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Influence of interplanetary coronal mass ejections
on the peak intensity of solar energetic

particle events

D. Lario' and A. Karelitz?
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Hampton, Virginia, USA

Abstract we study whether the presence of coronal mass ejections (CMEs) in interplanetary space
(ICMEs) affects the maximum intensity of solar energetic particle (SEP) events. We compute the maximum
intensity of 175-315 keV electron and 9-15, 15-40, and 40-80 MeV proton fluxes measured during the
prompt component of 147 western SEP events observed near Earth throughout solar cycle 23. When using
in situ observations to determine the presence and location of preceding ICMEs during SEP events, we find
that, over the ensemble of events, those observed either within a preceding ICME or when a preceding
ICME is beyond the observer’s location have, on average, larger peak intensities than the events observed
in absence of ICMEs. The few events observed when an Earth-directed ICME is located between the Sun
and the observer tend to have lower 9-15 and 15-40 MeV proton peak intensities than the events without
preceding ICMEs; the differences are not significant for 175-315 keV electron peak intensities. When using
coronagraph observations to determine the presence of preceding CMEs, we find that, over the ensemble
of events, those events (Case P) occurring within 24 h after the launch of a CME from the same active region
as the primary CME generating the SEP event tend to have higher peak intensities than those events

(Case NP) occurring without a preceding CME. The differences between the average peak intensities of
these two event cases (P and NP) are smaller when we exclude events observed when a prior ICME is already
located at or beyond Earth.

1. Introduction

Several factors control the variability of intensities measured in solar energetic particle (SEP) events

[e.g., Kahler et al., 1999; Gopalswamy, 2012]. Among them, the longitude of the parent solar event generat-
ing the SEP event [e.g., Cane et al., 1988; Lario et al., 2006] and the speed of the parent coronal mass ejection
(CME) associated with the origin of the SEP event [e.g., Reames, 2000] are the dominant parameters control-
ling the peak intensity of the SEP events. Other factors suggested to play a role in the intensity of SEP events
include the ambient (or preevent) SEP intensities [e.g., Kahler et al., 1999; Kahler, 2001; Gopalswamy et al.,
2003], the presence of a preceding CME able to precondition the plasma where the main CME associated
with the origin of the SEP event propagates [Gopalswamy et al., 2004; Li et al., 2012], the Alfvén speed dis-
tribution in the ambient medium where the parent or primary CME starts propagating [Gopalswamy et al.,
2008a], and the presence of coronal holes near the active region that generates the SEP event [Gopalswamy,
2012] (see also Kahler et al., [2012, 2014] for a negative result on the possible effects that coronal holes have
on SEP properties).

In this article, we study whether the medium through which SEPs propagate has a significant effect on the
measured SEP peak intensities. It is well known that major SEP events are associated with intense episodes
of solar activity when one or more active regions on the Sun produce a series of CMEs [e.g., Jiggens and
Gabriel, 2009; Ruzmaikin et al., 2011]. Therefore, the presence of a preceding CME in interplanetary (IP) space
when the injection of SEPs by an unrelated solar event occurs is not an infrequent circumstance. The pres-
ence of a preceding CME in space has been suggested as a factor favoring the acceleration of particles by
a shock driven by a second fast CME propagating in the wake of the preceding CME [Gopalswamy et al.,
2003; Li et al., 2012; Ding et al., 2013]. Both the turbulent enhancement generated downstream of the pre-
ceding CME and the presence of a suprathermal particle population accelerated by the shock driven by the
preceding CME provide propitious conditions for an efficient acceleration of particles by the shock driven
by the trailing CME associated with the origin of the SEP event (also known as the primary CME) [e.g., Li et
al., 2012]. The presence of a preceding CME in IP space, however, may also affect the transport of SEPs by
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introducing changes in the direction and strength of the magnetic field surrounding it and increasing the
level of magnetic turbulence in the IP medium [e.g., Hundhausen, 1972; Vandas et al., 1996]. SEPs injected
into such a distorted medium must propagate undergoing scattering and mirroring processes produced by
the enhanced level of magnetic field compressions, discontinuities, and turbulence created in the wake of
the preceding CME [e.g., Hudson, 1965; Vandas et al., 1996]. These transport effects may have evident con-
sequences in the measured SEP intensities depending on where the observer is located with respect to the
preceding CME [e.g., Lario et al., 2008].

The presence of a CME in the IP medium (hereafter ICME) at the time of the injection of SEPs has been sug-
gested as a factor favoring the observation of the most intense SEP events [Kallenrode and Cliver, 2001].

A possible mechanism proposed by Kallenrode [2001, 2002] to explain these elevated particle intensities
consists in the presence of a magnetic barrier in IP medium (created by a preceding ICME) able to affect
the transport of SEPs accelerated by a second fast CME-driven shock by introducing processes of magnetic
reflection and trapping. Energetic particles accelerated by the second fast CME-driven shock remain then
confined between the magnetic barrier and the second fast CME-driven shock [Kallenrode, 2001, 2002].
When this magnetic barrier created by a preceding ICME is located beyond the observer’s location, parti-
cles injected by the second fast CME-driven shock (i.e., the primary CME) may be reflected and/or scattered
back to the observer, resulting in particle intensities higher than the intensities observed in the case when
particle injection occurs in a pristine undisturbed solar wind medium [Lario et al., 2008]. In order to effi-
ciently affect the transport of SEPs, the preceding ICME must not only introduce changes in the direction
and strength of the magnetic field where particles propagate, but increase the level of magnetic field tur-
bulence to enhance the scattering processes undergone by the particles and thus rearrange the pitch angle
distribution of the particles that eventually will be mirrored back toward the observer.

If the preceding ICME is located between the Sun and the observer, one may predict that the IP disturbances
produced by the ICME may act as intervening structures for the newly fresh particles injected by the primary
CME-driven shock, resulting then in both a delay in the arrival of particles at the observer and an attenuated
particle intensity with respect to what the injection of SEPs into a pristine IP medium would have produced
[e.g., Lario et al., 2008]. Besides, if the preceding ICME has a magnetic structure consisting of looped field
lines rooted to the Sun, the injection of SEPs onto one of these looped field lines (usually characterized by

a low level of magnetic field turbulence) results in particles moving back and forth along these looped field
lines [Richardson and Cane, 1996]. The confinement of particles into such looped structures will then result
in elevated particle intensities but only if the observer intercepts such a structure when the SEP injection
occurs or when intensities have not decreased significantly due to the expansion of the ICME [e.g., Lario,
2006, and references therein].

In this article, we study in a statistical sense whether the presence of prior ICMEs plays a role in the particle
intensities measured early in the SEP events. We combine the list of SEP events observed near-Earth during
solar cycle 23 compiled by Cane et al. [2010] with the list of near-Earth ICMEs compiled by Richardson and
Cane [www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm] and the catalog of CMEs observed by the
Large Angle and Spectrometric Coronagraph (LASCO) on board the Solar Heliospheric Observatory (SOHO)
compiled by S. Yashiro [cdaw.gsfc.nasa.gov/CME_list] to determine whether the SEP events were observed
under either disturbed or undisturbed solar wind conditions caused by the presence of prior ICMEs and in
the case of disturbed conditions whether the transient structures (i.e., preceding ICMEs) were located either
between the Sun and Earth or beyond Earth. Over the ensemble of events, we find that the most intense SEP
events are observed when Earth is located within an ICME, followed by events observed in the downstream
region of an ICME. By contrast, the injection of SEPs when an ICMEs is located between the Sun and the
observer (i.e, when an ICME, unrelated to the origin of the SEP event, is observed after the onset of the SEP
event) results in SEP events that tend to have lower averaged proton peak intensities. As described below,
the arrival of an ICME near Earth shortly following the onset of a SEP event does not necessarily imply that
the propagation of SEPs toward Earth was affected by the presence of this ICME. Therefore, we have stud-
ied also the possibility that a preceding CME observed by coronagraphs and ejected from the same source
region that generated the SEP event has a significant effect in the acceleration and transport of SEPs and
consequently in the observed SEP intensities. We find that the possible effect of this preceding CME imped-
ing the transport of SEPs between the Sun and the observer has a smaller influence in the measured SEP
peak intensities than the effects produced by preceding ICMEs located at or beyond the observer, and that
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the effects that preceding CMEs from the same active region have in preconditioning the medium for an
efficient acceleration of particles by a fast primary CME are still significant with respect to transport effects.

The structure of the article is as follows. In section 2 we describe the data sources and the classification of
the SEP events in terms of the presence or absence of prior ICMEs and the presence or absence of preced-
ing coronagraph CMEs. In section 3 we study the possible dependence between particle peak intensities
and either the speed of the associated CMEs or the peak intensities of the associated soft X-ray flares. In
section 4 we analyze the possible dependence between SEP peak intensities and the conditions of the IP
medium (either quiet or perturbed) where the SEP event develops. Finally, in section 5 we present the main
conclusions of the work.

2. Data and SEP Event Classification

We use the list of SEP events compiled by Cane et al. [2010] who selected proton events observed near Earth
at energies above ~25 MeV in the years 1997-2006 with peak proton intensity in the ~20-30 MeV range
above 2 x 107* particles (cm? sr s MeV)~! and that were not compromised by data gaps and other events.
A total of 280 events were selected by Cane et al. [2010] using data from the Goddard Space Flight Center
(GSFC) experiment on the Interplanetary Monitoring Platform-J (IMP-8) and the University of Turku Ener-
getic and Relativistic Nuclei and Electron (ERNE) experiment on board SOHO. In a few cases, they also used
the GSFC Energetic Particle Acceleration Composition and Transport (EPACT) experiment on Wind. In this
work we have considered the same set of events previously identified by Cane et al. [2010] but now using
hourly averages of 175-315 keV electron intensities measured by the Electron Proton and Alpha Monitor
(EPAM) on board the Advanced Composition Explorer (ACE) [Gold et al., 1998] and 9-15, 15-40, 40-80 MeV
proton intensities measured by the Energetic Particle Sensor (EPS) on board the Geostationary Operation
Environmental Satellites (GOES) [Sauer, 1993; Onsager et al., 1996].

In order to minimize the longitudinal dependence of SEP peak intensities [e.g., Lario et al., 2006, 2013] and
still having a significant number of events to study, we have chosen, among the SEP events selected by
Cane et al. [2010], those generated from longitudes between W10° and W110°. This range of longitudes
covers those events generated within +50° from the footpoint of a nominal Parker spiral magnetic field
line connecting Earth with the Sun (assuming a solar wind speed of ~400 km s~1). Out of the 280 proton
events identified by Cane et al. [2010], we have kept 147 SEP events associated with solar flares in the lon-
gitudinal range W10°-W110° for which we have been able to identify the peak intensity of the event in
their prompt component, understood as the maximum intensity observed shortly after the onset of the
event and several hours or days before the particle enhancement commonly associated with the arrival of
interplanetary shocks (if any). The peak intensity in the prompt component is usually reached when the
associated CME-driven shock is still close to the Sun and presumably able to accelerate protons and elec-
trons to high energies. For some events, the maximum intensity in the prompt component is observed in
the form of a plateau in the time-intensity profile before the local enhancement associated with the passage
of shocks [Reames and Ng, 1998]. In these cases, the peak intensity is taken as the maximum value of the
intensity plateau. Spacecraft observations for which particle intensity continuously increases until the arrival
of the shock (if any) are excluded from our statistical study.

Table 1 provides the list of events selected for our statistical study. Column 1 gives an index that numbers
the SEP event. Columns 2 and 3 provide the onset times of the proton intensities to the nearest hour as
identified by Cane et al. [2010]. The date (and day of year in parenthesis) is that of the associated flare so that
if the particle intensities rise on the following day the hour can be >23. Columns 4-6 provide the parameters
of the associated flares; i.e., the onset of the soft X-ray emission, Ha location and the GOES soft X-ray class
(Fsxg) as identified by Cane et al. [2010]. When an event was behind the limb but had an associated soft X-ray
event, Cane et al. [2010] estimated the longitude from the time since a probably associated active region
went over the limb, otherwise a longitude of W120 was assigned. The events for which Cane et al. [2010]
assigned a longitude >W110° are excluded from our analysis. Columns 7 and 8 provide the first observing
time and the sky-plane speed (in km s™') of the associated parent CME as observed by LASCO as reported
in Table 1 of Cane et al. [2010] and validated with the Coordinated Data Analysis Workshops (CDAW) CME
catalog posted on cdaw.gsfc.nasa.gov/CME_list.
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Table 1. SEP Events (Sep 1997-Dec 2006)

Event  Onset Proton Event® Flare Event? CME€ Event (=t Peakf Peakf Peakf Peakf Prec.
# Day of Year ~ Hour  Onset Site Fg  Time  Veye  Classd DE4¢ DE4 P3 P4 P5 CME9
M 2 ®3) (4) (5) (6) 7) (8) 9) (10) (1 (12) (13) (14) (15)
1997
1 3 Nov (307) 1 1018  17°5,22°W  M4.2 1111 352 0,0,-- 307/2100  5.95E1  3.52E-2 - - P
2 4 Nov (308) 07 0552 14°S,33°W  X2.1 0610 785 0,0,0,0 308/0900 4.12E3 3.85E0 1.51E0 2.24E-1 P
3 6 Nov (310) 12 1149  18°S5,63°W  X94 1210 1556 1,221  310/1700 3.41E4  2.73E1 1.31E1 2.34E0 NPh
4 13 Nov (317) 23 ? N, 110°W ? 2225 546 0,0,0,0 317/2300 825E2 1.64E-1 5.12E-2 4.37E-3 =
1998
5 26 Jan (026) 23 2219 17°S,55°W  C54 2327 399  1,1,1,- 027/0000 2.57E2 4.88E-2  9.82E-3 = NP
6 20 Apr (110) 12 0938 S, 90°W M14 1007 1863 0,0,0,0 110/1300 5.81E3 1.65E1 1.27E1 1.09E—1 NP
7 2 May (122) 14 1331 15°S,15°W  X1.1 1406 938 3,333 122/1600 9.35E3  6.63E0 3.95E0  4.84E-1 P
8 6 May (126) 08 0758 11°S,65°W  X2.7 0829 1099 3,333 126/0800 3.13E4 1.35E1 7.60E0 3.85E-1 P
9 9 May (129) 05 0304 S, 100°W M7.7 0335 2331 4444 129/1200 7.68E2 3.50E-1 1.63E-1 1.58E-2 =
10 27 May (147) 15 1313 21°S5,83°W (7.5 1345 878 0 147/1600 5.84E2 = = = NP
11 6 Sep (249) 07 0454  21°S,36°W  C1.3 dg dg 0,000  249/0800 1.08E2 9.24E—2 2.39E-2  2.79E-3 dg
12 9 Sep (252) 06 0452 21°S,75°W  M2.8 dg dg 0,0,0,- 252/0600 1.20E2 640E-2  1.23E-2 = dg
13 27 Sep (270) 09 0806  21°N,48°W (2.6 dg dg 4,44-  270/0900 1.76E3  8.01E-2 6.97E-3 — dg
14 30 Sep (273) 14 1304 19°N, 85°W  M2.8 dg dg 0,0,0,0 273/2200 1.95E4 1.00E2 2.99E1 1.28E0 dg
15 5 Nov (309) <22 1900 26°N,18°W  M84 2044 1118 1,1,1- 310/2000 1.93E2 1.80E0 6.78E-2 = P
16 22 Nov (326) 08 0630 27°S,82°W X377 dg dg 0,0,0,0 326/0800 8.02E1 1.56E-1 851E-2 1.30E-2 dg
17 24 Nov (328) 03 0207 S, 108°W X1.0 0230 1798 0,0,0,0 328/0900 262E2 1.05E-1 398E-2 6.94E-3 dg
18 17 Dec (351) 11 0740 27°S,46°W  M3.2 0830 302 0 351/1000 7.19E1 = = = NP
1999
19 3 Jan (003) 16 1449 23°S,49°W (6.2 dg dg (AT 003/2000 3.05E1  4.60E-2 = = dg
20 6 Jan (006) 25 2354 S, 95°W 8.0 dg dg qrre 007/0100 4.67E1 = = = dg
21 16 Feb (047) 06 0249 23°S,14°W  M3.2 dg dg 5,5, 047/0600 3.90E1  3.05E-2 = = dg
22 9 May (129) 19 1753 N, 95°W M7.6 1827 615 0,0,0,0 129/1800 1.96E2  1.94E-1 450E-2 3.61E-2 =
23 4 Jun (155) 08 0652 17°N,69°W  M3.9 0726 2221 4444 155/0900 5.13E3 6.36E0 1.11E0 3.05E-2 NP
24 27 Jun (178) 11 0834 22°N,26°W  M1.0 0906 903 2,2,2- 178/1300 149E2 242E-2 4.76E-3 = P
25 28 Aug (240) 20 1752 26°S,14°W  X1.1 1826 462 0 240/1900 2.75E1 = = = P
26 28 Dec (362) 02 0039  20°N,56°W M45 0054 672 444~ 362/0500 1.12E3  2.73E-2  1.03E-2 - P
2000
27 12 Feb (043) 05 0351 26°N, 24°W  M1.7 0431 1107 22,22 043/0600 8.80E1 1.99E-1 3.86E-2 2.37E-3 P
28 2 Mar (062) 09 0820 14°S,52°W  X1.1 0854 776 44,44 062/1000 244E2 287E-2 1.51E-2  2.29E-3 NP
29 3 Mar (063) 03 0208 15°S,60°W  M3.8 0230 841 44,44 063/0300 232E2 3.15E-2 833E-3  2.23E-3 P
30 22 Mar (082) 20 1834 14°N, 57°W  X1.1 1931 478 0,0,0,- 082/2200 7.23E1 1.70E-1 1.58E-2 = NP
31 24 Mar (084) 10 0741 15°N, 82°W  X1.8 dg dg 0 084/2300 4.51E1 = = = dg
32 4 Apr (095) 16 1512 16°N,66°W  C9.7 1632 1188 0,000 095/1600 6.23E2  1.17E1 5.55E-1  5.96E-3 NP
33 27 Apr (118) 16 1404 N, 95°W B9.8 1430 1110 0,00~ 118/1900 1.87E1  4.28E-2 5.50E-3 = =
34 1 May (122) 11 1016 20°N, 54°W  M1.1 1054 1360 1,-1,- 122/1000 6.61E2 = 1.31E-2 = NP
35 4 May (125) 12 1057 20°S,90°W  M6.8 1126 1404 S 125/1600 4.58E2 = = = P
36 15 May (136) 18 1546  22°5,68°W  (C7.8 1626 1212 533,- 136/1800 594e2 1.90E-1 2.52E-2 - NP
37 23 May (144) 22 2048 23°N,41°W  C95 2130 475 55, 144/2300 294E2  3.08E-2 = = NP
38 10 Jun (162) 18 1640 22°N,40°W M52 1708 1108 55,55 162/1700 3.31E3 3.51E0 1.15E0 1.44E-1 NP
39 15 Jun (167) 21 1938 20°N,62°W  M1.8 1950 1081 4, 167/2100 2.88E2 = = = NP
40 17 Jun (169) 05 0225 22°N,72°W M35 0328 927 5,55~ 169/0500 8.13E2 8.17E-2  1.85E-2 = NP
41 18 Jun (170) 26 0152 23°N, 85°W  X1.0 0210 629 1,111 170/0300 6.44E2 4.12E-1 6.24E-2  3.35E-3 P
42 23 Jun (175) 16 1418 23°N,72°W  M3.0 1454 847 2,2,2,2 175/1500 1.55E3  1.55E-1 293E-2 2.22E-3 P
43 25 Jun (177) 12 0717 16°N,55°W  M1.9 0754 1617 3,3,3- 177/1300 5.47E1 1.58E—-1  2.33E-2 = NP
44 28 Jun (180) 20 1848 N, 95°W? c7 1931 1198 44, 180/2000 431E1  3.10E-2 = = =
45 22 Jul (204) 12 1117 14°N,56°W  M3.7 1154 1230 5,555 204/1200 1.19E3 1.29E0 449E-1  4.82E-2 NP
46 12 Aug (225) 11 0945 17°S,79°W  M1.1 1035 662 3,33 225/1600 2.84E2  1.80E-1 1.78E-2 = NP
47 7 Sep (251) 21 2032 06°N,47°W  C7.2 2130 422 Sl F 252/0400% = 397E-2 6.12E-3 = NP
48 9 Sep (253) 10 0828 07°N,67°W  M16 0856 554  33,3,- 253/1100 7.07E1 486E-2 1.31E-2 - P
49 19 Sep (263) 1 0806 14°N, 46°W  M5.1 0850 766 3,33~ 263/1300 262E4 935E-2 1.51E-2 = P
50 9 Oct (283) <30 2319 01°N,14°W C6.7 2350 798 0,0,0- 285/1200 2.20E1 4.85E-2 1.01E-2 - P
51 16 Oct (290) 07 0640 N, 95°W M25 0727 1336 4,444 290/0900 4.83E2 1.30E0 3.98E-1 4.67E-2 =
52 8 Nov (313) 23 2242 10°N, 75°W  M74 2306 1738 3,333 314/0100 3.00E5 4.43E2 3.97E2 6.65E1 NP
LARIO AND KARELITZ ©2014. American Geophysical Union. All Rights Reserved. 4188
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Table 1. (continued).

Event  Onset Proton Event? Flare Event? CMES Event trmax Peakf Peakf Peakf Peakf Prec.
# Day of Year ~ Hour  Onset Site Fsg  Time Veye  Classd DE4¢ DE4 P3 P4 P5 CME9
(1) () 3) (4) (5) (6) (7) (8) 9) (10) (11) (12) (13) (14) (15)
2001
53 26 Jan (026) 14 1150 27°S, 57°W C1.6 1206 928 4,44, 026/1400 4.80E1 7.38E-2  8.23E-3 - NP
54 28 Jan (028) 17 1540 04°S,59°W  M1.5 1554 916 4,444  028/1900 1.60E3 6.03E0 570E-1  6.66E—2 P
55 11 Feb (042) 03 0057 24°N, 57°W 6.5 0131 1183 0,0,0,- 042/1100 1.01E2 747E-2  1.37E-2 - NP
56 10 Mar (069) 08 0400 27°N,42°W  M6.7 0426 819 0, 069/0900 2.77E2 = = = NP
57 29 Mar (088) 12 0957 16°N, 12°W X1.7 1026 942 3,333 088/1600 3.31E3 3.74E0 8.62E-1 4.05E-2 P
58 2 Apr (092) 13 1058 16°N, 62°W X1.1 1126 992 3333 092/1700 9.80E2 281E-1 9.06E-2  8.10E-3 NP
59 2 Apr (092) 23 2132 17°N, 72°W X20 2206 2505 3,333 093/0400 2A1E4 4.64E1 2.09E1 1.91E0 P
60 12 Apr (102) 12 0939 20°S, 42°W X2.0 1031 1184 3333 102/1300 6.03E3 3.07E0 1.27E0 1.48E-1 P
61 14 Apr (104) 18 1715 17°S, 71°W M1.0 1754 830 55 104/1800 3.11E3 2.08E-1 - - P
62 15 Apr (105) 14 1319 20°S, 84°W X14 1406 1199 53,33 105/1600 5.43E4 5.42E1 2.76E1 3.52E0 P
63 26 Apr (116) <22 1126 17°N,31°W  M7.8 1230 1006 0,838, 116/1500 5.86E1 —8.88E8  —8.88E8 - P
64 20 May (140) 08 0600 17°S,91°W ~ M6.5 0626 546 0,0,0,0 140/0900 5.64E2 3.53E-1 1.94E-1 3.07E-2 =
65 4 Jun (155) 17 1611 22°N, 60°W C3.2 1630 464 0,0,0,0 155/1700 8.40E1 233E-1 4.74E-2 3.24E-3 NP
66 11 Jun (162) <14 0533 16°S,34°W? (7.1 0606 326 0,0,-- 162/2300 5.59E1 3.57E-2 = = NP
67 18 Jun (169) 27 2150 10°S, 23°W C4.7 2246 1301 0,000 170/0600 1.50E2 479E-2  1.02E-2 4.20E-3 NP
68 19 Jul (200) 1 0952 12°5,62°W  M1.8 1030 1668 0,--- 200/1400 1.83E2 = = = NP
69 14 Aug (226) 18 1130 110°W 23 1601 618 1,1,1,- 227/0000 5.51E1 845E-2  1.25E-2 - -
70 12 Sep (255) 23 ? 16°S,62°W?  C9.6 2206 668 lmr 255/1600 9.66E1 3.39E-2 - - NP
71 15 Sep (258) 12 1104 27°S, 53°W M15 1154 478 4,444 258/1300 2.07E2 1.11E0 2.23E-1 831E-3 NP
72 1 Oct (274) <12 0441 S, 95°W M9.1 0530 1405 83,33 274/2200K —8.88E8 4.50E1 1.72E1 7.76E-1 -
73 5 Oct (278) <17 ? S, 110°W C20 1030 1537 4444 279/0900 7.35E2 831E-1 1.63E-1 3.96E-3 =
74 19 Oct (292) 01 0047 16°N, 18°W X1.8 0127 558 0,0,0,0 292/0500 2.59E2 5.42E-1 1.45E-1 1.43E-2 P
75 19 Oct (292) 16 1613 15°N,29°W  X1.6 1650 901 0,0,0,0 292/1800 4.53E2 9.89E-1 256E-1  2.69E-2 P
76 22 Oct (295) 04 0022 17°N,57°W  M1.0 0050 772 Srmr 295/0500 8.96E1 - - - NP
77 4 Nov (308) 17 1603 06°N, 18°W  X1.0 1635 1810 55,55 309/0300 9.35E4 1.26E2 1.01E2 1.44E1 NPJ
78 26 Dec (360) 06 0432 08°N, 54°W  M7.1 0530 1446 0,000 360/0700 231e4 4.77E1 2.16E1 4.42E0 Nph
2002

79 14 Jan (014) <08 0529 S, 100°W M44 0540 1492 0,0,0,0 015/2000 1.67E3 2.01E0 3.32E-1 1.35E-2 -
80 20 Feb (051) 06 0552 12°N,72°W  M5.1 0630 952 0,000 051/0600 3.33E3 8.82E-1 296E-1 1.18E-2 NP
81 22 Mar (081) 12 1012 S, 90°W M16 1106 1750 55,5 081/1400 9.50E1 3.23E0 8.61E-2 - NP
82 11 Apr (101) 16 1616 15°S, 33°W C9.2 1650 540 1,1,07 101/1800 1.26E2 1.30E-1  2.09E-2 - NP
83 14 Apr (104) 12 0728 19°N, 57°W C9.6 0750 757 Lmme 104/1400 3.91E1 - - - NP
84 15 Apr (105) 03 0246 19°N,79°W  C9.8 0306 674 aree 105/0300 1.82E2 = = - P
85 17 Apr (107) 08 0746 14°S, 34°W M26 0826 1240 2333 107/1200 5.57E3 1.59E0 2.98E-1 7.96E-3 NP
86 21 Apr (111) 00 0043 14°S, 84°W X1.5 0127 2393 3433 111/1300 3.50E4 2.33E2 7.66E1 9.21E0 NP
87 22 May (142) 06 0318 22°S, 53°W C5.0 0350 1557 4444 142/0900 1.36E2 5.20E-1 1.06E—1 3.04E-3 P
88 30 May (150) 03 0424 N, 100°W M1.3 0506 1625 Orer 150/0800 1.02E2 - - - -
89 7 Jul (188) 12 1115 S, 95°W M1.0 1130 1423 0,0,0,0 188/1600 3.27E3 1.79E0 5.98E-1 231E-2 -
90 3 Aug (215) 19 1859 16°S, 76°W X1.0 1932 1150 344- 216/0100 3.02E2 3.79E-2  8.24E-3 - NP
91 5 Aug (217) 07 ? 07°S,45°W?  C2.0 0732 689 Lmme 217/0800 4.13E2 - - - P
92 14 Aug (226) 03 0147 09°N, 54°W  M23 0230 1309 0,000 226/0200 2.37E3 5.57E0 1.93E-1  3.80E-3 NP
93 16 Aug (228) 07 0546 06°N, 83°W  M29 0606 1378 0,000 228/0800 5.63E2 457E-2 143E-2 3.05E-3 P
94 18 Aug (230) 20 2112 12°S, 19°W M22 2154 682 2,2,2,2 230/2200 1.10E3 5.10E-1 711E-2  4.75E-3 NP
95 19 Aug (231) 10 1028 12°S, 25°W M2.0 1106 549 Zrar 231/1100 4.36E3 - - - P
96 20 Aug (232) 08 0822 10°S,38°W  M34 0854 1099 3,333 232/0900 1.19E4 1.95E-1 5.03E-2  5.03E-3 P
97 22 Aug (234) 02 0147 07°S, 62°W M54 0206 998 4,444 234/0400 1.77E3 2.42E0 8.72E-1 1.23E-1 P
98 24 Aug (236) 00 0049 02°S, 81°W X3.1 0127 1913 4444 236/0200 1.02E4 3.04E1 9.12E0 1.64E0 P
929 27 Sep (270) 02 0118 S, 95°W C5.0 0154 1502 0,0,0,- 270/0200 5.17E2 2.82E-2 6.11E-3 - -
100 20 Oct (293) 14 1410 13°S, 63°W C66 1430 1011 0,--- 293/1400 2.75E2 = = = NP
101 9 Nov (313) 15 1308 12°S, 29°W M46 1331 1838 0,0,0,0 314/0400 1.28E4 4.62E1 7.01E0 8.16E—2 P
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Table 1. (continued).
Event  Onset Proton Event? Flare Event? CME€ Event L Peakf Peakf Peakf Peakf Prec.
# Day of Year ~ Hour  Onset Site Fsxg Time Veme Classd DE4¢ DE4 P3 P4 P5 CME9
(1) (2) 3) (4) 5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
2003
102 17 Mar (076) 19 1850 14°S,39°W  X1.5 1954 1020 0,0,-- 076/2000 4.17E2  7.90E-2 = = Y
103 18 Mar (077) 14 1157 09°S,46°W  X1.5 1354 1601 1,1,1,- 077/1300 265E3 536E-2 1.33E-2 = P
104 7 Apr (097) <08 0925 10°S, 88°W B7.3 0950 719 0,0,0,- 097/1400 517E2 1.23E-1 8.82E-3 = P
105 23 Apr (113) 00 0045 22°N, 25°W  M5.1 0127 916 0,0,0,- 113/0200 9.80E 420E-2 1.67E-2 = P
106 24 Apr (114) 12 1245 21°N,39°W  M3.3 1327 609 0,0,0,- 114/1300 6.60E1  7.99E-2 2.57E-2 = P
107 28 May (148) 00 0017  06°S,20°W  X3.6 0050 1366 0,880 148/1000 1.57E3 —8.88E8 —8.88E8 1.19E-2 P
108 31 May (151) 03 0213 07°S,65°W  M9.3 0230 1835 3,333 151/0500 9.37E3 2.00E0 6.44E—1  7.38E-2 dg
109 10 Jul (191) 14 1354  13°N,91°W  M36 <1633 877 0--m 191/1800  3.83E1 - - - dg
110 19 Aug (231) 03 0738 12°S,64°W  M2.0 0830 412 3,3 231/0900 3.23E2  4.14E-2 = = Y
111 26 Oct (299) 18 1703 02°N, 38°W  X1.2 1754 1537 5335 299/1900 1.04E4 4.28E1 1.03E1 4.00E-1 P
112 2 Nov (306) 18 1703 14°S,56°W  X8.0 1730 2598 4,444 306/1800 3.57E4 8.13E1 4.55E1 5.20E0 P
113 4 Nov (308) 21 1929  19°S5,83°W  X28 1954 2657 4,000  308/2300 635E3  2.60E1 8.77E0  6.35E-1 P
114 7 Nov (311) 16 1500 S, 110°W B4.7 1554 2237 0,0,0,- 311/1800 1.26E3  7.84E-1 2.07E-1 = =
115 20 Nov (324) 07 0735 03°N,12°W  M9.6 0806 669 2,333 324/1000 2.46E3 584E-1 1.04E-1 6.10E-3 P
116 2 Dec (336) 12 1000 S, 95°W C7.2 1050 1393 0,0,0,- 336/1200 1.51E2 1.50E1 1.88E0 =
17 31 Dec (365) 18 ? 799°W M1.0 dg dg 0 365/1900  6.86E2 - - - -
2004
118 4 Feb (035) 11 1112 07°S,49°W  (C9.9 1154 764 0, 035/1300 9.05E1 = = = NP
119 11 Apr (102) 05 0354  16°S,46°W (9.6 0430 1645 0,000 102/0900 1.33E3  5.24E0  4.53E-1 1.32E-2 NP
120 13 Jul (195) 01 0009 14°N, 59°W  M6.7 0054 409 0,0,0,- 195/0200 6.37E1  9.68E-2  2.23E-2 = NP
121 25 Jul (207) 16 1419  04°N,33°W  M1.1 1454 1333 5333 207/1900 3.44E3  3.50E0  8.06E—1  1.49E-2 P
122 31 Jul (213) <27 0516 S, 95°W c8.4 0554 1192 (R 213/1000 1.40E2 = = = =
123 19 Sep (263) 18 1646  03°N,58°W  M1.9 dg dg 3,333 263/1900 6.62E3  4.46E0 132E0  1.03E-1 dg
124 30 Oct (304) 07 0608 13°N, 22°W  M4.2 0654 422 0,8,0,0 304/0800 9.16E2 —-8.88E8 2.17E-2  3.77E-3 P
125 30 Oct (304) 13 1138 12°N,26°W  X1.2 1230 427 0,08- 304/1300 3.38E3  1.50E—1  -8.88E8 - P
126 30 Oct (304) 17 1618 13°N, 28°W  M5.9 1654 690 0,0,0,- 304/1800 4.18E3 2.01E-1 4.85E-2 = P
127 7 Nov (312) 17 1542 09°N,17°W  X2.0 1654 1759 2,333 312/2100 442E3  5.36E1 891E0  1.96E—1 P
128 9 Nov (314) 19 1659 07°N,51°W  M8.9 1726 2000 3,333 314/2000 4.21E3 9.23E0 1.49E0 3.61E-2 NP
129 10 Nov (315) 03 0159  09°N,49°W  X2.5 0226 2000 3,333 315/0900 5.90E3  2.22E1 7.70E0  4.56E—1 P
2005
130 17 Jan (017) 10 0659  15°N,25°W  X3.8 0954 2547 4444 017/1700  1.81E5 1.96E2 1.16E2 1.73E1 P
131 20 Jan (020) 06 0636 14°N, 61°W  X7.1 0654 ~2500 4,444 020/0900 1.39E5 5.26E1 3.55E1 1.56E1 P
132 6 May (126) 03 0305  04°S,71°W (9.3 0330 1120 0,0,0,-  126/0400 9.17E2  2.10E-1 233E-2 = P
133 6 May (126) 12 1111 04°S,76°W  M1.3 1154 1144 0,0,0,- 126/1200 8.65E2 3.20E-1  2.60E-2 = P
134 11 May (131) 20 1922 10°S5,55°W  M1.1 2013 550 0,00,-  131/2100  7.50ET 549E-2 1.11E-2 = P
135 31 May (151) 16 1433 12°N, 22°W  C24 1532 313 S 151/1800 2.85E1 = = = NP
136 14 Jun (165) 06 0654  10°N,48°W  C4.2 0724 791 Arme 165/1900  5.03E1 = = = NP
137 16 Jun (167) 20 2001 09°N, 85°W  M4.0 dg dg 3,333 167/2300 5.73E3 2.04E0 1.16E0 2.35E-1 dg
138 9 Jul (190) 24 2147  11°N,27°W  M28 2230 1540 2,222 191/0300 5.51E2 1.07E-1 3.54E-2 3.60E-3 NP
139 12 Jul (193) 19 1547 11°N, 67°W  M1.5 1654 523 4,4, ,- 193/1800 1.35E2  3.05E-2 = = P
140 13 Jul (194) 05 0235 18°N, 82°W  M1.1 0306 759 4 194/0700 1.20E2 = = = P
141 13 Jul (194) 14 1401 11°N, 78°W  M5.0 1430 1423 4,444 194/1600 2.26E3 1.43E0 248E-1  7.72E-3 P
142 14 Jul (195) 11 1016 08°N, 89°W  X1.2 1030 2115 4,444 195/2200 5.80E3 1.24E1 3.93E0 1.43E-1 P
143 22 Aug (234) 01 0044 09°S,48°W  M2.6 0131 1194 0,0,0,0 234/0300 1.33E3  7.19E-1 141E-1  6.14E-3 P
144 22 Aug (234) 18 1646 12°S,60°W  M5.6 1730 2378 1,111 234/2300 1.29E4 3.80E1 8.36E0 2.52E-1 P
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Table 1. (continued).

Event  Onset Proton Event? Flare Event? CME© Event (e Peakf Peakf Peakf Peakf Prec.

# Day of Year ~ Hour  Onset Site For  Time  Veye  Classd DE4¢ DE4 P3 P4 P5 CME9

M 2 3) (4) (5) (6) @) (8) ) (10 (1 (12) (13) (14) (15)
2006

145 6 Jul (187) 09 0813  11°5,32°W  M25 0854 911 0,000 187/1300 597E1 1.33E-1 4.98E-2 7.72E-3 P

146 13 Dec (347) 02 0214  06°S,23°W X34 0254 1774 0,0,00 347/0500 4.78E4 2.43E1 2.01E1 5.83E0 NPh
147 14 Dec (348) 22 2107  07°S,46°W  X1.5 2230 1042 3,333 348/2300 2.35E3 1.35E1 4.68E0 3.71E-1 NPh

20nset time of proton event as identified by Cane et al. [2010]. If the time is > 23 h then the time is the following day. Times preceded by < indicate that the
event had a slow rise.

bFlare associated with the solar origin of the SEP event as identified by Cane et al. [2010], including the onset of the soft X-ray emission, the Ha site, and the
X-ray GOES class. A question mark indicates that no soft X-ray flare was observed.

“Primary CME associated with the origin of the SEP event, including the time of the first observation in LASCO coronagraphs and the plane-of-sky
CME speed.

dEvent class according to the criteria described in section 2.1 for the energy channels DE4 (175-315 keV electrons), P3 (9-15 MeV protons), P4 (15-40 MeV
protons), and P5 (40-80 MeV protons). The symbol “~” indicates that no intensity enhancement is observed in that energy channel, and “8” that no peak inten-
sity in the prompt component of the event has been identified.

€Time when the peak intensity in the prompt component of the event in the DE4 175-315 keV electron channel of ACE/EPAM was observed, in units of day
of year/nearest hour.

fPeak intensity in the indicated energy channel (DE4 for 175-315 keV electrons, P3 for 9-15 MeV protons, P4 for 15-40 MeV protons, and P5 for
40-80 MeV protons) in units of particles cm=2 s=1 sr=1 MeV~". The value —8.88E8 indicates that no peak intensity in the prompt component of the SEP event
was identifiable.

9Event classification based on the criteria described in section 2.2. P indicates events with a preceding CME, NP without a CME listed in the CDAW catalog,
and dg event occurring during a LASCO data gap.

hDing et al. [2013] identified a preceding CME with a width < 60° within 9 h of the primary CME.

iGopalswamy et al. [2004] determined that a major preceding eruption occurred from the same active region as the primary CME, but the primary CME
followed so closely that would have overtaken the preceding CME within the occulting disk of LASCO.

iDing et al. [2013] identified a wide (> 60°) preceding CME using the CACTuS database of CMEs but not listed in CDAW.

kThe indicated time of maximum does not refer to the energy channel DE4 but to the lowest proton energy with an identifiable peak intensity.

2.1. SEP Event Classification Based on In Situ Observations of ICMEs

We propose a first classification scheme for the SEP events based on the presence or absence of ICMEs as

determined from in situ observations of ICMEs. In order to determine the absence or presence of an ICME,
we rely on the list of near-Earth ICMEs compiled by Richardson and Cane and posted on www.srl.caltech.

edu/ACE/ASC/DATA/level3/icmetable2.htm. The criteria and parameters used by Richardson and Cane to

identify the passage of near-Earth ICMEs are described in Cane and Richardson [2003] and Richardson and

Cane [2010].
(a) Class 0 Class 1 (c) Class 2 (d) Class 3 (e) Class 4
SUN SHN SUN SUN SUN

SHOCK SHOCK SHOCK SHOCK
ICME ICME ICME ICME

Figure 1. Schematic representation of the interplanetary environment where SEP events occur for Classes 0 to 4. The big
solid black dot identifies the location of the observer when the peak intensity of the prompt component of the SEP event
is observed. (a) Class 0 events occur under undisturbed solar wind conditions represented here by a nominal Parker
spiral interplanetary magnetic field. If the peak intensity of the prompt component of the event is observed when (b) a
prior ICME is located between the Sun and the observer, the SEP event is classified as Class 1; (c) when the observer is
in the sheath region of a prior ICME, the SEP event is Class 2, (d) when the observer is within a prior ICME, the SEP event
is Class 3, and (e) when the ICME is located beyond the spacecraft, the SEP event is Class 4. Class 5 events (not plotted)
occur when two or more ICMEs are present in the interplanetary medium with one ICME located beyond the observer
and another ICME between the Sun and the observer. The schematic Figures 1b-1e have been adapted from Cane and
Lario [2006].
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Figure 2. Examples of SEP events showing their classification according to the presence/absence of ICMEs in the IP medium. From top to bottom each

panel shows hourly averages of the solar wind speed, magnetic field magnitude, magnetic field azimuth, and elevation angles in the RTN coordinate system,
175-315 keV electron intensities, and 9-15 MeV proton (P3, blue), 15-40 MeV proton (P4, orange) and 40-80 MeV proton (P5, red) intensities. The gray bars indi-
cate the passage of ICMEs and the thin vertical solid lines the passage of IP shocks. The green horizontal arrows indicate, for those ICME that have an associated
LASCO CME, the time spent by the CME-driven shocks to travel from Sun to 1 AU.

Figure 1 is a schematic representation of the IP environment assumed for each class of event. The large solid
black dot in Figure 1 identifies the location of the observer at the time when the maximum intensity of the
prompt component of the SEP events is observed. Although in our study the observer is always located near
Earth at ~1 AU from the Sun, for illustration purposes, its location with respect to the presence of the ICME
in the IP medium has been displaced in Figure 1.

A SEP event is classified as Class 0 when it is observed in absence of ICMEs. We have arbitrarily considered
that no ICME is present during the development of a SEP event when no ICME is listed for a period of 72 h
prior to and after the observation of the peak intensity in the prompt component of the event. Note that we
exclude the observation of the ICME associated with the parent CME that generated the SEP event which
usually occurs late in the event (i.e., well after the prompt component of the SEP event is measured) and
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Figure 3. The same as Figure 2 for five additional SEP events listed in Table 1. The purple numbers indicate the class of the SEP events for the DE4 175-315 keV

electron channel.

only in the case of events associated with Earth-directed CMEs. The assumption is that a Class 0 SEP event
(Figure 1a) occurs under undisturbed solar wind conditions, i.e., without the presence of any preceding ICME
either between the Sun and Earth or beyond Earth.

Class 1 events (Figure 1b) are those SEP events in which an ICME is present between the Sun and Earth at
the time when the peak intensity of the prompt component of the SEP event is observed. In these events,
the ICME arrives at Earth shortly after the maximum intensity of the SEP is observed and the ICME is not
associated with the parent CME that originated the SEP event. Class 2 events (Figure 1c) are those SEP events
in which the maximum particle intensity happens to occur between the passage of a preceding shock and
the ICME that presumably was responsible for the origin of the shock previously observed. In other words,
Class 2 events is when the peak intensity is observed in the sheath formed between the shock and the ICME
of a preceding event. If the preceding ICME did not drive a shock, the SEP event is then classified as Class 1.

Class 3 events (Figure 1d) are those SEP events with peak intensities observed when Earth is immersed
within a preceding ICME. Class 4 events (Figure 1e) are those SEP events observed after the passage of an
ICME. We have arbitrarily considered an upper limit of 72 h between the passage of the rear edge of the pre-
ceding ICME and the observation of the peak intensity in the prompt component of the SEP event (an ICME
moving at 600 km s~! would move ~1 AU in these 72 h). Finally, we added a Class 5 to include those SEP
events in which ICMEs are observed before and after the peak intensity of the prompt component of the
event and therefore multiple scenarios are possible. For those SEP events in which the peak intensity of the
prompt component is observed when Earth is immersed in an ICME, but other ICMEs are observed before
and after, we have prioritized the fact that the peak of the event occurs inside an ICME and classified the
event as Class 3.

Figures 2 and 3 show several examples of SEP events in each group. Each panel shows, from top to bottom,
solar wind speed, magnetic field magnitude, and magnetic field orientation in the RTN coordinate sys-
tem, as measured by the ACE spacecraft, the 175-315 keV electron intensities measured by the ACE/EPAM
DE4 electron channel and the proton intensities in the differential energy channels P3 (9-15 MeV), P4
(15-40 MeV), and P5 (40-80 MeV) of GOES/EPS. The vertical gray bars indicate the passage of ICMEs identi-
fied by Richardson and Cane and the thin solid vertical lines the passage of interplanetary shocks. For some
of these ICMEs, Richardson and Cane identify their most probable solar origin as seen by LASCO. The green
horizontal arrows in the solar wind and proton flux panels identify the time interval spent by the CME-driven
shock to travel from Sun to ACE according to the identification made by Richardson and Cane. That allows
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Figure 4. Distribution of the particle peak intensities for the different energy channels (from left to right DE4, P3, P4, and P5) and (a) for all the events regardless
of their class association (top row) and (b-g) for the events in Classes 0, 1, 2, 3, 4 and 5 (from top to bottom). The dashed vertical line indicates the mean peak
intensity M, and n the number of events in each distribution.

us to distinguish whether the observed ICME resulted from the CME at the Sun associated with the onset of
the SEP event.

Figure 2 (top, left) shows the SEP event on day 140 of 2001 (event #64 in Table 1). This SEP event was
observed under a relatively steady solar wind magnetic field without the presence of ICMEs before or after
the event; therefore, we have classified this event as Class 0. Figure 2 (top, right) shows the event on day 101
of 2002 (event #82 in Table 1). Just a few hours after the peak of the event, an ICME without any clear par-
ent coronagraph CME associated with it was observed early on day 102. The solar wind speed observed in
this ICME implies that, at the time when the peak intensity of the event was observed, the ICME was located
between the Sun and Earth; therefore, this ICME was an intervening structure for the SEPs, and we classify
this event as Class 1. Figure 2 (bottom, left) shows the event on day 290 of 2000 (event #51 in Table 1) with
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peak intensity observed 1.5 days after the passage of an ICME; therefore, this ICME was beyond Earth when
the peak intensity was observed and we classify this event as Class 4.

Figure 2 (bottom, right) shows two SEP events with onsets early on day 347 and late on day 348 of 2006,
respectively (events #146 and #147 in Table 1). No preceding ICME was observed before the first SEP event;
therefore, we classify the event on day 347 as Class 0. The maximum intensity of the SEP event on day 348
was observed during the passage of an ICME (note that this ICME was the interplanetary counterpart of the
CME associated with the origin of the SEP event #146 as indicated by the green horizontal arrow). Although
the following ICME observed on day 350 acted as an intervening structure for the event on day 348, we
prioritize the fact that the peak intensity occurred inside an ICME and classify this event as Class 3.

Figure 3 (left) shows two SEP events with onsets on day 175 and 177 of 2000 (note that the event with onset
on day 174 was not included in the list of Cane et al. [2010], and therefore, it is not considered in our study).
The peak intensity of the event on day 175 (event #42 in Table 1) occurred between the passage of an IP
shock and an ICME, therefore, we classify this event as Class 2. The peak intensity of the prompt compo-
nent of the SEP event with onset on day 177 (event #43 in Table 1) occurred within the passage of an ICME,
therefore, we classify this event as Class 3.

Finally, Figure 3 (right) shows a sequence of three SEP events in November 1997. The first two events with
onsets on days 307 and 308 (events #1 and #2) are Class 0 because no ICME was observed prior to or after
the peak intensity of these events. The peak intensity of the event with onset on day 310 (event #3 in
Table 1) was observed before the passage of the shock on day 310 in the energy channels DE4 and P5; how-
ever, the peak intensity in the energy channels P3 and P4 was observed in the sheath region of the following
ICME (this ICME was the interplanetary counterpart of the CME that generated the SEP event with onset on
day 308 as indicated by the green horizontal arrow). Since our classification of the events is based on the
conditions at the time of the peak intensity, the class assigned to each event may depend on the selected
energy channel. Therefore, the event on day 310 of 1997 is Class 1 for the channels DE4 and P5, but Class 2
for the energy channels P3 and P4.

Column 9 of Table 1 provides the classification of the SEP events according to the scheme above described.
We list from left to right and separated by commas the class of the event for the DE4 (175-315 keV) electron
channel, the P3 (9-15 MeV), P4 (15-40 MeV), and the P5 (40-80 MeV) proton channels. We have indicated
by “~" when the event does not show any particle increase above the preevent background intensity in the
corresponding energy channel and by “8” when the event does not show a peak intensity in its prompt
component. For most of the events, the same Class applies to all energy channels, however, when the peak
of the event is observed near the passage of a preceding ICME, different classes may apply to the different
energy channels owing to the observation of the peak intensity on different side of the preceding IP struc-
tures. Note that we use 1 h resolution data for both particle peak intensity and ICME boundary identification.
Slight differences in the event classification may appear when considering the use of higher time resolu-
tion data and the delay for the IP structures to travel from L1 to GOES. Column 10 of Table 1 lists the time
where we have identified the maximum peak intensity in the 175-315 keV electron channel. Columns 11-14
provide the maximum intensity of the prompt component of the events in the DE4 175-315 keV electron
channel, and the P3 9-15 MeV, P4 15-40 MeV, and P5 40-80 MeV proton channels, respectively. When the
SEP event does not show a peak intensity in their prompt component, we have either neglected the event
or indicated by —8.88E8 in Table 1 the energy channel where no peak intensity was identifiable.

Figure 4a (top row) shows the peak intensity distributions for all events listed in Table 1 for the energy chan-
nels DE4, P3, P4, and P5 (from left to right) regardless of their associated class. Figures 4b-4g show the
distribution of the peak intensities for each energy channel (from left to right, DE4, P3, P4, and P5) and for
the events, from top to bottom, in Classes 0, 1, 2, 3, 4, and 5. We have indicated in each panel the number
of events n and the mean value of the logarithms of the peak intensities M together with their standard
error. We note the low statistics in Classes 1, 2, and 5. The general trend is that the distributions of Class 0
events peak at low intensities, whereas the distributions of Class 3 and Class 4 events extend over a broad
range of intensities with larger mean values than Class 0 events. The high-intensity events within Classes 3
and 4 contribute to extend the high-intensity tail in the distributions of all events (top row). The two-sample
Kolmogorov-Smirnov test applied to the distribution of events Class 0 and Class 3 indicates that the proba-
bility that both distributions are drawn from a single parent distribution is less than 1%. The probability that
the distributions of events in Class 0 and Class 4 are derived from the same parent distribution is less than
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Table 2. Properties of the Primary and Preceding CMEs for the SEP Events Classified as P and NP* 2

. Primary CME Preceding CME
#vent Date Time PA w Veme FlareP Date Time PA w Veme Flare®
(1) ) (3) (4) (5) (6) (7) (8) ) (10) (11) (12) (13)
001 1997/11/3 11:11 233 122 0352 S17° W022° 1997/11/03 09:53 238 071 0338 $20° WO015°
002 1997/11/4 06:10 Halo 360 0785 S14° W033° 1997/11/03 11:11 233 122 0352 S17° W022°
003 1997/11/6 12:11 Halo 360 1556 S18° W063° 1997/11/06 04:20 263 059 03074 S15° WO056°
006 1998/4/20 10:07 284 243 1863 S W090° 1998/04/20 03:16 237 043 03164 -
007 1998/5/2 14:06 Halo 360 0938 S15° WO015° 1998/05/02 05:32 Halo 360 0542 $20° W007°
008 1998/5/6 08:29 309 190 1099 S11° W065° 1998/05/06 00:02 274 110 0786 S$16° W060°
015 1998/11/5 20:44 Halo 360 1118 N26° W018° 1998/11/05 02:03 Halo 360 0380 N19° W013°
024 1999/6/27 09:06 349 086 0903 N22° W026° 1999/06/26 19:54 Halo 360 0364 -
025 1999/8/28 18:26 120 245 0462 $26° WO014° 1999/08/27 20:26 069 153 0769 -
026 1999/12/28 00:54 293 082 0672 N20° W056° 1999/12/27 12:30 292 061 0302 N22° W042°
027 2000/2/12 04:31 Halo 360 1107 N26° W024° 2000/02/11 21:08 277 173 0498 N26° W020°
029 2000/3/3 02:30 233 098 0841 S15° WO060° 2000/03/02 13:54 235 076 0835 $20° WO058°
035 2000/5/4 11:26 235 >170 1404 $20° W090° 2000/05/04 04:50 239 062 1064 S14° W090°
041 2000/6/18 02:10 307 132 0629 N23° W085° 2000/06/17 04:40 293 098 0659 N22° W072°
042 2000/6/23 14:54 282 >198 0847 N23° W072° 2000/06/23 05:54 311 078 0535 N21° W069°
048 2000/9/9 08:57 271 180 0554 NO7° W067° 2000/09/09 01:59 282 112 0508 NO7° W060°
049 2000/9/19 08:50 283 076 0766 N14° W046° 2000/09/18 23:50 268 120 0359 N15° W038°
050 2000/10/9 23:50 Halo 360 0798 NO1° W014° 2000/10/09 14:06 262 193 0383 NO0° W017°
052 2000/11/08 23:06 271 >170 1738 N10° W075° 2000/11/08 17:06 252 042 03914 N11° W079°
054 2001/1/28 15:54 Halo 360 0916 S04° WO059° 2001/01/28 09:30 270 079 0638 -
057 2001/3/29 10:26 Halo 360 0942 N16° W012° 2001/03/28 19:27 135 059 0258 N14° W005°
059 2001/4/2 22:06 261 244 2505 N17° W072° 2001/04/02 12:50 257 155 0731 N15° W060°
060 2001/4/12 10:31 Halo 360 1184 $20° Wo042° 2001/04/11 13:32 Halo 360 1103 $22° W027°
061 2001/4/14 17:54 263 113 0830 S17° Wo71° 2001/04/14 09:30 264 103 0310 S18° W067°
062 2001/4/15 14:06 245 167 1199 $20° W084° 2001/04/14 17:54 263 113 0830 S16° W071°
063 2001/4/26 12:30 Halo 360 1006 N17° W031° 2001/04/26 08:30 332 091 0740 N24° W027°
074 2001/10/19 01:27 Halo 360 0558 N16° W018° 2001/10/18 16:26 236 065 0325 N16° W013°
075 2001/10/19 16:50 Halo 360 0901 N15° W029° 2001/10/19 01:27 Halo 360 0558 N16° W018°
077 2001/11/4 16:35 Halo 360 1810 N06° W018° 2001/11/04 14:10 302 110 08444 -
078 2001/12/26 05:30 281 >212 1446 NO08° W054° 2001/12/26 02:06 283 021 08004 -
084 2002/4/15 03:06 308 055 0674 N19° W079° 2002/04/14 07:50 323 076 0757 N19° W057°
087 2002/5/22 03:50 Halo 360 1557 $22° WO053° 2002/05/22 00:06 230 186 1246 -
091 2002/8/5 07:32 273 043 0689 S07° W045° 2002/08/04 21:30 251 083 0816 -
093 2002/8/16 06:06 293 162 1378 NO06° W083° 2002/08/15 22:30 301 068 0857 -
095 2002/8/19 11:06 221 102 0549 $12° W025° 2002/08/18 21:54 203 140 0682 S$12° W019°
096 2002/8/20 08:54 237 >122 1099 S10° WO038° 2002/08/20 01:54 244 157 0961 S11° WO035°
097 2002/8/22 02:06 Halo 360 0998 S07° W062° 2002/08/21 03:54 248 077 0474 S11° W047°
098 2002/8/24 01:27 Halo 360 1913 S02° W081° 2002/08/23 13:27 286 103 0321 S07° W082°
101 2002/11/9 13:32 Halo 360 1838 S$12° W029° 2002/11/08 18:30 196 062 0840 $12° W019°
103 2003/3/18 13:54 Halo 360 1042 S09° W046° 2003/03/18 12:30 263 209 1601 S15° W046°
104 2003/4/7 09:50 272 069 0719 S$10° W088° 2003/04/07 03:50 273 095 0217 -
105 2003/4/23 01:27 271 248 0916 N22° W025° 2003/04/22 21:04 349 064 0369 N20° W014°
106 2003/4/24 13:27 317 242 0609 N21° W039° 2003/04/23 16:50 343 105 0596 N20° W022°
107 2003/5/28 00:50 Halo 360 1366 S06° W020° 2003/05/27 23:50 Halo 360 0964 S07° W017°
111 2003/10/26 17:54 270 >171 1537 N02° W038° 2003/10/26 05:30 267 086 0684 -
112 2003/11/2 17:30 Halo 360 2598 S14° W056° 2003/11/01 23:07 254 093 0899 S12° W060°
113 2003/11/4 19:54 Halo 360 2657 $19° W083° 2003/11/04 12:54 263 072 0605 -
115 2003/11/20 08:06 Halo 360 0669 NO03° W012° 2003/11/20 02:50 221 063 0364 NO03° W008°
121 2004/7/25 14:54 Halo 360 1333 NO04° W033° 2004/07/24 23:54 217 078 0555 NO03° W026°
124 2004/10/30 06:54 Halo 360 0422 N13° W022° 2004/10/30 03:54 321 060 0138 N13° W020°
125 2004/10/30 12:30 Halo 360 0427 N12° W026° 2004/10/30 09:54 265 074 0552 N14° W024°
126 2004/10/30 16:54 Halo 360 0690 N13° W028° 2004/10/30 12:30 Halo 360 0427 N12° W026°
127 2004/11/7 16:54 Halo 360 1759 N09° W017° 2004/11/07 14:30 286 100 0226 NO8° W014°
129 2004/11/10 02:26 Halo 360 2000 N09° W049° 2004/11/09 17:26 Halo 360 2000 NO7° W051°
130 2005/1/17 09:54 Halo 360 2547 N15° W025° 2005/01/17 09:30 Halo 360 2094 N13° W023°
131 2005/1/20 06:54 Halo 360 2500 N14° W061° 2005/01/19 08:30 Halo 360 2020 N15° W051°
132 2005/5/6 03:30 280 109 1120 S04° W071° 2005/05/05 20:30 Halo 360 1180 S04° W067°
133 2005/5/6 11:54 277 129 1144 S04° W076° 2005/05/06 03:30 280 109 1120 S04° Wo71°
134 2005/5/11 20:13 Halo 360 0550 S10° WO055° 2005/05/11 07:32 236 095 0305 S11° W045°
139 2005/7/12 16:54 Halo 360 0523 N11° W067° 2005/07/11 17:30 275 069 0462 N14° W056°
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Table 2. (continued).

. Primary CME Preceding CME

#vent Date Time PA w Veme FlareP Date Time PA w Veme Flare®

M ) 3) (4) (5) (6) 7) (8) 9) (10 (1 (12) (13)

140 2005/7/13 03:06 288 054 0759 N18° W082° 2005/07/12 16:54 Halo 360 0523 N11° W064°
141 2005/7/13 14:30 Halo 360 1423 N11° W078° 2005/07/12 16:54 Halo 360 0523 N11° W067°
142 2005/7/14 10:54 Halo 360 2115 N08° W089° 2005/07/14 07:54 266 103 0752 N11° W073°
143 2005/8/22 01:32 Halo 360 1194 S09° W048° 2005/08/21 12:06 267 061 0287 S09° W042°
144 2005/8/22 17:30 Halo 360 2378 $12° W060° 2005/08/22 01:32 Halo 360 1194 S11°W054°
145 2006/7/6 08:54 Halo 360 0911 S11° W032° 2006/07/06 01:32 219 110 0250 -

146 2006/12/13 02:54 Halo 360 1774 S06° W023° 2006/12/12 20:28 193 050 04744 =

147 2006/12/14 22:30 Halo 360 1042 S07° W046° 2006/12/14 20:30 237 016 03164 =

As listed in cdaw.gsfc.nasa.gov/CME_list where Time indicates the first observation time of the CME in LASCO images on the indicated day, PA is the posi-
tion angle (in degrees), W is the CME width (in degrees) and Ve the plane-of-sky speed (in km s~'). Note that the properties of the preceding CME for event
on day 111 of 2002 classified as NP* [or Other by Gopalswamy et al., 2004] do not exist. Dates are formatted as year/month/day.

PFlare location as listed in Table 1 of Cane et al. [2010].

Flare location based on either the occurrence of a solar flare listed in www.swpc.noaa.gov or the observation of an EIT eruption.

dFor some of the most intense SEP events, Ding et al. [2013] identified a < 60° CME preceding the primary CME.

30% for energy channels P3 and P4, 48% for P5 and 66% for DE4. We conclude that significant differences
exist between the peak intensity distributions of Class 0 and Class 3 events, whereas for Class 4 these differ-
ences are more significant in Channels P3 and P4 than in P5 and DE4. For the other classes, the uncertainties
associated with the low statistics of each group do not allow us to draw firm conclusions.

2.2. SEP Event Classification Based on Coronagraph CME Observations

The use of near-Earth in situ ICME observations to determine the properties of the interplanetary medium
where SEPs propagate is very limited, especially for those events classified as Class 1 for which we inferred
the presence of an ICME located between the Sun and the observer. Figure 5 of Richardson and Cane [2010]
shows that ICMEs detected at Earth can originate from longitudes ranging from E50° to W50° with a clear
predominance of CMEs launched from longitudes close to the Sun-Earth line (64% of ICMEs observed near
Earth originate from a range of longitudes +20° from central meridian). The prompt observation of SEPs
requires the injection of particles onto a field line connecting with the observer which usually resides at the
west of the Sun-Earth line (~W60° for slow solar wind conditions). For SEP events in Classes 2 and 4, we can
be certain that the observation of an ICME or a shock prior to the peak intensity of the SEP event implies
that such IP structures were located beyond Earth at the time when the bulk of SEPs reached the observer,
and that most likely these structures, because of their angular extent, might have had a real effect in reflect-
ing SEPs back to the observer. For SEP events in Class 3, we can also be certain that the in situ observation
of an ICME during the maximum of the SEP event implies that the bulk of particles propagated within the
ICME to reach the observer and that most likely their transport was controlled by such structure. However,
for SEP events in Class 1, the observation of a preceding ICME after the onset of the SEP event does not
imply that the transport of SEPs has been affected by the presence of this ICME. For example, it is easy to
envision the launch of a preceding CME from an active region in a longitude close to the Sun-Earth line fol-
lowed by the occurrence of a western flare from an unrelated active region located close to the root of the
IMF line connecting the observer with the Sun. Depending on the time elapsed between the launch of the
preceding CME and the injection of SEPs by the primary CME, it is possible that the SEP propagation toward
the observer is not affected by the preceding CME. For this reason, we have added an alternative criterion
to determine whether a preceding ICME was present between the Sun and Earth when the injection of SEPs
from the primary CME took place.

In order to identify whether an ICME was present in IP space before the occurrence of the main CME and
that most likely this preceding ICME affected the transport of the SEPs injected at the time of the primary
CME, we have applied the same criteria used by Gopalswamy et al. [2004]. We have searched for preceding
CMEs ejected from the same source region as the primary CMEs satisfying the following two criteria: (1) the
preceding CME should have been launched within 24 h ahead of the onset time of the primary CME and (2)
the preceding CME must be wider than 60°.

The selection of 24 h as a time window to determine the precedence of a CME comprises a wide range of
heliocentric distances where the preceding CME might have been located at the time of the SEP injection,
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Figure 5. SEP peak intensities versus sky-plane speed of the
associated primary CMEs. The dashed straight lines (j o v*) are
visual indications of the upper limit of the SEP peak intensities.
The letters S, C, O, and R indicate the type of CME according to
the scheme proposed by Evans et al. [2013].

but mostly within 1 AU and thus located
between the Sun and Earth. For example, a pre-
ceding CME moving at 400 km s~" would be
located at ~0.23 AU from the Sun in these 24 h
whereas a preceding CME at 1500 km s~! would
be at ~0.87 AU. For shorter elapsed times
between the preceding and the primary CMEs,
the preceding CME will be closer to the Sun at
the time when the primary CME is ejected.

The condition that the preceding CME orig-
inates from the same active region as the
primary CME implies that SEPs injected at

the time of the primary CME must propagate
through field lines distorted by the preced-
ing CME. The condition that the preceding
CME must be wider than >60° increases the
probability that a wide region of the interplan-
etary medium was affected. The use of wide
CMEs also responds to the technical difficulty of
detecting narrow CMEs from close to the disk
center using coronagraph observations.

We have based our study on the catalog of
CMEs observed by LASCO posted on cdaw.gsfc.
nasa.gov/CME_list/ and described in Yashiro

et al. [2004]. The identification of the solar ori-
gin of the preceding CMEs was based on either
prior reports [e.g., Gopalswamy et al., 2004; Ding
et al.,, 2013] or inspection of images from the
Extreme-ultraviolet Imaging Telescope (EIT) on
board SOHO. Owing to the uncertainties in the
origin of the events occurring behind the limb,
we have classified only those events with iden-
tifiable origin on the visible side of the Sun (as
seen from Earth). We have indicated in Column
15 of Table 1 whether a preceding CME fulfilling
the above criteria was identified in the catalog
(P) or not (NP). For a few events, a CME fulfill-
ing the criteria of width and time, and moving
the same direction as the primary CME, was
observed but we could not identify its origin
(indicated by Y in Column 15 of Table 1). A few
events with data limitations (indicated by dg in
Column 15 of Table 1) did not allow us to deter-
mine if a preceding CME was present. Out of
the 147 SEP events of Table 1, 126 events were
associated with solar activity in the visible solar
disk, 11 occurred during LASCO data gaps, two
events were classified as Y, 61 as P, and 52 as NP.

Among the most intense SEP events classified as NP, we distinguish also those that either Ding et al. [2013]
identified the occurrence of a preceding CME not listed in the CDAW catalog, or Gopalswamy et al. [2004]
identified the occurrence of a preceding eruption not registered in the LASCO catalog of CMEs because the
primary CME followed so closely that it overtook the preceding CME within the occulting disk of LASCO.
These latter SEP events are part of the group classified as “Other” by Gopalswamy et al. [2004]. We indicate in
column 15 of Table 1 a total of eight events by NP* (where * indicates this particularity described in the
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NE 100} .‘.‘ g d 4 LASCO CMEs at cdaw.gsfc.nasa.gov/CME_list/.

— o o @ \ % Columns 8-13 give the same parameters for the
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X o ® ) 0.‘ preceding CME. Note that if there were more
S 1072 g% g‘.. ° o° 3 than one preceding CME satisfying the above
1 0_3 R . . . criteria, Table 2 lists the CME closest in time to
+3 the primary CME.
10 b [CTTM TX
+
S 10" FGoES/EPS/P5 * .7 3 3. Relationship Between SEP Peak
- » e

> 1o+1[40-80 Mev ey O 1 Intensities, CME Speed Type

» protons L °®

5 1070} o 0] and Soft X-ray Flare Class

~ e 0O
E 10_1 L ‘O.’o‘ s o ¢ N Figure 5 shows the SEP peak intensities
E -2 3 °t Y ‘. o listed in columns 11-14 of Table 1 versus the

10_3 3 '5‘;‘ ".e.: 3 plane-of-sky speeds of the associated CMEs
10 = —6 '_5 '_4 '_3 Ly (listed in column 8 of Table 1). We have indi-
10 10 10 10,10 10 cated in Figure 5 (bottom) the type of the CME
Fs (W/m*) according to the SCORE Scale proposed by
Figure 6. SEP peak intensities versus the soft X-ray solar flare Evans et al. [2013] based on the plane-of-sky
peak flux. The dashed straight lines follow a law j & (Fsyg)'>° CME speed (S for slow CMEs with speeds less
inferred by Cliver et al. [2012]. than 500 km s~', C for common CMEs with

speeds between 500 and 999 km s~', O for
occasional CMEs with speeds between 1000 and 1999 km s~', and R for rare CMEs with speeds between
2000 and 2999 km s~'). The most common CME type associated with the selected SEP events is the O type.
Figure 5 shows that the peak intensity versus the CME speed follows, in a good approximation, a triangu-
lar distribution. Prior attempts to find correlations between the logarithms of the SEP peak intensities and
the logarithms of the CME speeds have indicated the large spread of peak intensities over several orders of
magnitude for similar values of CME speeds [e.g., Kahler, 2001]. For a given CME speed, the range in asso-
ciated SEP peak intensities extends over 3 or 4 orders of magnitude, making a possible prediction of peak
intensities virtually impossible. Rather than trying to find a correlation between SEP peak intensity and CME
speed (see, for example, Gopalswamy et al. [2004] and Miteva et al. [2013] for a discussion of the quality of
correlations for different types or classes of events), we consider more appropriate the use of these trian-
gular distributions as a method to provide upper limits to the particle intensity that can be observed in
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Figure 7. The 9-15 MeV proton peak intensities versus sky-plane speed of the associated primary CME distinguishing
the events in each class according to the presence/absence of ICMEs. The dotted vertical lines and the letters S, C, O, and
R indicate the type of associated CME according to their sky-plane speed. The dashed lines indicate the slope j « v*%0
plotted in the panel P3 9-15 MeV proton channel of Figure 5.

the prompt component of the SEP events. The dashed straight lines in each panel of Figure 5 provide, for a
given CME speed and with the exception of a few events (see below), the upper limit of peak intensity to be
observed in the prompt component of the associated SEP event.

The empty upper left triangles in the different panels of Figure 5 indicate that the most intense SEP events
are associated with the fastest CMEs. On the other hand, Figure 5 also shows an empty lower right cor-
ner in the distributions indicating that the fastest CMEs do not produce low intensity SEP events. In other
words, the type R CMEs are most likely to produce intense SEP events. Gopalswamy et al. [2008a] found
that for western CMEs, the SEP association rate increases linearly from ~30% for 800 km s~ to 100% for
>1800 km s~'. However, it is worthwhile to indicate that some narrow fast CMEs have not been associated
with SEP particle enhancements [e.g., Kahler and Reames, 2003; Gopalswamy et al., 2008b].

Figure 6 shows the scatter plot of SEP peak intensities versus the associated flare soft X-ray peak 1-8 A flux
(Fsxr)- Dependence between Fgy; and SEP peak intensities have been previously found with discreet correla-
tion coefficients [e.g., Gopalswamy et al., 2003; Garcia, 2004; Park et al., 2010; Cliver et al., 2012; Miteva et al.,
2013]. Although it is always possible to find a sufficiently high upper limit to the peak intensities of the SEP
events, it is clear that such distributions are not so clearly defined as the distributions shown in Figure 5. The
dotted lines in Figure 6 follow a law j & (Fsyz)'*° that is the linear regression obtained by Cliver et al. [2012]
using 58 >10 MeV proton SEP events but slid in both directions to determine a possible upper limit for the
peak intensities as done in Figure 5. The largest peak intensity was associated with a M7.4 flare (event #52
on 2000/11/8), and there is a trend for the peak intensity distributions to flatten for flare classes above X10.
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Table 3. Peak Intensity Averages for Each Energy Channel and Class of SEP Event?

Energy CME Flare All
Channel S C o] R C M X EventsP
DE4 all events 1.40E2 (14) 3.83E2 (48) 1.27E3 (60) 1.30E4 (11) 1.53E2 (33) 7.86E2 (72) 3.23E3 (36) 7.51E2 (145)
DE4 Class 0 (clean) 1.26E2 (9) 2.80E2 (18) 7.43E2 (25) 1.26E3 (1) 1.98E2 (14) 5.50E2 (29) 4.63E2 (12) 4.02E2 (59)
DE4 Class 1 (inter) 2.57E2 (1) 1.44E2 (4) 1.10E3 (5) 1.29E4 (1) 9.49E0 (6) 1.18E3 (3) 3.88E3 (3) 4.50E2 (12)
DE4 Class 2 (sheath) -(0) 7.18E2 (6) 1.04E3 (4) -(0) 5.03E1 (1) 9.62E2 (8) 4.42E3 (1) 8.34E2 (10)
DE4 Class 3 (inside) 9.60E1 (2) 1.05E3 (7) 3.86E3 (11) 2.90E4 (2) 2.85E1 (1) 1.80E3 (13) 5.38E3 (10) 2.39E3 (24)
DE4 Class 4 (after) 2.07E2 (1) 2.63E2 (11) 5.42E2 (7) 1.44E4 (7) 1.54E2 (9) 6.17E2 (12) 1.35E4 (7) 8.55E2 (28)
DE4 Class 5 (multi) 2.94E2 (1) 1.59E3 (2) 3.76E3 (8) -(0) 4.18E2 (2) 7.45E2 (7) 3.75e4 (3) 1.80E3 (12)
P3 all events 8.63E-2(11) 1.97E—1(37)  1.85E0 (52) 1.99E1 (11)  1.47E—1(24) 6.59E—1(59)  4.84E0 (48)  7.69E—1 (120)
P3 Class 0 (clean) 9.47E-2(6)  2.19E—1(14)  1.01E0 (20) 451E0 (2)  276E—1(11) 624E—1(21) 7.30E—1(10)  4.72E—1 (46)
P3 Class 1 (inter) 440E-2(2)  1.11E-1(4)  3.10E-1(2) 3.80E1 (1) 5.66E—2 (6) 8.26E0 (2) 1.49E0 (2) 1.86E—1 (10)
P3 Class 2 (sheath) -(0) 124E-1(3)  835E—1(3) -(0) -(0) 1.32E=1 (5) 2.73E1 (1) 3.22E-1 (6)
P3 Class 3 (inside) 414E-2 (1)  443E-1(7)  6.75E0 (16) 4.64E1 (1) 1.90E-1(1)  1.18E=1(15)  1.16E1 (11) 2.79E0 (27)
P3 Class 4 (after) 1.11E0 (1) 135E—1(7)  6.02E—1(7) 2.45E1 (7) 1.51E=1(5)  5.30E—1(10)  9.73EO0 (8) 1.11E0 (23)
P3 Class 5 (multi) 3.08E-2(1)  1.30E-1(2) 6.54E0 (4) -(0) 3.08E-2(1)  4.43E-1 (6) 1.26E2 (1) 6.43E—1 (8)
P4 all events 242E-2(7) 5.13E-2(34) 4.42E-1(51) 7.33E0(11) 321E-2(19) 1.74E—1(56)  1.86E0 (31)  2.37E—1(110)
P4 Class 0 (clean) 245E-2(4)  5.99E-2(14) 2.12E—1(19) 135E0(2)  5.05E—2(10) 1.60E—1(21) 3.89E—1(8)  1.22E—1(43)
P4 Class 1 (inter) 7.75E-3(2)  254E-2(3)  227E-2(3) 8.36E0 (1) 1.12E-2 (4)  1.95E-1(3)  2.88E-2(2) 3.58E-2 (9)
P4 Class 2 (sheath) -(0) 2.15E-2(3)  2.61E-1(3) -(0) -(0) 2.67E-2 (5) 1.31E1 (1) 7.49E-2 (6)
P4 Class 3 (inside) -(0) 1.02E-1 (7) 1.94E0 (16) 4.00E1 (2) 2.52E-2(1)  3.73E-1(14)  5.25E0(12) 1.09E0 (27)
P4 Class 4 (after) 223E-2(1)  4.18E=2(6)  2.24E—1 (6) 7.15E0 (6) 3.15E-2(4)  1.77E=1(9) 2.62E0 (7) 3.22E—1 (20)
P4 Class 5 (multi) -(0) 1.85E—2 (1) 1.46E0 (4) -(0) -(0) 1.69E—1 (4) 1.01E2 (1) 6.08E—1 (5)
P5 all events 466E-3 (3) 1.39E-2(19) 6.87E-2(39) 8.78E—1(10) 4.48E-3(7) 2.95E-2(39) 2.88E—1(29) 5.77E—2 (76)
P5 Class 0 (clean) 349E-3(2)  1.58E-2(8) 2.74E-2(14) 635E—1(1)  4.95E-3(5) 252E-2(14) 656E—-2(8)  2.33E—2 (28)
P5 Class 1 (inter) -(0) 3.35E-3 (1) 2.34E0 (1) 2.52E-1 (1) -(0) 252E-1(1)  8.85E-2(2) 1.25E—1 (3)
P5 Class 2 (sheath) -(0) 325E-3(2)  292E-3(2) -(0) -(0) 3.08E-3 (4) -(0) 3.08E-3 (4)
P5 Class 3 (inside) -(0) 3.14E-2(4)  1.94E-1(13)  4.20E0 (2) -(0) 8.10E-2(10) 3.71E-1(11)  1.80E—1 (21)
P5 Class 4 (after) 831E-3(1)  143E-2(4)  235E-2(5) 6.77E=1(6) 347E-3(2) 2.01E-2(8) 9.54E—1(6)  6.86E—2 (16)
P5 Class 5 (multi) -(0) -(0) 447E-1 (4) -(0) -(0) 832E-2(2) 2.40E0 (2) 447E-1 (4)

aAverages computed using the logarithm of the peak intensities in each CME speed type (S, C, O, and R) and each soft X-ray flare class (C, M, and X)
for the energy channels DE4 (175-315 keV electrons), P3 (9-15 MeV protons), P4 (15-40 MeV protons) and P5 (40-80 MeV protons).
bRegardless of the type of CME or X-ray flare class associated with.

4, Peak Intensity Averages

Figure 7 shows the proton peak intensity measured in channel P3 (9-15 MeV) as a function of the CME speed
for each class of event following the scheme described in section 2.1 to identify the presence or absence of
ICMEs. The dashed straight lines are the same as shown for this energy in Figure 5 (e.g.,j o v*%°). With the
exception of Class 0, the rest of the classes include events occurring in a disturbed IP medium. Note that
the few events above the dashed straight lines correspond to events in Classes 3 and 4. It is well known that
most of the fastest CMEs usually occur in series [Ruzmaikin et al., 2011]. Therefore, it is not surprising that
most of the events associated with R-type CMEs are in Class 4 and that only 25% of the events associated
with CMEs of speeds >1500 km s~ are Class 0. Similarly, the most intense events with P3 peak intensity
above 10? protons (cm? s sr MeV)~" occur only in Classes 3, 4, and 5. On the other hand, there is a general
lack of intense events in Class 1, with only one event above 10" protons (cm? s sr MeV)™" or two events
above 10° protons (cm? s sr MeV)~".

For each type of the associated CME (S, C, O, and R) we have computed the number of events in each class
and the average of the logarithms of their peak intensities. Table 3 lists, for each energy channel and each
class of event, both the number of events (in parentheses) and the average of the logarithms of the peak
intensities, observed in each CME speed type and each X-ray flare class. The limited number of events in
some of these subgroups implies that comparisons of the averaged peak intensities of events associated
with CMEs of similar speed or flares in the same X-ray class should be cautiously considered because of both
poor statistics and the weight that the most intense SEP events have in computing the averaged peak inten-
sity. The most populated classes of events associated with CMEs of similar speed are Class 3 and Class 0
associated with O-type CMEs. With the exception of events associated with S-type CMEs and C-class flares
(where the number of Class 3 events is very low), Class 3 events always show, on average, higher peak
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Figure 8. Average values of the peak intensities of the
prompt component of the SEP events (black symbols)
regardless of the associated CME speed or X-ray flare
class and (gray symbols) associated with CMEs of speed
>1000 km s, for SEP events of Classes 0 to 4 (from left
to right) and the energy channels (from top to bottom)
DE4, P3, P4, and P5. The numbers indicate the number of

events in each class. The vertical bars indicate the standard

errors obtained from the average of the logarithms of the
peak intensities.

intensities than those of Class 0. For the rest of
the classes, the number of events in each group
should be carefully examined before comparison.

The last column of Table 3 shows the total number
of events for which we were able to determine a
peak intensity in their prompt component in each
event class and for each energy channel regard-
less of the CME speed type or the X-ray flare class.
Figure 8 shows the average values of the peak
intensities for Classes 0 to 4 for all events regard-
less of the associated CME speed or X-ray flare
(black symbols; i.e., the values listed in the last
column of Table 3) and for those events associ-
ated with CMEs of speeds >1000 km s~ (gray
symbols; i.e., adding the events associated with
CME speed types O and R). Figure 8 shows that
the events observed inside an ICME (Class 3)
have, on average, higher peak intensities than
the other classes of events, followed by events

in Class 4 (i.e., observed when an ICME is beyond
the observer). Differences in the averaged peak
intensities among the different classes of events
are more evident when the whole group of events
regardless of the CME speed is considered (black
symbols in Figure 8). Among the different ener-
gies and species analyzed, 175-315 keV electrons
and low-energy protons show differences more
accentuated among the averaged peak intensi-
ties in the different classes of events, whereas the
differences are less apparent for P5 40-80 MeV
proton intensities.

Figure 8 also shows that, when statistics are sig-
nificant, the events with intervening ICMEs (i.e.,
Class 1 events) tend to have, on average and over
the ensemble of events, low intensities, especially
for 9-15 and 15-40 MeV protons. For 40-80 MeV
protons the number of Class 1 events is very lim-
ited, whereas for 175-315 keV electrons, there is
no significant difference between average peak
intensities of Class 0 and Class 1 events. The differ-
ence between the average peak intensities of Class
0 and Class 1 events in the P3, P4, and DE4 energy
channels is smaller that the difference between
the average peak intensity of either Class 3 or Class
4 events and that of the Class 0 events. When con-

sidering only events associated with >1000 km s~' CMEs (gray symbols), the number of Class 1 events is not
statistically significant to establish a firm comparison with the other classes.

As described in section 2.2, the use of near-Earth in situ ICME observations to determine the presence of an
ICME between the Sun and Earth affecting the transport of SEPs may be limited. Therefore, we study here
the dependence of the peak intensity for those SEP events associated with or without a preceding LASCO
CME fulfilling the criteria described in section 2.2. Figure 9 shows, with the same format as Figure 5, the peak
intensity of the SEP events as a function of the primary CME speed. The panels on the left column of Figure 9
consider all events classified in column 15 of Table 1 as P (red open circles), NP* (green solid symbols), and
NP (blue crosses). In order to exclude the effects that preceding ICMEs located at or beyond 1 AU may have
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Figure 9. SEP peak intensities versus sky-plane speed of the associated CMEs, distinguishing events with a preceding
CME (open red symbols for events indicated by P in Column 15 of Table 1), and without a preceding CME (blue crosses
for events indicated NP in Column 15 of Table 1 and green solid circles for events indicated NP* in Column 15 of Table 1).
Left panels contain all events associated with flares on the frontside of the Sun and regardless of their class based on the
in situ observation of ICMEs. Right panels contain only Class 0 and Class 1 events.

on the SEP peak intensities, we have considered, in Figure 9 (right), only those events that were classified as
Class 0 or Class 1 according to the criteria described in section 2.1 (i.e., we have excluded events in Classes 2,
3,4,and 5).

When considering all the possible classes of events (Figure 9, left), we see that there is a considerable over-
lap between the peak intensities of P and NP events; however, for the most intense SEP events, there is

a preponderance of P and NP* events over the NP events. In spite of the overlap, for a given CME speed,
Figure 9 (left) shows that the events without any preceding CME (blue crosses) tend to have lower intensi-
ties than the events with a preceding CME (red open and green solid symbols), corroborating the results of
Gopalswamy et al. [2004]. We also see that most of the events associated with fast CMEs (type R) were pre-
ceded by a CME from the same source region because fast CMEs tend to occur in a sequence [e.g., Ruzmaikin
et al., 2011]. When considering only those events in Class 0 and 1 (Figure 9, right), the distributions become
less populated with a deficit of intense events. There is also a significant deficit of NP events (blue crosses) in
the proton energy channels associated with C-type speed CMEs. With the exception of six P and NP* events
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Figure 10. Average values of the peak intensities of the prompt component of the SEP events (black symbols) regard-
less of the associated CME speed or X-ray flare class and (gray symbols) associated with CMEs of speed >1000 km s~7,
from left to right, classified as NP in column 15 of Table 1, classified as NP but excluding the events with NP*, and the
events classified as P, for the energy channels, from top to bottom, DE4, P3, P4, and P5. Left panels contain all events
associated with flares on the frontside of the Sun and regardless of their class based on the in situ observation of
ICMEs. Right panels contain only Class 0 and Class 1 events. The numbers indicate the number of events in each group
NP, pure NP, and P. The vertical bars indicate the standard errors obtained from the average of the logarithms of the
peak intensities.
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in the top right corner of Figure 9 (right) (associated with the fastest CMEs) and the C-type CME speed bin
(where P events are more abundant), the preponderance of P events (red open circles) over NP events (blue
crosses) at high intensities is not so clear as when we consider all classes of events. Note that we have not
distinguished NP* events among the less intense NP events, and some of the blue crosses in Figure 9 may
become green solid symbols.

We have listed in Table 4 the averages of the peak intensities for each energy channel, in each event group
(P, NP, and NP excluding the NP* events), for each CME speed type and for each soft X-ray flare class. We have
distinguished the averages obtained when considering all events regardless of their class (i.e., the events
shown in Figure 9 (left) and listed in the first row of each event group in Table 4) from the averages obtained
when considering only Class 0 and Class 1 events (i.e., the events shown in Figure 9 (right) and listed in the
second row of each group in Table 4 using italic font). Figure 10 (left column) shows, with the same format
as Figure 8, the averages of the SEP peak intensities for those events plotted in Figure 9 (left column), for
each energy channel (from top to bottom) and, from left to right, the events classified as NP, classified as
NP but excluding NP*, and classified as P (from left to right). The distinction between the averaged peak
intensities of the P and NP events is only obtained when NP* events are excluded. Figure 10 (right column)
shows the same averages but considering only Class 0 and Class 1 SEP events (i.e., the events plotted in
Figure 9, right). Although the average peak intensity of P events is larger than that of the pure NP events
(i.e., events NP excluding events NP*), the distinction is less clear than when all the events (regardless of
their class) are considered. Note that we have not distinguished, among the NP events, those that can be
classified as NP* for the whole range of intensities, which may modify this result. Table 4 also shows that
the distinction between average peak intensities in different groups is more ambiguous when comparing
events associated with similar X-ray flares rather than similar CME speed.

5. Conclusions

We have analyzed the peak intensity measured in the prompt component of western SEP events observed
throughout solar cycle 23 near Earth. With a considerable degree of scatter, there is a trend for intense SEP
events to be associated with fast CMEs. However, rather than suggesting possible correlations between the
logarithm of the SEP peak intensities and the logarithm of the CME speeds [e.g., Gopalswamy et al., 2004;
Park et al., 2012; Miteva et al., 2013], we propose the use of triangular distributions (Figure 5) that provide,
for a given CME speed, an upper limit of the peak intensity measured in the prompt component of the SEP
events. When we include all SEP events regardless of their longitudinal solar origin (not shown here), the
triangular distributions maintain their basic shape, with the only effect of being more populated than those
shown in Figure 5. The distributions of the prompt component peak intensities versus the soft X-ray peak
flux of the associated flares do not follow clear log-log correlations (Figure 6). Correlations between SEP peak
intensities and soft X-ray flare classes only improve when intense flares, western flares, long-duration flares
or average values in certain flare sizes, and SEP intensity bins are used [e.g., Park et al., 2010; Wang, 2006;
Belov et al., 2005].

We have classified the SEP events according to the presence or absence of ICMEs in the IP medium at the
time when the peak intensity of the prompt component of the SEP event is observed. In situ observations of
ICMEs near Earth have been used to determine the presence and location of prior ICMEs. We have divided
the SEP events into the following categories: (0) the event is observed under undisturbed nominal solar
wind conditions (i.e., in absence of ICMEs); (1) the event occurs when an ICME is located between Earth and
Sun; (2) the peak intensity of the prompt component of the SEP event is observed in the sheath region of

a preceding ICME; (3) the peak intensity of the prompt component of the SEP event is observed within an
ICME; (4) the peak intensity of the prompt component of the SEP event is observed when an ICME is located
beyond Earth; and (5) multiple scenarios with ICMEs located beyond the observer and between the Sun and
Earth. The statistical analysis of SEP peak intensities in the prompt component of the SEP events shows that,
over the ensemble of events, the highest peak intensities, on average, are observed when the spacecraft is
inside an ICME followed by the events observed when an ICME is beyond Earth. By contrast, the few events
observed when an Earth-directed ICME is located between the Sun and Earth show, on average, lower peak
intensities than those of the events observed under undisturbed solar wind conditions, especially for 9-15
and 15-40 MeV proton intensities. The difference is not significant for 175-315 keV electron peak intensities
(Figures 4 and 8).
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A similar study was performed by Miteva et al. [2013] who considered SEP events in solar cycle 23 associated
with M class or X class solar flares occurring on the western hemisphere of the Sun (W0°-W90°). Rather than
considering the IP conditions when the peak intensity in the prompt component of the event was observed,
Miteva et al. [2013] classified the events according to the IP conditions at the time of the onset of the event.
Miteva et al. [2013] categorized a total of 104 SEP events as (1) observed within an ICME, (2) observed in the
standard solar wind when the onset of the SEP event occurred at least 1 day after the end of a previous ICME
at Earth and at least 1 day before the start of the next ICME, and (3) the remaining events with uncertain
magnetic field configurations including the vicinity of shocks, sheath regions, or disturbed field lines behind
ICMEs. Location of ICMEs was based on in situ plasma and magnetic field observations. The different criteria
used here together with the use of particle data with different time resolution and different time intervals
to determine the presence or absence of ICMEs lead to slight discrepancies among the class assigned to
each event. However, most of the events that Miteva et al. [2013] classified as observed within an ICME are
in our Class 3. Most of the events that Miteva et al. [2013] classified as observed in the standard solar wind
are in our Class 0 for the common energy channels analyzed in both works. Events that Miteva et al. [2013]
classified as observed in the vicinity of ICMEs are mostly divided among our Classes 2-4. Miteva et al. [2013]
stated that the differences in the peak intensity distributions of those events observed within an ICME and
of the events observed in the standard solar wind were not statistically significant, although there was a pre-
ponderance for higher peak intensities in the events observed inside an ICME (see their Figure 1). The results
presented in our work, including the distinction between events observed before or after the passage of
an ICME and longer time intervals to determine the presence of ICMEs, show that the peak intensity distri-
bution of events observed within an ICME differ from those observed in undisturbed solar wind (Figure 4).
The events observed within an ICME have, on average, higher intensities than those events observed out-
side of ICMEs (Figures 4 and 8 and Table 3). The events observed after the passage of an ICME are typically
associated with fast CMEs (Figure 7), and hence, their averaged peak intensities are higher than those of the
events observed when the passage of preceding ICMEs occurs after the onset the SEP event (i.e., higher than
Class 1 events).

The fact that SEP events observed within ICMEs or after the passage of an ICME have, on average, higher
peak intensities than events observed in undisturbed solar wind (Figure 8) may be interpreted as follows.
Both (1) the magnetic topology of the ICMEs and (2) the interplanetary perturbations associated with the
ICMEs located beyond 1 AU provide the magnetic structures necessary to reflect SEPs back toward the
observer leading to the observation of elevated SEP intensities at 1 AU. The fact that fast CMEs tend to occur
in series [Ruzmaikin et al., 2011] implies also that the most intense SEP events usually occur under the pres-
ence of ICME structures in the IP medium which may modify the nominal transport of SEPs. For example,
Miteva et al. [2013] found that the fraction of SEP events detected within an ICME increases with the associ-
ated flare size, indicating that the more energetic the solar event associated with the origin of the SEP event,
the greater the likelihood to detect the SEP event within or in the vicinity of an ICME. Both the frequent asso-
ciation with fast CMEs and the possible effect that preceding ICMEs have on the transport of SEPs contribute
to the higher intensities observed in events of Classes 3 and 4.

On the other hand, one may also expect that when a SEP event occurs with a preceding ICME located
between the Sun and the observer, the effect that this intervening structure has on the SEP transport may
lead to an attenuation of the observed SEP intensities with respect to the intensities observed in the case
of an event occurring in an undisturbed solar wind. Our results based on in situ observation of ICMEs show
that (1) the number of events with ICME located between the Sun and Earth was low and (2) the average
peak intensity of the Class 1 events is slightly lower than that of the other Classes for 9-15 and 15-40 MeV
protons, but for 175-315 keV electrons does not differ significantly from those events observed under undis-
turbed solar wind conditions (cf. Figures 4 and 8). The fact that ICMEs located beyond Earth have a greater
impact on the observed SEP peak intensities than the ICMEs located between the Sun and Earth may result
from the fact that particles propagating close to the Sun tend to focus along the magnetic field. The diverg-
ing magnetic field close to the Sun focus the particles along the magnetic field with small pitch angles which
make them able to easily overcome magnetic field enhancements. At larger heliocentric distances (partic-
ularly when the magnetic field begins to fall off as 1/r where r is the heliocentric distance), scattering and
mirroring processes are more efficient reflecting particles back to 1 AU. Hence, ICMEs located beyond 1 AU
have a larger effect on the transport of SEPs than ICMEs close to the Sun.
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The limitations of using in situ observations of ICMEs to determine the presence of an intervening ICME
affecting the transport of SEPs led us to use LASCO observations to determine the presence of an ICME
launched from the same source region as the CME origin of the SEP event and within 24 h of the primary
CME. This is the same criteria used by Gopalswamy et al. [2004] to conclude that the preconditioning of the
medium by the preceding CME favors the efficient acceleration of particles by the shock driven by the pri-
mary CME, and hence the higher peak intensities in P events. When considering all events regardless of their
class, we duplicate the results of Gopalswamy et al. [2004] but now including events with lower intensities
than those considered by Gopalswamy et al. [2004] (Figures 9 (left) and 10 (left)). However, when we exclude
those events affected by the presence of a preceding ICME at or beyond 1 AU, the difference between the
average peak intensities of events P and pure NP (i.e., NP events excluding NP*) becomes smaller (Figures 9
(right) and 10 (right)). Therefore, we conclude that the preconditioning of the medium produced by a pre-
ceding CME may lead to an efficient acceleration of particles, but other factors such as those produced by
interplanetary structures by preceding ICMEs located at or beyond the observer need to be considered
when studying the variability of the measured SEP intensities.
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