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Abstract The Sun is an effective particle accelerator that produces solar energetic particle
(SEP) events, during which particles of up to several GeVs can be observed. These events,
when they are observed at Earth with the neutron monitor network, are called ground-level
enhancements (GLEs). Although these events with their high-energy component have been
investigated for several decades, a clear relation between the spectral shape of the SEPs
outside the Earth’s magnetosphere and the increase in neutron monitor count rate has yet to
be established. Hence, an analysis of these events is of interest for the space weather and for
the solar event community.

In this article, SEP events with protons accelerated to above 500 MeV were identified
using data obtained with the Electron Proton Helium Instrument (EPHIN) onboard the Solar
and Heliospheric Observatory (SOHO) between 1995 and 2015. For a statistical analysis,
onset times were determined for the events and the proton energy spectra were derived and
fitted with a power law.

As aresult, we present a list of 42 SEP events with protons accelerated to above 500 MeV
measured with the EPHIN instrument onboard SOHO. The statistical analysis based on the
fitted spectral slopes and absolute intensities is discussed, with special emphasis on whether
an event has been observed as a GLE. Furthermore, we are able to determine that the derived
intensity at 500 MeV and the observed increase in neutron monitor count rate are correlated
for a subset of events.

Keywords Solar cosmic rays - Ground level enhancement - Solar energetic particles

1. Introduction

The first solar energetic particle (SEP) event, which is now called a ground-level enhance-
ment (GLE), was reported by Forbush (1946). GLEs are large SEP events that are observed
by ground-based experiments such as neutron monitors (NMs). These detectors measure
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secondary particles that are produced when ions with energies above several hundred of
MeVs create a nuclear cascade in the Earth’s atmosphere. Since 1942, 71 GLEs have been
reported (see e.g. https://gle.oulu.fi/); the largest measured increase above the pre-event back-
ground of about 4500 % was observed during GLE 5 on 23 February 1956 (Reames, 2013).

In order to fully understand the physics behind the particles resulting in GLEs, the chain
of acceleration in the corona, the injection and transport in interplanetary space, and the
propagation through the Earth’s magnetosphere and atmosphere have to be understood. To
this aim, Mishev, Usoskin, and Kovaltsov (2013) calculated the atmospheric yield function
that describes the relationship between the intensity of protons and «-particles near Earth
and the neutron monitor count rate, showing significant values for proton energies above
700 MeV. In agreement to these findings, investigations by Gopalswamy and Mékeld (2014)
using the Geostationary Operational Environmental Satellite (GOES) measurements of pro-
tons with energies above 700 MeV showed a good correlation between the occurrence of
above 700 MeV SEPs and GLEs during Solar Cycles 23 and 24. However, in an extended
study, Thakur et al. (2016) have reported two exceptions out of the 16 GLEs observed dur-
ing Solar Cycles 23 and 24. The event of 6 May 1998 caused a GLE, but did not cause an
increase in measurements above 700 MeV in GOES, and the 8 November 2000 event caused
an increase of above 100 % with respect to the pre-event background in the GOES channel,
but no increase in the neutron monitor network.

This dilemma, when a solar energetic particle event with a proton intensity increase at
energies above 700 MeV observed in the near-Earth environment is recorded as a GLE
and vice versa, also depends on the measurement capabilities of the available instruments.
While NMs are a valuable tool to investigate GLEs, they have several limitations that are
due to the indirect nature of detection. By measuring the count rate of secondary particles
at the ground, a count which is created by interactions of high-energy particles with the
atmosphere, NMs do not provide any direct information regarding the interplanetary spec-
trum of particles. In addition, the Earth’s magnetosphere and hence the resulting geomag-
netic cutoff rigidity (Lockwood and Debrunner, 1999) can vary over time, further increasing
the uncertainties in the analysis of NM data. In addition to simulations of these magneto-
spheric and atmospheric effects, knowledge of the energy spectrum outside of the magneto-
sphere is therefore required. We recently showed that the Electron Proton Helium Instrument
(EPHIN) is capable of measuring proton energy spectra up to 1 GeV (Kiihl et al., 2015a,b;
Kiihl, Gémez-Herrero, and Heber, 2016; Heber et al., 2015), providing the necessary data
for this type of investigation.

In this article, this new data are used to identify SEP events with protons above 500 MeV
during the time period of 1995 to 2015. A detailed comparison with other event lists is
carried out. Furthermore, a statistical analysis of the events based on their spectral properties
and on the neutron monitor count rate increase for events resulting in GLEs is presented.

The article is structured as follows. In Section 2 the instrumentation and data are de-
scribed. In Section 3 we identify events and compile an event list. Finally, in Section 4,
we present a statistical analysis of the event list by analyzing the proton spectra, while in
Section 5 we summarize our results.

2. Instrumentation and Data
2.1. Validation of High-Energy Proton Channels During Different Event Phases

The EPHIN instrument (Miiller-Mellin et al., 1995) onboard the Solar and Heliospheric
Observatory (SOHO) consists of a stack of six silicon semiconductors labeled A to F that
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Figure 1 Proton intensities of the November 1997 GLE measured in different energy channels by
IMP-8/GME (left panels, red curves) and GOES-9/EPS and GOES-9/HEPAD (right panels, red curves). For
comparison, intensities for the same energy channels derived in this study from SOHO/EPHIN data (black
curves) are presented.

are surrounded by an anticoincidence detector. The nominal energy range, between 5 and
50 MeV for protons, was extended to energies from 100 MeV to above 1 GeV with a method
first presented by Kiihl er al. (2015a). The method is based on particles that penetrate the
entire detector stack, depositing only a fraction of their kinetic energy in the instrument.
For these penetrating particles, the energy deposition in detectors C and D is taken as a
measurement of the energy losses of these particles. It has been shown that for energy losses
in a certain range, a reliable particle identification is possible for the penetrating particles.
The energy losses can then be converted back into total kinetic energy with an uncertainty
between 10 % (at 100 MeV) and 20 % (at 1 GeV, cf. Figure 9 in Kiihl et al., 2015a). For a
more detailed description of the method, we refer to Kiihl ez al. (2015a) and Kiihl, Gomez-
Herrero, and Heber (2016).

The method has been successfully validated for the solar energetic particle events on
17 May 2012 and 6 January 2014 (Kiihl et al., 2015a). Kiihl, Gémez-Herrero, and Heber
(2016) have proven that the method is also applicable in the absence of solar events to
derive galactic cosmic-ray (GCR) spectra from 250 MeV up to 1.6 GeV.

In this article, the method is used to identify solar energetic particle events with protons
accelerated to at least 500 MeV. To apply this method to the entire SEP event, a further vali-
dation of the method during the entire solar event (including the rising and declining phases)
is necessary since Kiihl et al. (2015a) have only calculated event spectra for certain time pe-
riods. Since the method individually reconstructs the energy for every detected particle, it
provides the opportunity of defining any arbitrary energy channel between ~ 100 MeV up to
above 1 GeV. Hence, intercalibration and comparison with other missions can be achieved
rather easily.

For this purpose, Figure 1 shows the intensity of different energy channels during the
6 November 1997 SEP event (GLE 55) measured by the Goddard Medium Energy Experi-
ment (GME: McGuire, von Rosenvinge, and McDonald, 1986) onboard the Interplanetary
Monitoring Platform 8 (IMP-8) in the left panels and by the Energetic Particle Sensor (EPS:
Onsager et al., 1996) and the High Energy Proton and Alpha Detector (HEPAD: Hanser,
2011) onboard GOES-9 in the right panels. In addition, the measured SOHO/EPHIN inten-
sities in the same energy range are shown (black curves in both panels). The figure clearly
shows that all three instruments measure the SEP event and that the intensity vs. time profiles
are in agreement within a factor of two.

@ Springer



10 Page 4 of 13 P. Kiihl et al.

100

\\.

10° = =® protons - _,_l—'_
- . e e electrons _\_‘—\_ 3 [
= 10° . 80 ]
2 N IS :J
= 10° ° § 2: electron:
@ c 60 Y B — 1,=12714
@ 102 o S0 S = > 5 y=-2.71
& 5 T~ o>
5 o K] aN=32 proton:
g 10 5 40 SELE N Z ] ],=6145
> S ERRR 7=-1.85
2 10° © '|a\° w50
3 20| 1 Soae ‘:
= -1 o g
£10 _,_l—r ‘—'—|:ch E

102}| ¢ ¢ penetrating protons o _‘—\_\_

107 10° 10! 10° 0.30 0.35 0.40 0.45 0.50 0.55
E [MeV] minimal energy loss per pathlength

in C or D [keV/um]

Figure 2 Left panel: proton (red squares) and electron (blue circles) spectra from the nominal data products
and power law fits (lines) for GLE 69 on 20 January 2005 from 09:00—11:00 UT. For the same time period,
the spectra of protons penetrating the instrument was also derived (black diamonds). Right panel: simulation
results showing the contribution of protons and electrons for different energy losses based on the extrapolated
spectra. The extrapolation was made with a power-law fit for both particle spectra with the fit results given in
the legend. For some exemplary energy losses, the electron contribution and the proton energy related to that
energy loss are shown by the text included in the vertical direction.

However, EPHIN systematically measures higher intensities around the maximum and in
the decay phase of the event when compared to the IMP-8 instrument in all three channels.
In contrast, the intensities are in agreement before and after the event. Hence we attribute
the differences during the event to the so-called ring switching (for details see Miiller-Mellin
et al., 1995).

It is important to note that the pre-event background measured by GOES is an order of
magnitude higher than the backgrounds given by EPHIN and the IMP-8 instrument, as has
been described by Sandberg et al. (2014). Furthermore, the 30-minute averaged data from
SOHO/EPHIN have statistical limitations, especially in the decay phase of the event.

2.2. Electron Contamination of the High-Energy Proton Measurements

Kiihl et al. (2015a) have mentioned a possible influence of electron fluxes above 10 MeV on
the high-energy proton data during solar events, but this issue has not been quantified yet.
Heber et al. (2015) showed that there are discrepancies in the derived proton spectrum during
GLE 69 between SOHO and neutron monitors above 700 MeV, while GOES and SOHO
agree with each other at lower energies. The increased flux above 700 MeV is believed to be
caused by electrons above 10 MeV that are associated with the same SEP event that causes
similar energy losses in the detector compared to those of high-energy protons. Therefore,
the influence of electrons on the derived proton flux above 700 MeV has to be taken into
account, and a study of this effect is necessary before a detailed analysis of the spectral
properties can be performed.

For this purpose, Figure 2 (left panel) presents electron (blue circles) and proton (red
squares) spectra based on the nominal data products from the EPHIN instrument during the
GLE 69 on 20 January 2005 from 09:00—11:00 UT. The event has one of the highest elec-
tron contributions of the events investigated in this study and can therefore be considered as
the worst-case scenario. The spectra were fitted with a power law and have been extrapolated
to higher energies. We note that although the derived proton spectra based on the penetrating
particles (black diamonds) are in agreement with the power law fitted to the proton spectrum
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below 50 MeV, a softening in the proton spectrum at higher energies (e.g. a double power
law) would increase the electron contribution. Using the fitted spectra as input for a Geom-
etry and Tracking 4 (GEANT4) Monte Carlo simulation (GEANT4 collaboration, 2006) of
the instrument, we derived the contribution of both protons and electrons to energy losses
in the C and D detectors. As a result, Figure 2 (right) shows the contribution of electrons
(blue) and protons (red) dependent on the energy loss. For some illustrative energy losses,
the electron contribution and the proton energy related to that energy loss are shown by
the text included in the vertical direction. The figure shows that the electron contribution to
the high-energy proton spectra is: 1) negligible below ~ 500 MeV, 2) lower than 20 % in
the energy range from 500 to 800 MeV, and 3) very strong above 800 MeV. Hence, proton
intensities above 800 MeV should be considered as upper limits during solar events.

3. Identification Method of > 500 MeV Proton Events
3.1. Event Detection

In order to identify SEPs with protons accelerated to energies above 500 MeV, a histogram of
hourly intensities in a defined 500—700 MeV range from 1995 to 2015 is presented in Fig-
ure 3. The histogram indicates that most of the time, the measured intensity is in the range of
0.7-4-107* (cm?ssrMeV)~'. In agreement with Kiihl, Gémez-Herrero, and Heber (2016),
these intensities correspond to the GCR background. The variation of the peak position over
different years as indicated by annual histograms can be explained by solar modulation
(Heber and Potgieter, 2006; Heber, Fichtner, and Scherer, 2006). While intensities below
this main population correspond to either GCR depressions during the passages of inter-
planetary coronal mass ejections (Forbush decreases, Cane, 2000) or instrumental effects
such as a high dead time of the electronics, higher intensities are related to SEPs.

In this study, events have been identified by requiring that at least two hourly averaged
intensities in a six-hour interval are above a threshold of 4 - 10~* (cm?ssrMeV)~!. Using
this identification technique, we identified 42 solar particle events in the time between the
start of the mission (December 1995) and 1 October 2015. It has to be noted that communi-
cation with SOHO was lost for several months during 1998 and, hence, no EPHIN data are
available for this time period.

3.2. The Event List

Figure 4 presents the time profile of the proton intensity in the energy range from 500 to
700 MeV over the past 20 years. In agreement with Figure 3, the variation of the GCR

Figure 3 Histograms of the . "
hourly proton intensities in the 107 ¢ — 1995-2015
energy range from 500 to £ s .- 2000
700 MeV based on 2107¢ 2004
SOHO/EPHIN data. Shown are bS] s 2008
a histogram of the entire mission, g10%¢
as well as three annual g .
histograms, as indicated in the c 10
nset. 10° ﬂ q a0

10” 10* 107 107

Intensity [(cm? s sr MeV)™!]
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Figure 4 Time profile of the
proton intensity in the energy
range of 500 to 700 MeV
averaged over six hours for the
past 20 years. The dashed vertical
lines and the arrows indicate the
dates of the SEP events found in
this study.
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background intensity lies between 0.7 and 4 - 10~* (cm?ssrMeV)~! over Solar Cycles 23
and 24. The dates of the events identified in this study are marked as red triangles. We note
that some intensity increases shown in the figure were not selected as events since they were
caused by photons from the flare (in the range of the extreme-ultraviolet to hard X-rays)
depositing energy in the detector stack. Since these photon peaks are typically short lived,
they do not increase the intensity over two hours and are therefore not identified by the
algorithm. Of the 42 events, 32 events occurred during Solar Cycle 23 and only ten in Solar
Cycle 24. As expected, the occurrence of the solar events is clearly more likely during solar
maxima (around 2002 and 2014, Nymmik, 1999).

The dates and times when the events passed the threshold are listed in columns two and
three of Table 1. We note that these numbers mark the time when the event was identified
by the algorithm, and they are not to be confused with onset times. The onset times are de-
rived in Section 4.1. Columns five to eight give the corresponding events from other studies,
namely GLEs (taken from http://gle.oulu.fi/), SEPServer (Vainio et al., 2013), GOES (major
sep list, http://cdaw.gsfc.nasa.gov/CME_list/sepe/), and Gopalswamy et al. (2015), respec-
tively. The exact times of the GLEs were taken from the Neutron Monitor Database (NMDB,
http://www.nmdb.eu/nest/gle_list.php). GLE 68 is listed at 00:00 UT by the NMDB, while
Cliver (2006) related this GLE to a flare peaking at 09:52 UT. Hence, for this event, the time
from Cliver (2006) was adopted.

Events 35, 36, and 41 are listed as sub-GLEs in the Oulu GLE database (https:/gle.
oulu.fi/), and event 42 was suggested to be a GLE by Thakur ef al. (2014). However, they
are not officially confirmed to be GLEs, and therefore they are not marked as GLEs in our
table.

The table clearly shows that the 42 events include all GLEs during the SOHO age
(GLE 55 to GLE 72) with the exception of GLE 58, during which SOHO had a data gap.
Since GLEs are known to be caused by events during which particles are accelerated to
above 500 MeV (Cliver et al., 1983; Plainaki et al., 2009; Shen et al., 2013), this is a vali-
dation of the event identification method.

Because the SEPServer list is based on data from 1996 to 2010, it also includes the
majority of the events found in this study. The GOES list features every single event found
in this study. Gopalswamy et al. (2015) have derived a list of 37 large solar events for Solar
Cycle 24 that occurred until the end of 2014. Only ten of these events were detected by
our method, suggesting that the other 27 events did not accelerate protons to energies above
500 MeV. In their analysis, Gopalswamy et al. (2015) identified eight GLE candidates from
their list. Of these eight events, only three are found to have increased fluxes above 500 MeV
based on this study (events 33, 38, and 40).
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Table 1 Event list compiled in this article. The columns represent the event number (column 1), the date (col-
umn 2), and the time (column 3) when the intensity threshold was surpassed, the onset time (column 4), cor-
responding event numbers of the GLE (http:/gle.oulu.fi/, Sub-GLE are also marked) (column 5), SEPServer
(Vainio et al., 2013) (column 6), GOES (http://cdaw.gsfc.nasa.gov/CME_list/sepe/) (column 7), and Gopal-
swamy et al. (2015) (column 8) event lists. A p in the onset time indicates that the time corresponds to the
day before the date given in column 1. For details see text.

No. Date Time Onset GLE No. SEPS GOES Gopalswamy
01 04-11-1997 15:00 06:00 - 2 1 -
02 06-11-1997 13:00 12:45 55 3 2 -
03 20-04-1998 20:00 - - 6 3 -
04 02-05-1998 18:00 15:00 56 7 4 -
05 06-05-1998 13:00 08:30 57 8 5 -
06 14-11-1998 09:00 06:15 - 12 11 -
07 14-07-2000 12:00 10:30 59 32 21 -
08 09-11-2000 01:00 23:30p - 38 28 -
09 26-11-2000 18:00 - - - 30 -
10 03-04-2001 04:00 01:00 - 45 33 -
11 15-04-2001 16:00 15:00 60 49 36 -
12 18-04-2001 04:00 02:45 61 50 37 -
13 16-08-2001 03:00 00:30 - - 42 -
14 24-09-2001 23:00 14:00 - 58 44 -
15 01-10-2001 22:00 - - 59 45 -
16 04-11-2001 17:00 16:30 62 63 48 -
17 23-11-2001 05:00 21:00p - 64 51 -
18 26-12-2001 07:00 06:30 63 65 52 -
19 21-04-2002 06:00 02:00 - 72 63 -
20 24-08-2002 04:00 02:15 64 80 71 -
21 28-10-2003 13:00 14:00 65 88 78 -
22 29-10-2003 22:00 21:15 66 - 79 -
23 02-11-2003 20:00 17:15 67 90 81 -
24 05-11-2003 06:00 02:00 - - 82 -
25 07-11-2004 21:00 15:45 - 97 90 -
26 10-11-2004 11:00 03:15 - 99 92 -
27 16-01-2005 14:00 - - 101 93 -
28 17-01-2005 16:00 13:45 68 - 94 -
29 20-01-2005 09:00 06:45 69 - 95 -
30 08-09-2005 20:00 - - - 102 -
31 06-12-2006 23:00 - - - 104 -
32 13-12-2006 04:00 03:00 70 112 105 -
33 07-06-2011 09:00 07:15 - - 110 4
34 23-01-2012 12:00 05:30 - - 115 9
35 28-01-2012 04:00 18:30p - - 116 10
36 07-03-2012 04:00 - - - 117 11
37 13-03-2012 19:00 17:45 - - 118 12
38 17-05-2012 03:00 01:45 71 - 119 13
39 11-04-2013 12:00 07:45 - - 131 25
40 22-05-2013 20:00 14:00 - - 133 27
41 06-01-2014 10:00 - - - 137 31
42 08-01-2014 00:00 21:00p - - 138 32
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Figure 5 Proton spectrum with — Event N°2 06-11-1997 13:15-15:15 UT
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at higher energies. =10 102 E [MeV] 10°

Table 2 Energy bins used for the spectra.

Lower bin edge [MeV] 49 78 124 195 308 486 766 1207
Upper bin edge [MeV] 78 124 195 308 486 766 1207 1903
Geometric mean [MeV] 62 98 155 245 387 610 962 1516

4. Statistical Event Analysis
4.1. Onset Times

For a study of the spectral properties of the events, we took into account only those events
for which an onset time based on a 100 to 1000 MeV proton channel could be derived. The
chosen broader energy interval in comparison to the 500 to 700 MeV interval allows us to
determine the onset with a time resolution of 15 minutes. For 34 of the 42 events, it was
possible to derive the onset time by requiring an intensity increase above a threshold defined
as the average intensity during the previous six hours plus three times the standard deviation
of that time interval. These 34 events include all GLEs and sub-GLEs except for event 41,
since EPHIN had a data gap during the early stage of the event (Kiihl et al., 2015a). Hence,
no onset could be determined for this event, and it is excluded from the following analysis.
All determined onset times are listed in column four of Table 1.

4.2. Event Spectra

Since the statistics of EPHIN data for event 25 are limited, it was excluded from the follow-
ing study, although an onset time was derived. For the remaining 33 events, the high-energy
proton spectrum was calculated in a time interval of two hours, starting 30 minutes after
the onset. The time lag of 30 minutes is necessary to reflect the different travel times of
100 MeV and 1000 MeV protons. While the latter can reach the spacecraft after about ten
minutes (depending on the length of the Parker spiral and the diffusion in the interplanetary
medium), the 100 MeV protons can be delayed by up to half an hour because of their lower
velocity. The interval length of two hours was selected for statistical reasons. As an exam-
ple, Figure 5 shows the derived spectrum for event 2 (GLE 55). In the figure, the geometric
mean of the energy range is shown. The exact energy bins are given in Table 2.

Mewaldt et al. (2012) have shown that the proton spectra of GLE events can be repro-
duced by a double-power law (described by Band et al., 1993) with a spectral break at
several MeV. Since we only analyze energies above 100 MeV, a single power-law function

I(E)=1o-(E/Eo), ey

where the intensities I (E) and I, are measured in [(cm?ssrMeV)~!] and the energies E,
E, in [MeV], was fitted for every single event. Based on the approximation of the electron
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Table 3 Results of the power law fit to the proton spectra. The columns represent the event number (cf. Ta-
ble 1, column 1), the fitted spectral indices [y] (column 2), and intensities at 500 MeV [I500] (in units of
[(cm2 sereV)*] ], column 3) of the events. Since the fit was performed as a linear regression between
the logarithm of the energy and the logarithm of the intensity, the goodness of the fits is represented by the
adjusted coefficient of determination [Rz] (column 4). For details see text.

No. vy [Zs00] R* No. y [Zs00] R?
01 —2.20£0.16 (8.77£1.000e-4 097 21 —-3.15£0.25 (2.07£0.15)e-2  0.97
02 —1.70£0.24 (2.08+0.33) e-2 095 22 —2.49+0.11 (3.70£0.15) e-2 1.00
04 —2.12+0.15 (231+£0.21)e-3 0.96 23 —2.70£0.22 (1.50+£0.11) e-2 0.98
05 —2.84£0.26 (1.15£0.12) e-3 093 24 —2.67£0.17 (3.45+£0.30) e—4 0.98
06 —2.44+£0.24 (1.52£0.18) e-3 091 26 —1.51£0.11 (9.92+£194)e4 097
07 —2.24+£0.15 (1.74 £0.11) e-1 097 28 —3.20£0.08 (6.12£0.14) e-3 0.93
08 —2.78 £0.31 (1.32£0.14) e-1 097 29 —2.12+£0.13 (2.53£0.14) e-1 0.99
10 —3.24£0.12 (559+£0.23)e4 098 32 —1.95+£0.15 (3.56 £0.26)e-2  0.98
11 —2.13£0.03 (7.77£0.10)e-2 099 33 —1.83+£0.31 (9.85£3.15)e-4  0.85
12 —2.01£0.12 (3.79£0.31)e-3 097 34 —3.78+£040 (245+£027)e4 0.78
13 —2.57+£0.09 (2.38£0.10) e-3 099 35 —2.22+£0.24 (1.65£0.25) e-3 0.93
14 —3.30£0.33 (4.39+£047)e-4 093 37 —2.75£0.25 (1.84 £0.18) e-3 0.94
16 —-290£020 (1.06£0.07)e-2  0.98 38 —-1.87£0.17 (4.47£0.57)e-3 0.97
17 —2.22+0.05 (5.55+£0.21)e4 1.00 39 —-2.19£0.09 (3.40£0.26)e4  0.99
18 -3.21£0.07 (5.39£0.11)e-3 0.99 40 —-2.93+£0.19 (5.55+£0.43)e4  0.92
19 —3.84£0.10 (2.35£0.06) e-3 097 42 —3.60£0.03 (4.93£0.04) e—4 1.00
20 —2.58 £0.08 (4.41£0.15)e-3 1.00

contribution described above (cf. Figure 2), only energies below 800 MeV were taken into
account for the fit because of possible electron contamination at higher energies. As an
example, the fit for event 2 is shown in Figure 5.

Table 3 presents the spectral indices [y] and intensities at 500 MeV [5q9] resulting from
the fits of the 33 events. The fit was performed as a linear regression between the logarithm
of the energy and the logarithm of the intensity. Hence, the goodness of the fits can be
represented by the adjusted determination coefficient [ R?], which is also given in Table 3.

4.3. Statistical Analysis of > 500 MeV Proton Events

In Figure 6 the spectral index of the analyzed events is shown as a function of the proton
intensity at 500 MeV derived from the proton spectrum fits. GLEs are shown as red squares,
the remaining events are plotted as black circles. The numbers in the symbols correspond
to those in Tables 1 and 3. The dark gray and light gray shaded areas correspond to the
varying GCR background level at 500 MeV during solar maximum and solar minimum,
respectively (cf. Figure 3). At the top and at the right-hand side of the figure, histograms of
both quantities are also shown individually.

The fit results of events 24, 34, and 39 show that the proton intensity at the energy of
500 MeV is slightly lower than the threshold used for the event identification based on the
500-700 MeV channel. This can be explained by statistical errors of the channel inten-
sity and the fit results. However, it should be noted that these events occurred during solar
maximum and hence might still have caused an increase above the GCR background.
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Figure 6 Bottom left: spectral
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Event 08 shows a much higher intensity than and a similar spectral index as several
GLEs, but still shows no increases in the neutron monitor count rates, which is in agreement
with findings of Thakur et al. (2016). Hence, this event is of special interest in terms of
understanding which physical processes determine whether an SEP event with a certain
spectral shape is observed by the neutron monitor network. Therefore, an extensive study
using not only the spectral data at high energies, but also simulations of the asymptotic
viewing directions of neutron monitors is in preparation.

The majority of the GLEs feature spectral indices that are uniformly distributed between
—2 and —3, which is in good agreement with the results of Mewaldt et al. (2012). The
spectral indices of events not related to GLEs are also uniformly distributed, but in a wider
range between —2 and —4. The spectral index of event 20 (y = —2.58) is identical with the
findings of Tylka et al. (2006).

However, the intensity of 500 MeV protons is typically higher during GLE-related
events than during events without GLEs. Furthermore, this intensity is above 2 - 1073
(cm?ssrMeV)~! for all GLEs (except for event 5), which is consistent with the results
of Nitta et al. (2012). In their study, these authors showed that the GOES/HEPAD P9 chan-
nel (420—510 MeV) typically exceeds 2 - 10~* (cm*ssrMeV)~! during GLEs with only
GLE 57 and GLE 68, corresponding to events 05 and 28 in our list, having lower fluxes.
Thakur et al. (2016) also found GLE 57 to be an especially small event. While the results of
this work do confirm the results of previous studies regarding the low intensity of GLE 57,
the intensity of GLE 68 is found to be higher than the results of Nitta ez al. (2012). However,
in their study, Nitta et al. (2012) noted that the onset determination and hence the analysis
of this particular event is troublesome.

The five GLEs with the highest flux in our analysis (events 29, 07, 11, 22, and 32, cor-
responding to GLEs 69, 59, 60, 66, and 70) are also considered to be among the largest
GLEs in the SOHO era (c¢f. Table 1 in McCracken, Moraal, and Shea, 2012). The relative
increases in neutron monitor count rate for GLEs given by McCracken, Moraal, and Shea
(2012) are shown as a function of the intensity at 500 MeV derived in this study in Figure 7.
Some GLEs from Table 1 are not shown here, as they have not been investigated by Mc-
Cracken, Moraal, and Shea (2012). The figure indicates a correlation between the intensity
at 500 MeV and the relative increase in NM count rate, with the exception of events whose
intensities are below 1072 (cm?ssrMeV)~! (events 12, 18, and 38) and event 29, which has
a significantly higher increase in NM count rate than the measured intensity at 500 MeV.
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Figure 7 Relative increase of
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Furthermore, it has to be noted that the scattering of the relative NM count rate increase
for a given intensity at 500 MeV is rather high. The reasons for these deviations remain
unclear, especially since the spectral shape of the events (e.g. the fitted y) are rather similar
for most of them (cf. Figure 6). Possible explanations are the asymptotic viewing direction
of each neutron monitor (McCracken and Freon, 1962; Smart, Shea, and Fliickiger, 2000)
or changes in the cutoff rigidities that are due to geomagnetic disturbances during the SEP
events (Danilova, 1999), which may differ from event to event.

5. Summary

We investigate SEP events with protons with energies above 500 MeV based on the extended
measurement range of SOHO/EPHIN described by Kiihl e al. (2015a) and Kiihl, G6mez-
Herrero, and Heber (2016).

We show that the new and unique data product is valid during any stage of the solar event
(e.g. onset, maximum, and decay phase) by comparison with results from IMP8 and GOES.
Furthermore, additional simulations of the instrument show that the electron contribution to
the high-energy proton data is: 1) negligible below 500 MeV, 2) lower than 20 % between
500 and 800 MeV, and 3) seriously uncertain above 800 MeV.

Based on the energy interval from 500 to 700 MeV, 42 SEP events with protons acceler-
ated to above 500 MeV have been identified during the last 20 years of the SOHO mission.
The compiled event list (see Table 1) was compared to various other event lists, including
the GLE list.

For events with clear onset times, the proton intensity spectra were derived in a time
interval of two hours, starting 30 minutes after the onset time. The spectral indices [y]
derived from the power-law fit in the energy range below 800 MeV and the intensity at
500 MeV of the events were compared (see Figure 6 and Table 3).

Based on this comparison, various results from the literature such as typical intensity
increases above 2 - 1073 (cm?ssrMeV) ™! at 500 MeV (Nitta et al., 2012) were validated.
Furthermore, certain non-GLE and GLE events with surprisingly high and low intensity,
respectively, were found, in agreement with Thakur et al. (2016).

Comparing the derived intensities at 500 MeV with the relative increase of the neutron
monitor count rates during GLEs (McCracken, Moraal, and Shea, 2012), a clear correlation
was found, with the exception of events with a very low intensity at 500 MeV and GLE 69,
which shows a particularly strong increase in the neutron monitor count rate.
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