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Abstract Using observations from the High Energy Telescopes (HETSs) on the
STEREO A and B spacecraft, and similar observations from near-Earth space-
craft, we summarize the properties of more than 200 individual > 25 MeV solar
proton events, some detected by multiple spacecraft, that occurred from the be-
ginning of the STEREO mission in October 2006 to December 2013, and provide
a catalog of these events and their solar sources and associations. Longitudinal
dependencies of the electron and proton peak intensities and delays to onset
and peak intensity relative to the solar event have been examined for 25 three-
spacecraft particle events. Expressed as Gaussians, peak intensities fall off with
longitude with o = 47 & 14° for 0.7-4 MeV electrons, and o = 43 4 13° for 14—
24 MeV protons. Several particle events are discussed in more detail, including
one on 3 November 2011, in which ~ 25 MeV protons filled the inner heliosphere
within 90 minutes of the solar event, and another on 7 March 2012, in which we
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demonstrate that the first of two CMEs that erupted from an active region within
~ 1 hour was associated with particle acceleration. Comparing the current Solar
Cycle 24 with the previous cycle, the first > 25 MeV proton event was detected
at Earth in the current solar cycle around one year after smoothed sunspot
minimum, compared with a delay of only two months in Cycle 23. Otherwise,
SEP event occurrence rates were reasonably similar during the rising phases of
Cycles 23 and 24. However, the rate declined in 2013, reflecting the decline in
sunspot number since the peak in the northern-hemispheric sunspot number in
November 2011. Observations in late 2013 suggest that the rate may be rising
again in association with an increase in the southern sunspot number.

Keywords: Solar energetic particles, STEREO, SOHO

1. Introduction

With the launch of the STEREO A ( “Ahead”) and B ( “Behind”) spacecraft on
26 October 2006 into heliocentric orbits advancing ahead of or lagging the Earth
in its orbit, respectively, solar energetic particle (SEP) events can be observed at
multiple locations near 1 AU. Even when closely separated shortly after launch,
interesting differences in the particle intensities at STEREO A and B and near-
Earth spacecraft were observed during the final large SEP events of Solar Cycle
23 in December 2006 (von Rosenvinge et al., 2009). Separating from the Earth
by ~ 22°/year, STEREO A and B were 180° apart above the west and east
limbs of the Sun, respectively, as viewed from the Earth on 6 February 2011,
allowing observations of the complete solar surface to be made for the first time.

In this paper, we focus on observations of 14-41 MeV protons and 0.3-
4 MeV electrons made by the High Energy Telescopes (HETSs) on the STEREO
spacecraft (von Rosenvinge et al., 2008) during the first ~seven years of the
STEREO mission. By combining these observations with similar observations
from the EPHIN (Miiller-Mellin et al., 1995) and ERNE (Torsti et al., 1995)
instruments on the SOHO spacecraft in orbit around the L1 point upstream of
Earth, we have compiled a catalog of 209 individual > 25 MeV proton events
that were observed at one or multiple spacecraft from the start of the STEREO
mission up to the end of 2013, when the STEREO spacecraft were separated
by ~ 60° on the far side of the Sun relative to Earth. We then summarize the
general features of a subset of events observed at all three locations, including
how the particle onset delay and peak intensity depend on the location of the
associated solar event relative to the observing spacecraft. The results provide
constraints for models of particle transport processes at/near the Sun or in the
solar wind and suggest a formula for the SEP intensity as a function of the speed
of the associated coronal mass ejection and location of the solar event relative
to the observer which is tested using a sample of more than 500 events in Cycles
23 and 24.
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Figure 1. Intensities of 14-24 MeV protons (1-hr averages) observed by the HET instruments
on STEREOs A (Ahead) and B (Behind) (second and bottom panels, respectively) and the
ERNE instrument on SOHO (third panel), from October 2006 to December 2013. The top
panel shows the monthly and smoothed international sunspot numbers.
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2. Observations

In this study, we use energetic particle observations made by the HET in-
struments on STEREOs A and B and the ERNE and EPHIN instruments
on SOHO from STEREO launch in October 2006 until December 2013. For
protons, we focus on two energy ranges, 14-24 and 24-41 MeV, defined by a
combination of HET energy channels to enhance the counting statistics. HET
data are available from http://www.srl.caltech.edu/STEREO/. Energy channels
36-42 and 44-50 of the ERNE High Energy Detector closely match these en-
ergy ranges (13.8-24.2 and 24.1-40.5 MeV, respectively); the ERNE data were
obtained from the Space Research Laboratory, University of Turku (http://
www.srl.utu.fi/erne_data/). EPHIN has proton channels at 7.8-25 MeV and 25—
53 MeV; the EPHIN data were obtained from the University of Kiel (http:
/ /www.ieap.uni-kiel.de/et/ag-heber/costep/). For electrons, we use intensities at
0.7-4 MeV from the STEREO A/B HETs, and at 0.67-3 MeV from EPHIN.
Figure 1 gives an overview of 14-24 MeV proton intensities observed by the
STEREO A and B HETSs (second and bottom panels) and ERNE (third panel),
from October 2006 to December 2013. The top panel shows the monthly average
and smoothed sunspot number, indicating that this interval extended from the
late decay phase of Solar Cycle 23 to the first ~five years of Cycle 24 (smoothed
sunspot minimum was in December 2008). Following the intense particle events
in December 2006 (e.g., von Rosenvinge et al., 2009), there were few SEP events

SOLA: multiscsep6_fin.tex; 24 March 2014; 14:42; p. 3



I. G. Richardson et al.

1— Sunspot Numb, E
1— Smoothed E
50 4 N e

—— STEREO A 14-24 MeV Protons

sl vl vl voued simed uind voed sounld vod s sl soned voed s sl vieed 4

Intensity (MeV s cm**2 sr)**-1
=X

—_
(=)
o
sund vl voued soned imd siimd sind 1o

—
E_
=
—

JFMAMJJASONDJFMAMJJASONDJFMAMJJASONDJ
2011 2012 2013 2014

Figure 2. As in Figure 1 for January 2011 to December 2013.

extending into this energy range during the extended sunspot minimum between
these cycles. The SEP occurrence rate finally increased in December 2009, around
one year into Cycle 24. By this time, STEREO A was 64° ahead of the Earth
while STEREO B was lagging the Earth by 67°. Note that while the SEP events
in December 2009-February 2010 were relatively weak, those on 22 December
2009 and 17 January 2010 were observed at all three spacecraft. This increase in
activity was temporary, however. Few SEP events were observed during March
to August 2010, when activity increased once again, but also temporarily. SEP
events were observed more persistently from around February 2011. Thus, the
first ~ 2 years of Cycle 24 were characterized by brief episodes of > 14 MeV
proton events during an otherwise quiet period. Interestingly, the intervals be-
tween these episodes of activity are both ~ 6-7 months. Quasi-periodicities of
“~ 150 days” have been reported for energetic solar phenomena in some other
cycles, for example by Rieger et al. (1984), Lean (1990) (who identified periods of
~ 130-185 days in a survey of multiple solar cycles), Cane, Richardson and von
Rosenvinge (1998), Dalla et al. (2001), Richardson and Cane (2005), Richardson
and Cane (2010), and references therein, so the rise of Cycle 24 may also show
evidence of a similar phenomenon.

Figure 2 shows an expanded view of observations from January 2011 (when
STEREO A was 86° ahead of the Earth and STEREO B was behind by 91°)
to December 2013 in the format of Figure 1. By the end of December 2013,
STEREO A was 150° ahead of the Earth, STEREO B was behind by 152°, and
the STEREO spacecraft were separated by 58°. Despite the large separation be-
tween the spacecraft, overall, the particle intensity—time profiles are remarkably

SOLA: multiscsep6_fin.tex; 24 March 2014; 14:42; p. 4



Multi-spacecraft SEP events

similar, with intervals of higher intensity that include contributions from the
same solar events, as will be discussed below, interspersed with quieter intervals
that are also evident at all locations.

The inter-calibration between the various instruments used in this study can
be checked over a wide dynamic range during the events in December 2006, when
the STEREO spacecraft were still close to Earth. Figure 3 compares intensities
measured during December 2006 by various instruments. Figure 3(a) shows one-
hour averages of the HET A 13.6-23.8 MeV proton intensity plotted against the
HET B intensity at the same energy. As might be expected, the HET A and
HET B intensities are highly correlated (cc = 0.991), with similar intensities at
both spacecraft (I(B) = 1.0061(A)%99% the red line in each panel in Figure 3
indicates equality between the intensities). Note that STEREO B was inverted at
this time so that HET B was viewing perpendicular to the nominal Parker spiral
direction whereas the STEREO A HET was viewing along the spiral direction.
Differences in the intensities measured by the HETs might be expected at times
of significantly anisotropic particle distributions, such as those discussed by von
Rosenvinge et al. (2009), but evidently the observed intensities were generally
comparable despite the different spacecraft configurations.

Figure 3(b) shows the 13.8-24.2 MeV proton intensity from the SOHO/ERNE
HED plotted against the same HET A intensity. The intensities are corre-
lated, though with the ERNE intensity ~ 1.5 times the HET A intensity, until
~ 1 (MeV s cm? sr)~! when ERNE saturates. Figure 3(c) shows the 24.1-
40.5 MeV proton intensity from ERNE plotted vs. the 23.8-40.5 MeV proton
intensity from HET A, again showing close agreement until ERNE saturates
above ~ 0.1 (MeV s cm? sr)~!. Figure 3(d) shows the 7.8-25 MeV proton inten-
sity from EPHIN wvs. the HET A 13.6-23.8 MeV proton intensity. The EPHIN
intensity is correlated with, but ~ 1.7 times larger than the HET A intensity at a
slightly higher energy. Hence, the EPHIN data, with this conversion factor, may
be used to provide an estimate of the intensity in the HET A energy range when
ERNE is saturated or data are not available. Similarly, Figure 3(e) shows that
the 25-53 MeV EPHIN proton intensity is around a half of the HET A 23.8-
40.5 MeV intensity. Finally, Figures 3(f) and (g) compare electron intensities at
0.7-4 MeV from HET A and 0.67-3 MeV from EPHIN, (f) showing the observed
intensities, and (g) with a background of 0.015 (MeV s cm? sr)~! removed from
HET A. With this correction, the HET A and EPHIN electron intensities are
well correlated, but the EPHIN intensity is a factor of ~ 14 above the HET A
intensity. (The reason for this relatively large conversion factor, which appears
to be associated with the HETS, since the EPHIN calibration is consistent with
other instruments, is under investigation at the time of writing.) A similar
analysis for HET B suggests a similar conversion factor and a background of
0.02 (MeV s cm? sr)~t. The few points lying off the main distribution in (f)
and (g) are associated with high electron intensities observed when STEREO A
crossed the geomagnetic tail.

SOHO makes a 180° roll approximately every three months (because of an
immovable high gain antenna) causing the fields of view of EPHIN and ERNE
to change direction. We have not attempted to make any correction to the
EPHIN and ERNE intensities when this occurs. One reason is the STEREO
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Figure 3. Comparison of the STEREO HETs, SOHO/ERNE E, and SOHO/EPHIN proton
and electron intensities (in (MeV s cm? sr)~!) using observations during December 2006. (a)
HET B vs. HET A for 13.6-23.8 MeV protons; (b) ERNE 13.8-24.2 MeV protons vs. HET A
13.6-23.8 MeV protons; (¢) ERNE 24.1-40.5 MeV protons vs. HET A 23.8-40.5 MeV protons;
(d) EPHIN 7.8-25 MeV protons vs. HET A 13.6-23.8 MeV protons; (¢) EPHIN 25-53 MeV
protons vs. HET A 23.8-40.5 MeV protons; (f) EPHIN 0.67-3.0 MeV electrons vs. HET A
0.7-4.0 MeV electrons, and (g) with a HET background of 0.015 (MeV s cm? sr) ™! subtracted.
Black lines are least squares fits to the data, while red lines indicate equal values.
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observations in Figure 3(a), made when STEREO B was inverted, suggest that
the correction might be small. Furthermore, when the STEREO and SOHO
spacecraft are well separated, they measure different particle populations with
different anisotropies. An accurate correction would require information on the
particle pitch angle distribution and IMF at each spacecraft. Thus, in this paper,
we use the observed particle intensities at each spacecraft without any correction
(other than the calibrations suggested by Figure 3) with the expectation that
these are accurate to within a factor of ~ 2.

2.1. Event Catalog

In past studies (e.g., Cane, Reames and von Rosenvinge, 1988; Cane, Richardson
and von Rosenvinge, 2010a), we have documented the properties of particle
events that include ~ 25 MeV protons. In particular, Cane, Richardson and
von Rosenvinge (2010a) discussed 280 such events that occurred in 1997-2006
(see also Vainio et al., 2013). To compile a similar catalog of SEP events at the
STEREO spacecraft and/or at the Earth that include protons of such energies,
we have examined proton and electron intensity—time data from each spacecraft,
as described above, with integration periods of 1 minute to 1 hour. At such
energies, the SEP intensity is generally not dominated by locally-accelerated
ions associated with interplanetary shocks, and peak intensities typically occur
early in the event, providing information on particle acceleration close to the
Sun.

To identify the associated solar event and its location, we have examined:
movies from the SOHO EIT instrument (Delaboudiniere et al., 1995), the EUVI
instruments on the STEREO spacecraft (Wiilser et al., 2004), and the AIA on
the Solar Dynamics Observatory (Lemen et al., 2012); observations of coro-
nal mass ejections from the LASCO coronagraphs on SOHO (Brueckner et
al., 1995) and the SECCHI COR1 and COR2 coronagraphs on the STEREO
spacecraft (Howard et al., 2008); Ha and GOES soft X-ray flare reports (limited
to front side or near-limb events), and observations of solar radio emissions made
by the WAVES instrument on WIND (http://lep694.gsfc.nasa.gov/waves/) and
the SWAVES instruments on the STEREO spacecraft (http://swaves.gsfc.nasa.
gov/). Observations by WAVES and SWAVES of the type III radio emissions that
accompany nearly every SEP event (e.g., Cane, Erickson and Prestage (2002),
Cane and Erickson (2003), Cane, Richardson and von Rosenvinge (2010a); see
also below) are of particular value since the intensity and degree of occultation
at higher frequencies by the limb of the Sun observed at the three locations can
help to confirm the location of the SEP source at the Sun. We use the onset times
of the energetic particles at the three spacecraft, in particular that showing the
most prompt increase, to infer an approximate time for the event at the Sun.
Particle event onset times are estimated by inspection of intensity—time profiles
around event onset using suitable intensity/time scales and data-averaging inter-
vals to estimate when the intensity rises above the range of intensity fluctuations
in the pre-event background. We then examine the solar and radio observations
for evidence of, for example, a flare, eruption in EIT, EUV or EUVI, a coronal
mass ejection (CME), and type IIT and/or type II radio emissions (type II radio
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emissions were obtained from the WIND WAVES/STEREO SWAVES list at
http://lep694.gsfc.nasa.gov/waves/data_products.html) that is consistent with the
SEP event onset. For every SEP event including 25 MeV protons identified so
far, it is possible to make an unambiguous solar event association. In particular,
the STEREO spacecraft can, for the first time, provide imaging evidence that an
event originated on the far side of the Sun from Earth. We also examine SEP data
over a range of energies and solar wind observations at the STEREO spacecraft
and at Earth to identify and remove any intensity increases that are likely to
be associated with the passage of shocks, or are spatial modulations that, for
example, have no velocity dispersion or are related to solar wind structures. Such
features are also not usually associated with appropriately timed solar activity.

For most of the events since August 2010, we have compared the inferred
solar source longitudes with the propagation direction of the related CMEs
obtained by triangulation of the STEREO and LASCO coronagraph observa-
tions included in the “Space Weather Database Of Notifications, Knowledge,
Information (DONKI)” (http://kauai.ccmc.gsfc.nasa.gov/DONKI/) developed at
the Community Coordinated Modeling Center. As would be expected, the CME
propagation longitudes are usually consistent with the source longitudes (in 82%
of cases, the directions differed by < 20°) suggesting that the source identifica-
tions are likely to be correct. For 5% of the events, the directions differed by over
60°. These cases were then re-checked, including consideration of the particle,
radio and solar data, and the source location was either reconciled with the CME
direction, or the original location was retained if the supporting evidence was
more compelling.

The 209 unique > 25 MeV proton events identified up to December 2013
are listed in Tables 1-7 (a subset of these events are also considered by Lario
et al., 2013). The first two columns give the times (date and hour of day) of
the associated solar event and the particle event onset at the spacecraft with
the most prompt particle arrival. In most cases, these times differ by only an
hour or two, but in some cases, the delay is larger, or the solar event is on
the day preceding the SEP onset. The next three pairs of columns show, for
STEREO B, the Earth (i.e., SOHO) and STEREO A, the heliolongitude of the
solar event relative to the observing spacecraft (a negative value indicates that
the event is east of the spacecraft) and the peak intensity for ~ 25 MeV protons
in (MeV s ecm? sr)~!. The intensity is generally estimated within the first 24
hours or so of the event, so that a higher peak in association with passage of an
interplanetary shock (generally rare at these energies) is not taken as the “peak”
of the event. In some cases, a slowly rising, extended particle event is observed
without an in-situ shock, and peak intensity may be estimated at a later time.
“BG” indicates that there is a high background from a preceding event that
might obscure the event at that spacecraft, while “...” means that the event was
not detected at ~ 25 MeV above a threshold of ~ 107* (MeV s cm? sr)~1.

The following column shows the GOES soft (1-8 A) X-ray flare intensity, for
front-side or near-limb events. The presence of type III radio emissions below
20 MHz in the daily summary plots of WIND/WAVES or STEREO SWAVES
data is indicated by ‘1’ in the next column, similarly in the next column for an
event in the list of “possible” type II emissions observed by WIND/WAVES or
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Table 1. > 25 MeV Proton Events at 1 AU During the STEREO Mission

Solar Event SEP Event Flare-B I(B) Flare-Earth I(Earth) Flare-A I(A) GOES Type Type CME dA CME V
(UT) (UT) ©) ©) ©) X-Ray III I ©) km s~!
2006 Dec 5,10 Dec 5, 12 -68 0.04 -68 0.04 -68 0.04 X9.0 1 2 DG DG
2006 Dec 6,18 Dec 6, 19 -64 BG -64 BG -64 BG X6.5 1 2 360 DG
2006 Dec 13, 02 Dec 13, 02 23 10 23 10 23 10 X3.4 1 2 360 1774
2006 Dec 14, 21  Dec 14, 22 46 0.5 46 0.5 46 0.5 X1.5 1 2 360 1042
2007 May 19, 12 May 19, 14 08 0.0004 05 0.0009 -01 0.0003 B9.5 1 1 106 958
2007 May 23, 07 May 23, 07 63 0.0003 60 0.0003 54 0.0003 B5.3 1 0 90 679
2007 Dec 31, 00 Dec 31, 02 -85 -108 0.0001 -129 C8.3 1 1 164 995
2009 May 5, 08 May 5, 10 -90 -137 175 0.0006 1 1 66 B 595 B
2009 Dec 22, 04 Dec 22, 05 113 0.0008 46 0.0005 -18 0.0002 C7.2 1 0 47 318
2010 Jan 17,03 Jan 17, 04 -50 0.0003 -120 0.0003 176 0.003 1 1 126 350
2010 Feb 6,07 Feb 6, 08 53 0.0003 -18 -83 C4.0 1 0 56 240
2010 Feb 7,02 Feb 7,03 61 0.0003 -10 -75 M1.3 1 0 360 421
2010 Feb 12, 11  Feb 12, 12 60 0.001 -11 0.0003 -76 M8.3 1 0 360 509
2010 Jun 12, 00 Jun 12, 01 113 0.0001 43 0.007 -31 0.0002 M2.0 1 1 119 486
2010 Aug 1,07 Aug 1,12 35 0.02 -36 0.0005 -114 C3.2 0 2 360 850
2010 Aug 7,17 Aug 7,19 38 0.08 -34 0.005 -113 M1.0 1 2 360 871
2010 Aug 14,09 Aug 14, 10 126 0.004 54 0.16 -26 0.001 C4.4 1 0 360 1205
2010 Aug 18,05 Aug 18, 06 172 0.001 100 0.03 20 0.008 C4.5 1 2 184 1471
2010 Aug 31,02 Aug 31, 03 -141 145 64 0.0002 1 0 33 319
2010 Aug 31,21 Aug 31, 22 -141 0.0001 145 0.005 64 0.008 1 1 360 1304
2010 Sep 4,14 Sep 4, 20 144 70 0.0001 -11 B2.5 1 0 130 567
2010 Sep 8,23 Sep 8,24 167 0.0003 92 0.003 10 0.003 C3.3 1 1 147 818
2010 Dec 31, 04 Dec 31, 05 159 69 0.0001 -17 C1.3 1 0 45 363
2011 Jan 27, 08 Jan 27, 10 169 76 0.0001 -10 B6.6 1 0 52 316
2011 Jan 27,11 Jan 27, 14 178 85 0.0001 -1 Cl.2 1 1 43 349
2011 Jan 28, 00 Jan 28, 02 -177 90 0.05 04 0.02 M1.3 1 1 119 606
2011 Jan 31, 16 Jan 31, 20 -136 131 45 0.0002 1 1 150 713
2011 Feb 13, 17 Feb 13, 18 90 0.0004 -04 0.00015 -91 M6.6 1 1 276 373
2011 Feb 14, 17 Feb 14, 18 112 0.001 18 0.0003 -69 M2.2 1 0 360 326
2011 Feb 15, 01  Feb 15, 02 112 0.08 18 0.021 -69 X2.2 1 2 360 669
2011 Feb 24, 07 Feb 24, 08 15 0.0006 -102 -171 M3.5 1 0 158 1186
2011 Mar 4, 14 Mar 4, 15 -85 180 90 0.0003 1 0 60 B 297 B
2011 Mar 7,13 Mar 7,15 74 0.04 -21 0.0004 -109 M1.9 1 1 261 698
2011 Mar 7,19 Mar 7,21 148 0.4 53 0.5 -35 0.006 M3.7 1 2 360 2125
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Table 2. > 25 MeV Proton Events at 1 AU During the STEREO Mission

Solar Event SEP Event Flare-B I(B) Flare-Earth I(Earth) Flare-A I(A) GOES Type Type CME dA CME V
(UT) (UT) ©) ©) ©) X-Ray III I ©) km s~!
2011 Mar 16, 17 Mar 16, 22 -167 72 0.004 -16 0.0002 C3.7 1 0 184 682
2011 Mar 21, 02 Mar 21, 03 -127 0.0008 138 0.11 50 12 1 2 360 1341
2011 Mar 29, 20 Mar 30, 04 -25 0.01 -120 151 0.003 0 0 > 195 1264
2011 Apr 3,05 Apr 3,06 170 75 0.0008 -14 C1.2 1 0 DG DG
2011 Apr 4,03 Apr 4,12 165 70 0.001 -19 B8.6 1 0 DG DG
2011 Apr 21, 00 Apr 21, 02 -105 160 0.0007 70 0.001 1 0 111 475
2011 May 9, 20 May 10, 00 0 0.002 -94 174 C5.4 1 2 292 1318
2011 May 11, 02 May 11, 04 147 53 0.004 -39 B8.1 1 0 225 745
2011 May 19, 03 May 19, 06 154 60 -33 0.0001 B3.0 1 0 132 626
2011 May 29, 20 May 29, 22 25 0.01 -68 -162 C8.7 1 2 186 1407
2011 Jun 2,07 Jun 2,09 68 0.0006 -25 -119 C3.7 1 1 360 976
2011 Jun 4,06 Jun 4, 07 -112 155 0.002 60 0.1 1 2 360 1407
2011 Jun 4,22 Jun 4, 22 -100 0.08 165 0.04 70 13 1 2 360 2425
2011 Jun 7,06 Jun 7,07 147 BG 54 0.7 -41 BG M2.5 1 2 360 1255
2011 Jun 29, 00 Jun 29, 00 169 7 0.0001 -20 B7.3 1 0 122 481
2011 Jul 11,10 Jul 11, 12 86 -06 0.0001 -104 C2.6 1 0 53 266
2011 Jul 26, 08 Jul 26, 10 -82 0.0004 -175 85 0.01 1 1 360 382
2011 Aug 2,05 Aug 2,07 108 0.0008 15 0.04 -85 M1.4 1 1 268 712
2011 Aug 3,13 Aug 3,14 123 30 0.007 -70 Mé6.0 1 0 360 610
2011 Aug 4,03 Aug 4,05 129 0.004 36 1.1 -64 0.005 M9.3 1 2 360 1315
2011 Aug 8,18 Aug 8,19 154 61 0.05 -39 M3.5 1 2 237 1343
2011 Aug 9, 07 Aug 9, 08 162 69 0.5 -31 0.002 X6.9 1 1 360 1610
2011 Aug 23,22 Aug 24, 06 -85 -179 70 0.002 0 0 360 312
2011 Sep 3,02 Sep 3,03 -75 170 0.0002 68 0.0003 1 0 105 325
2011 Sep 4,04 Sep 4, 05 162 67 0.002 -35 C9.0 0 0 53 262
2011 Sep 4,23 Sep 5, 02 -165 100 0.0006 -03 0.0002 C7.9 1 0 146 622
2011 Sep 6,01 Sep 6, 02 102 0.003 7 0.03 -95 M5.3 1 2 360 782
2011 Sep 6,22 Sep 6, 23 113 0.005 18 0.1 -84 0.0002 X2.1 1 2 360 575
2011 Sep 7,18 Sep 7,20 -50 BG -145 BG 112 0.004 1 1 188 924
2011 Sep 8,22 Sep 9, 00 -122 BG 143 BG 40 0.003 1 1 281 983
2011 Sep 13, 12 Sep 13, 12 -161 103 0.0003 0 1 0 199 746
2011 Sep 21, 22 Sep 21, 23 -155 109 0.002 05 0.0004 1 0 255 1007
2011 Sep 22, 10 Sep 22, 10 18 10.0 -78 0.08 -179 0.04 X1.4 1 2 360 1905
2011 Sep 24, 09 Sep 24, 11 37 0.5 -60 BG -164 BG X1.9 1 2 145 1936
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Table 3. > 25 MeV Proton Events at 1 AU During the STEREO Mission

Solar Event SEP Event Flare-B I(B) Flare-Earth I(Earth) Flare-A I(A) GOES Type Type CMEdJdA CME V
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(UT) (UT) ) ) () X-Ray 1III  1I (°)  kms!
2011 Oct 4,12 Oct 4, 15 -50 0.2 -148 0.001 108 0.02 1 0 360 1101
2011 Oct 14, 11  Oct 14, 15 -40 0.0002 -140 115 0.0005 1 0 241 814
2011 Oct 20, 03 Oct 20,04  -155 105 0.0008 0 00002 M6 1 0 193 893
2011 Oct 22,10 Oct 22,12 177  0.0003 77 0006  -28  0.0008 M3 0 2 360 1105
2011 Nov 3,22 Nov 3,23  -50  0.06 152 0.04 103 2.0 1 2 360 991
2011 Nov 9,13 Nov 9,14 83 0.002 -20 0.002 -126 M1.1 1 2 360 907
2011 Nov 12, 18 Nov 12, 18 0 0.0002 -103 151 0.0003 1 0 192 654
2011 Nov 13,18 Nov 13,22  -70  0.0003  -174 80 0.001 1 0 360 596
2011 Nov 17,22 Nov 17, 23 -20 0.01 -125 0.0005 129 0.001 1 0 360 1041
2011 Nov 23, 15 Nov 23, 15 -60 -165 90 0.0003 1 0 957 3157
2011 Nov 26, 06 Nov 26,08 154  0.002 48 0.33 58 001 Cl2 1 2 360 933
2011 Dec 3,07 Dec 3,08  -117 136 DG 30 0.0003 ... 1 0 155 454
2011 Dec 11, 13 Dec 11, 14 -76 176 70 0.0003 1 0 32 A 312 A
2011 Dec 17,10 Dec 17,16 -115 136 00003 30  0.002 .. 1 0 247 987
2011 Dec 24, 11 Dec 24, 14 -165 85 0.0003 -22 C4.9 1 2 102 447
2011 Dec 25, 18 Dec 25, 19 136 0.006 26 0.05 -81 M4.0 1 1 125 366
2011 Dec 27, 04 Dec 27,05 78  0.0006 -32 BG -139 89 1 0 84B  735B
2011 Dec 29, 16 Dec 29, 18 -142 107 0.001 0 1 0 171 736
2012 Jan 2,14 Jan 2,16  -152 97 0015  -10 0001 C24 1 1 360 1138
2012 Jan 12,07 Jan 12,10  -05  0.0003  -118 135 0.0006 €25 0 0 360 814
2012 Jan 16,02 Jan 16,08 45  0.0005 -68 0.0003  -175 .. C65 0 0 360 1060
2012 Jan 19,13 Jan 19,15 84  0.03 -30 0.0006  -137 . M2 1 2 360 1120
2012 Jan 23,04 Jan 23,04 135 0.6 21 20 -87 01 M87 1 2 360 2175
2012 Jan 27,17 Jan 27,19  -175  BG 71 10 -37 03 X171 2 360 2508
2012 Feb 24, 04 Feb 24,10 79 -38 0.0005  -147 0 2 189 800
2012 Feb 29, 09 Feb 29,10  -118 125 0.0005 16  0.005 .. 1 0 360 446
2012 Mar 3,18 Mar 4, 00 45 0.0002 -73 178 C1.9 1 0 49 1078
2012 Mar 4, 10 Mar 4, 12 48 0.4 -61 0.02 -170 M2.0 1 2 360 1306
2012 Mar 5,02 Mar 5, 04 57 0.3 -52 BG -161 0.001 X1.1 1 2 360 1531
2012 Mar 7,00 Mar 7,01 91 10.0 27 10 137 009 X541 2 360 2684
2012 Mar 13, 17 Mar 13, 18 179 BG 61 10 -48 BG M7.9 1 2 360 1884
2012 Mar 21, 07 Mar 21,07 -81  BG 160 BG 50 0.8 1 1 360 1178
2012 Mar 24, 00 Mar 24, 00 -50 0.03 -169 0.001 80 1.3 1 2 360 1152
2012 Mar 26, 22 Mar 27, 00 -5 0.6 -124 BG 125 BG 1 1 360 1390
2012 Apr 5,20 Apr 6,00 148 29 0002  -82 .. Cls 1 0 360 828
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Table 4. > 25 MeV Proton Events at 1 AU During the STEREO Mission

Solar Event SEP Event Flare-B I(B) Flare-Earth I(Earth) Flare-A I(A) GOES Type Type CME dA CME V
(UT) (UT) ) ©) ) X-Ray III I ) km s~1
2012 Apr 7,16 Apr 7,17 -80 161 0.0005 50 0.02 1 2 360 765
2012 Apr 9,12 Apr 9,12 -171 73 0.0006 -38 C3.9 1 1 360 921
2012 Apr 15,02 Apr 15, 03 29 0.002 -90 158 0.001 C1.7 1 1 173 1220
2012 Apr 18,02 Apr 18, 03 -39 -150 90 0.0006 1 0 > 271 352
2012 Apr 18,14 Apr 18, 15 -35 -154 0.0001 94 0.0004 1 2 184 840
2012 Apr 24, 07 Apr 24, 09 30 0.015 -88 0.0002 159 C3.7 1 0 190 443
2012 Apr 27,15 Apr 27, 18 -108 133 20 0.0003 1 1 360 681
2012 May 1,16 May 1, 18 -59 -177 70 0.0002 1 0 200 788
2012 May 7,00 May 7, 03 142 24 0.0002 -90 Cl1.3 1 0 124 A 625 A
2012 May 14, 09 May 14, 10 158 40 0.0003 -75 C2.5 1 0 48 551
2012 May 17,01 May 17,02 -166 0.001 76 0.6 -39 0.002 M5.1 1 2 360 1582
2012 May 26, 20 May 26, 21 -127 0.001 116 0.03 00 0.2 1 2 360 1966
2012 Jun 1,22 Jun 1, 22 -162 81 0.0006 -35 C3.3 1 0 175 630
2012 Jun 3,17 Jun 3,19 79 0.01 -38 -154 M3.3 1 0 180 605
2012 Jun 8,07 Jun 8, 07 157 40 0.0001 =77 C4.8 0 0 9 329
2012 Jun 12, 05 Jun 12, 06 -109 135 0.0001 18 0.001 1 0 195 864
2012 Jun 14, 12 Jun 14, 15 111 0.001 -06 0.002 -123 M1.9 1 0 360 987
2012 Jun 28, 07 Jun 28, 08 -65 179 60 0.002 1 0 360 728
2012 Jun 28,16 Jun 28, 16 71 0.001 -45 -164 M2.4 1 0 104 714
2012 Jul 2,08 Jul 2,09 -10 0.001 -126 0.0001 115 0.01 1 2 360 1704
2012 Jul 4,16  Jul 4,18 150 34 0.003 -85 M1.8 1 1 360 662
2012 Jul 5,21  Jul 5,22 161 46 BG -73 0.0002 M1.6 1 2 94 980
2012 Jul 6,23 Jul 7,01 165 50 0.3 -69 0.004 X1.1 1 2 360 1828
2012 Jul 8,16 Jul 8, 16 -171 74 0.1 -46 0.1 M6.9 1 2 157 1495
2012 Jul 12,15  Jul 12, 17 109 0.2 -06 0.8 -126 BG X1.4 1 2 360 885
2012 Jul 13,19  Jul 13, 20 -115 BG 130 BG 10 0.004 1 0 115 386
2012 Jul 17,12 Jul 17, 15 180 65 0.8 -55 0.001 M1.7 1 2 176 958
2012 Jul 18,06  Jul 18, 06 -75 0.001 170 BG 50 0.1 1 1 360 873
2012 Jul 19, 04  Jul 19, 08 -145 100 0.8 -20 BG M7.7 1 2 360 1631
2012 Jul 23,02  Jul 23, 03 -105 0.5 140 0.15 20 50 1 2 360 2003
2012 Aug 10,09 Aug 10, 13 -97 147 0.0012 25 0.008 1 0 251 464
2012 Aug 19,04 Aug 19, 05 =71 173 0.0002 50 0.08 1 0 224 577
2012 Aug 19, 18 Aug 19, 18 =71 0.001 173 0.0002 50 0.4 1 0 360 612
2012 Aug 21 20 Aug 21, 21 -56 0.0008 -172 65 BG 1 2 360 521
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Table 5. > 25 MeV Proton Events at 1 AU During the STEREO Mission

Solar Event SEP Event Flare-B I(B) Flare-Earth I(Earth) Flare-A I(A) GOES Type Type CME dA CME V
(UT) (UT) ) ) ) X-Ray III I ) km s~1
2012 Aug 31, 19 Aug 31, 20 74 20 -42 0.037 -165 0.0008 C8.4 1 2 360 1442
2012 Sep 8,10 Sep 8§, 11 -99 145 0.014 20 0.002 1 1 360 734
2012 Sep 19, 11 Sep 19, 12 -51 -168 67 0.002 1 1 360 616
2012 Sep 19, 22 Sep 19, 22 -46 -163 72 0.04 1 0 141 496
2012 Sep 20, 15  Sep 20, 15 -40 0.2 -158 0.003 7 5 1 2 360 1202
2012 Sep 27, 10 Sep 27, 10 -84 158 BG 33 0.15 1 2 360 1319
2012 Sep 27,23 Sep 28, 00 152 0.3 34 0.2 -91 BG C3.7 1 2 360 755
2012 Oct 7,06 Oct 7,12 124 5 0.0002 -121 B4.5 1 0 149 663
2012 Oct 14, 00  Oct 14, 01 -18 0.008 -138 0.0002 96 0.06 1 1 360 987
2012 Nov 8,02 Nov 8, 03 35 0.006 -88 145 0.0003 M1.7 1 0 360 855
2012 Nov 8,11 Nov 8,11 -68 BG 168 0.015 41 0.4 1 0 360 972
2012 Nov 16, 06 Nov 17, <19 10 0.005 -114 118 Cl.4 1 0 360 775
2012 Nov 20, 12 Nov 20, 13 -135 10 0.0001 -118 M1.7 1 0 360 619
2012 Nov 21, 15 Nov 21, 17 124 0.001 -1 0.0003 -128 M3.5 0 0 360 529
2012 Nov 23, 23 Nov 23, 23 -102 132 0.0003 5 0.03 1 2 360 1186
2012 Nov 24, 13 Nov 24, 14 154 28 0.0003 -100 C3.3 1 0 84 237
2012 Dec 2,15 Dec 2, 16 -56 177 0.0005 50 0.005 1 0 360 678
2012 Dec 5,00 Dec 5,03 52 0.003 -75 157 0.0002 C1.7 1 1 231 963
2012 Dec 14, 01 Dec 14, 03 169 40 0.01 -88 1 0 149 763
2013 Jan 6,22 Jan 6,23 -40 -173 58 0.008 1 0 211 667
2013 Jan 16, 18 Jan 16, 20 -149 7 0.005 -52 C2.2 1 0 250 648
2013 Feb 6,00 Feb 6, 03 118 0.002 -19 0.0001 -149 0.0004 C8.7 1 0 271 1867
2013 Feb 26, 09 Feb 26, 13 -89 131 0.01 0 0.002 1 1 360 987
2013 Mar 5,03 Mar 5, 03 -1 0.4 -141 0.006 88 30 1 1 360 1316
2013 Mar 15, 05 Mar 15, 07 129 0.006 -12 0.004 -144 Mi1.1 1 2 360 1063
2013 Apr 11, 06 Apr 11, 07 130 5 -12 2 -146 0.001 M6.5 1 2 360 861
2013 Apr 21, 06 Apr 21, 08 -94 124 0.02 -10 0.001 1 0 360 919
2013 Apr 24, 21 Apr 24, 22 -44 0.001 175 0.01 40 0.1 1 0 360 594
2013 Apr 28,20 Apr 28, 22 179 37 0.0004 -97 C4.4 1 0 91 497
2013 May 1,02 May 1, 04 37 0.009 -105 120 0.007 1 1 360 762
2013 May 2,04 May 2, 06 168 BG 26 0.0005 -109 BG M1.1 1 0 99 671
2013 May 3, 17 May 3, 20 61 0.003 -81 144 0.002 M5.7 0 0 274 858
2013 May 10, 18 May 10, 20 -78 140 0.0002 5 0.006 1 0 120 617
2013 May 13, 01 May 13, 02 39 0.2 -103 BG 121 X1.7 1 1 360 1270
2013 May 13, 15 May 13, 16 47 1.0 -95 0.01 129 0.004 X2.8 1 2 360 1850
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Table 6. > 25 MeV Proton Events at 1 AU During the STEREO Mission

Solar Event SEP Event Flare-B I(B) Flare-Earth I(Earth) Flare-A I(A) GOES Type Type CME dA CME YV
(UT) (UT) ) ©) ) X-Ray III I ) km s~1
2013 May 15, 01 May 15, 06 78 BG -64 0.3 160 BG X1.2 1 2 360 1366
2013 May 22, 12 May 22,13  -149 0.003 70 20 -67 0.06 M5.0 1 2 360 1466
2013 Jun 17,02 Jun 17,03 81 0.002 -59 161 Cl.2 0
2013 Jun 21, 02 Jun 21, 03 67 0.6 -73 0.06 147 0.001 M2.9 1 160* 1249*
2013 Jul 1,20 Jul 1,20 50 0.015 -90 130 0.004 1 188%* 542%
2013 Jul 3,07  Jul 3,07 58 0.002 -82 137 M1.5 1 102* 580%*
2013 Jul 22, 06  Jul 22, 06 -50 0.001 172 0.001 29 0.04 1 360 M 1032 M
2013 Aug 17,19 Aug 17, 19 168 30 0.002 -174 M3.3 -1 156* 726%*
2013 Aug 19, 23 Aug 20, 00 -48 0.4 174 0.01 30 3 1 144%* 637*
2013 Aug 30, 02 Aug 30, 02 95 0.03 -43 0.0003 172 C8.2 1 360 M * 1071 M*
2013 Sep 24,19  Sep 25, 00 79 0.0002 -60 0.0001 153 1 126* 661%*
2013 Sep 29, 21 Sep 29, 22 164 0.02 25 0.5 -122 0.003 C1.2 1 360 M 897 M
2013 Oct 5,08 Oct 5, 08 16 0.02 -123 90 0.5 1 324% 640%*
2013 Oct 11, 07 Oct 11, 07 44 0.3 -96 0.002 117 5 M1.5 1 360 M 1251 M
2013 Oct 22,21  Oct 22, 22 141 0.002 00 0.01 -148 M4.2 1 360 M 658 M
2013 Oct 25, 08 Oct 25, 08 69 0.3 -73 0.001 139 X1.7 1 360 M 715 M
2013 Oct 25, 14 Oct 25, 15 74 1.0 -68 0.008 144 0.002 X2.1 1 360 M 1476 M
2013 Oct 28,04 Oct 28, 04 -147 BG 71 0.04 =77 0.002 M5.1 1 50% 1180*
2013 Oct 28, 15 Oct 28, 16 114 0.2 -28 BG -176 BG M4.4 1 132% 589*
2013 Nov 2,04 Nov 2,04 -90 0.04 127 0.02 -21 1.5 1 360* 589*
2013 Nov 4, 05 Nov 4, 06 -49 BG 168 BG 20 1.2 1 134%* 806*
2013 Nov 6,23 Nov 7,01 -118 BG 99 0.01 -50 BG M1.8 1 360 M 1358 M
2013 Nov 7,10 Nov 7,10 0 12 -143 BG 68 1.3 1 360 M 1820 M
2013 Nov 19,10 Nov 19, 11 -146 0.001 69 0.04 -80 0.0006 X1.0 1 360 M 959 M
2013 Nov 26,15 Nov 26, 15 -44 169 20 0.0006 1
2013 Nov 30, 05 Nov 30, 06 -63 150 0.0009 0 0.0005 1 98%* 371%*
2013 Nov 30, 15 Nov 30, 15 0 0.0002 -146 BG 63 BG 0 140* 496*
2013 Dec 5,10 Dec 5, 14 40 0.003 -108 BG 102 0.001 0 132% 422%
2013 Dec 7,07 Dec 7,09 -164 49 0.0004 -100 M1.2 1 132%* 919*
2013 Dec 9,19 Dec 9, 23 78 0.0005 -70 139 0.0003 C1.9 0 166* 606*
2013 Dec 12, 03 Dec 12, 04 -165 46 0.001 -104 C4.6 1 146%* 672%
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Table 7. > 25 MeV Proton Events at 1 AU During the STEREO Mission

Solar Event SEP Event Flare-B I(B) Flare-Earth I(Earth) Flare-A I(A) GOES Type Type CME dA CME V
(UT) (UT) ®) ©) ) X-Ray III I ©) km s™!
2013 Dec 13, 20 Dec 13, 20 0 -149 61 0.001 1 144%* 456*
2013 Dec 14, 02 Dec 14, 02 3 -146 64 0.006 1
2013 Dec 14, 06 Dec 14, 06 5 -144 0.002 66 0.02 1 72% 644*
2013 Dec 16, 21 Dec 16, 22 -101 110 0.0002 -40 C3.1 1 102* 508%*
2013 Dec 26, 03 Dec 26, 04 -10 0.8 -161 0.03 49 0.8 1 202%* 856%*
2013 Dec 28, 17 Dec 28, 18 -78 BG 130 0.3 -20 BG 1 218* 1420%*

Column 1: Date, hour of solar event; Column 2: Date, hour of SEP onset at spacecraft with
earliest onset; Column 3: Longitude of solar event relative to STEREO B where positive
(negative) indicates that the event is west (east) of the spacecraft; Column 4: ~ 25 MeV
proton intensity ((MeV s cm? sr)~') at STEREO B. ‘..." indicates that the SEP event was
not detected above ~ 10™% (MeV s cm? sr)~!, and ‘BG’ that a high background from a
previous event may have obscured the onset; Column 5: Longitude of solar event relative to
Earth/SOHO; Column 6: ~ 25 MeV proton intensity at Earth/SOHO; Column 7: Longitude
of solar event relative to STEREO A; Column 8: ~ 25 MeV proton intensity at STEREO A;
Column 9: GOES soft X-ray flare intensity; Column 10: Type III radio emissions observed by
WIND/WAVES or STEREO A/B SWAVES (0 = no; 1 = yes); Column 11: Type II emissions
observed by WIND/WAVES or STEREO A/B SWAVES (0 = no; 1 = yes; 2 = “IP” type II
extending below 1 MHz; available to May 2013 at the time of writing); Column 12: CME
width, and Column 13: CME speed. The CME parameters are from the CUA/GSFC/CDAW
LASCO catalog (available to May 2013 at the time of writing) except where indicated by ‘*’
= from the CACTUS LASCO catalog, ‘M’ = from the real-time LASCO halo CME reports,
‘A’ = from the CACTUS STEREO A catalog, and ‘B’ = from the CACTUS STEREO B
catalog.
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STEREO SWAVES. As discussed by Cane and Erickson (2005), many of the
type II radio events in this list are minor, do not last for very long and cover a
limited frequency range, indicating that the associated shocks are not particu-
larly strong, whereas strong interplanetary shocks typically produce broad band
radio emissions (“IP type II events”; Cane et al., 1982; Cane and Stone, 1984;
Cane, 1985) starting below a few MHz. Thus, if the type II emissions extended
below 1 MHz, indicative of an IP type II event, this is denoted by ‘2’ rather than
by ‘1’. At the time of writing, the type II event list is only available up to May
2013.

The next two columns give the angular width and speed of the associated
CME. For consistency with our previous studies (e.g., Cane, Richardson and
von Rosenvinge (2010a)), we show CME widths and speeds from the Catholic
University of America/Goddard Space Flight Center CDAW CME catalog (http:
//cdaw.gsfc.nasa.gov/CME_list/; Yashiro et al., 2004) compiled from observa-
tions made by the LASCO coronagraphs on SOHO, while recognizing that
SOHO may not be the best spacecraft (e.g., closest to quadrature) to observe
the CME speed and width with minimal plane of the sky projection. Since
these values are only available until May 2013 at the time of writing, values
from the CACTUS LASCO CME database (http://sidc.oma.be/cactus/), indi-
cated by an asterisk, or from the SOHO real-time observer e-mail halo CME
alerts (http://umbra.nascom.nasa.gov/lasco/observations/halo/soho-halo-alerts/),
indicated by ‘M’, are included for more recent events. In a few cases where there
are no LASCO observations, CACTUS CME widths and speeds from STEREO
A or B are listed, indicated by ‘A’ or ‘B’, respectively. Data gaps are indicated
by “DG”.

2.2. Example Events

Tables 1-7 indicate that individual SEP events were observed by just one space-
craft, or by two or three. (While the number of observing spacecraft does of
course depend on the spacecraft locations relative to the solar event as well
as on the longitudinal extent of the SEP event, we will show below that this
parameter does order the SEP properties to some degree.) Figure 4 shows two of
the most intense probable single-spacecraft proton events, on 9 and 11 May 2011.
The first was associated with a solar event at ~ 21 UT on 9 May near central
meridian with respect to STEREO B, which observed the particle enhancement,
and at E£94° (i.e. just behind the east limb) as viewed from Earth. The locations
of STEREO A and B and the Earth with respect to the solar event are shown
below the data panel. Nominal Parker spiral field lines are drawn to the Sun
using the observed solar wind speed at each location. A C5.4 X-ray flare and a
fast (1318 km s71) and wide (292°) CME (values from LASCO) were observed,
together with IP type II and type III radio emissions. The 14-24 MeV proton
intensities at STEREO A (for which the solar event was at W174°) and SOHO
suggest that this event may just have been detected at these spacecraft, but
at ~ 25 MeV, the intensity did not increase above our threshold of ~ 10~*
(MeV s cm? s)71.

The second SEP event in Figure 4, detected by ERNE, was associated with
a solar event at ~ 02 UT on 11 May at W53° with respect to Earth, which was
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Figure 4. Intensities of protons at 14 — 24 MeV (black) and 24-41 MeV (red) observed by
the HET instruments on STEREO A and B (top and bottom data panels, respectively) and
the ERNE instrument on SOHO (middle panel), for two “one-spacecraft” events in May 2011
from two different active regions. The locations of the spacecraft relative to the solar events are
shown below. Nominal Parker spiral magnetic field lines passing each spacecraft are indicated.
In both cases, the particle event is observed at the spacecraft that is best connected to the
solar event.

nominally well-connected to the solar event by the IMF. The event was at E33°
with respect to STEREO A, which showed no significant increase of ~ 25 MeV
protons, and at W147° with respect to STEREO B, where it is possible that
the decay of the preceding event might have obscured a weak enhancement
from this event. A B8.1 X-ray flare and a 745 km s~! LASCO CME with a
width of 225° were associated with the particle event, as well as type III radio
emissions (occulted at STEREO B as might be expected), but no reported type
II. Thus, both these single-spacecraft particle events were associated with wide
and reasonably fast (in one case, exceeding 1000 km s~!) CMEs, and the particle
event was only detected by the spacecraft that was best connected to the solar
event.

Figure 5 shows an example of a three-spacecraft SEP event that occurred early
on 21 March 2011. The solar event was observed by STEREO A at approximately

SOLA: multiscsep6_fin.tex; 24 March 2014; 14:42; p. 17



I. G. Richardson et al.

108

Intensity (MeV s cm**2 sr)**-1

0300 g0 0300

TOAU T YEiR/SOHO
Figure 5. A “three-spacecraft” event on 21 March 2011. Intensities of 14 — 24 and 24-41 MeV
protons and 0.7-4 MeV electrons (corrected for background and the HET calibration error)
observed by the STEREO A and B HETs are shown in the top and bottom panels, respectively.
The middle panel shows proton intensities at the same energies from the ERNE instrument
on SOHO and the 0.67-3 MeV electron intensity from EPHIN. The particle event rose most
promptly, and was most intense, at STEREO A which was best connected to the solar event,
whereas a delayed rise and weak event, barely above background, was observed at STEREO B,
which was connected ~ 170° from the solar event. Though the event was on the far side of
the Sun (W1389) relative to Earth, a clear, reasonably prompt event onset was observed by
ERNE. Particle intensities were around two orders of magnitude lower than at STEREO A.
The right-hand panel shows 2.5 kHz—16 MHz radio observations from STEREO A (top) and
B (bottom) in a “mirrored” format, illustrating the bright, long-duration type III emissions
that accompanied this event. The occultation at high frequencies at STEREO B (and also
WIND, not shown) by the limb of the Sun is consistent with the spacecraft locations with
respect to the solar event. Slower drifting Type II emission is also evident at STEREO A at
02:30-04:30 UT.

W50° with respect to this spacecraft, which was well-connected to the event
and observed a prompt increase in particle intensity. The HET observed the
0.7-4 MeV electron onset at 02:33 UT +1 minute. (HET electron intensities
in this and other event figures are corrected as discussed above in relation
to Figures 3(f) and (g).) The electron onset occurred ~ 13 minutes after the
onset, of bright, long duration, type III radio emissions observed by STEREO A
SWAVES at 02:20 UT; see the right-hand panel in Figure 5. The emissions were
occulted at high frequencies by the limb of the Sun when observed at STEREO
B (and also at WIND, not shown), consistent with the configuration of the
spacecraft relative to the solar event shown in Figure 5. Interplanetary Type II
radio emission was also observed by STEREO A at 02:30-04:30 UT. HET A
observed the 24-41 MeV proton intensity increase from 03:14 UT 42 minutes,
i.e. ~ 40 minutes later than the near-relativistic electron onset. A 25 MeV
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(40 MeV) proton would take ~ 45 (35) minutes to travel from the Sun along
a nominal 1.2 AU spiral magnetic field line, suggesting that this delay may
be largely accounted for by the proton propagation time from the Sun. The
solar event was at W138° relative to Earth. Nevertheless, a reasonably prompt
particle increase was also observed (0.67-3 MeV electron and 24-41 MeV proton
onsets were at 03:14 UT £5 minutes and 03:40 UT +5 minutes, respectively).
However, the particle intensities were around two orders of magnitude lower than
at STEREO A. The event was at E127° with respect to STEREO B, which was
connected to the Sun ~ 170° from the event. HET B observed a weak, slowly
rising increase that we attribute to this event. Proton intensities were another
~two orders of magnitude lower than at the Earth. Thus, the particle event was
most prompt and most intense at the best-connected spacecraft, and the onset
delay increased and the intensity decreased as the spacecraft connection to the
event became poorer. The associated CME had a mean speed of 833 km s—!
and width of 260° based on CACTUS analysis of observations from STEREO B,
the spacecraft closest to quadrature, while the LASCO CDAW catalog classifies
this as a full halo CME with a speed of 1341 km s~!. See Rouillard et al. (2012)
for a detailed study of the relationship between the solar eruption, CME and
energetic particle onset of this event.

The three-spacecraft event late on 3 November 2011 (Figure 6) was remarkable
in that the proton and electron intensities showed relatively prompt increases at
all three spacecraft despite their wide separation. STEREO B observations show
that the associated solar event was at ~ 50° east of this spacecraft. The particle
event was again most intense at the best-connected spacecraft (STEREO A) and
was around two orders of magnitude weaker at the other spacecraft. Figure 7
shows an expanded view of the beginning of the event using 1 minute averaged
data from the STEREO HETs and 5 minute averaged ERNE and EPHIN ob-
servations. The electron onset occurred at STEREO A at 22:33 UT, around 13
minutes after the beginning of the associated type III emissions (interplanetary
type II emissions were also observed by STEREOs A and B starting at 22:35 UT).
The 24-41 MeV proton intensity at STEREO A increased around 52 minutes
later. The proton intensity increased at the Earth around 25 minutes later, and
at a similar time at STEREO B. Thus, within 25 minutes after protons were
detected at the best-connected spacecraft, they were also detected at the other
two, poorly—connected, spacecraft. Dividing the angular distance between the
foot points of the field lines to STEREO A and SOHO by 25 minutes suggests
an angular “propagation speed” of 5.3°/minute, corresponding to a speed of 1070
km s~! at the surface of the Sun. This turns out to be reasonably comparable
to the expansion speed of the associated LASCO CME (991 km s™!) given
in the CUA/GSFC catalog though this may be fortuitous (see the discussion of
Figure 17 below). This was also a full halo CME. CACTUS CME speed estimates
are 625 km s~! (LASCO), 781 km s~ (STEREO A, closest to quadrature)
or 694 km s~! (STEREO B). We note that despite the widespread, relatively
prompt onset, this particle event was not associated with an especially fast
CME. The CME speed is, for instance, comparable to the speeds of the CMEs
associated with the single-spacecraft events in Figure 4. We have also examined
the possibility that two or more solar events were involved in this widespread
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Figure 6. A three-spacecraft event on 3 November 2011 in which the particle intensity rose

promptly at all three spacecraft, including at the Earth for which the solar event was at E152°.
Again note that the event was most intense at the best-connected spacecraft, STEREO A.

particle event, such as “sympathetic flares” (Richardson, 1936; Moon et al., 2002;
Schrijver and Title, 2011; Schrijver et al., 2013) triggered by the initial event.
However, solar imaging, WAVES /SWAVES radio observations, X-rays and other
observations show no evidence that multiple events were involved. In particular,
an X1.9 flare at E63° relative to the Earth with peak intensity at 20:27 UT,
around two hours earlier, played no role since STEREO B was well-connected
to this flare and did not detect any particle increase. In addition, there were no
type II or type III radio emissions associated with this flare, and the STEREO
B COR 1 coronagraph only observed a narrow (~ 30° width) CME that does
not appear in the CDAW or CACTUS catalogs.

Particle increases associated with closely-timed solar events do occur occasion-
ally, and consideration of the solar, radio and particle data together can typically
lead to a likely interpretation. For example, two particle onsets from different
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Figure 7. Expanded view of the onset of the event on 3 November 2011, showing 1 min-
ute-averaged data from the STEREO HETSs, and 5 minute-averaged data from SOHO ERNE
and EPHIN. The vertical line indicates the onset time of type III radio emissions observed by
STEREO A SWAVES. Electrons were first detected at STEREO A around 13 minutes after
this time, followed by 24-41 MeV protons 52 minutes later. Similar energy protons arrived at
STEREO B and Earth with an additional delay of ~ 25 minutes.

active regions occurred within 7 hours on 7 March 2011 (Figure 8). The first was
associated with an M1.9 flare at E21° relative to the Earth, accompanied by a
698 km s~! partial halo CME (LASCO/CUA) and was most intense at STEREO
B, which was well-connected to the event. A weak increase was seen at Earth,
while there is no clear evidence of one at STEREO A. Type III radio emissions
commenced at 14:15 UT, while type II emission was observed at STEREO B
and WIND from 14:30 UT. A second solar event was associated with an M3.7
flare located at W53° relative to Earth and a fast (2125 km s=!) halo CME
that was best connected to the Earth, where SOHO observed a large prompt
onset. STEREO A, for which the event was at E35°, observed a more slowly
rising particle enhancement, peaking at a shock that passed the spacecraft on
9 March, that was probably associated with the same solar event/CME. Such
a profile is typical of an eastern event (cf., Cane, Reames and von Rosenvinge,
1988). Electron observations suggest that STEREO B also detected particles
from this event, and they probably also contributed to the proton enhancement.
However, the intensity profile at STEREO B is complicated by the passage of a
shock, sheath and interplanetary coronal mass ejection (ICME) on 7-8 March.
In particular, the brief intensity decrease on 8 March is associated with passage
of the ICME (Leske et al. (2013) reported field-aligned bidirectional ~ 5 MeV
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Figure 8. Observations for two particle events from different active regions on 7 March 2011.
Vertical lines give the onset times of type III radio emissions. The first event, from E21°
(relative to the Earth), was most prominent at STEREO B, the best-connected spacecraft.
The second, from W53°, was best connected to the Earth, but was also observed at the other
spacecraft. At STEREO A, the intensity peaks at passage of the shock on 9 March that was
probably associated with this event.

proton flows, characteristic of ICMEs (e.g., Zurbuchen and Richardson (2006)
and references therein) in this region). This second particle event was associated
with bright, long duration, type III radio emissions (occulted at STEREO B)
commencing at 20:00 UT and IP type II emission from 20:00 UT observed by
STEREO A and WIND.

Our final example, which occurred one year after the previous event, is a
case where two CMEs erupted in the vicinity of AR 1429 separated by ~ 1
hour. On 7 March 2012, an X5.4 flare (onset: 00:02 UT; peak: 00:24 UT; end:
00:40 UT) at E27° with 3B H-« emission was followed by an X1.3 flare (onset:
01:05 UT; peak: 01:14 UT; end: 01:23 UT) at E17°. Two fast halo LASCO
CMEs were associated with these events, first observed above the occulting disk
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Figure 9. Observations of the onset of the 7 March 2012 particle event. Shaded regions
indicate the durations of two X-class X-ray flares at E27° (also evident as contamination in
the EPHIN electron channel) and E17° relative to Earth, both accompanied by fast halo CMEs.
The vertical line gives the onset time of the bright type III emissions observed by STEREOs
A and B (right panel) and at the Earth which accompanied the first event. Observations at
STEREO B (1 minute averages) clearly demonstrate that the onset of particle acceleration
was associated with the first event rather than the second; there is no additional feature in the
intensity—time profile that might be related to the second event.

at 00:24 UT (with a speed of 2684 km s™!), and at 01:30 UT (1825 km s™!).
Figure 9 shows 1 minute-averaged observations from the STEREO HETSs and 5
minute-averaged SOHO ERNE and EPHIN data during the onset of this event.
The electron intensity at STEREQO B, the best-connected spacecraft, was clearly
increasing by ~ 00 : 45 UT. As is typical (cf., the events described above,
and further discussion below), proton onset was delayed by ~ 40 minutes, to
~ 01:25 UT. These onset times are clearly consistent with an association with
the first solar event (shaded regions indicate the X-ray flare intervals for the two
events) and are inconsistent with an association with the second solar event.
While the particle event was eventually observed at the other spacecraft, note
that it is the well-connected STEREO B observations that provide unambiguous
evidence of the correct solar association. We also note that only the first event
was accompanied by bright type III radio emissions, again consistent with this
being the site of particle acceleration and release. Interplanetary type II emission
commenced at 01:00 UT, also ahead of the second event.

The occurrence of these two closely-spaced CMEs might be expected to be an
ideal situation for particle acceleration by multiple shocks (e.g., Pomerantz and
Duggal, 1974; Levy, Duggal and Pomerantz, 1976; Cliver and Kallenrode, 2001)
or multiple CMEs (e.g., Gopalswamy et al., 2002; Gopalswamy et al., 2004; Li
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Figure 10. Summary of the rate of > 25 MeV proton events at Earth during January
1996-December 2013. The top panel shows the event peak intensity at ~ 25 MeV (in
(MeV s em? sr)~!) while the second panel gives the number of events/Carrington rotation
with intensities >~ 2 x 107% (MeV s cm? sr)~! and the three-rotation running mean (red
graph). The monthly sunspot number is shown in panel three. Panel four gives the yearly
number of events at Earth (green) and those with intensities above (red) or below (black)
0.1 (MeV s cm? sr)~1. The blue graph shows the number of individual events identified at
STEREO A or B, or at the Earth.

et al., 2012) to take place. We note that Cliver and Kallenrode (2001) concluded
that acceleration by multiple shocks does not necessarily require the shocks to be
converging, so the fact that the first CME was faster than the second according
to the CDAW LASCO CME database would not necessarily rule out this process
from occurring. It has also been suggested that a preceding CME may provide a
“seed” population for acceleration by the shock of a second CME or may in some
way “precondition” the solar wind through which the second CME shock travels
to promote particle acceleration. However, the observations of this particle event
onset clearly indicate that particle acceleration was associated with the first solar
event/CME and that the second CME was not involved. There is also no obvious
indication in the STEREO B intensity—time profile of a second particle injection
associated with the second solar event. This, together with the absence of type
III emissions (as discussed above and also below, the vast majority of > 25 MeV
proton events are accompanied by such emissions) also suggest that the second
solar event played no role in particle acceleration near the Sun.
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3. Summary of SEP Events
3.1. Occurrence rate

Figure 10 summarizes the occurrence of > 25 MeV proton events at Earth from
1996 to December 2013, updated from Cane, Richardson and von Rosenvinge
(2010a) and Cane, Richardson and von Rosenvinge (2010b). The top panel shows
the event peak intensity at ~ 25 MeV. The second panel gives the number
of SEP events/Carrington rotation and the three-rotation running mean (red),
while the third panel shows the monthly sunspot number. The SEP event rate
clearly tends to follow solar activity levels through Cycle 23 (though with SEP
events persisting until well into the declining phase), the subsequent extended
solar minimum, and into Cycle 24. The sunspot number in Cycle 24 reached
a peak of 97 in November 2011 dominated by northern hemisphere sunspots
(Chowdhury, Choudhary, and Gosain, 2013), well below the maximum in Cycle
23, and then declined to around 60 for much of 2012-2013. Consistent with the
decrease in the level of solar activity, the SEP rate declined from around mid-
2012 into 2013, though fairly intense events were still observed occasionally, in
particular in April-May 2013. Towards the end of 2013, the sunspot number (now
dominated by southern hemisphere sunspots) appears to increasing once again,
and a corresponding increase in the SEP rate is also evident. We therefore suggest
that the decline in activity in 2012-2013 is an example of the temporary decrease
in energetic solar activity, including SEP events, often termed the “Gnevyshev
Gap”, that is frequently found near solar cycle maxima (e.g., Gnevyshev, 1967;
Gnevyshev, 1977; Feminella and Storini, 1997; Storini et al., 2003; Bazilevskaya,
Makhmutov, and Sladkova, 2006; Norton and Gallagher, 2010; Richardson and
Cane, 2012, and references therein).

An interesting difference between Cycles 23 and 24 is that 25 MeV proton
events were present in Cycle 23 from around two months after the time of sunspot
minimum in May 1996 whereas the first event at Earth in Cycle 24 was detected
with a delay of a year after sunspot minimum, which occurred in December 2008.
The SEP occurrence rate (second panel) then rose somewhat more rapidly than
during the rise of Cycle 23. The yearly SEP event rates at the Earth (bottom
panel) appear to have been reasonably comparable in the two cycles based on
the observations so far, being only ~ 20% below the highest rates in Cycle 23.
However, the yearly rates for 2013 indicate a decline from the previous year. The
blue graph in the bottom panel shows the number of individual events (as in
Tables 1-7) observed at STEREO A or B or at the Earth. Around 30% of these
events were not detected at the Earth. Again there is an indication of a fall in
the SEP event rate in 2013 by around a third from the rate in 2012.

3.2. Solar event properties
When discussing the properties of SEP events at the STEREO spacecraft and at
Earth, and the associated solar events, we will generally focus on the subset of

events detected from December 2009 when the STEREO spacecraft were > 65°
from Earth and the SEP rate increased in Cycle 24, to December 2012, when the
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Figure 11. The left-hand figure shows the distribution of > 25 MeV proton events detected
by one, two or three spacecraft, and those for which the number of detecting spacecraft is
unclear, from December 2009, when the STEREO spacecraft were ~ 65° from the Sun-Earth
line, to December 2012, when the STEREO spacecraft were separated by 99°. The right-hand
figure shows the percentages of events that originated behind the east limb, on the front side
of the Sun, or behind the west limb, relative to STEREO B, the Earth, or STEREO A, and
for the events in 1997-2006 discussed by Cane, Richardson and von Rosenvinge (2010a).

STEREO spacecraft were separated by 99° on the far side of the Sun. Although
the spacecraft constellation was changing during this period, the spacecraft were
well separated, with the STEREQO spacecraft positioned approximately above
the limbs of the Sun as observed from Earth. The left-hand panel of Figure 11
shows the percentages of the ~ 25 MeV proton events during this interval that
were detected by only one, only two or all three spacecraft For 13% of the
events, the number of observing spacecraft is unclear because of data gaps or
high background from preceding events. Otherwise, 36% of the SEP events were
observed by only one spacecraft, 34% at only two spacecraft, and 17% at all three
spacecraft. (Considering all the events in Tables 1-7, 36% were observed by one
spacecraft, 34% by two spacecraft, and 21% by all three.) As will be discussed
below, the number of spacecraft that detected an SEP event, which gives a
crude indication of the longitudinal extent of the event but is appropriate for
this study focusing on identifying events at the different spacecraft, does tend to
organize the event properties. The right-hand panel summarizes the percentage
of the events that originated behind the east or west limbs, or on the front side
of the Sun from the viewpoint of STEREO A, B or the Earth. Prior to the
STEREO spacecraft approaching the limbs of the Sun, allowing observations of
the far side of the Sun, the detection at Earth of SEP events originating behind
the limbs of the Sun could only be inferred indirectly, for example from CMEs
originating behind the limb, occulted type III radio emissions, and the presence
of major active regions that had previously rotated over the west limb, or later
emerged over the east limb. Thus, this panel also shows similar results based
on the events detected during 1997-2006 at Earth in Cane, Richardson and von
Rosenvinge (2010a). The distribution of events is similar in each case, with ~ 60—
75% originating on the front side, ~ 20-30% behind the west limb, and ~ 4-8%
behind the east limb. The east-west asymmetry reflects the favored connection
to the western hemisphere of the Sun by the spiral interplanetary magnetic field.

Figure 12 shows the ~ 25 MeV proton intensity (including observations from
all three spacecraft) plotted against the longitude of the solar event with respect
to the observing spacecraft for events from December 2009 to, in this case, De-
cember 2013, providing a summary of all but the few earliest events in the study
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Figure 12. Peak intensities of ~ 25 MeV proton events (in (MeV s cm? sr)~1) plotted against
the longitude of the solar event relative to the observing spacecraft, for events in December
2009—-December 2013, when the STEREO spacecraft were separated by > 58° in longitude.
The symbol type indicates whether the event was detected at one (green cross), two (red circle)
or three (blue square) spacecraft (a point is plotted for each observing spacecraft for multi-
ple-spacecraft events). Three-spacecraft events with intensities above 1072 (MeV s cm? sr) ™!
from behind the east limb are circled. The corresponding intensities at the best-connected
spacecraft are similarly indicated.

period. The symbol/color indicates the number of spacecraft that observed each
event; 325 observations are included in the figure. One-spacecraft events (green
crosses) predominantly originate on the western hemisphere, and typically have
peak intensities < 1072 (MeV s cm? sr)~1. Thus, they are typically weaker events
that are detected when a spacecraft is favorably connected to the event. T'wo-
spacecraft events (red circles) are around two orders of magnitude more intense
than single-spacecraft events at well-connected longitudes, and may originate
from behind the west limb to the eastern front-side hemisphere. Three-spacecraft
events typically have intensities around 1-2 orders of magnitude larger than two-
spacecraft events and form the majority of events that are detected from behind
the east limb. In particular, the five circled three-spacecraft events (22 September
and 3 November 2011, 7 March and 23 July 2012, and 26 December 2013) had
intensities > 1072 (MeV s cm? sr)~! when observed by a spacecraft for which
the event was behind the east limb. These were among the most intense events
when observed by the best-connected spacecraft (also circled), suggesting that
the intrinsic intensity of these events plays a role in their visibility at poorly-
connected spacecraft. On the other hand, it is also evident that three-spacecraft
events have a wide range of intensities at well-connected longitudes and are not
just the most intense. In particular, there are events ~ 3 orders of magnitude
smaller in intensity than the circled events that are also observed at all three
spacecraft. An example is the 22 December 2009 event (Figure 13). The solar
event, associated with a C7.2 flare at W46°, was well-connected to the Earth,
although interestingly, the proton event onset appears to have been more prompt
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at STEREO B, for which the event was just behind the west limb, than at the
Earth (both STEREO B and SOHO also detected electrons from this event).
Type I1I radio emissions were observed at WIND and STEREOs A and B, and
were occulted at STEREO B as expected. No type II emissions were reported.
LASCO observed a slow (318 km s71), 47° width CME. Though the spacecraft
separation was clearly less than in other three-spacecraft events discussed above,
and the event location was reasonably favorable for all three spacecraft, never-
theless this event illustrates that even relatively weak events can be detected
over a wide region of the inner heliosphere.

Figure 14 summarizes several relationships between the ~ 25 MeV proton
peak intensity and properties of the associated solar events for events in Decem-
ber 2009-December 2012. Tables 1-7 indicate that every > 25 MeV proton event
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Figure 14. The top-left panel shows the ~ 25 MeV proton intensity versus the speed of the
associated LASCO CME, for cases in December 2009—December 2012 where the solar event is
on the western front side hemisphere relative to the observing spacecraft. The symbol indicates
whether a particle event was observed at one, two or three spacecraft. The upper right panel
shows the proton intensity at Earth plotted vs. the GOES soft X-ray flare intensity, for western
hemisphere events. The bottom left panel shows the proton intensity vs. CME speed (as in the
upper left, but including a few events for which the number of spacecraft is uncertain). Green
crosses indicate that no WAVES type 11 radio emissions were reported, blue squares that “IP”
type 11 emissions defined here as extending below 1 MHz were observed, and red circles that
type 11 emissions were detected but these did not extend below 1 MHz. The bottom right panel
shows the percentage of events detected by one, two or three spacecraft that were accompanied
by no type II radio emissions, or by non-IP or IP type II emissions.

in this period had an associated CME, as also noted by Cane, Richardson and
von Rosenvinge (2010a) for similar events in Cycle 23. (A few late 2013 events do
not have an assigned CME in the table, but only preliminary CME identifications
are available at the time of writing.) The top left panel of Figure 14 shows the
proton intensity plotted against the speed of the LASCO CME for cases where
the solar event is on the western front side hemisphere (i.e., W00-90°) relative
to the observing spacecraft (STEREO A, B, or SOHO). The well-established
correlation between proton intensity and CME speed (e.g., Kahler, Hildner and
Van Hollebeke, 1978; Kahler et al., 1984; Kahler, 2001; Cane, Richardson and
von Rosenvinge, 2010a, and references therein) is evident. The symbol type
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indicates whether the proton event was detected at only one, only two or at
all three spacecraft. Single-spacecraft events tend to be associated with slower
CMEs (below ~ 1000 km s~1), while the fastest CMEs in this sample tend to
be associated with three-spacecraft events. Two-spacecraft events tend to have
intermediate speeds. However, there are overlaps between the distributions. In
particular, the three-spacecraft events extend to slower CMEs, even below 1000
km s7!, so a fast CME is evidently not a requisite for an SEP event that is
extended in longitude.

CME width may also be correlated with proton intensity (e.g., Cane, Richard-
son and von Rosenvinge, 2010a) but we have not examined this here for several
reasons. As is evident from Tables 1-7, around half (52%) of the events (to
May 2013) were associated with “full halo” CMEs (360° width) in the CDAW
LASCO CME catalog, i.e., the ejection surrounds the coronagraph occulting
disc. However, as discussed in Cane, Richardson and von Rosenvinge (2010a), in
many cases, such halo CMEs are highly asymmetric. In that paper, halo CME
widths were reassessed by the authors, with only symmetric halo CMEs retaining
a width of 360°. While we could do this for the current set of events, the resulting
CME widths would still include projection effects. These could be reduced by
obtaining the CME width (and also speed) from the spacecraft (STEREO or
SOHO) that is closest to quadrature relative to the solar event. However, this
will be the focus of a future study.

The top right panel of Figure 14 shows the 25 MeV proton intensity plotted wvs.
the GOES soft X-ray flare peak intensity, for events on the western hemisphere as
observed from Earth. The proton and X-ray flare intensities are also correlated,
with a correlation coefficient that is comparable to that for the proton intensity
correlation with CME speed, as also found for the 25 MeV proton events in Cycle
23 by Cane, Richardson and von Rosenvinge (2010a). On the other hand, in the
discussion above of the circumstances of the event in Figure 6, it was noted that
an earlier X1.9 flare was not accompanied by an SEP event. Including all 25 MeV
proton events in this study for which an X-ray flare is listed in Tables 1-7, 9
(7%) of these flares were B class, 47 (37%) were C class, 50 (40%) were M class,
and 20 (16%) were X class. Thus, 77% of these proton events were associated
with C or M class flares.

In Tables 1-7, 47% of the events (up to May 2013) do not have possible type
IT emission observed by WIND /WAVES or SWAVES, 33% are accompanied by
IP type II events, defined here as emission that extends below 1 MHz, while the
remaining 20% have type II emissions that do not extend below this frequency.
The bottom left panel of Figure 14 shows the proton intensity vs. CME speed,
again for western hemisphere events at STEREO A, B, or SOHO, but in this
case, the symbol indicates whether or not type II emission was reported, and
whether this could be classified as IP type II. The absence of type II emission
is evidently associated predominantly with low intensity proton events (below
~ 1072 (MeV s cm? sr)~1) with CME speeds below ~ 1000 km s~!. Events with
type II emission are fairly well separated into more intense events with faster
CMEs that have IP type II emission and those with other type II emission that
have weak particle events and slower CMEs, with a distribution that significantly
overlaps with the events without type II emission. Comparison with the top left
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panel suggests that there might be some overlap between the events without
type II emission and events detected at only one spacecraft, and similarly be-
tween three-spacecraft events and those with IP type II emission. The bottom
right panel in Figure 14 examines this further, showing the percentage of events
detected by one, two or three spacecraft that were or were not accompanied by
type II or IP type II emissions observed by WIND/WAVES or SWAVES. The
results indicate that around three-quarters of single-spacecraft events were not
accompanied by type II emission, compared with around 50% of two-spacecraft
events, and around 20% of three-spacecraft events. Thus, the single-spacecraft
events do indeed tend to lack reported type II emission. On the other hand, the
fraction with IP type IT emission rises from around 10% for one-spacecraft events
to around 30% for two-spacecraft events, and around 60% for three-spacecraft
events. The fraction with ‘other” type II emissions has little dependence on the
number of detecting spacecraft and remains at ~ 15-20% In the conventional
picture that type II emissions are indicative of the formation of shocks, then a
possible interpretation is that shocks are not present in the majority of single-
spacecraft events, but are more likely to be present in multiple-spacecraft events.
Alternatively, it is possible that such emissions may present in single-spacecraft
events but are too weak to detect.

Examining the presence of type III radio emissions, 92% of the events in
Tables 1-7 were accompanied by type III radio emissions, consistent with the
high association between type III radio emission and SEP events noted by
Cane, Erickson and Prestage (2002) and Cane, Richardson and von Rosenvinge
(2010a). A possible interpretation of events without type III emissions is that
these do not involve any “flare-accelerated” particles, only particles accelerated
by the CME-driven shock, but a more detailed study of the individual events
(such as 24 February 2012, which is associated with an erupting filament; see
also Cane, Kahler and Sheeley, 1986) is required to investigate this possibility.

3.3. Longitudinal dependence of three-spacecraft SEP events
3.8.1. Electron and proton delays to onset at 1 AU

We now combine observations of the three-spacecraft SEP events in December
2009 to December 2012 to summarize the longitudinal dependence of several of
their properties based on the ensemble of events. The top left panel of Figure 15
shows the log of the ~ 0.7-4 MeV electron onset delay (when this can be inferred)
plotted wvs. solar event longitude with respect to the observing spacecraft. The
electron onset time is estimated from inspection of intensity—time profiles using
averaging intervals of 1 minute to 1 hour (for weak events with extended delays).
The errors indicate the estimated accuracy to which the time when the intensity
significantly increases above fluctuations in the pre-event background can be
inferred. The onset delays are measured relative to the start of the SWAVES
or WIND/WAVES type III emissions as estimated from daily summary plots,
since such emissions are observed for most events. Otherwise, the peak soft X-ray
time is used. Symbols indicate observations of different events. Minimum delays
are associated with western hemisphere events that are expected to be better
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Figure 15. Summary of the ~ 0.7-4 MeV electron onset delay versus solar event location
with respect to the observing spacecraft (top left) and versus the angle between the footpoint
of the field line passing the spacecraft and the solar event (connection angle; top right), for the
three-spacecraft events in December 2009-December 2013. Symbols indicate different events.
Delays are typically shortest for western hemisphere events when connection to the event is
favorable. The fits to events with positive or negative connection angles suggest that delays
are ~symmetric to the east and west of the solar event. The bottom left panel shows the delay
vs. the absolute connection angle. The delay at zero connection angle is ~ 19 + 3 minutes.
The log-linear fit, if interpreted as increasing delays due to an electron “source” spreading
in longitude at the surface of the Sun suggests propagation speeds in longitude shown in the
bottom right that fall with distance from the event, from ~ 700 km s~! near the event to
~ 130 km s—! at 180° from the event.

connected by the IMF to the observing spacecraft. To examine the influence of
connection, the top right panel shows the same observations plotted versus the
“connection angle” (CA) between footpoint at the Sun of the nominal spiral field
line passing the spacecraft at the time of the event, calculated using the observed
solar wind speed at the spacecraft (Nolte and Roeloff, 1973) and the longitude
of the solar event. A positive (negative) CA means that the footpoint lies west
(east) of the solar event. (Note that this is the opposite convention to that used
by Lario et al., 2013 in their study of SEP longitudinal intensity dependence that
includes some of the same events.) Electron onset delays tend to be shortest for
well-connected events. The fits to events with positive and negative connection
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Figure 16. Summary plots of 14-24 MeV proton onset delays, in a similar format to Figure 15.
Onset delays are again typically shortest for western hemisphere events when connection to
the event is favorable. The fits to events with positive or negative connection angles (top left)
suggest some east—west asymmetry in the proton onset delay. However, plotting the delays vs.
| CA | (lower left) indicates a typical delay at zero connection angle of ~ 54 minutes. The slope
of the log-linear fit is nearly identical to that for electrons. Thus, the ratio of the proton and
electron onset delays is ~constant at all connection angles. The source expansion speeds are
slower than for electrons, ranging from ~ 240 km s~ near the event to 45 km s~ at ~ 180°
from the event.

angles suggest that typical delays are approximately symmetric about the event
location. Thus, in the bottom left panel, the electron onset delays are plotted
versus | C'A |. The fit indicates “typical” electron onset delays at 1 AU of ~ 19
minutes for CA = 0° increasing to ~ 300 minutes (~ 5 hours) for CA = 180°,
though longer delays are found in some events.

A simple interpretation of the results is that the onset delay at 1 AU is given
by At, = t; + t(¢), where t; includes the time for a particle to move from the
Sun to the spacecraft, assumed to be approximately constant for each event,
plus any other “~event-independent” delays relative to type III burst onset (for
example in the acceleration process). The typical delay at zero connection angle
gives an estimate of the typical value of ¢t;. The second term is an additional
delay which increases with increasing connection angle ¢ at a typical rate that
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is indicated by the fitted line in the lower left panel of Figure 15. This delay
might be ascribed to a “source” moving away from the solar event along the
surface of the Sun (or at some other height) which injects particles onto the field
line foot points, after which they travel out to 1 AU. The slope of the fit in the
lower left panel of Figure 15, which gives the rate of change in the delay as a
function of connection angle, can be expressed as the “propagation speed” of the
electron source shown in the bottom right panel of Figure 15 versus longitude
from the event. The speed is higher closer to the event because the rate of change
in the delay time with connection angle is smaller. It is also assumed that the
source is moving on the solar surface. The results suggest a deceleration from
~ 700 km s~ ! near the event to ~ 130 km s~! at 180° from the event. For a source
above the solar surface, the speeds would be multiplied by the source distance
(in Rs) from the center of the Sun. In practise, the source motion may be more
complex (for example, it may lie on an expanding three-dimensional shock) but
this simple scenario at least gives an idea of the “propagation speeds” that might
be implied by the observations with minimal interpretation. We also note that
other studies (e.g., Vainio et al., 2013) have used velocity dispersion analysis
with observations of particles over a range of energies/speeds to infer the solar
release times of the SEPs. We have not made such an analysis in this paper since
we are considering only two proton and one electron energy ranges, which are
insufficient for a reliable dispersion analysis, and are focusing on the arrival time
at 1 AU, which is most relevant for space weather applications, rather than on
the detailed timing of particle acceleration at the Sun.

Figure 16 shows similar results for the 14-24 MeV proton onset delay. The
top-left panel shows that, as for electrons, minimum delays occur for well-
connected events on the western hemisphere relative to the observing spacecraft.
The weighted fits in the top-right panel suggest an east-west asymmetry in the
proton delays, with shorter delays for connection to the east of the event for
large connection angles. However, a non-weighted fit is more symmetric. The
bottom-left panel shows the correlation between the log of the proton onset
delay and | CA |. The fit indicates that the typical delay at zero CA is 54 + 5
minutes, increasing to ~ 860 & 150 minutes at | CA |= 180°. Interestingly, the
slopes of the fits in the bottom left panels of Figures 15 and 16 are essentially
identical (0.0153 £0.0019 compared to 0.0154 +0.0011) indicating that the ratio
of the proton and electron onset delays derived from the fits is independent of
connection angle, with a value of ~ 2.8 that corresponds to the ratio of the
proton and electron onset delays at C'A = 0°. The ratio of electron and proton
onset delays will be discussed further below; See also the Helios spacecraft results
of Kallenrode (1993) which also indicate longer onset delays for protons than for
electrons. The bottom-right panel of Figure 16 shows the proton “source propa-
gation speed” inferred from the fit in the bottom-left panel. As for electrons, the
source speed decreases with increasing longitude from the event, but the speeds
are lower, from ~ 240 km s~! close to the event, to ~ 45 km s~! at CA=180°,
reflecting the longer proton onset delays.

Figure 17 examines whether there is any evidence of a correlation between the
“source propagation speeds” at zero CA, inferred from fits to | C'A | versus the
log of the electron or proton onset delay for individual events, and the speed of
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Figure 18. Left: Correlation of the electron and proton onset delays for individual obser-
vations of the three-spacecraft events. Right: Ratio of proton to electron onset delays as a
function of electron onset delay.

the associated LASCO CME. The results indicate that there is little correlation,
suggesting that the CME speed is not a good predictor of how rapidly particles
spread out in longitude from the solar event, at least in this simple scenario. Note
that the event with the outstanding high proton source speed (but not CME
speed) circled in the right-hand panel is the 3 November 2011 event discussed
above.

The left-hand panel of Figure 18 shows the log of the 14-24 MeV proton onset
delay plotted against the log of the 0.7-4 MeV electron onset delay for the same
event/spacecraft. These are highly correlated (cc = 0.934). However, the best
fit indicates that At,g ~ 9.9 A 9.7 implying that the At,g/ A toe ratio falls
with increasing onset delay, rather than the simple At g ~ 2.8 A t,. suggested
by Figures 15 and 16. The right-hand panel of Figure 18 shows the ratio of
the proton and electron onset delays for individual observations plotted against
electron onset delay, illustrating the decline in the ratio with increasing delay,
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Figure 19. Summary of ~ 0.7-4 MeV electron peak delays vs. flare longitude, connection
angle, and | CA |.

from ~ 5 for minimal delays to ~ 1-3 for long delays. Investigating the possible
origin of this change in the ratio requires a more complete analysis of the onset
times in individual events than is made here. (A possible scenario, for example,
is that the initial proton acceleration/injection is delayed relative to electrons.)
Nevertheless, the main conclusion to be drawn here is that overall, proton and
electron onset delays in three-S/C events, both as a function of CA and from
event to event, are highly correlated. We note that Posner (2007) proposed using
observations of near-relative electron onsets to give a ~ 1 hour or more warning
of the arrival of more hazardous protons and heavier ions with energies of 10s of
MeV. The results presented here provide further justification for this technique.

3.3.2. Delays to peak intensity

We now consider delays to peak particle intensity. Figure 19 summarizes the
delay to peak intensity versus event location with respect to the observing space-
craft, CA, and | CA | for ~ 0.7-4 MeV electrons. As for the onset delays, delays
to electron peak intensity are shortest for western hemisphere/well connected
events. The fits in the top-right panel suggest a slight asymmetry, with shorter
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Figure 20. Summary of 14-24 MeV proton peak delays vs. flare longitude, connection angle,
and | CA |. The bottom right panel shows 24-41 MeV proton peak delays vs. | CA |.

delays for cases where the field line connects east of the event, though there is
considerable scatter. The fit in the bottom panel indicates a typical delay to
electron peak of ~ 3.6 hours at zero connection angle, increasing to ~ 30 hours
at 180° connection angle.

Figure 20 illustrates similar results for 14-24 MeV protons, which again show
the shortest delays for western hemisphere/well-connected events, and approxi-
mately symmetrical fits around zero connection angle. Note that, although the
focus of our analysis is on the early stages (~ first day) of SEP events, there
are cases, typically for poorly-connected events, where particle intensities peak
after more extended delays. The fit in the bottom left panel indicates a typical
14-24 MeV proton delay to peak of ~ 7.3 hours at zero connection angle, and
~ 40 hours at 180° connection angle. The bottom right panel shows similar
results for 24-41 MeV protons; the fit indicates slightly shorter typical delays
of ~ 5 hours at zero connection angle, and ~ 30 hours at 180°. The variation
of proton peak delay with event longitude is very consistent with that obtained
by Van Hollebeke, Ma Sung and McDonald (1975) for 125 SEP events observed
at the Earth by IMPs 4 or 5, but by using the STEREO observations, it is
possible unambiguously to identify events with far-side sources, and observe
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Figure 21. Left: Correlation of the electron and proton delays to peak for individual ob-
servations of the three-spacecraft events. Right: Ratio of proton to electron peak delays as a
function of electron onset delay.

events at multiple locations, enabling more events at large connection angles to
be included.

Figure 21 shows the correlation between electron and 14-24 MeV proton
delays to peak intensity. The proton delay is related to the electron delay by
Aty = 3.7At951. The right-hand panel shows the ratio of the proton and
electron delays as a function of electron delay. The ratio decreases from ~ 4 for
the shortest delays, to ~ 1, i.e., similar electron and proton delays to peak, for
electron delays above ~ 10 hours.

We finally compare the electron or proton onset and peak delays. Since both
increase with connection angle, we might expect some correlation as is shown to
be the case in Figure 22. Although there is an overall correlation, the electron
results suggest that below electron onset delays of ~ 1 hour, the delays to peak
are highly variable, ranging from ~ 1 to 20 hours. The events to the left of the
main distribution have an initial rapid onset followed by a slow rise to peak
intensity. Investigation of reasons for these differences in the early development
of the events, which may involve the evolution of the event at the Sun, inter-
planetary propagation conditions, and the influence of local structures at the
observing spacecraft, is beyond the scope of this paper.

3.3.8. Longitudinal dependence of SEP intensity

To investigate the longitudinal dependence of SEP intensity, we again focus on
the three-spacecraft events in December 2009-December 2012. The top row of
Figure 23 shows Gaussian fits I(¢) = Ie=(9=90)*/20” 46 hackground-corrected
14-24 MeV proton intensities plotted versus connection angle (¢), for those
events where such a fit can be made. The left and right panels show events up to
or after October 2011, respectively, to reduce the number of superposed graphs.
The peak intensities (I,) of the Gaussian fits cover ~ 5 orders of magnitude,
again illustrating how the three-spacecraft events cover a wide range of intensi-
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Figure 23. Top row: Gaussian fits to the peak 14-24 MeV proton intensity

((MeV s cm? sr)~1) for three-spacecraft events in (left) December 2009-October 2011,
and (right) November 2011-October 2012. In some cases, two estimates of the intensity at
SOHO (from ERNE and EPHIN) are shown. A background of 1074 (MeV s cm? sr)~!
has been removed. Bottom row: Gaussian fits to the peak ~ 0.3-4 MeV electron intensity
((MeV s cm? sr)~1) for three-spacecraft events in (left) December 2009-October 2011, and
(right) November 2011-October 2012. STEREO HET intensities have been multiplied by the
factors discussed in Section 2.
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2 1

ties. However, the weaker events, with I, < 107! (MeV s cm
were predominantly observed before October 2011.

The top left panel of Figure 24 shows how the connection angles of the peaks
of the Gaussian fits (¢, ) tend to cluster around the longitude of the solar event.
The average offset is 15.1° west, i.e., peak intensities, on average, are found on
field lines that connect ~ 15° west of the solar event. However, the distribution
is broad, with a standard deviation of 35.2°, so the results do not appear to
indicate any consistent west/east bias. Uncertainty in the location of the solar
event, which may be extended and not accurately represented by the location of
the related flare or other feature, and errors in inferring the spacecraft magnetic
connection to the Sun, probably also contribute to the offset. The top right panel
of Figure 24 shows the distribution of full widths at half maximum (FWHM,
~ 2.3550) for 14-24 MeV protons. The average FWHM is 101.5° with a standard
deviation of 30.1°, corresponding to o = 43 + 13°. This is comparable to ¢ =
45+ 2° (0 = 43 £+ 2°) found by Lario et al. (2013) for an independent (though
overlapping) sample of 25-53 MeV (15-40 MeV) proton events in 2009-2012,
and the o = 36 + 2° obtained by Lario et al. (2006) for 27-37 MeV proton
events in Solar Cycle 21. Longitudinal SEP intensity dependences inferred from
multi-spacecraft observations were also reported by Kallenrode (1993) though
Gaussian fits were not made.

The bottom panels in Figures 23 and 24 show similar results for ~ 0.7—
4 MeV electrons for those events where such a fit can be made. The same
symbols are used for each event in the proton and electron plots. As for protons,
the average footpoint location of the electron Gaussian maxima is displaced
slightly to the west of the solar event by a similar angle (18.2°) though with
a standard deviation of 28.9°. The electron FWHM is also similar to that for
protons (110 4 32°), corresponding to o = 47 4 14°. This value is consistent
with the 0 = 49 £ 2° (0 = 46 £ 2°) obtained by Lario et al. (2013) for 71—
112 keV (0.7-3 MeV) electrons. The comparable os for electrons and protons
imply that intensities decline with increasing longitude from the solar event at
similar rates. We also note that Wiedenbeck et al. (2013) examined a 3He-rich
impulsive event on 7 February 2010 (unrelated to the 25 MeV proton event on
this day in Table 1) that was observed at the two STEREO spacecraft and by
ACE when separated by 136° in longitude, and found that the ~ 3 MeV/n
3He fluence (event-integrated intensity) fell off with longitude with o = 48°.
These similar values of o may suggest a common propagation scenario for *He
in impulsive events and protons and electrons in the early stages of gradual
SEP events. We also note that Kallenrode (1993) concluded that longitudinal
intensity dependences are similar for “impulsive” events, defined in that study
by the X-ray flare duration (cf., Cane, McGuire and von Rosenvinge, 1986), and
other events.

The left-hand panel of Figure 25 shows that proton and electron Gaussian
peaks in individual events tend to occur at similar connection angles — the dashed
line indicates equality — while the best fit suggests a trend for the electron peak
to be slightly closer to the event location. The proton and electron FWHMs
are also correlated (right-hand panel of Figure 25), though the electron widths
generally slightly exceed the proton widths, typically by ~ 10°.

sr)~1 evidently
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Figure 26 shows, for 14-24 MeV protons (top row) and 0.7-4 MeV protons
(bottom row), the intensity of the peak of the Gaussian fit (left-hand panels)
or FWHM (right-hand panels) plotted against the LASCO CME speed. As for
the observed proton intensities of western-hemisphere events in Figure 14, the
proton Gaussian heights are correlated with the CME speed. The scatter in the
points is reduced, as might be expected because variations due to connection
angle are not longer present. The electron peak intensity shows a weaker trend
with CME speed. The CME speed shows no (for protons) or little (for electrons)
correlation with the FWHM. Thus, the observations do not appear to favor a
scenario in which a faster CME results in a “wider” particle event that falls off
less rapidly with longitude.

3.4. A “typical” event
The above observations suggest the following characteristics of a “typical” three-
spacecraft SEP event. From the time of type III emissions onset, ~ 0.7-4 MeV

electrons arrive at a spacecraft directly connected to the event typically in ~ 19
minutes, while 14-24 MeV protons do so after ~ 54 minutes. The additional
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and CME speed, and longitudinal dependence, for three-spacecraft events, plotted against the
observed intensity at 25 MeV for 532 SEP events observed at Earth and/or at STEREO A/B
in 1996-2013. The red line indicates equality.

proton delay may be largely accounted for by the difference in the particle
speeds along a nominal magnetic field line. For a spacecraft on a field line with a
connection angle ¢(°) east or west of the solar event, particle arrival relative to
the type III burst is delayed by At,e = 19exp(0.0153¢) minutes for 0.7-4 MeV
electrons (Figure 15) or At,mg ~ 54 exp(0.0154¢) minutes for 14-24 MeV protons
(Figure 16). The peak intensity is delayed by Atpe ~ 3.6 exp(0.0118¢) hours
for 0.7-4 MeV electrons and At,g ~ 7.3exp(0.0088¢) hours for 14-24 MeV
protons. The peak intensity (not associated with passage of an interplanetary
shock) falls off with connection angle with FWHMSs of ~ 100° (o =~ 43°) for
protons and ~ 110° (o =~ 47°) for electrons based on Gaussian fits. The peaks
of the 14-24 MeV Gaussian fits are correlated with the CME speed V (km s™1)
as I, ~ 0.013 exp(0.0036V) (MeV s cm? sr)~!. (The observed particle intensity
is also correlated with the soft X-ray flare intensity (Figure 14), but there are
insufficient events with Gaussian fits and associated X-ray observations to infer a
similar correlation.) Combining these results, the typical peak 14-24 MeV proton
intensity (early in the event) at a spacecraft at 1 AU with a connection angle
¢ associated with a CME of speed V may be given by I(¢) (MeV s cm? sr)~!
~ 0.013exp(0.0036V — ¢?/20?)), o = 43°. Figure 27 shows the predicted 14—
24 MeV proton intensity based on this formula for 544 SEP events observed at
the Earth during 1996-2013 (including events from Cane, Richardson and von
Rosenvinge, 2010a), or at STEREO A or B, plotted against the observed peak
25 MeV proton intensity for these events. For simplicity, it is assumed for all
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Figure 28. Predicted 14-24 MeV proton intensity (red crosses) and observed ~ 25 MeV
proton intensity (blue circles) plotted against the solar event longitude relative to the observing
spacecraft (left) and connection angle (right) for 544 SEP events observed at Earth and/or at
STEREO A/B in 1996-2013.

events that the solar wind speed is 450 km s~ when calculating the connection

angle, and that peak SEP intensity at the Sun occurs at the longitude of the
solar event. The predicted and observed intensities do show a fair correlation
(cc = 0.619), but there is considerable scatter, of around an order of magnitude
above and below the fitted (black) line. Furthermore, the predicted intensities
for the weaker events tend to be overestimated - the red line indicates equality.
This is also illustrated in Figure 28 which shows the predicted 14-24 MeV and
observed ~ 25 MeV proton intensities for the 544 SEP events as a function of
event longitude (left) and connection angle (right). The intensity variation with
longitude/connection angle for the largest events is reasonably well predicted, as
might be expected since the formula was developed using such events, suggesting
that it may have a potential for “forecasting” the intensities of the largest events
that are of particular interest for space weather. Nevertheless, it is clear that the
formula, based only on CME speed and CA, overestimates the intensity for
a large population of events. This is also evident from comparing the proton
intensity-CME speed relationship for western hemisphere events in Figure 14
and for the three-spacecraft event Gaussian peaks in Figure 26, noting the ~ 2
orders of magnitude difference in the intensities for events associated with slower
CMEs. Comparison of Figures 28 and 12 suggests that many of these weaker
events have characteristics similar to the “one” and “two” spacecraft events
discussed above. However, many of the SEP events in Figure 28 are from the
pre-STEREQ era so the actual longitudinal extent of these events cannot be
determined.

3.5. Implications for particle transport near the Sun and in the solar wind.
We now very briefly discuss the implications of the above observations for particle

transport in longitude near the Sun and/or in the solar wind. There are a number
of processes that might be involved including:
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o Multiple particle injections from “sympathetic” flares: For the three-spacecraftlj
events examined in this study, we find no clear case in which multiple solar
events in different active regions, closely-spaced in time, played a role in
producing what appears to be a single, longitudinally-extended particle
event.

o Cross-field transport/diffusion in the solar wind: Cross-field particle trans-
port in the solar wind is generally expected to be a slow process compared
with parallel transport, as indicated for example by clear influence of the
spiral interplanetary magnetic field on particle transport evident in this
study, and by the particle intensity “drop outs” observed in some events by
Mazur et al. (2000). Giacalone and Kéta (2012) have modeled the transport
of particles in the solar wind from an impulsive event, motivated by the
observations of Wiedenbeck et al. (2013). In addition to cross-field diffusion,
an important effect is corotation of the IMF which moves the particle pop-
ulation towards the west, so that the particles can be detected, with some
delay, at spacecraft lying some distance west of the event. While this type
of process may contribute to the observation of particles from far-eastern
events, cross-field transport in the solar wind is likely to be too slow to
account for the “typical” onset delays at CA=180° of ~ 5 hours for electrons
and ~ 14 hours for protons suggested by our analysis. The prompt onset
at widely-separated spacecraft on 3 November 2011 (Figure 7) provides
a particular challenge for a scenario of longitudinal particle transport in
the solar wind. On the other hand, we note that Dresing et al. (2012)
favor a role for strong perpendicular diffusion in the 17 January 2010 SEP
event based on the results of a 3D particle transport model. Such a process
has been also modeled recently by Marsh et al. (2013) and Lampa and
Kallenrode (2009), who conclude that it may contribute significantly to
SEP longitudinal transport.

o Diffusion near/at the Sun/“coronal propagation”: This process has been
widely studied in the past as a method of distributing solar particles in
longitude (e.g., Reinard and Wibberenz, 1974; Newkirk and Wentzel, 1978;
Perez-Peraza, 1986), in particular before it was recognized that particle
acceleration at extended CME-driven shocks could fulfill this role in large
SEP events (e.g., Cane, Reames and von Rosenvinge, 1988). It was also
suggested by Wibberenz and Cane (2006) to be occurring during impulsive
electron events. The tendency for east-west symmetry in the onset and
peak delays, and close correlation of the electron and proton delays might
be suggestive of some type of diffusive process near to the Sun, at least
early in gradual events.

o Acceleration by expansive interplanetary or coronal shocks: Cliver et al.
(1995) noted that SEP events can turn on rapidly even at large connection
angles (for example, within two hours for ~ 1 MeV electrons for connection
angles up to ~ 150°; cf. the similar results in Figure 15). Considering such
events in the context of shock acceleration, they concluded that acceleration
at CME-driven shocks in the solar wind could not be responsible for these
rapid distant onsets since such shocks appear to be limited to longitudinal
extents of ~ 180°. As an alternative, acceleration by essentially circum-solar
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coronal shocks, with propagation speeds of ~ 200 — 500 km s~! (based on
electron onset delays) was proposed. Cliver et al. (1995) did not examine
proton onset delays in detail but suggested that differences in the proton
and electron onset delays, as inferred in the present study, could pose a
problem for this scenario (as also noted by Kallenrode (1993) for coronal
shocks in general), as could events with longer delays.

Connection to an expanding three-dimensional CME shock: STEREO and
SOHO observations now allow the three-dimensional structure of CMEs
and their associated shocks to be inferred close to the Sun. Assuming that
SEPs are accelerated by CME-driven shocks, a reasonable scenario is that
SEPs are injected onto interplanetary field lines when the expanding shock
intersects these field lines. For example, Rouillard et al. (2012) concluded
that the inter-spacecraft particle onset delays in the 21 March 2011 event
(Figure 5) were consistent with connection to an expanding CME shock
observed by STEREO and SOHO. In this study we have identified further
extended SEP events that may be used to establish whether this is a general
result.

Association with EUV waves: Since the discovery of EUV waves by the EIT
instrument on SOHO, the possibility that particles are injected as such an
expanding EUV wave intercepts the foot points of magnetic field lines has
been considered (e.g., Bothmer et al., 1997; Krucker et al., 1999). Rouillard
et al. (2012) noted that an EUV wave tracked the laterally-expanding flank
of the 21 March 2011 CME, moving parallel to the surface of the Sun
at ~ 450 km s~!. ATA observations of EUV waves suggest initial speeds
may reach 600-2000 km s~! but such waves decelerate rapidly, and typical
final speeds are 180-380 km s—! (Patsourakos and Vourlidas, 2012, and
references therein). Such speeds are reasonably comparable to the typical
“source speeds” inferred in Figures 15, 16 and 17, in particular for protons,
suggesting that EUV waves might be linked to the spread of SEPs in longi-
tude. Nitta et al. (2013) have recently reported higher speeds (mean=644
km s™!; median=607 km s~!) for large-scale coronal propagating fronts
observed by AIA, and noted that these speeds were poorly correlated with
the expansion speeds of the associated CMEs, which may be consistent with
the lack of correlation between source and CME speeds in Figure 17. As
for the “coronal shock” scenario above, the different electron and proton
onset delays and inferred “source” speeds may pose a problem. In addition,
an exceptionally fast and widespread EUV wave, extending to the foot
points of field lines connecting to STEREO B and Earth might have been
expected to be associated with the 3 November 2011 event (Figure 6),
but it appears that ATA did not observe such a wave (N. Nitta, private
communication, 2012; Nitta et al., 2013). Of the 171 fronts reported by
Nitta et al. (2013), 55 (32%) were associated with SEP events identified
in this study, while of the 94 SEP events originating at E120° to W120°,
the approximate range of the sources of the fronts reported by Nitta et al.
(2013), 53 (56%) were associated with such a front. Of these 53 events,
14 (26%) were single-spacecraft, 20 (38%) were two-spacecraft, and 12
(23%) were three-spacecraft events (for the remaining events, the number
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of spacecraft is uncertain), suggesting that observation of a propagating
front is not strongly related to the observed extent of the SEP event.
Particle transport to remote longitudes by large-scale magnetic loops: Re-
constructions of coronal magnetic fields based on photospheric magnetic
field observations (e.g., Schrijver et al., 2013) suggest the existence of
large-scale magnetic loops that might guide SEPs to locations far from the
original solar event. Furthermore, modeling of the evolution of coronal mag-
netic fields during a CME (Masson, Antiochos and DeVore, 2013) indicates
that reconnection between closed and open field lines may lead to field
configurations that facilitate particle transport to locations far removed
from the original solar event. However, it is unclear whether the tendency
for east-west symmetry in event delays and intensities and their ordering
by connection angle, at least taken over the ensemble of events, would be
consistent with this scenario though it might play a role in particular events.
Guidance by non-spiral interplanetary magnetic fields: Richardson, Cane
and von Rosenvinge (1991) discussed cases where SEPs arrived promptly
from poorly-connected solar events by being guided within interplanetary
coronal mass ejections that happened to be passing the observing spacecraft
at the times of the events. We have examined the solar wind present at
the three spacecraft at the times of the three-spacecraft SEP events, and in
general do not find evidence of such structures, though there are exceptions
where local solar wind structure does appear to influence the development
of SEP events at a particular spacecraft, leading to some of the outliers
in the distributions discussed above. However discussion of such events is
beyond the scope of this paper.

4. Summary

We have used observations of protons and electrons from the HETSs on the
STEREO A and B spacecraft, and from the ERNE and EPHIN instruments
on SOHO, to summarize the properties of solar particle events that included
~ 25 MeV protons since the beginning of the STEREO mission in October 2006
until December 2013. The major conclusions are:

Some 209 unique > 25 MeV proton events have been detected during the
study period by the STEREO spacecraft and/or at Earth. All of the events,
at least up to the end of the CDAW LASCO catalog at the time of writing
(May 2013), were accompanied by CMEs.

Considering events between December 2009 and December 2012, when the
spacecraft were well separated, 36% were detected by only one spacecraft,
34% by only two, and 17% by all three spacecraft, depending on factors
such as whether particular spacecraft are or are not well connected to the
solar event by the nominal Parker spiral IMF, and the intensity of the event.
Around 30% of the events were not detected at Earth.

While the most intense events at well-connected spacecraft, and those as-
sociated with the fastest CMEs, tend to be three-spacecraft events, the
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intensity observed at the best-connected spacecraft, or the CME speed, for
example, are not reliable predictors of the visibility at the other spacecraft.
92% of the SEP events were accompanied by type III radio emissions ob-
served by the WIND/WAVES or STEREO/SWAVES instruments, while
53% had type I emissions, and 33% “IP” type II emissions extending below
1 MHz.

The percentage of events associated with type II emissions increases with
the number of spacecraft that detected the event, reaching 81% for three-
spacecraft events, including ~ 60% with IP type II emissions.
Single-spacecraft events typically occur at well-connected longitudes, have
peak intensities at ~ 25 MeV of < 1072 (MeV s cm? sr) ™!, and are accom-
panied by CMEs with speeds below 1000 km s~!. Type II emissions are
reported in only 25% of cases.

The availability of STEREO observations of the far side of the Sun confirms
the results of previous studies using only observations at the Earth that
around a quarter of > 25 MeV proton events originate behind the west
limb with respect to the observer, and occasionally (~ 4-8% of events)
behind the east limb. Energetic particles are unambiguously observed from
solar activity ~ 180 in longitude from the observation point, and on field
lines that have foot points at the Sun ~ 180° from the solar event.

SEP occurrence rates at Earth were reasonably comparable during the
rising phases of Cycle 23 and 24. However, the first event was detected
at Earth one year after smoothed sunspot minimum in Cycle 24 compared
with a delay of only two months in Cycle 23. The first two years of Cycle
24 were characterized by brief intervals with SEP activity followed by ~six
month intervals of low activity that may be evidence of a “Rieger et al.
(1984)-like” quasi-periodicity.

The SEP rate during 2013 declined from that in 2011 and 2012, but shows
evidence of an increase in the final months of 2013 that appears to be
associated with an increase in the number of southern hemisphere sunspots.
The lower SEP rate in 2012-2013 relative to 2011 may be a manifestation
of the “Gnevyshev gap” in energetic solar activity often observed during
solar cycle maxima.

Longitudinal-dependencies of the electron and proton peak intensities, and
delays to onset and peak have been examined for three-spacecraft events.
Both delays to onset and delays to peak increase with increasing connection
angle between the solar event and the footpoint of magnetic field lines
passing the observing spacecraft. The results suggest a close “coupling”
between energetic protons and electrons such as correlated onset and peak
delays and similar intensity dependence with longitude.

The 3 November 2011 event had an exceptionally rapid turn-on at all three
spacecraft, with a difference in the ~ 25 MeV proton onset times of only
~ 25 minutes. The CME speed however was un-exceptional (991 km s™1).
A formula predicting the proton intensity at 14-24 MeV based on the CME
speed and solar event location has been developed using three-spacecraft
event observations. While it appears to predict the intensity of the largest,
most extended events reasonably well, it fails for a large population of
weaker than expected events.
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e The tendency for east-west symmetry in the delays to onset, and peak,
and the Gaussian fits to peak around zero connection longitude suggest
that electron and proton propagation in longitude away from the solar
event occurs somewhat symmetrically. This may be most consistent with
a scenario involving a propagating shock or wave moving out from the
event, though different source propagation speeds inferred for electrons and
protons may be a complication, or some sort of diffusive process.
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