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Abstract

A very strong solar energetic particle event took place on 11-Nov-2025. It was registered by the worldwide network of neutron mon-
itors as a ground-level enhancement (GLE) #77, which appeared to be one of the strongest registered GLEs. The peak and integral inten-
sities of GLE #77 reached about 125 (165) % and 600 (800) %-hr, respectively, for standard (bare) neutron monitors. It had a
complicated, multi-component anisotropic structure caused by the complexity of the solar coronal and heliospheric conditions. In this
work, verified datasets related to this event are provided along with general analyses. The solar and heliospheric conditions are over-
viewed, including the analysis of solar radio-emission and the location of the primary particle acceleration. Measurements of solar ener-
getic particles in space, near the first Sun-Earth Lagrange point (L1) onboard the SOHO spacecraft, and in geostationary orbit onboard
the GOES-19 spacecraft, are presented, revealing a long-duration, hard-spectrum intense solar particle event. The analysed event pro-
duced radiation hazards at high-latitude flight-altitude regions and triggered multiple GLE alarms in the monitoring systems. This work
presents a solid, verified basis for a comprehensive, detailed analysis of GLE #77 produced by a strong eruptive event on the Sun.
© 2026 The Author(s). Published by Elsevier B.V. on behalf of COSPAR. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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A.L. Mishev et al.
1. Introduction

The Earth’s radiation environment, specifically in the
troposphere and above, is largely defined by the omnipre-
sent, slightly variable flux of Galactic Cosmic Rays, but
may sometimes be greatly affected by sporadic intense
events when solar energetic particles (SEPs) are accelerated
during solar eruptive events such as flares and coronal mass
ejections (CMEs) in the solar atmosphere (e.g., Desai and
Giacalone, 2016; Vainio et al., 2009). Such SEP events
occur quite often when the Sun is active and are typically
detected in outer space, since Earth is protected by both
its geomagnetic field and thick atmosphere. However,
rarely, SEP events can be very energetic and intense, and
initiate nucleonic-muon-electromagnetic cascades in the
atmosphere, with secondary particles detected on the
ground, mostly by neutron monitors (NMs). These types
of SEP events are conventionally called Ground-Level
Enhancements (GLEs), which are defined as (Poluianov
et al., 2017):

A GLE event is registered when there are near-time coinci-
dent and statistically significant enhancements of the count
rates of at least two differently located neutron monitors
including at least one neutron monitor near sea level and a
corresponding enhancement in the proton flux measured
by a space-borne instrument(s).

At present, 77 GLEs have been registered since 1942 —
the data are collected at the International GLE Database
(IGLED) at https://gle.oulu.fi (Usoskin et al., 2020) —
implying an average GLE rate of one event every
1.08 years. However, their occurrence distribution is highly
uneven (Shea and Smart, 2000) in time —they tend to occur
around the maximum and early declining phases of the
solar cycle— and integral intensity (three orders of magni-
tude — Asvestari et al., 2017). The strongest known GLE
of the neutron-monitor era took place on 23-Feb-1956
(GLE #5) and was characterised by the maximum integral
intensity of ~6000 %-hr (Usoskin et al., 2020; Hayakawa
et al., 2024). Only five GLEs had the integral intensity
above 500 %-hr, viz., less than one per solar cycle
(Asvestari et al., 2017). The last strong GLE #69 took
place on 20-Jan-2005, viz. 20 years ago, at the declining
phase of solar cycle 23.

The previous solar cycle 24 was weak and produced only
a couple of moderate GLE events, #71 in May 2012
(Mishev et al., 2014; Battarbee et al., 2018; Perez-Peraza
et al., 2020) and #72 in September 2017 (Mishev et al.,
2018; Mavromichalaki et al., 2018). Cycle 25 started in
2020 and produced four weak GLEs #73 through #76,
with the strongest one being GLE #74 on 11-May-2024
(Papaioannou et al., 2025) with the maximum integral
intensity of =10 %-hr. However, recently, GLE #77
occurred on 11-Nov-2025 and appeared to be the strongest
one, in terms of the integral intensity, over the past 36 years,
since GLE #42 on 29-Sep-1989, and the fourth strongest
over the neutron-monitor era. The SEP event was recorded
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by numerous in situ space-borne detectors at different loca-
tions in the inner heliosphere closer to the Sun, which
makes it one of the best-observed strong SEP events. The
event was apparently a complex multi-component event
appearing on the variable Galactic Cosmic Ray back-
ground, and a full analysis of its characteristics is pending.

The purpose of this paper is to collect, present and dis-
cuss available verified data from selected ground-based and
space-borne instruments along with the ambient solar and
heliospheric conditions. This will form a solid and reliable
basis for more detailed studies and physical interpretations
of this very interesting and challenging SEP event.

2. Ground level enhancement

GLE #77 was recorded by the worldwide network of
neutron monitors and the Mini Neutron Monitor aboard
the Polarstern vessel, as summarised here. An example of
the time profile, detrended for the changes in the Galactic
Cosmic Ray background, of the polar high-altitude SOPO
(South Pole) neutron monitor is shown in Fig. 1 upper
panel. Two distinct components are clearly seen: a short
impulsive phase (approximately 10:10 — 10:50 UT), and a
long gradual phase lasting for up to 17 h, until about 04
UT of the next day. The lower panel of Fig. 1 shows the
cumulative integral intensity of GLE #77 for the SOPO
neutron monitor. The detrending and the integral intensity
computations were made following the procedure
described in Usoskin et al. (2020): the pre-increase level
was set to 08:00-10:00 UT of 11-Nov-2025, and the back-
ground, corresponding to the gradual recovery after the
Forbush decrease of 08-Nov-2025, was presented by a lin-
ear trend fitted between 08-10 UT and 22-24 UT of 11-
Nov-2025, as a new Forbush decrease started around 00
UT of 12-Nov-2025. While SOPO neutron monitor
recorded a clear two-phase structure, many other detectors
observed only one phase (see, e.g., Fig. 13 in appendix A),
as summarised in Table 1.

Values of the geomagnetic rigidity cutoff P, were com-
puted for all stations by the Open-source geo-
magneToSphere prOpagation tool (OTSO — Larsen et al.,
2023), using actual geomagnetic conditions for 10:30 UT
on 11-Nov-2025. Cutoff computations were conducted
within a realistic model magnetosphere constructed using
a superposition of the international geomagnetic reference
field (IGRF v.14 — Alken et al., 2021) and the Tsyganenko
2015 model (TA15 — Tsyganenko and Andreeva, 2015).
Input parameters for TA15 were obtained from National
Oceanic and Atmospheric Administration (NOAA)' at
the time of the event, and the TA15-required magnetic cou-
pling N-index (Newell et al., 2007) was computed following
the formalism outlined in Newell et al. (2007) and
Tsyganenko and Andreeva (2015). The detailed

! The list of acronyms used throughout the paper is available in C
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Fig. 1. GLE #77 recorded by the South Pole (SOPO) neutron monitor with 1-min resolution. The relative count rate (in %) and the integral intensity (in
%:-hr) are depicted in the upper and lower panels, respectively. The percentage is with respect to the Galactic Cosmic Ray background for the pre-increase
interval of 08—10 UT of 11-Nov-2025. The count rate was detrended as specified in the text. The grey shaded area represents the first impulsive phase of the

event.

computation results and input parameters for these compu-
tations are provided in the electronic supplement.

The second, gradual phase was detected by most high-
and mid-latitude stations with P. < 5 GV, suggesting that
it was nearly isotropic with a relatively soft spectrum. In
contrast, the impulsive phase was detected by only about
half of the neutron monitors, including those with a high
cutoff up to 12 GV (ICRO and HLEA detectors). This
implies that the impulsive phase had a hard spectrum,
but was highly anisotropic. The highest (15-min smoothed)
value, among standard neutron monitors, of the impulsive
peak, A1, of 125% was recorded at MWSN, closely fol-
lowed by SOPO (117%). For the bare (lead-free) neutron
monitors, A1 peaks reached 164% and 155% for MSWB
and SOPB, respectively. Interestingly, neutron monitors,
whose asymptotic acceptances were directed off the ecliptic,
viz., DOMB/DOMC and THUL, didn’t observe the impul-
sive phase, confirming its anisotropic nature. A map (in
GSE coordinates) of the neutron monitor peak responses
to the impulsive phase of the GLE is shown in Fig. 2. As
seen, the detectable responses (blue circles) were concen-
trated around the apparent interplanetary magnetic field
(IMF) direction within roughly 60°, while neutron moni-
tors with a larger angular distance didn’t record the impul-
sive phase. The formal weighted centroid (grey-shaded
area) of the blue circles is centred very close to the apparent
IMF direction.

The observed notable anisotropy during the event onset
implies that neutron monitors with maximal count rate
increases responded to SEP fluxes with narrow pitch
angles, likely with asymptotic cones close to the direction
of the interplanetary magnetic field lines (e.g., Cramp
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et al., 1997, Bombardieri et al., 2008). This is expected
because the recorded GLE intensity is affected by the
asymptotic viewing direction and geomagnetic rigidity cut-
off at the geographic location of the neutron monitor. Nat-
urally, polar stations with small or no cutoff rigidity record
stronger enhancements, because of typically steep rigidity
spectra of SEP particles (Vashenyuk et al., 20006;
Kocharov et al., 2023). The fast rise of count rates of such
neutron monitors as MWSN, NWRK, OULU, PWNK,
and SOPO suggests that their viewing directions were close
to the particle flux’s anisotropy axis, as readily seen in
Fig. 2. More details are seen in Fig. 3, which presents
asymptotic directions of selected neutron monitors, com-
puted using the OTSO tool (Larsen et al., 2023), for the
GLE onset time (10:10 UT, left panel), and the peak of
the gradual phase (12 UT, right panel). The asymptotic
directions of the mentioned above neutron monitors lie
within 30-60° from the IMF to-the-sun direction. On the
other hand, asymptotic directions of neutron monitors
missing the impulsive phase, e.g., DOMC, JBGO, TERA
or THUL, lie far from the interplanetary magnetic field
direction. We note that the SEP propagation in the inter-
planetary space involves effects of magnetic turbulence
and scattering, resulting in the actual arrival direction at
Earth being different from the local IMF direction mea-
sured at the L1 location. Although a realistic modelling
of the SEP propagation is beyond the scope of this data-
gathering work, it is planned for a forthcoming scientific
analysis of the GLE #77, including modelling of the
response of the global neutron monitor network, similarly
to Cramp et al. (1997); Vashenyuk et al. (2006); Mishev
et al. (2024).
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Neutron monitors (ordered by the geomagnetic rigidity cutoff), which detected GLE #77 worldwide with the datasets available at the moment of the
writing of this paper. The columns represent the standard acronyms of the neutron monitors (see NMDB at https:/nmdb.eu); approximate geographical
coordinates, and altitude / in meters above sea level, of the neutron monitor location; effective geomagnetic rigidity cutoff P. at the GLE onset; magnitude
of the first (impulsive) and second (gradual) peaks in the 15-min averaged data, A1 and A2, respectively; integral intensity / of the GLE in %:hr.
Percentages of the increases are above the Galactic Cosmic Ray baseline (see text). Data are available at https://gle.oulu.fi.

NM Coordinates (°) h(m asl) P.(GV) AL(%) A2(%) 1(%-hr)
DOMB 75.1S, 123.3E 3233 0 - 71 550
DOMC 75.18, 123.3E 3233 0 - 54 409
TERA 66.7S, 140E 32 0 - 25 181
THUL 76.5 N, 68.7 W 26 0 - 20 138
JBGO 74.6S, 164.2E 30 0 - 27 N/A*
MRNY 66.6S, 93.0E 30 0 30 23 159
SOPB 90.0S, 00 2820 0.1 155 143 802
SOPO 90.0S, 00 2820 0.1 117 106 593
INVK 68.4 N, 133.7 W 21 0.1 - 26 160
MWSB 67.6S, 62.9E 30 0.2 164 28 355
MWSN 67.6S, 62.9E 30 0.2 125 20 277"
FTSM 60.0 N, 111.9 W 180 0.3 - 38 193
TXBY 71.4 N, 128.5E 0 0.3 - 27 >135"
APTY 67.6 N, 33.4E 181 0.5 33 22 165
PWNK 550N, 854 W 53 0.6 34 85 275
OULU 65.1 N, 25.5E 15 0.6 65 20 162
KERG 4948, 70.3E 33 1.1 - 30 181
CALG SILIN, 1141 W 1123 1.2 37 59 349
YKTS 62.0 N, 1294E 105 1.3 - 28 158
KIEL2 553 N, 10.1E 54 2.2 9.5 17.5 79
MOSC 55.5N, 37.3E 200 2.2 - 19 92
NVBK 54.5 N, 83.0E 163 2.6 - 19 104
NWRK 397N, 758 W 50 2.7 61 - 120
POLA 55.6 N, 8.6E 0 24 - 14! -
IRKT 52.5 N, 104E 435 3.0 - 13 53
DRBS 50.1 N, 04.6E 225 33 - 11 30
LMSK 49.2 N, 20.2E 2634 3.7 - 11 37
JUNI1 46.6 N, 8.0E 3500 4.5 - 7 20
JUNG 46.6 N, 8.0E 3500 4.5 - 7.2 20
BKSN 43.3 N, 42.7E 1700 5.4 3 - 5.1
AATB 43.14 N, 76.6E 3340 5.9 34 - 53
ROME 419 N, 12.7E 0 6.1 2 - 22
ROZH 41.7 N, 24.7E 1730 6.4 3 - 2
PTFM 26.7S, 27.1E 1351 7.0 4.7 - 12
CALM 40.5 N, 03.1 W 708 7.0 2 - <1
MXCO 19.3 N, 260.8E 2274 7.4 4.2 - 4.8
ATHN 38.0 N, 23.8E 260 8.2 39 - 24
ICRO 283 N, 165 W 2373 11.5 2 - <1
HLEA 20.7 N, 156.3 W 3050 12.3 2 - 1

! Statistics do not allow us to differentiate the two components, see Fig. 13.

 data break after 17:50 UT.

* gaps interpolated for the calculation of I.

* cannot be reliably defined because of significant data gaps.

The integral intensity of the GLE shows a clear tendency
that lower-cutoff neutron monitors recorded the event at a
higher intensity level — the maximum was recorded at
SOPO (=590 %-hr) and DOMC (=410 %-hr) for standard
neutron monitors, and SOPB (=800 %-hr) and DOMB
(=550 %:-hr) for bare (lead-free) neutron monitors, which
are sensitive to lower-energy cosmic particles. An increase
was also observed (Chilingarian et al., 2025) by a solar neu-
tron telescope in Mt. Aragats (P. ~ 6.7 GV). However,
since it is not a standard NM, its percentage increase can-
not be directly compared to the data from the NM
network.
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3. Solar and heliospheric conditions
3.1. Eruptive solar flare

GLE #77 was associated with a strong soft X-ray
burst (X 5.1: peak flux in the 0.1-0.8 nm wavelength
range 5.1 x 107 W m~?) reported by the Space Weather
Prediction Center of NOAA (https://solarmonitor.org/?d
ate 20251111) to start at 09:49 UT with a peak at
10:04 UT. The eruption occurred at N23° W24° in active
region NOAA 14274 in the north-western solar
quadrant.
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25% 75% 125%

Fig. 2. Map (sinusoidal projection, GSE coordinates) of the worldwide neutron monitor peak responses to the impulsive phase of GLE #77. The
coordinates of the points correspond to the asymptotic directions (for the moment of 10:30 UT) of the neutron monitor at the geomagnetic rigidity cutoff
P, or 1 GV if P.<1 GV. The area of the blue circles represents the peak response in % (see Table 1) as indicated in the bottom panel. Neutron monitors
without a detectable impulsive-phase peak are indicated by the red crosses. The magenta star depicts the apparent interplanetary magnetic field sunward
direction for the onset of the event. The grey ellipse denotes the weighted centroid of the responses (blue circles), which includes 68% of the responses.
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Fig. 3. Computed asymptotic directions for selected neutron monitors during the GLE #77 onset time 10:10 UT on 11-Nov-2025 (left panel) and the
maximum of the gradual phase at 12:00 UT (right panel). The standard abbreviations, the corresponding colour lines, and numbers indicate the neutron
monitors and their asymptotic directions, plotted in the rigidity range 1-8 GV, respectively. For DOMC and SOPO neutron monitors, the lines are plotted
for rigidities 0.7-8 GV. The black cross depicts the IMF direction, corrected for the transit time between the L1 location and Earth according to the
measured solar wind speed. The lines of equal pitch angles relative to the IMF direction are plotted for 30° and 60°.

Fig. 4 shows six snapshots during the eruption at
17.1 nm wavelength in the extreme ultraviolet (EUV)
range between 09:50 UT and 10:14 UT, as observed by
the Atmospheric Imaging Assembly (AIA, Lemen et al.,
2012) aboard the NASA Solar Dynamics Observatory

mission (SDO,
been selected to

(Supplementary
the event.
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Pesnell et al.,, 2012). The images have
highlight the main dynamics of the erup-

tion, but we refer the reader to the associated animation

material) for a better understanding of
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Fig. 4. Evolution of the early phase of the solar eruption occurring in AR 14274. The six panels show images from the AIA instruments onboard SDO at
17.1nm between 09:50 UT and 10:14 UT. Solar north is at the top, west on the right side. The figure presents the main steps of the eruption, showing the
precursor (panel a), the main flare phase building up a flux rope through magnetic reconnection (panels b and c) and finally the rise of the flux rope and its

interaction with its surroundings (panels d, e and f).

Prior to the eruption, a small filament was observed in
the south-western part of the active region. It was associ-
ated with the appearance of a first bright compact EUV
ribbon nearby starting at 09:50 UT (Fig. 4a), which might
be the signature of a precursor to the eruption. Six minutes
later, the main phase of the flare started. At 17.1 nm, an
elongated flare ribbon was observed since 09:56:41 UT. It
elongated, became more intense and had a hook develop-
ing at its south-western end (Fig. 4b). This ribbon was
located parallel to the inversion line of the magnetic field
polarity in the active region. The two J-shaped ribbon
geometry was a clear signature of flare reconnection, dur-
ing which a magnetic flux rope was built up dynamically
(Aulanier et al., 2012). In this event, the saturation of the
images does not allow us to distinguish the second ribbon
on the other side of the polarity inversion line. These flare
ribbons are the only EUV structures identified between
09:56 UT and 10:00 UT (Fig. 4c). This strongly indicates
that during this time interval, magnetic reconnection was
the main driver of the energy release. Starting at 10:02:57
UT, a new EUV structure appeared suddenly north of
the flare ribbon (Fig. 4d) and and moved north-eastward
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away from the active region between 10:02:57 UT and
10:16:57 UT (Fig. 4d, e, f). The shape, impulsivity and
overall dynamics of this EUV structure lead us to suggest
that this was an erupting flux rope. It is interesting to note
that in the meantime, the EUV loops located in the south-
east of the active region and connected to it (Fig. 4a) disap-
peared and new EUV ribbons appeared at their footpoints
(Fig. 4d, e). This is a strong indication of magnetic recon-
figuration, and we may interpret it as a consequence of
magnetic reconnection between the eruptive flux rope and
those nearby closed loops. This type of interaction is sup-
ported by the observed deflection of some of the EUV
loops located on the sides of this loop system. This beha-
viour is consistent with the fast expansion of a flux rope
(Zuccarello et al., 2017). It provided favourable conditions
for the development of a shock wave.

The LASCO coronagraph (Brueckner et al., 1995) of the
Solar and Heliospheric Observatory (SoHO; ESA/NASA;
images consulted at https://soho.nascom.nasa.gov/data/T
heater/) observed the first signature of a coronal mass ejec-
tion (CME) above the north-western solar limb at 10:24
UT. In the next image at 11 UT, the CME front has pro-
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gressed beyond a heliocentric distance of 6 R..,. It appeared
as a faint, nearly circular feature around the solar disk that
progressed at a constant speed of 1740 & 110 km s~ in pro-
jection on the sky. From this measurement, we estimated
the three-dimensional speed of the front, assuming that
the CME can be represented by a hemisphere on top of a
cone rooted in the centre of the Sun. This ‘cone model’
allows for a simple geometric estimate of the speed, as
described in Gopalswamy et al. (2010). We used their Eq.
(1) and the empirical relationship between the opening
angle of the cone and the projected speed of halo CMEs
quoted there. On 11-Nov-2025, the heliographic latitude
of the disk centre seen from Earth was By = 3.27°
(https://bass2000.0bspm.fr/ephem.php). With the helio-
graphic coordinates of the flare given above, the three-

dimensional speed of the CME front is about 2100 km s™'.

3.2. The heliosphere near Earth

Intense X-ray bursts occurred in AR 14274 before 11-
Nov-2025. The Space Weather Prediction Center of
NOAA reported X-ray bursts with peaks at 09:19 UT on
10-Nov (X1.2) and at 07:35 UT (X1.7) on 09-Nov. In the
coronographic images taken by SOHO/LASCO, a faint
CME is first seen above the north-western solar limb at
09:48 UT on 10-Nov. At heliocentric distances above 6
R, a faint halo CME is first seen at 09:54 UT. The statis-
tical relationship between soft X-ray peak fluxes and CME
speeds established by Jarry et al. (2023) associates an X1.2
flare with a CME speed of about 1350 km s™'. If it travelled
at constant speed, the CME would be expected at 1 AU at
about 17 UT on 11-Nov. A later arrival is consistent with
the deceleration of the CME during its interplanetary tra-
vel (Zic et al., 2015).

A major geomagnetic storm, which started on 12-Nov
(Kp = 9- since 0 UT on Nov 12, as reported by the Inter-
national Service of Geomagnetic Indices https://isgi.uni
stra.fr/data_plot.php), when count rates of neutron moni-
tors were decaying to their pre-GLE level, was probably
caused by the CME launched on 10-Nov. Until that time,
the Kp index was below 3 during the GLE. The interplan-
etary magnetic field near Earth was nonetheless not fully
nominal, since in situ measurements (Fig. 8) showed its
nearly radial direction (see Fig. 2). Relativistic protons
hence arrived when the Earth’s magnetosphere was not
strongly perturbed, yet they had to travel around the
ICME launched on 10-Nov.

3.3. Particle acceleration in the solar atmosphere

Intense radio emission from electrons up to relativistic
energies was reported to accompany the flare. The time
profile of the early part of the GLE is plotted in Fig. 5
(top panel) together with the time histories of thermal soft
X-ray emission in two photon energy ranges (bottom
panel). The central panel displays the dynamic radio spec-
trum between 1 GHz and 1 MHz. This spectral range cor-
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responds to electrons emitting between the low corona and
1-2 R, above the photosphere. The figure combines data
from three spectrographs: the ORFEES (Observations
Radiospectrographiques pour FEDOME et I’Etude des
Eruptions Solaires; Hamini et al., 2021) spectrograph, the
Decametric Array (NDA; Lecacheux, 2000) of the Nangay
Radio Observatory (France), and the WAVES spectro-
graph (Bougeret et al., 1995) aboard the Wind spacecraft
(NASA).

The radio spectrum shows several episodes of electron
acceleration in the corona, between 10:01 UT and at least
12 UT on 11-Nov-2025. Since the radio emission with spec-
tral fine structure below 1 GHz is produced by coherent
plasma processes, the electron energy was probably of the
order of tens of keV. In the following, we focus on the elec-
tromagnetic emission around the onset of the GLE and, in
particular, its initial anisotropic impulsive peak.

The radio emission started abruptly at 10:01 UT
throughout the spectral range 1000-14 MHz. The bursts
in the 14-1 MHz range were type III bursts (Nindos
et al., 2008; Reid and Ratcliffe, 2014; Klein, 2021) emit-
ted by electron beams that travelled outward through the
corona along open magnetic field lines. The earliest onset
of the GLE was observed at Newark (NWRK). The rise
started at 10:10 UT +£27 s, as inferred from the back-
ward extrapolation of the early rising part of the loga-
rithmic count-rate time profile (see Musset et al., 2023).
The cutoff rigidity at the NWRK neutron monitor is
2.7 GV, corresponding to a minimum Lorentz factor
y =3.0 and a speed of at least 0.94 - ¢ for protons. The
delay of 540 s with respect to the start of the type III
bursts implies that these protons would have travelled
~2 AU to the Earth if they had been released with the
first radio waves. We note that a path length significantly
longer than the nominal Parker spiral, such as 2 AU
inferred here, is not unusual in SEP events (see, e.g.,
Fig. 2 in Kahler et al., 2011). The additional length
can be explained, for instance, by propagation in a tran-
sient magnetic structure such as an ejected magnetic flux
rope (Kahler et al., 2011; Wimmer-Schweingruber et al.,
2023) or its neighbourhood. In the present work, we con-
sider 2 AU as the maximum distance protons may have
travelled to reach the Earth. The minimum distance is
the length of the Parker spiral. The solar wind speed
at the L1 location (see Fig. 8) was monotonically declin-
ing between 21 UT on 10-Nov and 21 UT on 11-Nov.
At 10 UT on 11-Nov, it was 440 km s~!. The nominal
Parker spiral is rooted at longitude 56°W on a solar
wind source surface at 2.5 R, and has a length of 1.14
AU. Taking this length as the minimum estimate of
the interplanetary travel path, the protons are expected
to arrive at the Earth 1-2 min after the radio waves.
With the onset at 10:10 UT, this means that the relativis-
tic protons cannot be released later at the Sun than the
radio waves observed at 10:09 UT. The range of possible
release times, between 10:01 UT (=500 s) and 10:09 UT
(=500 s), corresponds to the first group of radio bursts.
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Fig. 5. Time histories of the impulsive part of the GLE as seen by high-latitude neutron monitors (top panel), the time profiles of the soft X-ray burst
(bottom panel), and the decimetric-to hectometric radio spectrum. Dark shading shows bright emission.

A closer look at the early hard X-ray, gamma-ray 2 and
radio emissions is shown in Fig. 6. The X-ray and gamma-
ray time profiles were observed by the Gamma-ray Burst
Monitor (GBM; ) aboard the Fermi mission (Meegan
et al., 2009) until the satellite entered the shadow of the
Earth. The radio spectrum 1is completed by the

2 The emission in the 1-10 MeV range was observed by Fermi Gamma-
Ray Burst Monitor (GBM). The Sun was outside of the field of view of the
Fermi Large Area Telescope (LAT) at the time of the initial burst, so there
is no information on the gamma-ray emission above 30 MeV during this
phase. The LAT detected a very significant emission from this flare
starting at 11:05 UT. A paper covering the gamma-ray emission from this
flare is in preparation.
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e-CALLISTO (Benz et al., 2005) station at Siuntio,
Finland, in the range 144-100 MHz.

The X-ray (30-70 and 100-300 keV) and gamma-ray
(1-10 MeV) light curves show two peaks. The gamma-ray
emission comes from relativistic electrons and protons at
deka-MeV energies. The first peak of the 30-70 keV and
gamma-ray emission occurred at 10:00:53 UT, with the
100-300 keV emission peaking roughly 1 s later. The sec-
ond peak of the X-ray emission was at 10:01:26 UT (both
energy ranges coincide), whereas the gamma-ray emission
peaked almost 10 s later, at 10:01:37 UT. A third peak is
visible in the X-ray time profile occurring at roughly
10:01:40 UT, which does not appear to be present in the
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Fig. 6. Dynamic radio spectrum and hard X-ray-gamma-ray emissions during the first group of radio bursts that is associated with the onset of the GLE.
The Fermi/GBM observations were interrupted by the satellite entering the shadow of the Earth shortly before 10:03 UT.

gamma-ray data. The first peak of the emission preceded
the radio waves below 1 GHz. These observations show
that the early acceleration in the corona led to the particle
precipitation into the dense chromosphere, and their possi-
ble release into low-lying coronal loops, but not to the high
corona or into the Heliosphere. The first particle release to
the high corona occurred during the second, stronger peak
of the hard X-ray and gamma-ray emission.

At frequencies below 14 MHz, the spectrum, acquired
with a time resolution of 16 s, shows two type III bursts
— the first one between 10:01 and 10:04 UT, and the second
at about 10:06-10:07 UT. At higher frequencies (1000—
100 MHz), the dynamic spectrum has several components:
the long-lasting broadband emission that constitutes a
more-or-less uniform background over the entire frequency
range is a type IV burst, produced either by electrons with
energies of hundreds of keV through gyrosynchrotron
emission, or by plasma emission of deka-keV electrons.
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Numerous bursts in the 1000-300 MHz range are pulsa-
tions that are generally understood as modulations of the
type IV continuum (Aschwanden, 1987; Aurass et al.,
2003; Bouratzis et al., 2015) emitted by trapped non-
thermal electrons. On top of the continuum, slowly-
drifting bands of emission patches are seen. Their slow drift
and rather narrow instantaneous bandwidth show them to
be part of a type II burst generated by electrons accelerated
at a travelling shock (Mann et al., 2022; Kumari et al.,
2023). The gradual penetration of the shock to lower ambi-
ent electron densities explains the drift of the emission, gen-
erated at the electron plasma frequency and possibly its
harmonic.

The first type III burst seen below 14 MHz starts at
higher frequencies. It can be tracked in the dynamic spec-
trogram up to about 200 MHz. At these frequencies, mul-
tiple type III bursts can be observed, which merge into a
single one at lower frequencies. This is a commonly
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observed phenomenon, suggesting that the single type III
burst below 14 MHz actually comprises the emission of
many electron beams, which follow each other so closely
in time that their individual radio spectra merge into a sin-
gle one when observed with 16-s time resolution below
14 MHz. The observation that these type III bursts started
at the drifting band of the type II burst suggests that the
electron beams were also accelerated at the shock wave,
similar to observations during the GLE #73 of 28-Oct-
2021 (Klein et al., 2022). The second type III burst, identi-
fied at 10:06 UT at 14 MHz, cannot be tracked to higher
frequencies. It points to broadband emission in the 80—
25 MHz range, together with bursts that need further anal-
ysis. This broadband emission pursued the type II bands
seen above 100 MHz, but did not have the spectrum of a
type II burst.

The sources of the radio emission could be located at
some frequencies by using the Nancay Radioheliograph
(NRH, Kerdraon and Delouis, 1997). The source configu-
ration is illustrated at two instants in Fig. 7, where the
radio sources at different frequencies are represented by
their contours at half maximum, distinguished by different
colours from black (444 MHz) over blue to yellow
(299 MHz). The contours are plotted on top of EUV
images (17.1 nm, AIA), which are represented in inverse
greyscale (dark shading indicates bright emission). The left
image shows the early phase with the type IV continuum
on top of the flaring region. The North-Western source
(green and yellow contours) is that of the type II burst. It
is located in the direction of the North-Eastward progres-

2025 Nov 11
DO /ilg 10z 2?4 17.1 nm
NRi" 10;02:35 (gontours: 50%)

2025 Nov 1
S0 Q:

/A 1
NR' 10,07
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sion of the erupting flux rope observed at 17.1 nm. The
radio sources of the type III bursts can, in principle, be
located in NRH images at lower frequencies, but they are
heavily affected by changes in the refractive index due to
density fluctuations in the terrestrial ionosphere. Judging
from the association with the type II burst in the dynamic
spectrum, the type III burst sources are expected near the
type II source, close to the central meridian, at locations
which are likely poorly connected to the Earth. The image
on the right of Fig. 7 shows again the type IV burst, five
minutes later, with a temporary additional source in the
north-eastern quadrant near the centre of the solar disk.
This source is part of the eruptive event and illustrates its
large spatial extent in the corona.

4. Solar energetic particles in space

Fig. 8 shows the evolution of the proton flux at 77—
450 MeV measured by Solar and Heliospheric Observatory
(SOHO)/ Electron, Proton and Helium Instrument
(EPHIN) near the L1 location during GLE #77, and the
iron to oxygen ratio measured by SOHO/ Energetic and
Relativistic Nuclei and Electron experiment (ERNE) at
50-100 MeV/n, together with IMF and plasma measure-
ments from the Wind spacecraft (also near L1). Despite
the gradual nature of the SEP event, the Fe/O ratio was
consistently above the nominal coronal value of 0.134,
determined from the sample of gradual SEP events
(Reames, 1995), indicating the presence of a flare-
accelerated SEP component or suprathermal seed particles

:1]7:?4 17.1 nm
35 (gontours: 50%)

Fig. 7. Two snapshot images during the first 10 min of the eruptive flare on 11-Nov-2025 at 17.1-nm wavelengths (SDO/AIA, inverse grey-scale) with
superposed contours at half brightness maximum of radio sources in the 444-299 MHz frequency range (NRH Nangay Radioheliograph). The image on
the left shows the type IV burst sources at high frequencies above the flaring region, and the type II burst sources at 217-327 MHz north-eastward of it.
The image on the right shows the same type IV burst five minutes later. Solar north is at the top, west on the right side.
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plasma boundaries, the red ones being (fast-mode) forward shocks and the blue ones other types of boundaries.

with flare origin accelerated at a shock. Panels following
the SOHO data are interplanetary magnetic field and
solar-wind plasma observations from the Wind mission,
also near the L1 location.

The vertical dashed lines in Fig. 8 mark boundaries
between different plasma domains, as observed in the inter-
planetary magnetic field and plasma data. The solar wind
and interplanetary magnetic field were quiet during the first
12 h of the GLE event. Then, two fast-mode shock waves
arrive at L1, closely spaced in time at 22:07 UT and
23:32 UT on 11-Nov-2025, respectively, followed by a tur-
bulent sheath region. Another abrupt increase in the solar
wind speed was observed at ~02:20 UT, followed by a
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region with a bit quieter interplanetary magnetic field, last-
ing until ~09:07 UT, when the plasma density abruptly
increased. Thereafter, the IMF x-component changed sign,
and at ~10:45 UT, the density again dropped abruptly.
Then, the interplanetary magnetic field experienced a grad-
ual rotation until ~18:50 UT, when another fast-mode
shock passed the spacecraft. This shock was likely the
one driven by the CME related to the GLE event. The
region between the first and the last shocks hosted one or
more ICMEs originating from earlier eruptions from the
Sun.

Energetic protons were detected in all of the plasma
domains observed at L1. The clearest response to the
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boundaries was observed at the last shock, where the ~100-
MeV proton fluxes peaked. Proton fluxes at all energies
started their decay after the last shock passed the
spacecraft.

Energetic particles are also measured near Earth by the
Geostationary  Operational  Environmental  Satellite
(GOES) fleet, each satellite carrying three instruments ded-
icated to measuring SEP fluxes as part of the Space Envi-
ronment In Situ Suite (Dichter et al., 2015; Galica et al.,
2016): two Solar and Galactic Proton Sensors (SGPS)
and an Energetic Heavy Ion Sensor (EHIS). Each SGPS
is comprised of three solid-state telescopes covering differ-
ent energy ranges; one looking westward and the other
eastward in the orbit. In general, the westward observa-
tions are attenuated less than the eastward observations
by the effects of geomagnetic cutoffs, which are evident
up to ~80 MeV (Rodriguez et al., 2010; Kress et al.,
2013; Kress et al., 2021). During GLE #77, solar energetic
particles were observed by GOES-18 and —19 spacecraft.
Proton fluxes, observed by the westward-looking GOES-
19 SGPS, are shown in Fig. 9. At the onset of GLE #77,
the >500 MeV proton flux increased by an order of magni-
tude over the GCR level. This was the largest increase
observed in this channel since the launch of the first SGPS
units on GOES-16 in 2016. The largest prior increase in
>500 MeV protons, associated with the onset of GLE
#72, was only approximately a factor of two over the
GCR level (Kress et al., 2021).

EHIS consists of a single solid-state telescope looking
radially outward from the Earth in the equatorial plane.
It uses the common energy loss vs. residual energy mea-
surement method to bin particles in five energy channels,
and a novel Angle Detecting Inclined Sensors (ADIS) sys-
tem (Connell et al., 2001) to distinguish ions by atomic
number, from hydrogen to nickel. The energy range, which
is 10-200 MeV for protons, increases with atomic number
for the same stopping power in silicon. Carbon (C), nitro-
gen (N), oxygen (O) and iron (Fe) ion fluxes, observed dur-
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ing this event in the lowest energy channel of GOES-19
EHIS, are shown in Fig. 10. It is noteworthy that the
70 MeV/n Fe fluxes shortly after the onset of GLE #77
have a similar magnitude to those observed after the arrival
of the second shock identified in Fig. 8, while the C, N and
O fluxes are approximately a factor of two higher after the
arrival of this shock.

When comparing the plasma and magnetic field obser-
vations by Wind with particle observations near Earth,
one should take into account the propagation time of the
structures embedded in the solar wind from L1 to Earth.
The OMNI dataset provides a time shift based on the solar
wind velocity and estimates of the normal direction of the
structures. Time shift values in the last two hours of 11
November 2025, i.e., close to the arrival of the first forward
shock, are between 36 and 64 min with a mean value of
52 min, and values outside this period have even higher
variability. We also calculated the speed of the first forward
shock relative to Earth, assuming that it is propagating
radially (with a compression ratio of 3.43 and inferred
shock speed of 522 km s™') and determined a time delay
of 46 min between Wind and Earth, consistent with the
range of values in OMNI data around the shock. However,
the comparison of timing between Wind and Earth-based
measurements has a lot of uncertainty, so a detailed analy-
sis of all solar wind structures during the event would be
needed to provide more accurate timing at Earth. This is
beyond the scope of the preliminary analysis of this study.

5. GLE alerts and hazards

Forecasting the high-energy tail of Solar Energetic Par-
ticle (SEP) distribution is of great importance for both sci-
entific understanding and practical applications. Particle
propagation in interplanetary space depends on their
energy: near-relativistic particles associated with GLEs
are faster and detected first by the neutron monitors. This
provides essential information for estimating the expected
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SEP spectrum at lower energies and, more importantly, for
assessing potential radiation hazards at flight altitudes due
to the anticipated increase in exposure. Consequently, the
need for timely notification of GLE events —critical for
safeguarding human health and ensuring the reliability of
technological infrastructure, including spacecraft design,
operations, and avionics— has driven the development of
several GLE alert systems (Crosby et al., 2024).

Among the currently existing systems —such as the GLE
Alarm developed by the University of Delaware
(Kuwabara et al., 2006; Anashin et al., 2009), which uses
data from 8 neutron monitors operated by the Bartol
Research Institute, and the GLE Alert Signal (currently
not available) of the Pushkov Institute of Terrestrial Mag-
netism, Ionosphere and Radio Wave Propagation of the
Russian Academy of Sciences (IZMIRAN), which uses
data from 15 neutron monitors — a notable contribution
is the GLE Alert system developed by the National and
Kapodistrian University of Athens, which has been in con-
tinuous operation since 2012 (Mavromichalaki et al.,
2024). The latest version of this system, GLE Alert++,
incorporates real-time data from a broad network of 27
neutron monitors. Its detection algorithm evaluates count
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rate variations recorded by the neutron monitor network
(NMDB) and operates through two successive stages. At
the first stage, a Station Alert is generated by applying
the algorithm independently to the 1-min resolution mea-
surements of each station (Mavromichalaki et al., 2024).
At the second stage, the system generates a General GLE
Alert, commonly referred to simply as the “GLE Alert”.
This alert is issued based on the number of neutron moni-
tors that enter the Station Alert mode within a predefined
15-min time window. The system defines three escalating
levels of alarm. The watch level is activated when three
consecutive measurements from a single neutron monitor
exceed the threshold, placing that station in Station Alert
mode. The warning level follows when two stations simul-
taneously enter Station Alert mode. Finally, the alert level
is reached when at least three stations are in Station Alert
mode, at which point the system automatically issues a
General GLE Alert and dispatches a notification
(Mavromichalaki et al., 2011). The GLE Alert++ system
is available through a graphical web interface at European
Space Agency (ESA) SWE portal as a federated product
under the ‘Space Radiation Expert Service Centre’, as part
of the ESA Space WEather Service NETwork (SWESNET)
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project and allows all interested users to receive informa-
tional e-mails from the GLE Alert++ system after register-
ing for the service through the ESA website.

On 11-Nov-2025, the neutron monitor network detected
GLE #77, prompting the GLE Alert++ system to issue an
alert notification to all registered users. Due to the specific
characteristics of this event, the system disseminated three
successive warning e-mails at 10:14 UT, 11:56 UT, and
12:16 UT. The issuance of multiple alerts can be attributed
to the unusually large number of 15 neutron monitors that
recorded significant count rate increases, a behaviour that
notably distinguishes this event from typical GLE alerts.
The first alert was issued by stations SOPB, NEWK and
SOPO. The second alert involved contributions from
FSMT, PWNK and THUL. Finally, the third alert was
issued by SOPB, KERG, PWNK and SOPO.

Fig. 11 shows the general alert status recorded by the
GLE Alert++ system software on 11-Nov-2025 at 11:35
UT. The vertical axis refers to the number of stations in
alert mode, while the horizontal axis represents time
(HH:MM) of the day. The lower panel shows the status
of all neutron monitors included in the system (red — alert,
orange — warning, gold — watch, green — quiet, blue —
delayed and black — offline) as corresponding to 11:35 UT,
when FMST, INVK and TERA were in alert mode,
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PWNK was in warning mode, and IRKT, LMKS and
CALM were in watch mode. As seen, the maximum num-
ber of stations in alert was 16 (APTY, FSMT, INVK,
IRKT, KERG, LMKS, NAIN, NEWK, OULU, PWNK,
SOPB, SOPO, TERA, THUL, TXBY, YKTK) at 10:46
UT. The sixteen Neutron Monitor stations that entered
Alert mode, distributed across different geomagnetic lati-
tudes, are shown in Fig. 12.

6. Summary

A strong solar particle event, which started on 11-Nov-
2025 at around 10:10 UT, had a hard spectrum and a high
flux of solar energetic particles, leading to a significant
enhancement of the count rates of ground-based neutron
monitors. This event was registered as GLE #77, with
the peak and integral intensities reaching 125 (165) %
and 600 (800) %-hr, respectively, for standard (bare) neu-
tron monitors. This made it one of the strongest GLEs over
the past decades. A careful study of the count rate increases
of available NM records reveals the presence of SEPs at
stations with high rigidity cutoffs, e.g., ICRO and MXCO,
which implies a hard spectrum of the GLE-causing solar
particles.

TUE, 11 NOV 2025, 11:35:00 UTC

STATUS : ALERT

General Alert Status

Number of stations
in Alert mode

09:40
11 Nov 2025, 11:35:00 UTC

09:50 10:00 10:10 10:20

10:30

10:40 10:50 11:00 11:10 11:20 11:30

download history raw data

Station Status Summary
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Fig. 11. Evolution of the GLE #77 alert provided by the GLE Alert++ system. Upper panel: At 11:35 UT, the GLE Alert++ system was in alert mode,
lower panel: List of neutron monitors in the Alert++ system with the colour code (see text) - FMST, INVK and TERA (in red) contributed to the alert.
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Stations in Alert Mode during GLE77
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Fig. 12. Stations of the Neutron Monitor network that contributed to Alert mode under the GLE Alert++ system.

The event had a complex structure with two distinct
components: a short impulsive phase characterised by a
hard energy spectrum and a highly anisotropic flux of ener-
getic particles, and a prolonged gradual phase with a softer
spectrum and a broad angular distribution of energetic par-
ticles. This corresponds to the two-component structure
often observed in other GLEs (e.g. McCracken et al.,
2012). The impulsive peak is much clearer in GLE #77
than in most other GLEs, except for 20-Jan-2005 (GLE
#69). The event triggered several alerts in the GLE Alert
++ system and may have potentially led to enhanced radi-
ation hazards at flight altitudes and in space. An estimation
of the radiation field in the polar region at L350 level (typ-
ical flight altitude =~ 10 700 m), based solely on NM count
rate increase records (Larsen and Mishev, 2024), that is,
without a full reconstruction of SEP spectra, revealed an
effective dose of ~ 75 uSv/hr, which is above the threshold
for a warning, and close to the alert according to
International  Civil Aviation Organization (2018)
recommendations.

Solar energetic particles were also observed in space, in
particular, at the L1 location, by SOHO/EPHIN and
SOHO/ERNE detectors, as well as at the geostationary
orbit by GOES satellites. The solar particle event lasted
for several days and had signatures of transient solar-
wind structures. The measured chemical composition,
specifically the Fe/O ratio, was indicative of the presence
of flare-accelerated particles or suprathermal seed particles
with flare origin, accelerated at a shock.
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The parent flare on 11-Nov-2025 was eruptive and even-
tually covered a large solid angle, as manifested by the halo
CME observed by SOHO/LASCO with a speed of about
2000 km s~'. The most efficient particle acceleration in
the low corona, leading up to relativistic energies, lasted
a few minutes only. Electrons attained relativistic velocities
very rapidly. Gamma-ray emission had a slightly delayed
onset, but a co-temporal maximum with the X-ray peaks.
Whether the gamma rays came predominantly from elec-
trons or also included nuclear line emission is unclear for
the time being. Non-thermal electron signatures (deka-
keV energies) continued over more than an hour, as shown
by radio emissions in the middle and high corona. They
came from electrons confined in large-scale loops (type
IV burst) and from electrons accelerated at a shock wave
(type II burst). This shock wave was formed very rapidly
during the impulsive flare phase. The radio emission con-
tinued for a few minutes, with a source location and timing
consistent with the shock being driven by the erupting mag-
netic flux rope.

The first relativistic nucleons that reach the Earth might
have been accelerated within the first ten minutes of the
eruptive event. Their anisotropic arrival along the direction
of the interplanetary magnetic field suggests a focused
transport along the magnetic field. Given their arrival at
the Earth 14 h before that of the CME launched on 10-
Nov, these nucleons must have travelled around this mag-
netic structure and hence along an interplanetary path
length that was longer than the nominal Parker spiral.
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The Earth was not nominally well-connected to the
eruptive flare, which was 30° to the east of the footpoint
of the Parker spiral connected to Earth. Electrons acceler-
ated at the coronal shock emitted radio waves at a location
to the North-East of the flare, hence still farther away from
the nominal Parker spiral. To understand the relationship
between the relativistic nucleons detected at Earth and
the eruptive activity at the Sun, a deeper analysis of the
acceleration regions and propagation paths is required.
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Appendix A. MNM Installation on the Research Vessel
Polarstern

A Mini Neutron Monitor (MNM) was installed aboard
the German research vessel Polarstern to measure varia-
tions in Galactic Cosmic Ray (GCR) fluxes under changing
geomagnetic and atmospheric conditions. The compact
design of the MNM allows operation on mobile platforms
while maintaining sufficient counting statistics for scientific
studies (Heber et al., 2015).

Since the Polarstern regularly travels between polar and
equatorial regions, the installation provides unique latitude
surveys covering effective vertical geomagnetic cut-off
rigidities from below 1 GV to more than 14 GV. This
allows detailed investigations of the rigidity dependence
of cosmic ray intensities. Atmospheric pressure and tem-
perature effects are corrected using empirically determined
coefficients, ensuring consistency with reference neutron
monitor stations. Fig. 13 displays the count rate of the
MNM during Ground Level Enhancement (GLE) #77,
showing a significant flux increase of about 14%. We
emphasise that the data presented in Table 1 and stored
in the IGLED are detrended to remove the variable back-
ground, as described by Usoskin et al. (2020). The statisti-
cal significance of the NM count rate increase is considered
following the procedure by Poluianov et al. (2025). The
baseline level due to GCRs was standardly set as the mean
count rate two hours prior to the event onset.

Appendix B. SOHO mission

The NASA/ESA SOHO was launched in 1995 and
has been orbiting the Lagrangian point L1 since 1996.
The scientific payload of the spacecraft consists of sev-
eral remote and in situ instruments. The COSTEP Elec-
tron, Proton and Helium Instrument (EPHIN, Miiller-
Mellin et al., 1995) and the ERNE HED are part of
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Fig. 13. Measurements by the Polarstern MNM from November 11 to November 12, 2025. Shown is the 30-min pressure-corrected count rate.

the CEPAC suite onboard SOHO. A schematic view of
the EPHIN instrument is shown in Fig. 14. The instru-
ment consists of a stack of six Solid State Detectors
(SSDs), labelled A-F in Fig. 14, that are surrounded
by a scintillation detector (G). Stopping ions are identi-

{ Kapton foil

; Titanium foil

fied by applying the %E—E-method. Kiihl et al. (2015)
utilised the (AE — AE) method to identify the energy
range for hydrogen, helium, and electrons that pass
through the EPHIN detector stack. Fluxes shown in

Fig. 8 were obtained by this methodology.

<3

A and B detectors

4 5 cm

Fig. 14. Sketch of the EPHIN taken from Kiihl et al. (2015).
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Appendix C. Acronyms

AIA
AU
ACE
CEPAC

CME
COSTEP

DOI
EPHIN
ERNE

ESA

ESP

EUV
FINNARP
GBM
GCR
GEANT
GLE
GOES

GSE
HED
HXR
ICME
IMF
LED
LET
MFI
MHD
NASA

MNM
NM
NMDB
NOAA

OTSO

SEP
SOHO
SOLER

SPEARHEAD

SSD
STEREO
SWA
SWE

Advanced Imaging Assembly
Astronomical Unit

Advanced Composition Explorer
COSTEP - ERNE Particle Analyser
Collaboration

Coronal Mass Ejection
Comprehensive Suprathermal and
Energetic Particle Analyzer

Digital Object Identifier

Electron, Proton and Helium Instrument

Energetic and Relativistic Nuclei and
Electron experiment

European Space Agency

Energetic Storm Particle

Extreme Ultraviolet

Finnish Antarctic Research Program
Gamma-ray Burst Monitor

Galactic Cosmic Ray

GEometry ANd Tracking

Ground Level Enhancement
Geostationary Operational
Environmental Satellites

Geocentric Solar Ecliptic

High Energy Detector

Hard X-ray

Interplanetary Coronal Mass Ejection
Interplanetary Magnetic Field

Low Energy Detector

Low Energy Telescope

Magnetic Field Investigation
MagnetoHydroDynamics

National Aeronautics and Space
Administration

Mini Neutron Monitor

Neutron Monitor

Neutron Monitor Data Base
National Oceanic and Atmospheric
Administration

Open-source geomagneToSphere
prOpagation tool

Solar Energetic Particle

Solar and Heliospheric Observatory
Energetic Solar Eruptions: Data and
Analysis Tools

SPEcification, Analysis & Re-calibration

of High Energy pArticle Data

Solid State Detector

Solar Terrestrial Relations Observatory
Solar Wind Analyser

Solar Wind Experiment
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Appendix D. Supplementary material

Supplementary data associated with this article can be
found, in the online version, at https://doi.org/10.1016/].
asr.2026.03.023.
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