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ABSTRACT

Context. The SPEARHEAD project (Specification, analysis & re-calibration of high-energy particle data), funded by the European
Union’s Horizon Europe programme, enhances the accuracy and usability of high-energy particle measurements. It investigates parti-
cle acceleration, release, and transport during solar eruptions by refining instrument response functions and cross-calibrating datasets.
This effort supports in-depth analyses of solar energetic particle (SEP) events and provides public data products.

Aims. We present a comprehensive catalogue of >100 MeV proton events identified from May 1996 to August 2024 using
SOHO/ERNE penetrating-particle rates, together with associated solar phenomena derived from multi-instrument observations.
Methods. SEP events were detected through a systematic scan of ERNE/HED counter data and cross-calibrated with SOHO/EPHIN
to derive peak fluxes and fluences. Each event was associated with its likely parent eruption using X-ray (XR) (GOES/XRS, RHESSI,
SolQ/STIX), radio (Wind/WAVES, STEREO/WAVES, ground-based observatories), and y-ray (Fermi/LAT) observations, coronal
mass ejections (CMEs) (SOHO/LASCO) and ground level enhancements (GLEs) (neutron monitors). Timings and physical proper-
ties were systematically compared to investigate the relationships between SEP onset, flare evolution, CME kinematics, and radio
signatures.

Results. Associations were established for 96% of CMEs and 76% of X-ray flares; all events exhibited type III radio bursts, while
95% had type I1, and 53% type IV. >100 MeV y-rays were identified in 65 events, and 22 were linked to GLEs or sub-GLEs. Statistical
analyses reveal that most SEP releases follow shortly flare and CME onsets, with moderate SEP-XR-CME correlations, and a strong
SEP-GLE fluence link. These results indicate that high-energy SEP events are typically associated with strong solar activity signatures,
with the observed intensities and timings strongly modulated by magnetic connectivity and coronal conditions.

Conclusions. This catalogue provides the most extensive reference to date for high-energy SEP events over Solar Cycles 23-25,

establishing a unified framework for future investigations of extreme particle acceleration.
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1. Introduction

Solar energetic particles (SEPs) are high-energy ions and elec-
trons accelerated during solar eruptive events, such as flares and
coronal mass ejections (CMEs). Among them, high-energy SEP
events implying protons with energies above 100 MeV are of
particular interest due to their ability to reach Earth’s atmo-
sphere, posing potential hazards to space-borne and ground-
based technologies. They represent the upper end of the SEP
energy distribution, and tend to be associated with faster CMEs,
more intense soft X-ray flares, and earlier particle release often
during the flare rise phase (e.g. [Kahler et al.[[1984; (Cliver et al.
2004; (Cane et al.|2010; |Gopalswamy et al.[2012}; |Reames|[2013];
Richardson et al.|2014; |Dierckxsens et al./[2015; Trottet et al.
2015). Recent analysis by |Ameri et al.| (2024} showed that these
features distinguish them from lower-energy SEP events and
point to low-coronal acceleration mechanisms. Recent work by
Ameri et al.| (2024)) provided a systematic, energy-resolved con-
firmation and quantification of these established trends, showing

that these characteristics correlate with SEP event energy. At the
same time, acceleration efficiency and thus occurrence of high-
energy SEPs also depends on shock properties, coronal magnetic
field configuration, and pre-existing turbulence or seed popula-
tions. Despite decades of observations, several aspects of their
acceleration and transport remain uncertain, particularly the rel-
ative contributions of processes associated with flares and CME-
driven shocks. The Energetic and Relativistic Nuclei and Elec-
tron experiment (ERNE; [Torsti et al.|[[{1995) onboard the Solar
and Heliospheric Observatory (SOHO; Domingo et al.||1995)
spacecraft has been monitoring solar particles near Earth since
1996, providing a unique long-term dataset of high-energy pro-
ton measurements. While the scientific data products of ERNE’s
High Energy Detector (HED) provide reliable measurements of
proton intensities up to energies of 50 MeV/n, a previously un-
used onboard counter detecting particles penetrating the instru-
ment has been investigated for its scientific research potential
within the SPEARHEAD project. This analysis has not been
finished yet, so these observations are so far only available as
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count rates, but the effective energy has already been determined
to be about 130 MeV. Several other instruments have provided
high-energy proton measurements over the past decades, includ-
ing IMP-8/GME (e.g. Richardson et al.|2008), SAMPEX (e.g.
Mewaldt et al.[2012)), and the PAMELA mission, which reported
detailed spectra of numerous >80 MeV SEP events during solar
cycle 24 (e.g.Bruno et al.[2018)). These complementary datasets
place the ERNE observations in a broader context of high-energy
SEP measurements.

In this paper, we present a catalogue of >100 MeV proton
events based on the scanning of SOHO/ERNE/HED measure-
ments (for the first time using particles penetrating the instru-
ment at an energy above 100 MeV), complemented with SEP
characteristics from SOHO/Electron Proton Helium Instrument
(EPHIN; Miiller-Mellin et al.|1995)) and with comprehensive so-
lar associations. The time coverage extends from May 1996 to
2024 (for the first version of the catalogue), meaning a complete
coverage of solar cycles 23 and 24, while also covering the on-
going solar cycle 25. A total of 172 high-energy events were
identified. A systematic analysis was conducted to determine the
solar context of the events, including the identification of asso-
ciated X-ray flares and CMEs. The following solar signatures
were searched for, along with the instruments or spacecraft used
to observe them:

White-light CMEs — Large Angle and Spectrometric Coron-

agraph (LASCO; Brueckner et al.[1995) onboard SOHO

— Type II, IIT and IV radio bursts — Radio and Plasma Wave
instruments (WAVES) onboard Wind (Bougeret et al.||1995)
and the Solar-Terrestrial Relations Observatory (STEREO;
Kaiser et al.|2008))

— Soft X-ray flares — X-ray Sensor (XRS; |[Hanser & Sellers
1996) onboard the Geostationary Operational Environmental
Satellites (GOES)

— Hard X-ray flares — Spectrometer/Telescope for Imaging X-
rays (STIX; Krucker et al.|[2020) on Solar Orbiter (SO;
Miiller et al.[2013)) and the Reuven Ramaty High Energy So-
lar Spectroscopic Imager (RHESSI; [Lin et al.|2002)

— Gamma-ray emission — Large Area Telescope instrument

(LAT; |Atwood et al.[2009) onboard the Fermi Gamma-ray

Space Telescope

In addition, information on associated ground-level en-
hancements (GLEs; [Papaioannou et al.|[2025a) or sub-GLEs
(Poluianov et al.|2017) was included when available from the
neutron monitor network! (Mavromichalaki et al.|[2011). The
resulting catalogue of these >100 MeV proton events associ-
ated with their solar signatures is publicly available (Jarry et al.
2025), and aims to provide a resource for future studies on the
origin, acceleration, and propagation of high-energy solar parti-
cles. In this article, we present this catalogue and outline the first
results of its analysis.

Section [2] provides details on the data and instrumentation
used, as well as the methodologies applied to identify the SEP
events. Then, Sect. 3] describes how solar associations were
made, including instruments and methods used, as well as some
general statistics on the sample. Section [] offers an in-depth
analysis of the catalogue and provides first results. Section [3]
concludes this work and gives instructions on how to access the
catalogue.

2. SEP event identification and characterization

This section outlines the procedure used to identify and char-
acterize the high-energy proton events included in our cata-
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logue. SOHO/ERNE provides a counter for particles penetrat-
ing the whole stack, which has not been used before for sci-
entific studies. We adopt it as the baseline dataset since it of-
fers good counting statistics at higher energies and thus useful
diagnostic potential. A systematic scan of SOHO/ERNE/HED
penetrating-particle count rates from May 1996 to August 2024
was performed to detect events and determine their onset times.
The corresponding peak fluxes and fluences were derived from
SOHO/EPHIN measurements, selected for their long-term con-
tinuity and reliability. Recent recalibration efforts extending
EPHIN’s energy range beyond 1 GeV (Kiihl et al.|[2017; Kiihl
& Heber| 2019) now provide reliable energy-resolved proton
spectra from 100 to about 500 MeV, enabling quantitative flux
estimates instead of raw count rates. In contrast, the ERNE
penetrating-particle counter, although sensitive to protons above
100 MeV, still lacks a fully validated response function, prevent-
ing direct flux conversion and motivating the use of EPHIN data
for flux and fluence calculations. The methods described below
concern only the derivation of catalogue quantities, while the
datasets used for solar associations are presented in Sect. [3]

2.1. Event detection and onset-time determination

The events included in the catalogue were identified in the
counter data from SOHO/ERNE/HED, specifically using the
anti-coincidence channel ACI. The full time series available
which extends from May 1996 to August 2024 were analysed.
For details on the penetrating-particle counter of SOHO/ERNE,
see Appendix [A] Preliminary detections were obtained using
the Poisson—-CUSUM method (e.g. [Huttunen-Heikinmaa et al.
2005}, [Palmroos et al|2022)), which identifies statistically sig-
nificant deviations from a Poisson-distributed background char-
acterized by its mean y and variance o. When the cumulative
sum of deviations remains persistently above a given thresh-
old level, the algorithm flags a potential event. False or pre-
mature detections may occur if the background is noisy, slowly
drifting, or poorly estimated. An SEP event typically exhibits
an energy spectrum that decreases steeply with energy, imply-
ing higher count rates in detectors sensitive to lower energies.
Within the SOHO/ERNE/HED telescope, the D3 scintillator
layer (see Appendix [A) registers particles before they reach the
anti-coincidence detector AC1. Therefore, to confirm the detec-
tions obtained in AC1, each event was cross-checked in D3, re-
quiring a corresponding enhancement with a higher peak rate
than in AC1. Further details on the algorithm and an example of
detection are shown in Appendix [A]

The technical adaptation of the aforementioned algorithm
was built with the Python package PyOnset (Palmroos et al.
2025). Occasional false positives were found, often caused by
depressed proton counts returning to normal baseline levels (e.g.,
Forbush decreases; [Papaioannou et al.|[2020} [Dumbovi¢ et al.
2024)), or detect duplicate events separated by a few data points.
All such cases were manually inspected and corrected. During
the early years of the SOHO mission, several long data gaps
occurred in ERNE observations due to instrument or spacecraft
anomalies. Gaps longer than ~18 h between 1996 and 2017 are
listed by |[Paassilta et al| (2017), while those exceeding seven
days are specified in Appendix [A] These interruptions some-
times compromise onset-time accuracy. No attempt was made
to fill these gaps in the present release, leading to the omission
of some events (e.g. GLEs 58, 60, and 61) known to involve
>100 MeV protons. After the initial scan, approximately 50 ob-
vious false positives were eliminated. They were mainly due
to background rebounds during the decay of previous events or
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Fig. 1. Temporal distribution of the >100 MeV proton events included
in the catalogue (histogram). Red dots show the corresponding peak
proton intensities (/,) with uncertainties measured by SOHO/EPHIN,
plotted against the secondary (right-hand) axis.

post—Forbush fluctuations. Further investigation of some of them
led to the elimination of six others, resulting in a final list of 172
confirmed events. These 172 events constitute the >100 MeV
proton event catalogue. For each event, the SOHO/ERNE onset
time and background mean were recorded, and a unique identi-
fier was assigned following the format yyyymmddTHHMUMSS. In 16
cases where data gaps or very slow rises prevented reliable onset
estimation, the identifier was assigned as yyyymmddTXXXXXX to
indicate the lack of a precise onset time. Figure[T|shows the num-
ber of detected >100 MeV proton events as a function of time,
illustrating the catalogue coverage across solar cycles (SC) 23,
24, and the ongoing SC25. A notable feature is the scarcity of
such events at the beginning of SC24. The red scatter points indi-
cate the peak proton intensities (/,) of these events derived from
SOHO/EPHIN measurements.

2.2. SEP peak flux and fluence determination

The SOHO/EPHIN instrument measures particles (protons, elec-
trons, and helium nuclei) across a wide energy range, from a few
MeV up to several hundred MeV. It provides consistent peak flux
and fluence estimates as long as only count rates of the previ-
ously unused ERNE penetrating-particle counter are available.
A detailed description of the SOHO/EPHIN high-energy pro-
ton measurements is given in Appendix [B] Note that we strictly
speaking provide only a > 100 MeV channel proxy that is de-
scribed as a differential channel.

Mathematically, the integral flux of energetic particles above
a given threshold energy Ey, in a SEP event, here Ey, = 100 MeV,
is defined as the energy integral of the differential particle flux
over all energies exceeding this threshold. If j(E) denotes the
differential flux (e.g., in units of particlescm™2s~! sr™! MeV™!),
the corresponding integral flux J(> Ey,) is given by

Enax
JG Ew) = f JE)dE,
E,

th

where E;; and E,,x denote the threshold and maximum en-
ergy considered, respectively. While E;, = 100 MeV, E,,, is
based on the maximum proton energy obtained during each
event. Note that for most GLEs the energy is above the maxi-
mum energy of EPHIN (Egpgiy = 500 MeV) can measure.

In order to be consistent with the ERNE observations, the
present analysis derives the integral flux only from a single broad
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Fig. 2. Distributions of >100 MeV proton peak intensities (panel (a))
and fluences (panel (b)) measured by SOHO/EPHIN for 107 and 97
events of the catalogue, respectively.

energy channel rather than from multiple discrete energy bins.
To characterize the effective energy response of this channel and
to determine a representative mean energy, the bow-tie method is
applied (for details see appendix[B)). This approach combines the
instrument response with assumed spectral shapes, here power
laws with indices y € {-5,-2} to define an effective energy
and an associated geometric factor (see equation [B:1]in the ap-
pendix [B). The resulting quantity is a differential channel and is
therefore only a proxy for the integral particle flux with energies
above E > 100 MeV. The uncertainty of the EPHIN measure-
ments can be divided into statistical and systematic uncertain-
ties. The systematic uncertainty is estimated to be of the order of
20%. The statistical uncertainties are determined by the Poisson
statistic of the number of selected counts available that are mea-
sured in the energy loss interval of interest and vary between a
few tens to about 1000 per hour (see Fig.[B.I). Note to the on-
board data processing: the statistical error for large events can
be larger than that for small events. However, for SEP events,
additional factors have to be taken into account for the system-
atic error, so that in what follows, only the statistical error is
provided. Note, the derived proxy fluxes are not directly com-
parable with energetic particle measurements from the GOES
satellites, which are provided primarily as integral flux channels
above a certain energy threshold (e.g. > 100MeV). For details,
see [Bruno| (2017), Kress et al.| (2021)) and references therein.

The >100 MeV proton flux derived from EPHIN measure-
ments is averaged over one-hour intervals to ensure sufficient
counting statistics. Onset times are taken from ERNE measure-
ments, and the same background intervals as those used for
ERNE are applied. The peak flux is defined as the maximum
hourly value within the first few hours after the onset. The flu-
ence is computed by integrating the particle flux from the on-
set until it decreases to 50—10% of the peak value or falls below
3050 above the background level. A figure illustrating this pro-
cedure is shown in Appendix [B]

A so-called low-energy-loss statistics (LELS) issue occurs
when the EPHIN energy-loss buffer becomes dominated by
low-energy particles, leaving too few counts at higher energies
(e.g. >50 MeV protons) for reliable flux estimation. The pri-
ority scheme was modified in 2022, which has improved the
high-energy statistics since then. Another limitation arises dur-
ing SOHO keyhole periods (KHPs) — intervals typically lasting
from a few days to two weeks, when telemetry is reduced or
interrupted due to antenna pointing constraints. These periods
occur once or twice a year at predictable times, determined by
the spacecraft’s orbital geometry relative to Earth and the Sun,
and can lead to data gaps or degraded measurements.
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Figure in Appendix shows two examples of
data limitations affecting the >100 MeV proton proxy from
SOHO/EPHIN. The published dataset provides, for each event,
the background level, peak flux, fluence, and the end date used
for the fluence integration. Events affected by LELS or keyhole
periods (respectively 53 and 18), are indicated with the labels
“lels” and “khp” in the dedicated “comments” column. Figure 2]
summarises the catalogue statistics for the SOHO/EPHIN peak
intensities and fluences.

3. Solar associations

The electromagnetic characteristics of the candidate solar
sources provide key information on SEP acceleration and trans-
port from the Sun to the point of in-situ measurement. So-
lar associations of the identified SEP events were established
through inspection of all available observations, and cross-
checked against published catalogues: (1) GOES >10 MeV pro-
tons?, (2) |Cane et al| (2010), (3) Richardson et al.| (2014), and
(4) [Paassilta et al.| (2017)). For events with no ERNE or EPHIN
onset determined, onsets were searched in other high-energy
datasets, such as STEREOQ/In-situ Measurements of Particles
and CME Transients (IMPACT)/High Energy Telescope (HET)
and the GOES/Space Environment Monitor (SEM)/Energetic
Particles Sensor (EPS) data (from SEPEM dataset). When re-
quired, lower-energy channels were examined, bearing in mind
their slower particle propagation.

Only one event showed neither CME nor soft X-ray flare;
all others exhibited at least one of these solar signatures. In to-
tal, 73% of confirmed SEP events (125/172) have clear associa-
tions with both a flare and a CME. For 22 events, multiple poten-
tial solar sources were identified; the selected one is reported in
the catalogue, while alternatives and differences with published
catalogues are noted in the "general notes" (Appendix [C). Fig-
ure E] illustrates, for one representative >100 MeV SEP event,
the various solar signatures considered in this work — pro-
ton flux, flare emissions, radio and CME signatures, and GLE:s.
Dates in the catalogue follow the ISO 8601 format (yyyy-MM-
ddTHH:mm:ssZ), where the trailing Z indicates UTC time. Each
group of columns includes a “comments” field providing addi-
tional relevant information. The detailed catalogue structure is
described in Appendix [C|

3.1. Identification of soft X-ray flares

Soft X-ray (SXR) enhancements are observed during solar flares,
one of the two main accelerators of SEPs. SXR flare inten-
sity correlates with CME speed and shock strength (Salas-
Matamoros & Klein|2015}; Jarry et al.|2023; [Papaioannou et al.
2024), and with SEP event intensity (e.g. |Papaioannou et al.
2016; [Kouloumvakos et al.|[2019). Strong flares are typically
linked to fast, wide CMEs and intense SEP events.

To identify SXR flare associations, the solar particle release
(SPR) time was estimated using the IRAP Propagation Tool
(Rouillard et al.|[2017) in "SEP propagation mode". Assuming
scatter-free propagation along the Parker spiral, the tool pro-
vides the solar footpoint and SPR time based on in-situ solar
wind speed. Candidate flares were then searched around or be-
fore this time within the active-region belt. SXR fluxes were ob-
tained from the GOES X-ray Sensor (XRS)?, operating since
1975 under NOAA (Woods et al.|[2024). The 1-8 A channel
defines the standard flare classification (A—X classes for fluxes
of 10" W m~2, n=[-8...-4]). Following [Hudson et al.| (2024)) and
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Fig. 3. Representative example of the solar associations for the 2021-
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Panel (a): ERNE proton counts at >100 MeV. Panel (b): soft X-ray
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from coronagraph observations (SOHO/LASCO). Panel (d): ground-
level neutron monitor data showing relativistic particle increases.
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the reprocessed science-quality data from NOAA National Cen-
ters for Environmental Information (NCEI), a calibration fac-
tor of 1.43 was applied to the GOES-1 through GOES-15 SXR
datasets. Data cadence ranges from 1 min (GOES 8-12) to 1-2 s
(GOES 13-18). For each SEP event, the most intense flare within
the derived window was selected. Ambiguous cases with multi-
ple nearby flares were reviewed individually, and alternatives are
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noted in the catalogue comments. Events with flares located be-
hind the solar limb were marked as "far side" and excluded from
flare analysis (41/172 events). An example of GOES SXR flux is
shown in panel (b) of FigureEl Flare start, peak, and end times,
as well as Ha locations, were taken from the GOES catalogues*.
For events after October 2002, locations were verified and com-
pleted using Solar Dynamics Observatory (SDO)/Atmospheric
Imaging Assembly (AIA) EUV observations from SolarSoft’.
Discrepancies between catalogues occurred in only three cases
(Events 103, 113, and 120), for which SolarSoft values were
adopted. One remaining case (Event 18) was completed us-
ing [Cane et al| (2010). SXR peak fluxes were extracted from
GOES time series®. Fluences were obtained by trapezoidal in-
tegration between the reported start and end times. The cata-
logue specifies the GOES spacecraft used ("Observer" column)
and provides SolarSoft links and positional remarks in "Com-
ments" ("behind the limb" or "far side"). Overall, 131 of 172
SEP events (76%) were clearly associated with an SXR flare,
while 41 were far-side events. Figure [ shows the distribution of
flare peak intensities, longitudes, rise times, and durations. Flare
longitudes range from —89° to 132°, with a mean (median) of
49.9° (54.5°), whereas latitudes range from —37° to 30°, with
a mean (median) of —1.2° (-4°). The predominance of western
flares, and the low dispersion of latitudes around the equator, in-
dicates the importance of an optimal magnetic connection of the
source to Earth for >100 MeV detections. SXR peak fluxes span
2.5%107°-2.8 x 1073 W m~2, with a mean of 2.8 x 10™* W m2
and a median of 1.1 x 107 W m~2, confirming that strong SEP
events are primarily associated with strong (>M-class) flares.

3.2. Identification of hard X-rays

Hard X-ray (HXR) observations provide key diagnostics of flare-
accelerated electrons and the hottest plasma components. Un-
like SXRs, mainly produced by ~10-30 MK thermal plasma
(see Sect. [3.I), HXRs are dominated by bremsstrahlung emis-
sion from non-thermal electrons, i.e from energetic electrons col-

liding with ambient protons, with a thermal contribution at the
lower energies from plasma hotter than ~30 MK. The strongest
signatures of particle acceleration appear during the impulsive
phase, typically as bursts of HXR and microwave emission, both
tracing non-thermal electron populations (see e.g. Klein|[2021al).

HXR flare associations were established from two comple-
mentary instruments. RHESSI (2002-2018) provided HXR and
y-ray measurements from 3 keV to 20 MeV, while the Spec-
trometer Telescope for Imaging X-rays (STIX) onboard Solar
Orbiter (SO) has operated since 2020, offering HXR imag-
ing spectroscopy between 4—150 keV. For events 43—134, both
RHESSI time series (retrieved from the RHESSI data browser’)
and the RHESSI flare catalogue® provided by NASA were used.
This catalogue lists detections in the 6—12 keV range, provid-
ing start, end, and peak times, as well as peak and total counts.
For events 135-172, analysis relied on the SO/STIX time series
from the STIX data browser® and its science flare list!?, based
on detections in the 4-10 keV band. Note that RHESSI and
STIX counts correspond to different energy ranges and response
matrices; therefore, peak intensities are not directly compara-
ble across instruments. Associations between >100 MeV SEP
events and HXR flares were established by comparing flare tim-
ing in hard and soft X-rays. Only HXR flares peaking after the
SXR onset (=1 min) and no later than 30 min after the SXR
peak were retained, consistent with the Neupert effect
[1968), which links impulsive HXR emission to the subsequent
rise of SXR emission. A few exceptions were made: for SEP
event 50 (22 Aug 2002), the nearest HXR flare was spatially
distinct from the SXR source, so the preceding co-located flare
was selected instead; for event 152 (17 Jul 2023), the HXR peak
occurred 10 min before the SXR onset but overlapped in du-
ration and was particulary intense; for events 81 (7 Sep 2005)
and 119 (7 Jan 2014), HXR peaks occurred 40-42 min after
their SXR peaks. Solar Orbiter catalogues, namely the Solar Or-
biter’s Comprehensive Solar Energetic Electron event Catalogue
(CoSEE-Cat; [Warmuth et al.|2025) and the Solar Orbiter large
SEP events catalogue (Papaioannou et al., in prep.), were also
used to cross-check STIX associations. Because RHESSI and
STIX provide limited coverage restricted to their operational pe-
riods and visible disk, occulted flares may be only partially or
not at all detected. For each event, we list the start, peak, and
end times, peak and total counts, maximum energy range, flare
location in Carrington coordinates, and the observing spacecraft.
A comment column indicates whether the flare was on the far
side or behind the limb. Far-side events were not observed, while
behind-the-limb events were measured but not positioned, and
possibly occulted. Among the events for which an HXR search
was possible (No. 43-172, as the first 42 precede RHESSI), 19%
(25/130) were far side and 4% (5/130) lacked RHESSI data.
Figure [5] summarises the measured HXR peak intensities, flu-
ences, rise times, and durations. The mean HXR magnitude is
8.2 X 10° counts, ranging from 23 to 1.6 x 107 counts, with a
median of 5.9 x 10* counts.

3.3. Identification of type Il radio bursts

Radio bursts are classified into five categories (types I-V)
based on their frequency—time spectrograms (Wild et al.|[T963)
Type III bursts are the most common coherent solar radio emis-
sions, produced by beams of flare-accelerated electrons (tens to
hundreds of keV) escaping along open magnetic field lines into
the interplanetary (IP) medium (Reid & Vilmer| 2017). Their
rapid frequency drift reflects electron propagation through pro-
gressively less dense plasma, generating emission at the local
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plasma frequency and its harmonic. They often occur in groups
during major solar eruptions, indicating successive magnetic re-
connection episodes (see panel (c) of Fig.[3). Using coronal den-
sity models, the timing of a type III burst can therefore constrain
the release time and coronal height of the associated SEP event.

The search for type III associations combined space- and
ground-based radio observations to ensure full spectral and
temporal coverage. Ground-based instruments typically observe
from ~10 MHz to a few GHz, while lower frequencies are
blocked by the ionosphere. We used data from observatories
worldwide covering 10 MHz-2.5 GHz, including stations in
Australia, the USA, Japan, Greece, and France. Space-based re-
ceivers, Wind/WAVES and the twin STEREO/WAVES instru-
ments (Bougeret et al.[2008)), extend the coverage to kHz—MHz
frequencies originating in the outer corona and IP medium. All
instruments used for identifying radio signatures of the SEP
events are summarised in Appendix [D] Type III bursts were
identified by their temporal association with the start and peak
times of the parent SXR flare. For far-side events, the timing
was instead compared with the CME onset or any corresponding
type II burst (see Section [3.4). Spectra from WIND/WAVES!!
and STEREO/WAVES'? were visually inspected to determine
the associated type III start time and frequency range, and this
informations was reported in the catalogue along with the ob-
serving instrument(s) (SWAVES and/or WAVES). Ground-based
identifications were obtained from compiled NOAA'3 and So-
larMonitor'* reports, which include observations from the Ra-
dio Solar Telescope Network (RSTN) and other stations. When
available, event lists from the e-Callisto network!’ and compos-
ite dynamic spectra from the LESIA Radio Monitoring service'®
were also examined. For ground-based detections, we recorded
the observing station(s), start time, and full frequency range;
when multiple stations reported the event, the earliest start time
and the minimum—maximum frequency limits across all reports
were adopted. Type I1I radio bursts were identified for all (100%)
SEP events in the catalogue, although some were detected only
from space or from the ground. All associations were cross-
checked with published catalogues, and matching identifications
are noted in the type III "Comments". The referenced catalogues
are Papaioannou et al.[(2016), covering 1998-2013, and the PhD
thesis of A. Kouloumvakos (2017)!7, spanning 1997-2010.

3.4. Identification of type Il radio bursts

Type II radio bursts trace shock waves accelerating particles
in the solar atmosphere, typically driven by fast CMEs whose
speeds exceed the local Alfvén speed (Kumari et al.|2023| and
references therein), and less frequently by termination shocks
from powerful flares (Hillaris et al.|[2006). Such shocks are
strong candidates for producing very-high-energy SEPs (Klein
2021b). In dynamic spectra, type II bursts appear as slowly
drifting, narrowband emissions reflecting the decreasing plasma
density as the shock moves outward. They are usually identi-
fied by visual inspection since they often occur close in time
to other emissions (type III or IV). Ground-based observations
commonly show a rapidly drifting type III burst (flare electrons)
followed by the slower type II emission (shock vicinity), while
space-based measurements usually provide a clearer separation
as electron beams propagate faster than the shock. Morpholog-
ical characteristics depend on the shock strength and ambient
plasma conditions (Wild et al.[1963)), making type II bursts valu-
able diagnostics of shock dynamics and particle acceleration re-
gions tracing.
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Type II associations for SEP events were retrieved from the
same space- and ground-based instruments used for type III
identifications (Sect. [3.3)), ensuring broad spectral and tempo-
ral coverage of this study to trace shocks from the low corona
to the IP medium. Associations were based on CME release
times. Type II bursts were identified by visual inspection us-
ing standard criteria based on their slow drift rate (as compared
to type III bursts), harmonic structure (fundamental and sec-
ond harmonic emission lanes), and morphology which some-
times exhibits fragmented or "herringbone" structure. Quanti-
tative thresholds, for example on minimum burst duration or
signal-to-noise ratio were not applied. For each identified type II
burst in space-borne spectra we recorded the observing in-
strument (SWAVES and/or WAVES), start time, and frequency
range. Additional information was taken from the multi-vantage-
point type II catalogue'® of Mohan et al.|(2024b). Ground-based
detections were catalogued with observing station(s), start time,
and frequency range; when multiple stations reported the event,
we recorded all of them, the earliest start time, and the mini-
mum-maximum frequencies observed. Positive type II identi-
fications were established for most SEP events (163/172, i.e.
95%), cross-checked with several published catalogues: the con-
tinuously updated Gopalswamy et al. (2019)' list (1996-2024),
Papaioannou et al| (2016) (1998-2013), and the PhD thesis of
A. Kouloumvakos (2017)%° covering 1997-2010.

3.5. Identification of type IV radio bursts

Type IV radio bursts appear as broadband continuum emissions
in dynamic spectra, generally linked to major flares or CMEs
(Kahler|[1992). They are classified as moving or stationary de-
pending on whether a clear frequency drift is observed. In the
context of SEP events, type IV bursts trace prolonged electron
acceleration and trapping in coronal magnetic structures, com-
plementing X-ray and coronagraph data in characterising the
timing and nature of acceleration sites (Mohan et al.|2024a).

Space-based type IV associations were obtained directly
from the Mohan et al. (2024a)?! catalogue, which uses
Wind/WAVES and both STEREO/WAVES (Ahead and Behind)
observations. For each associated event, we list the observing
spacecraft, onset time, duration (in minutes), and end frequency
(in MHz). Complementary ground-based detections were re-
trieved from the sources described in Sect. [3.3]and Appendix D]
with the corresponding station(s), start time, and frequency
range included in the catalogue. Type IV radio bursts were
identified for 53% of the events (91/172). Their detection re-
mains challenging due to variable spectral morphologies, fre-
quent overlap with type II and type III emissions, and gaps in
instrumental frequency coverage. These factors likely contribute
to the relatively low association rate derived in this study.

3.6. Identification of y-ray emissions

Observations of solar y-rays and neutrons provide direct diag-
nostics of high-energy ions accelerated during eruptions. These
ions interact with the lower solar atmosphere, producing y-ray
emission through nuclear reactions (Vilmer et al.|[2011)). Tons
in the 1-100 MeV/nuc range generate line emissions from nu-
clear de-excitation, neutron capture, and positron annihilation,
while energies above 100 MeV/nuc are dominated by neutral
pion decay. Solar y-ray emission typically exhibits two phases
(Frost & Dennis||1971): a prompt component coinciding with
the flare, and a delayed, prolonged component that persists well
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after the impulsive flare signatures have faded (Akimov et al.
1991} Ryan|2000; |[Rank et al.|2001). It is generally accepted that
the first component is linked to ion acceleration in the reconnec-
tion region, whereas the origin of the delayed phase remains un-
resolved and actively debated. Proposed scenarios include con-
tinuous acceleration or trapping in large coronal structures (e.g.
Ryan|[2000; |Grechnev et al.|2018; |de Nolfo et al.||2019; |Bruno
et al|2023), as well as acceleration at CME-driven shocks (e.g.
Ackermann et al.[2014;|Share et al.|2018)). Durations of sustained
y-ray events correlate with those of >100 MeV SEP events,
though the latter are usually about five times longer (Share et al.
2018). Fermi/Large Area Telescope (LAT) has observed y-ray
emission from behind-the-limb flares (Ackermann et al.|[2017)),
demonstrating that pion-decay y-rays can originate tens of de-
grees from the active region (Plotnikov et al.[|2017). Although
correlations with SEP events and CME properties are often re-
ported, notable counterexamples and strong event-to-event vari-
ability indicate that these relationships are not universal, and that
sustained y-ray emission cannot be explained by a single accel-
eration mechanism. The Fermi space telescope and its two main
instruments provide systematic detection of these two phases
since 2011. The LAT detects photons from 30 MeV to >300 GeV
(Lange & Pohl 2013} |Ajello et al.|2021a), while the Gamma-ray
Burst Monitor (GBM) covers a few keV to ~30 MeV (Meegan
et al.|2009), bridging low-energy X-rays and high-energy y-rays.

We analysed publicly available GBM?? data for SEP
events 87—172 (2011-2024), corresponding to the Fermi mission
period, to establish SEP—y-ray associations by temporal corre-
spondence with sustained emission periods, with no ambiguous
overlaps. The Fermi/LAT Significant Event List?* (>100 MeV)
and Fermi-LAT Solar Flare Catalog (30 MeV-10 GeV, |Ajello
et al.[[2021b)) were also inspected over the same periods. An ex-
ample of a Fermi/LAT light curve is shown in panel (b) of Fig.[3]
For each associated event, the catalogue lists from Fermi/GBM
the onset, peak, and end times, peak intensity (counts s7), total
counts, and observing instrument, with comments noting miss-
ing Fermi data or flare absence. Among the 87 SEP events occur-
ring during the Fermi era, 65 (75%) show associated y-ray emis-
sion. Non-detections may result from insufficient proton ener-
gies (>300 MeV required for pion decay), Fermi’s orbital night-
time gaps, or far-side eruptions magnetically disconnected from
the visible disk.

3.7. Identification of coronal mass ejections (CMEs)

CME:s are sudden large-scale releases of plasma ejected into the
upper corona and the solar wind. They result from the recon-
figuration of coronal magnetic fields through various processes
and strong ones often accompany flares or prominence eruptions
(Yashiro et al.|2005)). Fast and wide CMEs represent key compo-
nents of major solar storms, typically involving (1) an initiation
phase with flaring or prominence activity, (2) coronal expansion
possibly driving shocks and large-scale solar atmosphere distur-
bances, and (3) the ejection of mass and magnetic flux into inter-
planetary space. When a CME appears as a halo-like enhance-
ment around the coronagraph’s occulting disk, it is classified as
a halo CME (see|Webb & Howard|2012, and references therein).

Associations between SEP events and CMEs were deter-
mined using LASCO C2 and C3 coronagraphs onboard SOHO,
which have continuously monitored the solar corona since 1996.
All manually identified CMEs from these instruments are com-
piled in the SOHO/LASCO CME catalogue (Gopalswamy et al.
2009), available at the CDAW Data Center?*. CME linear speeds
were derived from first-order polynomial fits to height—time
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Fig. 6. Statistics on the CMEs associated with the >100 MeV events
(96%, 162/169 events). Panel (a): CME speed distribution (kms™").
Panel (b): CME width distribution (deg).

measurements (see panel (c) of Fig. [3) listed in that catalogue.
For each SEP event, CMEs occurring after the onset of the asso-
ciated SXR flare (Sect. @ were considered; in the absence of
recorded SXR data, the SEP onset time was used instead. Given
the high energies of >100 MeV SEP events, their CMEs are gen-
erally fast and well-defined in LASCO observations, although
some events coincide with LASCO data gaps, explicitly flagged
in the catalogue. For each CME, the catalogue lists the first
LASCO C2 appearance time, linear speed, angular width, and a
direct link to the corresponding movie in the LASCO database.
CMEs with apparent widths of 360° are identified as halos. As-
sociations were found for 96% (165/172) of SEP events; the re-
maining cases correspond to SOHO/LASCO data gaps, noted as
“NO DATA” in the source field. Figure [f|summarizes CME kine-
matics for >100 MeV proton events. CME speeds range from
448 t0 3387 kms™!, with a median of 1336 kms™' and a mean of
1404 km s~'. Widths span from 76° to 360°, with mean and me-
dian values of 331° and 360°, respectively. These statistics con-
firm that strong SEP events are predominantly associated with
fast, halo CMEs (see e.g. [Papaioannou et al.|[2016, and refer-
ences therein).

3.8. Identification of ground level enhancements (GLEs)

Ground Level Enhancements (GLEs) are rare, high-intensity
SEP events in which protons reach relativistic energies (up to
the GeV range) and penetrate the Earth’s atmosphere, produc-
ing secondary particle cascades detected by ground-based neu-
tron monitors worldwide (Gopalswamy et al|2012} [Papaioan-
nou|2023). A GLE is defined as a near-simultaneous increase
in at least two neutron monitors, including one near sea level,
while events detected only at high-altitude stations are termed
sub-GLEs (Poluianov et al.|[2017). Representing the most en-
ergetic end of the SEP spectrum over the past seven decades,
GLEs provide unique diagnostics of extreme particle accelera-
tion at the Sun (Kocharov et al.|2023)). Their properties (Asves-
tari et al.|[2017) have been used to analyse extreme SEP events
(Usoskin et al|)2023)) and to quantify their impact on the solar
radiation environment (Herbst & Papaioannou/[2025)). GLEs are
generally associated with powerful flares and fast CMEs driving
strong shocks (see e.g. [Mishev et al.|[2021} 2022, 2024, and ref-
erences therein), but their occurrence is also favoured by good
magnetic connectivity and by the presence or interaction of tran-
sient solar-wind structures—such as ICMEs, magnetic clouds,
and shocks (Rouillard et al.|2012; [Papaioannou et al.|2016;|Lario
et al.|2017), making them particularly complex to fully under-
stand (Cliver2006).

GLE and sub-GLE associations were identified manually us-
ing the neutron monitor database? . For each event, the catalogue
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lists the maximum intensity, the observing station, and the GLE
identifier (or "sub-GLE" label). When available, fluences from
Usoskin et al.| (2020) are also included. The catalogue contains
18 GLEs and 4 sub-GLEs. All GLEs and sub-GLEs observed
during the studied period are represented, except GLEs 58, 60,
and 61, which are absent due to SOHO/ERNE data gaps. Fluence
values were taken by Usoskin et al.[(2020) who derive full-event,
de-trended, time-integrated NM intensities that include both the
early anisotropic and later isotropic phases. Thus, unlike first-
hour—focused inversions, their reported values represent the to-
tal omnidirectional fluence. These are available for 11 of the 22
recorded events.

4. Results

Table [I] summarises the principal statistical properties of the
>100 MeV events and their solar associations. Where data exist,
every SEP event is associated with a CME and a SXR flare, im-
plying particle acceleration by the flare, the CME-driven shock,
or both. Median CME speeds exceed 1300 kms~! and median
CME angular widths are ~ 360° (Table [I)).

The typical travel time of 100 MeV protons is 19-49 min
depending on the path length (1-2.5 AU). Including light-
travel delays, the observed particle onset should therefore oc-
cur within roughly one hour of its parent solar signature. Fig-
ure [7] presents timing differences between SEP release times
(from ERNE onset) and associated solar signatures (CME, SXR,
HXR, type II/II/IV, y), shown for two travel-time assump-
tions (short/long). Table @] (Appendix [E) gives counts of pos-
itive/negative delays under both assumptions. Notably, ~21%
(25/121; short travel) and ~19% (23/121; long travel) of SEPs
occur during the impulsive flare phase (after SXR onset but be-
fore SXR peak) (Benz|1993), while ~35% (43/121) and ~41%
(50/121) occur during the SXR decay, indicating substantial late
or extended acceleration. Seven events show extreme delays
(> 360 min); these are listed in Appendix [E]

Parameter [unit] N Median Mean +o

I, [1/(cm? sr s MeV)] 107 23x1073 0.14 + 0.53
Fluence [1/(cm? st MeV)] 97 36 42+ 145x%x10°
Veume [km/s] 164 1345 1411 + 608
Angular width [°] 165 360 331.9 +63.7
SXRpeax [W/m?] 131 11x10* 27+47x10™
SXR fluence [J/m?] 130 1.6x1072 88+21.9x1072
SXR longitude 122 38 355+424
SXR rise time [min] 131 23 32+33.2
SXR duration [min] 131 44 594 +50.3
HXR pesk [counts/s] 97 59x10* 82x239x10°
HXR fluence [counts] 96 12x10%  25+42x108
HXR rise time [min] 99 10.8 13.2+125
HXR duration [min] 99 40.6 44.6 +£29.1
Ypeak [counts/s] 63  68x10* 27+35x10°
y-rays fluence [counts] 63 26x107 1.8+3.1x10%
y-rays duration [min] 64 27.5 73+177.4

Table 1. Median and mean values with standard deviations (o) of the
parameters characterizing the >100 MeV proton events and the associ-
ated coronal mass ejections, soft and hard X-ray flares, and y-ray emis-
sions.
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Fig. 7. Distribution of the SEP events with respect to timing differences
(in minutes) between the >100 MeV proton events release times de-
termined with SOHO/ERNE SEP onset and the associated solar sig-
natures onsets. Two travel-time assumptions are considered: a short
(light colours) and long (dark colours) path lengths, respectively 1 and
2.5 AU, Solar signatures are shifted to the solar time according to the
light travel time, and are, from left to right: CME first appearance in
SOHO/LASCO coronographs (blue), soft X-ray onset time (red), hard
X-ray onset time (yellow), type II radio burst onset time (purple), type
III radio burst onset time (green), type IV radio burst onset time (cyan),
gamma ray burst onset time (pink). In each boxplot, the middle line in-
dicates the median of the distribution whereas the top of bottom edges
of a box are the upper and lower quartiles respectively. Outliers are val-
ues that are more than 1.5 times the distance between the top and bottom
edges. The number of events considered in each boxplot is indicated in
the x-axis.
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Fig. 8. Same as Figurefor the timing difference between solar associ-
ations in minutes. From left to right, comparisons between: soft X-ray
onset time (fsxg) and CME first appearance in SOHO/LASCO corono-
graphs (fome) (blue) ; fome and type I radio burst onset time (#y;) (red) ;
tsxr and type III radio burst onset time (#yy) (yellow) ; tsxg and type IV
radio burst onset time (#qv) (purple) ; fsxg and gamma ray burst onset
time (z,) (green) ; fyy and gy (cyan) ; fyy and fqr (pink).

Timing between solar associations is shown in Fig. [§]
Type IV bursts consistently follow SXR onset and typically oc-
cur after type III bursts. CME first appearances and type II onsets
are tightly clustered around zero delay, consistent with CME-
driven shocks as the type II source, although individual discrep-
ancies up to ~1.5 h exist.

Two notable exceptions appear in the timing distributions.
Event 72 (2005-01-17) exhibits an unusually long SXR rising
phase of about three hours, leading to a CME first appearance
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in LASCO which occurs few minutes (< 6 min) before the SXR
onset. This event is also visible in the A(fsxr onset — fHXR onset)
distribution in Fig. [9] panel (a). There is a strong tendency for
SXR onset to precede HXR one, consistent with |Veronig et al.
(2002b), who found this behaviour in 92% of events. Event 104,
on the other hand, shows a delayed SXR peak occurring ~3.5 h
after the CME first appearance and the other solar signatures,
likely due to a second, overlapping flare episode. It appears as
an isolated point in A(fsxr — #arr) and A(tsxr — tgv) distribu-
tions (Fig. [8). Apart from these two cases, SXR and HXR peak
times generally agree within 50 min, reflecting their close phys-
ical connection during the impulsive phase of energy release.

Figure [I0] compares HXR and SXR peak intensities using
separate RHESSI and SO/STIX samples (see Sect. [3.2). In this
and all subsequent bi-logarithmic figures, the reported correla-
tion coefficients and regression lines are obtained from log—log
linear fits. Power-law fits yield

HXRRHESSI = 107'6i1'47 SXR0'86i0‘38, (1)
HXRso/stix = 10'032#238 GXR 118056, o

PCC = 0.60
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Fig. 11. CME speed from SOHO/LASCO as a function of the soft X-ray
peak from GOES, for 49 events studied in Salas-Matamoros & Klein
(2015) (grey), 65 SEP events that reach E>100 MeV studied by |Pa-
paioannou et al.| (2023) (blue), and 124 events from the present cata-
logue (orange). Power law fits for our sample and the combined three
are lines respectively in orange and pink.

with Pearson correlation coefficients (PCC) of 0.50 (N=65,
p= 2.8 x 1075, 95% confidence interval (CI) [0.28,0.66]) for
RHESSI and 0.68 (N=25, p= 2.8 x 107*, 95% CI [0.37,0.85])
for SO/STIX. These results are comparable to earlier studies
Veronig et al| (e.g. [2002a, , PCC = 0.57). However, correla-
tion between SXR peak and HXR fluence (not shown here) are
weaker (PCC of 0.35 (N=64, p= 4.1x1073,95% CI[0.11, 0.55])
and 0.46 (N=23, p= 2.6 X 1072, 95% CI [0.06, 0.73]) respec-
tively), compared to the 0.71 obtain by Veronig et al.| (2002a)).

Figure [TT]shows CME speed versus SXR peak flux. For our
catalogue:

3.6740.23 0.1420.06
VeME, this work = 10 SXRiax s 3)

with PCC = 0.40 (N=124, p= 3.3 x 107%, 95% CI [0.25,
0.54]). Combining our sample with literature datasets (i.e.|Salas-
Matamoros & Klein|[2015; [Papaioannou et al.[2023)) yields

Vo = 103962017 gXRO22:004 (4)
with PCC = 0.60 (N=238, p= 6.1 x 10722, 95% CI [0.50, 0.68]).
These results are in agreement with previous studies that re-
ported PCC of 0.43 (Papaioannou et al.|2024)) and 0.48 (Salas-
Matamoros & Klein|2015)) and within the range of 0.37 and 0.50
that has been identified in E>10 MeV SEPs (Yashiro & Gopal-
swamy|2009) and GLEs (Gopalswamy et al.[2012) respectively.
The modest correlation indicates that, although flares and CMEs
share a common origin in the large-scale reconfiguration of the
coronal magnetic field and therefore do not occur in isolation
(see the relevant discussion in [Papaioannou et al.|[2025b), CME
kinematics are governed by additional factors. In particular, the
CME speed is strongly modulated by the properties of the ambi-
ent coronal environment and by the reconnection dynamics that
drive energy release. Consequently, the soft X-ray flux, while a
useful proxy for flare intensity, cannot by itself provide a sub-
stitute of the CME speed. Furthermore, it is evident that the re-
lated SXR fluxes and the corresponding CME speeds across all
samples at E>100 MeV in Fig.[TT](orange and blue points) indi-
cate that such high energy SEP events are associated with strong
flares and fast CMEs. Given our pre-selection of highly energetic
events, it is normal to observe a shift of the spread relative to the
Salas-Matamoros & Klein| (2015)) sample (black points).
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Fig. 13. SOHO/EPHIN proton peak intensity >100 MeV (I,) with
uncertainties as a function of the linear CME speed measured with
SOHO/LASCO (Vcumg)-

Proton peak intensities (>100 MeV, EPHIN) correlate mod-
erately with SXR peak flux (Fig. [I2} PCC = 0.48 (N=84, p=
4.6 x 107°, 95% CT [0.29, 0.63])), consistent with the 0.49 re-
ported by [Papaioannou et al.| (2016). Restricting to magneti-
cally well-connected longitudes (20°-87°, following[Belov et al.
(2005)) yields PCC = 0.44 (N=49, p= 1.8 x 1073, 95% CI [0.18,
0.64]), showing that improved nominal connection does not sub-
stantially strengthen the SXR—SEP relation which remains mod-
erate. For a given flare magnitude, the peak proton flux mea-
sured by SOHO varies by over four orders of magnitude, high-
lighting the large intrinsic variability of SEP events and the need
for multiple parameters to explain the underlying physical pro-
cesses. This scatter suggest that SXR flux alone cannot account
for the observed SEP variability; CME kinematics, shock accel-
eration efficiency and interplanetary transport effects likely con-
tribute significantly. The higher PCC (0.66) reported by Belov
(2017) under similar longitudinal conditions likely reflects dif-
ferences in sample definition and size. The substantial scatter in
both datasets introduces statistical noise that can weaken the ap-
parent correlation strength.

A somewhat stronger correlation is found between SEP peak
flux and CME linear speed (Fig. [T3):

—4
Ip - 10—3.93i0.49 V(Cll\(j[.éli&IZ)XlO , (5)
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Fig. 14. SOHO/EPHIN proton peak intensity >100 MeV (I,) with un-
certainties as a function of the integral GLE peak intensity (%.h) for 14
events of the present catalogue.

The obtained PCC of 0.54 (N=106, p= 2.8 x 107, 95% CI [0.38,
0.66]) is stronger than the ~0.40 reported for E>100 MeV events
(Papaioannou et al.[2016,2024)), and weaker than the 0.71 found
by Richardson et al.| (2014) for 25 MeV protons. These trends
align with |Ameri et al.| (2024), who showed that lower-energy
SEPs (E<100 MeV) are primarily CME-driven, while higher-
energy particles (E>100 MeV) likely originate from flare re-
connection or low-coronal shock acceleration, possibly followed
by re-acceleration at CME-driven shocks higher in the corona.
These empirical correlations must also be considered in the con-
text of the Big Flare Syndrome (BFS, [Kahler|1982), whereby
large eruptive events tend to produce strong signatures across
many observables. The moderate SEP-SXR correlations, and
even the stronger SEP-CME relationship, may partly reflect the
overall event magnitude rather than direct causal links, so these
results could be interpreted as statistical associations rather than
strict evidence of causation.

Comparisons between GLEs and SEPs peak intensities are
shown in Fig. [T4 For 14 GLE and sub-GLE events, we find
a moderate correlation (PCC = 0.47, p=9.2 X 1072, 95% CI =
[-0.08, 0.80]), weaker than the high-energy results of Water-
fall et al.|(2023)) (0.879-0.925 at ~340-730 MeV) and [Oh et al.
(2010) (0.867-0.874 at ~380-700 MeV). Extending the compari-
son to fluences (11 events; Fig.[T5) yields a stronger PCC of 0.76
(p=1.1x 1072,95% CI = [0.24, 0.94]), confirming the clear rela-
tionship between high-energy SEP fluences and neutron monitor
responses, consistent with earlier findings (Oh et al.|2010; Wa-
terfall et al.[2023)), and further reinforces the strong physical con-
nection between space-based SEP measurements and ground-
level enhancements.

5. Conclusion

We have compiled a comprehensive catalogue of solar en-
ergetic particle (SEP) events with proton energies exceeding
100 MeV, based on a systematic search of SOHO/ERNE/HED
penetrating-particle rates over May 1996—August 2024, as part
of the SPEARHEAD project. The catalogue includes 172 SEP
events and is currently available in Zenodo 2° (Jarry et al.[2025).
Peak fluxes and fluences were derived from SOHO/EPHIN
data, whose recent recalibration enables reliable energy-resolved
spectra above 100 MeV. The resulting dataset contains 172
events with complete information on their solar associations, in-
cluding soft and hard X-rays, radio bursts of types II-IV, sus-
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Fig. 15. SOHO/EPHIN proton fluence with uncertainties as a function
of the omnidirectional integral GLE fluence expressed in cm™2 for 10
events of the present catalogue.

tained >100 MeV vy-ray emission, and CME signatures. As-
sociations were found for nearly all events: 76% with SXR
flares, 95% with type II bursts, 53% with type IV continua,
65 of 87 Fermi/LAT-era events with y-rays, and 96% with
CMEs—typically fast and wide, often halo CMEs.

The statistical analysis of temporal and energetic relation-
ships between SEPs and their solar drivers reveals several key
results:

e The catalogue includes 172 events from 1996-2024, with
near-complete coverage of CMEs, flares, and radio bursts,
providing the most comprehensive reference to date for high-
energy (>100 MeV) SEP events observed by SOHO and en-
abling cross-calibration with other missions.

o Timing analyses confirms that most >100 MeV SEP releases
occur shortly after X-ray onsets and CME first appearances
(Fig.[7), indicating nearly simultaneous release of flare- and
shock-accelerated particles. A few outliers (Appendix |E) re-
veal complex multi-phase or overlapping eruptions, illustrat-
ing the diversity of acceleration scenarios.

e Distributions of solar timing differences (Figs. [8] [0) show
consistent sequencing: hard X-rays and type III bursts typi-
cally follow SXR onsets, confirming that impulsive acceler-
ation is closely tied to early reconnection signatures.

e The comparison of soft and hard X-ray timings and peaks
(Figs. Pl [I0) supports the Neupert effect, with SXR emis-
sion rising gradually after HXR impulsive phases. Correla-
tions between their peak intensities (PCC = 0.50-0.68) con-
firm the expected impulsive—thermal coupling in major SEP-
producing flares (Veronig et al.|2005).

o CME first appearance usually follows SXR onset by 30-60
min, consistent with a shared magnetic restructuring. Corre-
lations between CME speed and SXR peak flux remain mod-
erate (Fig. PCC = 0.4-0.6), in line with previous studies
(Yashiro & Gopalswamy|2009; [Salas-Matamoros & Klein
2015; [Papaioannou et al.[2024)), consistent with the idea that
CME kinematics are influenced by both the flare energy re-
lease and other factors such as ambient coronal conditions
and reconnection geometry.

o Correlation between proton intensity and SXR peak flux re-
main moderate (Fig. [I2), and the large scatter implies that
SEP intensity is controlled by multiple factors beyond simple
flare magnitude. The correlation with CME speed (Fig. [I3]
PCC = 0.54) is stronger than reported in previous high-
energy studies (Papaioannou et al.|2016)), but weaker than

those found for lower-energy SEPs (Richardson et al.|[2014).
These empirical associations are consistent with scenarios
in which both flare processes and CME-driven shocks con-
tribute to >100 MeV SEPs, although they may partly reflect
overall event size (BFS) rather than a direct link. In addi-
tion, magnetic connectivity and pre-conditioning are impor-
tant modifiers of high-energy SEP-event characteristics.

o Comparisons between >100 MeV SEPs and GLEs
(Figs. [T4HI3) reveal a clear link between space- and
ground-based measurements, with moderate correlation for
peak fluxes (PCC = 0.47) and stronger for fluences (0.76),
consistent with|Oh et al.| (2010); |Waterfall et al.|(2023)). This
confirms that the most energetic SEPs observed in space are
the direct counterparts of ground-level enhancements.

Future developments of the catalogue are underway. The in-
clusion of CME observations from the STEREO/SECCHI suite
(Howard et al.|[2008)—particularly COR1, COR2, and HI im-
agery—will be consider as well as additional CME properties,
such as de-projected speeds from the HELCATS catalogue®’,
to improve association accuracy and analysis. Complementary
SXR observations from the MESSENGER X-Ray Spectrome-
ter (Schlemm et al.[[2007), when the spacecraft viewed the so-
lar far side, and improved magnetic connectivity estimates using
IRAP’s Magnetic Connectivity Tool (Rouillard et al.[2020), will
further refine the association of SEPs with their solar sources.

High-energy SEPs (>100 MeV) probe the most energetic
regimes of particle acceleration associated with flares and CME-
driven shocks. Associated with the more abundant lower-energy
SEPs (E>10 MeV), which provide essential and complemen-
tary constraints on acceleration and transport, sampling differ-
ent parts of the particle spectrum and responding differently to
shock strength, turbulence, and seed populations, these highest-
energy particles offer additional diagnostic power. The rapid ar-
rival of the earliest, prompt high-energy particles which have
experienced less scattering preserve key information on accel-
eration timing and magnetic connectivity. Their close associ-
ation with GLEs thus linked space-based SEP measurements
to ground based observations. Given their rarity and strong as-
sociation with the most powerful solar eruptions, high-energy
SEP events serve as sensitive indicators of extreme solar activ-
ity. Combined with low-energy SEPs, their properties provide
a more complete view of the physical conditions governing the
most powerful solar events.

By consolidating nearly three decades of observations into
a single, uniformly processed catalogue, this work provides the
most extensive reference dataset to date for investigating high-
energy SEP origins, acceleration and propagation mechanisms,
and to address many of the outstanding questions in SEP re-
search.
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Appendix A: SOHO/ERNE Penetrating Particle
Counter

ERNE consists of two multi-layer particle telescopes, LED and
HED (Low and High Energy Detector, respectively). The data
used in this work are taken from HED. HED comprises a ho-
doscope with four layers of silicon strip detectors (each 0.3 mm
thick), followed by a fifth silicon detector layer (1 mm thick,
referred to as detector D1) and two scintillator layers made of
CsI(T1) (8 mm, D2) and BGO (15 mm, D3), respectively. Be-
low the stack lies an anti-coincidence plastic scintillator (6 mm,
AC1) designed to trigger on particles penetrating the entire
stack. In particular, we use the penetrating-particle counter of
HED, which primarily responds to protons with energies above
100 MeV. The response of this channel is still being investigated
using GEANT4 simulations (Agostinelli et al.|2003), as well as
through cross-calibration with other datasets. For this reason, the
first release of the catalogue relies on counting rates rather than
on particle intensities derived from these rates.

Preliminary response functions for protons simulated with
GEANT4 are shown in Fig. [A]] for different (still unknown)
triggering levels of the plastic scintillator at the bottom of the
stack. It is evident that the effective energy of the counter ex-
ceeds 100 MeV, and a standard bow-tie analysis (e.g., |Oleynik
2021}, Sect. 5.3.3) gives a range of 128—172 MeV for threshold
levels between 2.5 and 10 MeV (Fig.[A22).

Counter AC1 (TOT)
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Fig. A.1. Simulated response function of the ERNE/HED penetrating-
particle counter, accounting for both forward- and backward-
penetrating protons. For the latter, the spacecraft structure below the in-
strument is assumed to correspond to an 10 cm thick aluminium layer.
The different curves represent various (unknown) trigger levels of the
bottom plastic scintillator in the stack.

To better distinguish SEP events from other variations in the
data (see Sect. [2.I), we also use a counter measuring particles
that stop in the D3 detector (just above AC1), which is sensitive
to protons in the ~50-100 MeV range. An example time series of
D3 and AC1 counters is shown in Fig.[A.3] The algorithm scans
the dataset using a 24-hour moving window advanced in three-
hour steps. The first six hours of each window define the pre-
event background, while the remaining 18 hours are searched
for elevated count rates. If no enhancement is detected, the win-
dow is shifted forward by three hours; if an event is found, it is
advanced by nine hours to prevent double detections. Figure
illustrates one example of detection (Event No. 166, 2024-05-
11 01:50 UT). The red shading indicates the background inter-
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Fig. A.2. Geometric factor (blue) and effective energy (red) of the
penetrating-particle counter as a function of the plastic scintillator de-

tection threshold ("AC threshold”), obtained from bow-tie analysis.
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Fig. A.3. Example of ERNE counter observations (in counts per 5 min-
utes) from November 1997, showing two consecutive >100 MeV pro-
ton events starting on 4 and 6 November, respectively. The AC1 counter
corresponds to the penetrating-particle channel, while the D3 counter
measures particles stopping near the bottom of the detector stack, i.e.
those not triggering the plastic scintillator.

val, while the dashed and dotted lines show the mean background
level p and the upper level u; = p + n - o (with n = 5), respec-
tively. Note that 1, is not the detection threshold itself but limits
the cumulative growth of the CUSUM function (see [Huttunen-
Heikinmaa et al[[2005). The data gaps in ERNE observations
lasting seven days or longer are as follows:

25 February — 4 March 1997

24 June — 9 October 1998

14 — 21 November 1998

21 December 1998 — 8 February 1999
10 — 17 August 2001

5 — 12 February 2002

28 February — 11 March 2003

22 —29 April 2004

26 November — 11 December 2006
29 July — 14 August 2009

7 — 24 September 2009

30 November 2011 — 5 January 2012
28 January — 10 February 2012

9 December 2012 — 31 January 2013
29 October — 4 December 2013.
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Some of the gaps listed by |Paassilta et al.|(2017) may contain
short data intervals but are still treated as gaps for practical rea-
sons, i.e. because meaningful event detection within them would
not be possible. Since 2004, shorter and more frequent interrup-
tions have also occurred, mainly due to the reduced telemetry
rate of the SOHO spacecraft during so-called “keyhole periods”
(see Sect. 2.2), when the pointing of the high-gain antenna is
suboptimal for communications.

il Background:
2024-05-10 09:10:00 - 2024-05-10 15:10:00

104

Counts

103

B e e ii

bl
I uw%ﬂ g A Al ey
I

Onset time: 01:50:00

T T T
03:00 06:00 09:00
05-11 05-11 05-11

T
00:00
05-11

21:00
05-10
Time (2024)

T
18:00
05-10

T
15:00
05-10

T
12:00
05-10

Fig. A.4. Detection of an event in the AC1 channel of SOHO/ERNE on
2024-05-11 01:50 UT. The pre-event background (red area) corresponds
to the first six hours of the detection window. The dashed and dotted
red lines indicate the background mean and the mean plus n times the
standard deviation (n = 5), respectively. The vertical line marks the
detected onset time.

Appendix B: SOHO/EPHIN High-energy protons
data

EPHIN measures energetic particles — protons, electrons, and
helium — across a wide range of energies, from a few MeV up to
several hundred MeV (for details, see Miiller-Mellin et al.|1995)).
The energy ranges for EPHIN are given in [Kiihl et al.|(2020). As
discussed in [Kiihl et al.[ (2015, 2016, [2017), the 9=—49= method
can be applied to EPHIN’s integral channel to derive proton en-
ergy spectra from about 50 MeV to beyond 1 GeV. An extension
of the EPHIN energy range for protons to above 1 GeV, based on
energy-loss data from SSD A to D, has been implemented. Using
extensive GEANT4 simulations of the instrument (Agostinelli
et al.|[2003), it has been shown that the initial energy of a pro-
ton penetrating EPHIN (i.e. triggering detectors A to F) can be
inferred from the energy losses in SSD C and D. However, sepa-
rating forward and backward penetrating protons is not possible,
so the contribution from backward-penetrating particles must be
accounted for. Due to aging of one of the thick SSDs, the method
had to be adapted to use a thin SSD, namely SSD B.

Appendix B.1: Modification of the method by |Kuhl et al.
(2015)

With SSD D becoming noisy in 2017, the method described
by [Kiihl et al| (2015) could no longer be directly applied. As
explained by |Kiihl et al,| (2016), the energy resolution of the
method depends on the energy-loss resolution of the SSDs in-
volved. Thus, when using a total of 3300 ym instead of 8000 um
of silicon, a significant reduction in energy resolution is ex-
pected.

Figure [B.1] shows the energy-loss-per-millimetre distribu-
tions of SSDs B (black), C (red), and D (green) during May
11, 2024 (GLE74). The distribution for SSD D clearly deviates
from the others, especially for fli—f < 1.5 MeV/mm, where noise
in SSD D strongly affects the signal. The right panel displays
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Fig. B.1. ‘Z,—f distributions for SSDs B (black histogram), C (red), and
D (green) on May 11, 2024 (GLE74). While the %€ distributions for

dx
SSDs B and C agree well, that of SSD D differs significantly below
1.5 MeV/mm. The influence on the minima of the energy loss in SSDs
B and C differs from that obtained when using SSDs D and C for energy

losses below 0.5 MeV/mm.
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Fig. B.2. Proton energy-flux spectra from [Kiihl et al.| (2015) (red sym-
bols) and from this study (black symbols), and their corresponding dif-
ferences (right panels). The upper and lower panels show the results
using ten energy bins for GLE72 and for the sub-GLE event of January
6, 2014, respectively.

the minimum energy loss per millimeter obtained from SSDs C
and D (black) and from SSDs C and B (red). Significant differ-
ences are found for Z—f < 0.5 MeV/mm. Figure [B.2| compares
the results of the method for two events reported by |Kiihl et al.
(2015). The measurements agree well within the 50-200 MeV
energy range and differ by less than 30% below 500 MeV, which
is within the uncertainty estimated by Kiihl et al.| (2017). An-
other observation is the reduced energy resolution, as evident
when compared to the spectra presented by [Kiihl et al.| (2015).

Appendix B.2: Computation of the efficient energy and
response for the >100 MeV proton proxy

To estimate the >100 MeV proton flux proxy, the energy range
for protons from about 100 to 500 MeV needs to be covered to
be comparable with the SOHO/ERNE channel (see Fig.[A.). As
explained above, EPHIN utilizes the dE/dx—dE /dx-method and
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Fig. B.3. On the left and right a sketch and a photo of the Electron
Proton Helium INstrument is shown, respectively.
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Fig. B.4. Contributions of electrons (green), protons (blue), and helium
(orange) as functions of the minimum energy loss per path length in
SSDs B and C, allowing minimization of helium and electron contami-
nation in the >100 MeV integral proton channel (see text for details).

relies on a precise assignment of the minimum of the two energy
losses per path length in the two SSDs B and C (see Fig. [B.3)
to the incoming energy. Due to the stochastic processes of en-
ergy loss in matter, not a single incoming energy but a distribu-
tion of different particles may contribute to a single measured
energy loss. We utilized the GEANT4 toolkit to compute the en-
ergy loss distributions for electrons in the energy range from 5 to
100 MeV and for protons and helium in the energy range from
50 MeV/amu to 2 GeV/amu (two times the rest mass of the par-
ticle), respectively. The runs were performed for particles with
an energy distribution n(E) = ng - EY and y = —1 penetrating
the instrument with an isotropic directional distribution. Since
the determination of the response function is based on logarith-
mically spaced energy bins, y = —1 leads to equal statistical
uncertainties for each bin. Note that the influence of the power
law index for SEP events is taken into account within the bow-tie
method (see below).

The helium-to-proton and electron-to-proton scaling was
chosen 0.1 and arbitrarily, respectively. The latter takes into ac-
count the large variability of their relative intensities during SEP
events (see e.g. Dresing et al|[2024). Figure [B.4] shows the re-
sulting contributions from electrons (green), protons (blue), and
helium (orange).

For % > 1.13 MeV/mm (second vertical line in Fig. mi
the distributions of sub-100 MeV protons and several-hundred-
MeV/amu helium become ambiguous until ‘fi—f = 2.5 MeV/mm,

where helium dominates. At low ‘fl—f, electrons and protons over-

0.56 MeV/mm
1113 MeV/mm

Rin MeV srcm?

Response in (sr cm?)

20 140

160 0 220

%0
Eeyrin MeV

300 400
EO in MeV

Fig. B.5. Left: computed response function of the EPHIN >100 MeV
proton channel. The effective energy E.¢ was determined using the bow-

tie method Sect. 5.3.3) with power laws of spectral index

between y = 2 and y = 5. Only the central response is considered to
minimize instrumental effects occurring at high flux levels.

lap: below 0.56 MeV/mm (first vertical line), measurements can
be dominated by >6 MeV electrons during SEP periods, while
above 1.13 MeV/mm they can be influenced by relativistic he-
lium during quiet times (Kiihl et al|2015] 2016} and references
therein). The two vertical lines in the figure delimit the % range
selected for the >100 MeV proton channel. Note, the contribu-
tion induced by helium does not vanish as expected. The reason
for these entries is hadronic interactions in the spacecraft produc-
ing secondary protons and deuterium, respectively. Accordingly,
the flux of >100 MeV proton proxy is estimated using events
with Z—f between 0.56 and 1.13 MeV/mm.

Utilizing these energy loss limits the energy response of the
>100 MeV proton proxy was determined from the GEANT4
computations. The result is shown in the left panel of Fig. [B.3]
indicating that the proxy is primarily sensitive to protons with
energies between about 120 and 450 MeV. The flux @ can then
be computed from the measured count rate Cs,; in the penetrating
channel fulfilling the boundary condition

dE | MeV
0.56 < (45 /%4er) o < 113
by
O(Eesp) = 1 (B.1)

A bow-tie analysis, as described, for example, in(Oleynik! (2021,
was applied to determine the effective energy E.g and the corre-
sponding integrated response function R,;s. The method used
here relies on the assumption that the incoming proton spectra
are power-law spectra J(E,f) = Jy - E” with indices between
—2 and 5. Utilizing the energy response function shown in the
left panel of Fig. E] allows us to obtain E.g = 189 MeV and
R.rr = 60.34 cm”.sr.MeV. Note, E.q obtained by EPHIN is
somehow higher than the efficient energy from ERNE ranging
between 128 and 172 MeV.

Appendix B.3: Fluence computation

Figure [B.6]illustrates the computation of the fluence for GLE73,
showing the >100 MeV proton flux derived from EPHIN mea-
surements. Vertical magenta lines mark the start and end times
of the integration, while the horizontal magenta line indicates the
selected background level.

Appendix B.4: Limitations

Figure [B.7] shows two examples of limitations affecting the
>100 MeV proton channel derived from SOHO/EPHIN. The top
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helium, and >6 MeV electrons.

Appendix C: Structure of the catalogue

— Columns 1 and 2: identification of the event
— Column 1: Catalogue entry number
— Column 2: Event identifier
— Columns 3 and 4: SOHO/ERNE data information
— Column 3: Time of onset (in UT)
— Column 4: Background mean of the channel [counts]
— Columns 5 to 11: SOHO/EPHIN data information

(=]
w

F/(MeV s sr sz)

L L | L L
301 3015 302 3025 303 3035 304 3045 305 3055 306

Day of year 2021 proxy channel [1/(cm? sr s MeV)]

. . — Column 6: Peak flux of the event [1/(cm? sr s MeV)]
Elg. B.6. Example of ﬂl_lence calculation from SOHO/EPHIN. The ver- — Column 7: Relative uncertainty on peak flux [%]
tical magenta lines indicate the start and end times of the integration, — Column 8: Fluence of the event [1 /(Cm2 sr MeV)]
while the horizontal line marks the background level used. ) . .
— Column 9: Relative uncertainty on fluence [%]

— Column 10: End time (for the integration) (in DOY)

— Column 11: Comments
— Columns 12 to 19: soft X-rays flare information

— Column 12: Time of onset (in UT)

— Column 13: Time of peak flux (in UT)

— Column 14: Time of end (in UT)

spectively)
— Column 16: Fluence [J/m?]

F/(MeV s sr sz)

‘ ‘ o and East (E) or West (W)) [degrees]

273 274 275 276 277 278 279 — Column 18: Spacecraft observer

Day of year 2001 — Column 19: Comments

— Columns 20 to 28: hard X-ray flare information
— Column 20: Time of onset (in UT)
— Column 21: Time of peak flux (in UT)
— Column 22: Time of end (in UT)

— Column 23: Peak intensity [counts/s]
][ JT,j 4 fﬂl[ ]ﬂ:_ - JT[ — Column 24: Total counts [counts]
”EIli [ f If — Column 25: Energy range [keV]

5

F/(MeV s srcm”)
IS

— Column 27: Spacecraft/instrument observer

— Column 28: Comments
— Columns 29 to 35: radio type III information
‘ N — Column 29 to 31: Ground-based observations
262 263 264 265 266 267 268 e Column 29: Ground-based station observer

Day of year 2004 e Column 30: Onset time (in UT)
e Column 31: Frequency range [MHz]

— Column 32 to 34: Space-borne observations

Fig. B.7. Top: example of “low energy-loss statistics" (LELS) dur-
ing the 1 October 2001 event. Bottom: example of a “keyhole period"

(KHP) on 20 September 2004. The black and red curves show the hourly e Column 32: Spacecraft/instrument observer
averaged flux of the >100 MeV proton channel and the single-detector e Column 33: Onset time (in UT)

count rate of SSD F, respectively. The vertical lines mark the onset times ¢ Column 34: Frequency range [kHz]
determined from ERNE data. — Column 35: Comments

— Columns 36 to 42: radio type II information

— Column 36 to 38: Ground-based observations
o Column 36: Ground-based station observer
e Column 37: Onset time (in UT)
e Column 38: Frequency range [MHz]

— Column 39 to 41: Space-borne observations
e Column 39: Spacecraft/instrument observer
e Column 40: Onset time (in UT)
e Column 41: Frequency range [kHz]

panel illustrates the 1 October 2001 event, where data gaps result
from limited telemetry and LELS issues, while the bottom panel
shows the 20 September 2024 event, which occurred during a
SOHO keyhole period. In both cases, the vertical line marks the
ERNE-determined onset time. The black and red curves repre-
sent the hourly averaged flux of the >100 MeV proton channel
and the single-detector count rate of SSD F, respectively — the
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latter serving as a proxy for >50 MeV protons, >50 MeV/amu

— Column 5: Background of the of >100 MeV proton

— Column 15: Soft X-ray class (1-8 A soft X-ray peak in-
tensity in terms of C, M and X nomenclature where these
represent intensities of 107, 107>, and 10~* W/m? re-

— Column 17: X-ray location on the solar surface (in Stony-
hurst heliographic coordinates, North (N) or South (S),

" — Column 26: Hard X-ray flare location on the solar surface
(longitude, latitude in Carrington coordinates) [degrees]
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— Column 42: Comments
— Columns 43 to 49: radio type IV information
— Column 43 to 45: Ground-based observations

e Column 43: Ground-based station observer

e Column 44: Onset time (in UT)

e Column 45: Frequency range [MHz]

— Column 46 to 49: Space-borne observations

e Column 46: Spacecraft/instrument observer

e Column 47: Onset time (in UT)

e Column 48: Duration [min]

e Column 49: End frequency [MHz]
Columns 50 to 56: gamma-rays information
Column 50: Time of onset (in UT)

Column 51: Time of peak flux (in UT)
Column 52: Time of end (in UT)
Column 53: Peak intensity [counts/s]
Column 54: Total counts [counts]
Column 55: Spacecraft/instrument observer
— Column 56: Comments
Columns 57 to 61: CME information
— Column 57: Time of first appearance (in UT)
Column 58: Linear speed [km/s]
Column 59: Space speed [km/s]
Column 60: Angular width [deg]
— Column 61: Source of information
Column 62 to 65: GLE information
— Column 62: GLE name
— Column 63: Integral intensity [%.h]
— Column 64: Omni-directional integral fluence [cm™2]
— Column 65: Name of observer
Column 66: General notes
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Ground-based instruments

Station Acronym | Frequency range (MHz) | Timespan | Location

Learmonth LEAR 25-180 1975-present | Learmonth, Australia

San Vito SVTO 25-180 1994-present | San Vito, Italy

Sagamore Hill SGMR 25-180 1975-present | Massachusetts, USA

Potsdam POTS 40-800 1993-2006 | Potsdam, Germany

Holloman HOLL 25-180 1996-present | New Mexico, USA

Palehua PALE 25-180 1980-present | Hawaii, US

Culgoora CULG 18-1800 1975-2019 | New South Wales, Australia

HiRAS HIRA 25-2500 1992-2016 | Hiraiso, Japan

Izmiran 1ZMI 20-260 1985-2016 Moscow, Russia

Nancay Decameter Array NDA 10-120 1980-present | Nancay, France

ORFEES ORFEES 144-1004 1975-present | Nancay, France

ARTEMIS-1V ARTEMIS 20-650 1998-2013 | Thermopylae, Greece

Bleien BLEN 100-1000 1979-2014 | Aargau, Switzerland
Space-borne instruments

Spacecraft Instrument | Frequency range (MHz) | Timespan | Orbit

WIND WAVES 0.02-13.8 1994-present | L1

STEREO A WAVES 0.01-16.1 2006-present | Heliocentric -1 AU

STEREO B WAVES 0.01-16.1 2006-2014 | Heliocentric -1 AU

Table D.1. Space-borne and ground-based instruments used in the search for radio burst associations with SEP events in the >100 MeV proton

catalogue, along with their corresponding frequency ranges and operational periods.
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Appendix E: Solar associations timings distribution

A N Short Long
>0 <0 >0 <0
Isep — fCME 151 103 (68%) 48 (32%) 69 (46%) 82 (54%)
tsEp — fsxRonset 121 119(99%) 2 (1%) 79 (65%) 42 (35%)
IsEp — Isxrpeak 121 94 (78%) 27 (22%) 56 (46%) 65 (54%)
fsEp — taxronset 87 76 87%) 11 (13%) 53 (61%) 34 (39%)
ISEp — tHXRpeak 87  12(83%) 15(17%) 40 (46%) 47 (54%)
ISEP — fl 126 91 (72%) 35(28%) 60 (48%) 66 (52%)
tSEp — tair 155 144 (93%) 11 (7%) 99 (64%) 56 (36%)
ISEP — fav 40  25(63%) 15(37%) 17 (43%) 23 (57%)
ISgp — by 57  51(89%) 6(11%) 37 (65%) 20 (35%)

Table E.1. Number of events showing positive or negative timing delays
between SEP release times and their associated solar phenomena, for
short and long travel times for particles. Percentages are relative to the
total number of SEP events with an identified solar association.

The most significant timing differences (>360 minutes) cor-
respond to the following SEP events (from largest to smallest):

Event 110 (2013-03-06, A(tsgp — tcmre) = 1237 minutes),

which presents a very slow rising phase

— Event 114 (2013-10-11, A(tsgp — teme) = 831 minutes),
which also presents a very slow rising phase

— Event 61 (2003-11-08, A(tsgp — tcye) = 831 minutes), for
which only one strong far side CME occurring on 2003-11-
07 seems to be relevant. A more realistic onset could be hid-
den in the decay phase of the previous >100 MeV proton
event (number 60, 2003-11-04)

— Event 89 (2011-06-05, A(tsgp — tepye) = 790 minutes), asso-
ciated with a strong CME on the 2011-06-04 but which could
also be related to a smaller one occurring at 08:00 UTC on
2011-06-05, enriched in high energy SEP due to the previous
event

— Event 76 (2011-06-05, A(tsgp — tcyr) = 626 minutes), asso-

ciated to a strong CME but alternatively related to two other

smaller CMEs which occurred respectively six and seven
hours after the first one

Event 124 (2014-09-01, A(tsgp — tcye) = 453 minutes)

Event 167 (2024-05-13, A(tsgp — teye) = 452 minutes)

Appendix F: Footnotes

'https://gle.oulu.fi/
“https://cdaw.gsfc.nasa.gov/CME_list/sepe/
3https://www.ngdc.noaa.gov/stp/satellite/goes-r.

html
41) https://www.ngdc.noaa.gov/stp/space-weather/
solar-data/solar-features/solar-flares/x-rays/goes/
xrs/|(pre-Jun 2017), 2) https://umbra.nascom.nasa.gov/goes/
eventlists/goes_event_listings/
Shttps://www.lmsal.com/solarsoft/latest_events_
archive.html
Shttps://www.ncei.noaa.gov/products/
goes-r-extreme-ultraviolet-xray-irradiance
"https://hesperia.gsfc.nasa.gov/rhessi3/
$https://hesperia.gsfc.nasa.gov/hessidata/dbase/
hessi_flare_list.txt
https://datacenter.stix.i4ds.net/view/plot/
lightcurves#
Uhttps://datacenter.stix.i4ds.net/view/flares/list
Thttps://spdf.gsfc.nasa.gov/pub/data/wind/waves/

Zhttps://stereo.space.umn.edu/data/level-3/STEREQ/
Both/SWAVES/daily-summary-plots/
Bhttps://www.ngdc.noaa.gov/stp/space-weather/
solar-data/solar-features/solar-radio/radio-bursts/
reports/spectral-listings/
Yhttps://www.solarmonitor.org/data/
Bhttps://www.e-callisto.org/
%https://secchirh.obspm. fr/spip.php?articlell
Thttps://www.didaktorika.gr/eadd/handle/10442/44779
8https://cdaw.gsfc.nasa.gov/CME_list/radio/
multimission_type2/Full_catalogue.html
Yhttps://cdaw.gsfc.nasa.gov/CME_list/radio/waves_
type2.html
Xhttps://www.didaktorika.gr/eadd/handle/10442/44779
2lhttps://cdaw.gsfc.nasa.gov/CME_list/radio/type4/
DHtypelIV_catalog.htm
22Fermi/GBM: https://hesperia.gsfc.nasa.gov/fermi/
gbm/qlook/
Zhttps://hesperia.gsfc.nasa.gov/fermi/lat/qlook/
https://cdaw.gsfc.nasa.gov/CME_list/
Phttps://gle.oulu.fi/
2https://zenodo.org/records/17520213
YThttps://www.helcats-fp7.eu/catalogues/wp3_cat.html
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