rigidity (energy) and angular distributions jy, y
8y, and s were reconstructed by minimising the merit function D and are presented in
Table 2. One can see the temporal evolution of the SEP spectrum during the GLE with 15-
minute averaging in Figure 6. The SEP spectrum was the most intensive and hard in the
early phase of the GLE (02:00-03:00 UT), which is reflected in the high values of j, and
low values of y. The peak particle intensity was reached at about 02:30 UT. Accordingly,
the second half of the GLE (03:00-04:00) was characterised by the decreasing intensity. A
gradual softening of the spectrum (increase of y) was observed during the event along with
the particle pitch-angle distribution becoming slightly more isotropic (a small yet notable
increase of s). Such an evolution is typical for many GLE and sub-GLE events (for example,
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Figure 6 Reconstructed SEP differential intensity j) (R) for 15-minute intervals during the GLE event plot-
ted with the parameters from Table 2. The grey solid line indicates the GCR background as a reference. It
corresponds to the solar modulation conditions of June 2024 (¢ = 766 MV, Usoskin et al. 2017). The inner
panel shows the angular distribution of SEP during the event, the line styles are the same as in the main panel.
The time intervals in the legend are given in UT.

Mishev et al. 2022, 2024; Hayakawa et al. 2024; Poluianov et al. 2024). Overall, the GLE
75 was very weak, close to the NM network detection limit and thus seen just by very few
stations all over the world. However, it still satisfied the formal criteria of the GLE definition
(Poluianov et al. 2017) and, thus, is considered a GLE, and reporting it is important for
studies of the GLE occurrence statistics.

5. Summary

We reported a new GLE registered by NM stations Dome C, Peawanuck, and South Pole
on 8 June 2024. The enhancement in the NM count rates happened right after a strong solar
flare classified as M9.7 and coincided with the increase of the proton intensity measured
by the particle detector onboard the satellite GOES-16. The maximum time-integrated and
statistically significant increase was registered by DOMC as 3.04 &= 1.97% h. Using NM
count rates from 16 stations, the SEP energy and angular distributions were reconstructed by
solving the inverse problem with standard GLE analysis methods. The differential spectra
and angular distributions for 15-minute intervals were presented in Figure 6 and Table 2.
The GLE on 8 June 2024 got the number 75, and the NM data for it are available on the
International GLE Database at https://gle.oulu.fi.

GLE:s including small ones are related to relatively rare, strong, and hard-spectrum SEP
events, which occur roughly several times per solar cycle. Due to the high diversity and
relative rarity of such SEP events, studying small GLEs is valuable, as this improves the
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statistics about GLEs, and enhances our understanding of SEP acceleration, propagation
and interaction with the Earth.

Appendix

The statistical significance of an increase in the NM count rate was evaluated as described
below.

In the first step, the data series were inspected for a background trend during the SEP
event. If the trend exists, detrending is needed, which is usually done by approximating the
background during the event with a polynomial or exponent. In this work, we used a linear
function (the first-degree polynomial) for this purpose (see Figure 4), but the approach can
significantly vary in other cases (Usoskin et al. 2020). The detrended data for many GLEs
are available at the International GLE Database (https://gle.oulu.fi). As the next step, we
used the detrended count rate ¢(¢) with the absolute units of counts min~—! and normalised it
to the background thus obtaining the count rate ¢(¢) in per cent:

(1) — Cog

Cbg

c(t) = -100%, ()

The background count rate cpg in counts min~! was defined as the average detrended count

rate during the two-hour pre-event period. The standard deviation of the count rate o (in %)
was assumed to be the same for every data point during the whole studied period. It was
estimated from the pre-event time interval as

N 32
a=‘/zf;'7_c(l“). ®)

Specifically here, c(t;) is the normalized count rate in % for a given moment of time #; during
the pre-event interval and N is the number of data points there. We note that this approach
makes sense for the count rate with a sufficiently high time resolution (1 -5 minute data)
providing N equal to least several tens.

Then, the cumulative sum of the count rate Cyp, (¢) in % h was calculated starting several
hours before the event and ending several hours after it (see Figure 7):

t

Com() =d1 Yy _c(k), (©)

k=t

where dt is the time resolution (time step) in hours. The uncertainty of the cumulative sum
ocum () With units % h can be calculated as:

Ucum(t) =dt (7)

Figure 7 shows the behaviour of the cumulative sum Ceyy(#) over time for most NMs
used in this work during the GLE. It fluctuates around zero before the increase (the first
vertical dashed line), but then starts to grow as the increased count rate data points sum up.
When the increase is over (the second dashed line), C.,,(¢) flattens, but the uncertainties
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Figure 7 Cumulative sum of the count rate Ccym(#) for evaluation of the statistical significance of the in-
crease. Each panel corresponds to one NM with its name given in the legend. The 1o and 3o error bands are
shown with dark blue and light blue areas. The onset and end of the studied increase are marked with vertical
dashed lines.

keep growing. The difference between C.,n,(¢) before and after the studied increase is the
magnitude of the event observed by the given NM in %h. We consider the increase as
statistically significant, if it exceeds 3 standard deviations, viz. Ceym > 30cym-
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