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Study of solar energetic particles (SEPs) using largely separated 
spacecraft data 

Abstract 
Solar energetic particles (SEPs) are one of the main activities in terms of space weather forecast. SEPs 
could affect commercial airlines, HF communication, satellite launch, extra-vehicular activity from 
space stations, and manned space flight missions. In this study, we investigate the source regions and 
the characteristics of SEPs using multiple spacecraft data, Solar TErrestrial RElations Observatory 
Ahead (STEREO-A), Behind (STEREO-B) and Solar Dynamics Observatory (SDO)/Solar and 
Heliospheric Observatory (SOHO)/Geostationary Operational Environmental Satellites (GOES).  

1. The source regions of solar energetic particles detected by widely separated
spacecraft 

The source regions of 12 solar energetic particle (SEP) events seen between 2010 August and 
2012 January at STEREO-A, B, and/or Earth (Advanced Composition Explorer/Solar and Heliospheric 
Observatory/GOES), when the two STEREO spacecraft were separated by about 180◦. All events were 
asso- ciated with flares (C1 to X6) and fast coronal mass ejections and, except for one, accompanied by 
type II radio bursts. We have determined the arrival times of the SEPs at the three positions. Extreme 
ultraviolet (EUV) waves, observed in the 195 Å and 193 Å channels of STEREO and the Solar 
Dynamics Observatory, are tracked across the Sun to determine their arrival time at the photospheric 
source of open field lines connecting to the spacecraft. There is a good correlation between the EUV 
wave arrival times at the connecting footpoints and the SEP onset times. The delay time between 
electron onset and the EUV wave reaching the connecting footpoint is independent of distance from the 
flare site. The proton delay time increases with distance from the flare site. In three of the events, 
secondary flare sites may have also contributed to the wide longitudinal spread of SEPs.  

1-1. Data and Analysis 

To examine SEP fluxes, we use electron fluxes from the Solar Electron Proton Telescope 
(SEPT) on STEREO-A and STEREO-B averaged over 10 minute in 4 low energy channels (55 - 65 
keV, 105 - 125 keV, 165 - 195 keV, and 295 – 335 keV) and 3 high energy channels (1 MeV, 2 MeV 
and 3.4 MeV) and from the AC Electron, Proton, and Alpha Monitor (EPAM) averaged over 5 min in 4 
energy channels (38 - 53 keV, 53 -103 keV, 103 - 175 keV, and 175 - 315 keV). Proton fluxes are from 
the Low Energy Telescope (LET) averaged over 10 min in 3 energy channels (1.8 - 3.6 MeV, 4 - 6 
MeV, and 6 - 10 MeV) and in 3 high energy channels (15 MeV, 25 MeV and 50 MeV) and from ACE 
EPAM averaged over 5 min at the 4 energy channels (0.31 - 0.58 MeV, 0.58 - 1.05 MeV, 1.05 - 1.89 
MeV, and 1.89 - 4.75 MeV). 

The interplanetary magnetic field emanates from the footpoints of coronal holes and 
streamers. Potential field source surface (PFSS) models give a good approximation of the magnetic 
field up to 2.5 Rsun and can be used to trace back the sources of the interplanetary field in the ecliptic 
plane at 2.5 Rsun (Neugebauer et al. 1998). Further out the field is stretched by the solar wind to form 
the Parker spiral, and so depends on the solar wind speed. The connection points of the spacecraft are 
obtained using synoptic magnetic field and ecliptic-plane PFSS extrapolations from the GONG website 
(http://gong.nso.edu/data/magmap/pfss.html). The gif images provided by the site have been rotated to 
Stonyhurst co-ordinates. The original connection points for Earth, STEREO-A and STEREO-B 
longitudes shown on the plots do not account for the Parker spiral. Therefore we move the connection 
points at 2.5 Rsun, westward according to the solar wind speed observed at the time of the events using 
the equation, Ø0 = DΩ/Vw + Ø where Ø, Ø0 are the spacecraft and solar longitudes, D is the distance to 
the Sun, Vw is the solar wind speed, and Ω is the solar rotation rate.  

The Stonyhurst heliographic (Earth-view) image combined two STEREO 195 Å image with 
the nearest in time SDO/AIA 193 Å provides full Sun view. We identify the source regions related to 
SEPs using the Stonyhurst heliographic movie. Also, we can get a ratio image of the Sun at the time of 
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the EUV wave showing the positions of space-time cuts in the direction of the footpoints of the 
connecting open field line to each spacecraft as well as space-time running ratio images along those 
cuts. We can determine the EUV wave properties using the ratio images (Figure 1). 

 

 

 
Figure 1. 2010 August 14 source region and EUV wave: (a) GONG synoptic magnetic field with PFSS 
ecliptic plane field lines traced back to their source. White and red crosses mark the longitudes of STB, 
Earth, and STA at 2.5R⊙. The photospheric footpoints of the connecting field lines are marked by 
orange crosses. Connecting footpoints are deduced by tracing the field lines from the white crosses to 
the Sun. Green/red indicates positive/negative open fields. The source region is enclosed by a white 
square. (b) Full Sun ratio image at the times given. This is a composite of STB 195 Å, SDO 193 Å, and 
STA 194 Å images. The dashed line indicates the position of the space–time image below. (c) Running 
ratio space–time image along the line in (b). The white number is the approximate wave speed 
calculated by manually choosing the start and end positions of the wave.  
 

Table 1 lists the 12 SEP events and their associated solar phenomena. The events are related 
to flares ranging from C1 to X6 in X-ray strength and fast CMEs ranging from 1005 km/s to 2256 km/s 

with an average speed of 1470 km/s. All are accompanied by a type III radio burst and all but one are 
accompanied by a type II radio burst. The underlined event appears to have been caused by flares in 
more than one AR, although there was only one EUV wave, CME, and type II burst. The average EUV 
wave speeds, computed from the space–time images, are given in the table.  
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Figure 1. 2010 August 14 and 18 SEP events. The fluxes are in units
of particles cm−2 s−1 sr−1 MeV−1. (a) Electron fluxes in seven energy
channels measured by STB SEPT and HET, (b) proton fluxes in seven energy
channels measured by STB LET and HET, (c) electron fluxes in six energy
channels measured by ACE EPAM and SOHO EPHIN, (d) proton fluxes in
seven energy channels measured by SOHO ERNE, (e) electron fluxes in seven
energy channels measured by STA SEPT and HET, and (f) proton fluxes in seven
energy channels measured by STA LET and HET. The numbers shown on the
right axis are the middle of the energy ranges in MeV. The first dashed line
is the CME at 10:12 UT on August 14 and second dashed line is the CME at
05:24 UT on August 18.
(A color version of this figure is available in the online journal.)

these three as our onset time. If the data were very noisy and
there were no three consecutive times with increasing flux, we
doubled the time over which the data were averaged until an
enhancement time emerged. If the data was very noisy and
there were no three consecutive times with increasing flux, we
doubled the time over which the data was averaged until an
enhancement time emerged. The number of binnings is indicated
by the number of asterisks by the times in Table 2.

The arrival times of the EUV waves are the times that the
leading edges of the EUV waves reached the footpoints of
the open field lines extending to the connecting longitudes of
the spacecraft, given in Columns 11–13 of Table 2. There are
several significant sources of uncertainty with these times. They
depend strongly on the applicability and accuracy of the PFSS
extrapolations and the Parker spiral formula for pinpointing
the footpoints of the connecting field lines. A feel for the
reliability of the positions can best be obtained by looking at the
PFSS extrapolations and the spacecraft connecting points for
the individual events. In many cases, the spacecraft connecting

(a)
AR 11099

+ + +

2010-08-14T10:20:30.006/T10:05:30:009
(b)

B

(c)

E A

Figure 2. 2010 August 14 source region and EUV wave: (a) GONG synoptic
magnetic field with PFSS ecliptic plane field lines traced back to their source.
White and red crosses mark the longitudes of STB, Earth, and STA at 2.5 R⊙.
The photospheric footpoints of the connecting field lines are marked by orange
crosses. Connecting footpoints are deduced by tracing the field lines from the
white crosses to the Sun. Green/red indicates positive/negative open fields.
The source region is enclosed by a white square. (b) Full Sun ratio image at
the times given. This is a composite of STB 195 Å, SDO 193 Å, and STA 194 Å
images. The dashed line indicates the position of the space–time image below.
(c) Running ratio space–time image along the line in (b). The white number is
the approximate wave speed calculated by manually choosing the start and end
positions of the wave.
(A color version of this figure is available in the online journal.)

point lies close to the separatrix between two possible footpoint
regions. In these cases, we chose the footpoints closest to EUV
wave onset site. The EUV wave arrival time is determined
by looking at the running ratio movies and seeing when the
wave arrives at the footpoint site and, for confirmation, by
linear extrapolation of the EUV wavefront in the running ratio
space–time images to the footpoint site. Times to sites close to
the EUV wave source are accurate to within 5 minutes, but the
further the connecting footpoint is from the source, the more
difficult it is to determine the wave arrival time. The times to
the more distant sources are accurate to within 20 minutes. The
accuracy of the EUV arrival times is indicated by asterisks in
Table 2.

Table 3 represents the source region connections with the
spacecraft. A “!” indicates direct connection to the spacecraft.
The magnetic polarity (positive/negative) of the connecting
region is given in brackets.
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Table 1. The Solar Sources of the 12 SEP Events. 

1-2. Result 

From this study, we have found that nine events were related to a single source region and the 
other three were probably due to multiple sources. Five events had strong flux enhancements in all 
three spacecraft. Eruptions from multiple source regions sometimes cause abrupt flux enhancements 
simultaneously at widely separated positions. The most notable event was likely the one on 2011 
November 3 that showed abrupt enhancements at STB, Earth, and STA. There may have been three 
different sources that erupted at almost the same time and were connected to STB, Earth, and STA but 
one needs to look at coronagraph data to identify the SEP sources. This will be done in a follow-up 
analysis. Another unusual event possibly related to multiple sources was the event on 2011 November 
26. First, a large trans-equatorial filament erupted with good connection to Earth. Later, neighboring
ARs produced a jet and small flare connected to STB and STA, respectively. In particular, the source 
region was the biggest in our study and the solar activities associated with the event had a long duration 
(~100 minutes). In all the SEP events, EUV waves (average speed ∼463 km/s) were observed with fast 
CMEs (average speed ∼1470 km/s). 

 
To examine the relationship between EUV waves and the sites of SEP acceleration, we have 

considered an offset time using flare, CME, and type III radio burst times against which we can 
compare the SEP onset and EUV arrival times. SEP onset times are significantly associated with EUV 
wave arrival times. Our result shows that the correlation coefficients between the two parameters are 
between 0.60 and 0.69 (Figures 2-3). The results support the idea that EUV waves trace the release 
sites of SEPs, which is consistent with previous studies that suggested that SEPs are accelerated by 
large coronal shock waves (Kocharov et al. 1994; Torsti et al. 1998; Krucker et al. 1999; Vainio & 
Khan 2004; Rouillard et al. 2012).  
 

In this study, most events were associated with complex solar sources and flux enhancements. 
Although direct open magnetic field connections play an important role in generating SEP events with 
strong flux enhancements, in our study, the flux enhancements were observed in 19 electron cases and 
14 proton cases without magnetic field connections. Kozarev et al. (2011) found that protons that came 
from a site with an open field geometry were quickly accelerated into interplanetary space, while 
protons associated with a closed field geometry were probably accelerated in shocks. The fact that all 
strong events reported in our study were associated with type II radio emission supports the idea that 
the SEP events were generated by CME- driven shocks. The observations of the flux enhancements 
show that the shocks can spread over at least ∼180°. 
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Table 1
The Solar Sources of the 12 SEP Events

Event Date Flarea Max Class Location AR CMEb V (km s−1) Radioc II Radiod III EUVe

Start Time Time Time V (km s−1)

1 20100814 09:38 10:05 C4.4 N17W52 11099 10:12L 1205L 10:00 09:55 310
2 20100818 04:45 05:48 C4.5 N17W91 11099 05:24A 1250A 06:05 05:30 200
3 20110307 19:43 20:12 M3.7 N24W59 11164 20:00L 2256L 20:00 19:50 510
4 20110321 02:04 . . . . . . N22W132 . . . 02:24B 1562B 02:20 02:20 528
5 20110804 03:41 03:57 M9.3 N15W49 11261 03:54A 1785A 04:15 03:50 510
6 20110809 07:48 08:05 X6.9 N17W83 11263 08:12L 1610L 08:20 08:00 420
7 20110921 21:35f . . . . . . N15W120 . . . 22:12L 1007L . . . 21:40? 225
8 20110922 10:28 11:01 X1.4 N11E74 11302 10:48L 1905L 11:05 10:40 760
9 20111103 21:40 . . . . . . N05E160 . . . 22:54A 1136A 22:35 22:15 473

22:28 22:35 C5.8 N18E60 11339 . . . . . . . . . . . . . . .

22:12 22:18 C5.4 N10W85 11333 . . . . . . . . . . . . . . .

10 20111126 06:40 07:10 C1.2 N08W49 11353 07:12B 1005B 07:15 07:10 380
11 20120123 03:38 03:59 M8.7 N28W36 11402 03:54B 1785B 04:00 03:40 525
12 20120127 17:37 18:37 X1.7 N27W71 11402 18:27L 1136L 18:30 18:15 715

Notes. The underlined events are likely related to multiple source regions.
a Flare times are taken from ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-features/solar-flares/x-rays/goes.
b CME time is the appearance in LASCO C2 or SECCHI COR2 field of view. CME times are taken from http://cdaw.gsfc.nasa.gov/CME_list and
http://secchi.nrl.navy.mil/cactus. L is SOHO/LASCO. A and B are STA/COR2 and STB/COR2, respectively.
c Radio II times are taken from http://ssed.gsfc.nasa.gov/waves/data_products.html except for 20100814, which was taken from http://secchirh.obspm.fr.
d Radio III times are taken from http://secchirh.obspm.fr.
e EUV wave speeds are the average speeds from the source to the spacecraft connecting points.
f The brightening was observed around the west limb at 21:35 UT on 2011 September 21.

Table 2
The Spacecraft Ecliptic Plane Connection Points, the SEP Onset Times, and the EUV Wave Arrival Times

Date STB Earth STA STB Electron STA STB Proton STA STB EUV STA
Earth Earth Earth

(335–375 keV) (175–315 keV) (335–375 keV) (1.8–3.6 MeV) (1.90–3.06 MeV) (1.8–3.6 MeV)

20100814 9W 57W 142W 10:44 10:37 ∗∗10:50 ∗12:47 ∗10:45 ∗13:28 ∗10:00 09:30 ∗∗10:00
20100818 9W 57W 137W 06:42 05:57 05:57 09:55 ∗07:24 08:28 ∗06:20 05:00 05:00
20110307 34E 56W 142W 20:06 ∗20:24 20:58 · · · a ∗∗20:48 22:10 ∗20:30 19:50 20:00
20110321 37E 56W 142W . . . 02:52 02:26 . . . ∗03:30 03:17 . . . ∗02:40 ∗02:20
20110804 32E 57W 155W ∗06:12 04:06 ∗06:17 ∗07:23 06:27 ∗08:24 04:30 03:55 ∗04:30
20110809 46E 38W 149W CIR 08:05 08:45 CIR 09:16 . . . ∗∗08:20 08:00 ∗08:30
20110921 35E 57W 158W 22 04:23 ∗21 23:13 21 23:05 . . . ∗∗22 02:54 22 00:54 . . . ∗∗22:20 21:30
20110922 35E 57W 158W 10:45 ∗12:12 12:36 11:17 ∗∗13:38 ∗∗14:20 10:30 ∗∗11:15 . . .

20111103 37E 56W 178W 3 23:14 3 22:39 3 22:25 ∗4 02:08 ∗∗4 02:24 ∗4 00:45 . . . . . . 22:10
20111126 40E 56W 158W 07:44 07:12 08:52 09:58 08:24 14:24 . . . 06:55 . . .

20120123 49E 74W 151W 05:15 03:50 ∗05:29 08:59 06:03 06:20 04:10 03:55 . . .

20120127 65E 56W 162W . . . 18:28 20:20 . . . 19:40 . . . 18:50 18:10 18:40

Notes. The travel time of a 175 keV electron is ∆t = 15 minutes. The travel time of a 1.8 MeV proton is ∆t = 161 minutes. The travel time of a photon is ∆t =
8.3 minutes. The number of asterisks by the SEP times indicates the temporal binning used to obtain the time. The asterisks by the EUV wave times indicate the
accuracy of the EUV wave arrival time (5, 10, or 20 minutes). CIR means particles in a corotating interaction region.
a It has ∼60 minutes uncertainty due to the previous event.

1470 km s−1. All are accompanied by a type III radio burst
and all but one are accompanied by a type II radio burst. The
underlined event appears to have been caused by flares in more
than one AR, although there was only one EUV wave, CME, and
type II burst. The average EUV wave speeds, computed from the
space–time images, are given in Table 1. More accurate wave
speeds along different directions are given in the space–time
images related to individual events.

Table 2 lists the connecting longitudes at 2.5 R⊙ for the three
spacecraft. These were calculated using the simple Parker spiral
field formula (Equation (1)). Table 2 also lists the SEP onset
times at the spacecraft and the EUV wave arrival times at their
connecting footpoints. Some event onsets were easier to see in
the low-energy channels and others in the high-energy ones.

ACE electron onset is given in the 175–315 keV channel and
SOHO proton onset is given in the 1.90–3.06 MeV channel.
STEREO onsets are obtained from the 335–375 keV channel for
electrons and from the 1.8–3.6 MeV channel for protons. If the
onset is not seen in these channels due to strong background,
we obtained the onset time from a higher energy channel. We
then estimated the onset time for the reference low-energy
channel, assuming a travel distance of 1.2 AU, so that we
can compare delay times of all events. The onset time is not
always easy to determine. At first, we looked at the flux profiles
from low to high energy bands to get a crude estimate of
the onset time. Then, we plotted the data around the time at
which the flux increase occurred. We found the three earliest
consecutive times with increasing flux and marked the first of

3
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Figure 2. Relationship between EUV flare time 
and SEP flare time: (a) electron and (b) proton. 
The error bars represents the number of 
degradations. The dashed line is a linear least 
squares fit to the data. In the figure, r means a 
correlation coefficient and the p-value is the 
probability that r = 0.  
 
 
 

Figure 3. Relationship between EUV-CME time 
and SEP-CME time: (a) electron and (b) proton. 
The error bars represents the number of 
degradations. The dashed line is a linear least 
squares fit to the data. In the figure, r means a 
correlation coefficient and the p-value is the 
probability that r = 0.  
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AR 11353(a)
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AR 11355

AR 11356

AR 11352
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2011-11-26T08:45:30.005/T08:30:30.006
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E
(d)

B

Figure 10. 2011 November 26 source sites and EUV waves. (a) GONG magnetic
field map, as described in Figure 2. The thick black line represents a filament
that erupted. The flaring ARs are labeled. (b) Ratio of images at the given times,
as in Figure 2. The two black crosses mark the onset site of the jet shown in (c)
and the EUV wave shown in (d). (c) Running ratio space–time image along line
1 in (b). (d) Running ratio space–time image along line 2 in (b).
(A color version of this figure is available in the online journal.)

40 minutes so there may have been a connection between the
X-flare and this small AR.

This was a complicated series of events. Although the two
main eruptions were almost 180◦ and 13 hr apart, it is possible
that SEPs accelerated in the second event propagated through
regions of the heliosphere affected by the first event and that
this caused the high-energy flux enhancements at STA and Earth
associated with the second event.

3.2.2. The Event of 2011 November 3

In this event, SEP fluxes suddenly increased in all spacecraft
without a longitudinal dependence, except for the proton fluxes

Figure 11. Relationship between EUV flare time and SEP flare time: (a) electron
and (b) proton. The error bars represents the number of degradations. The dashed
line is a linear least squares fit to the data. In the figure, r means a correlation
coefficient and the p-value is the probability that r = 0.

at Earth, where the flux enhancement was slightly delayed
(Figure 7). At this time, there were several ARs on the Sun. Three
produced flares near the SEP onset time. AR 11339 (N18E60)
was the site of an X-class flare (20:16 UT) near the connecting
footpoint of STB about 3 hr before the SEP onset. There was
no type III radio burst associated with the X-flare, suggesting
that any particles produced by the X-flare were trapped close
to the Sun. Later, around the time of the SEP onset, AR 11339
produced a C5.8 flare (22:28 UT) and this is the most likely
source of the first SEPs detected by STB. Shortly afterward, a
C9.2 flare (22:56 UT) and an M2.1 flare (23:28 UT) were seen
from the same region and these probably further increased the
SEP flux arriving at STB.

The most likely source of the SEP event seen at STA was
a backside, from Earth, AR at N05E160 that was 100◦ east
of the X-flare site with good connection to STA (Figure 8).
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Figure 12. Relationship between EUV-CME time and SEP-CME time, as in
Figure 10.

The brightening and EUV wave were first seen in STEREO
images at 22:16 UT. The EUV wave propagated westward to
the connecting footpoints of STB and eastward to the connecting
footpoints of Earth. In the running ratio movie, it looks as though
the EUV wave stopped at intervening ARs in both directions
because it could not be traced beyond them. Several reports
have shown that EUV waves are reflected and refracted by strong
AR region magnetic fields (Thompson et al. 1999; Wang 2000;
Ofman & Thompson 2002; Li et al. 2012b). If the CME shock
continued to move horizontally at the velocity of the EUV wave
(660 km s−1), then it would have reached the STB footpoint
(AR11339) at 22:25 UT. So, it could have triggered the C5.8
flare at 22:28 UT.

Close to the Earth footpoint, there was a C5.4 flare at 22:12 UT
in AR11333 (N10W85) that may have produced some of the
SEPs, particularly the early electrons, seen at Earth. Protons
were detected at roughly the same time at Earth and STA, so the

Figure 13. Relationship between EUV-radio burst III time and SEP-radio burst
III time, as in Figure 10.

most likely cause for these is the CME shock associated with the
EUV wave from the flare near the STA footpoint at 22:16 UT.

3.2.3. The Event of 2011 November 26

Figure 9 shows the electron and proton fluxes at STB, Earth,
and STA for the event of 2011 November 26. The fluxes
enhanced first at Earth, then STB, and later in STA. The STA
flux enhancements are larger than the STB enhancements and
their increase is more gradual.

There are several ARs around the main SEP source region
(AR 11353), as shown in Figure 10(a). Around the SEP onset
time, a big filament eruption occurred, covering a large area
across the northern and southern hemispheres around longitude
W30. It ran from just northeast of AR 11353 (N08W49) to
AR 11354 (S15W50) and produced a CME with velocity
1007 km s−1 at 07:12 UT and a type II radio burst at 07:15 UT.
On the Sun, there was a C1.2 flare and faint EUV wave starting

9
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2. What flare and CME parameters control the occurrence of solar proton 
events? (Park et al. 2014, JGR) 
 

In this study we examine the occurrence probabilities of solar proton events (SPEs) and their 
12 peak fluxes depending on both flare and coronal mass ejection (CME) parameters: flare peak flux, 
longitude, 13 impulsive time, CME linear speed, and angular width. For this we use the NOAA SPEs, 
their associated X-ray 14 flares, and CME from 1997 to 2011. We divide the data into 16 subgroups 
according to the flare and CME 15 parameters and estimate the SPE probabilities for the subgroups. 
The three highest probabilities are found 16 for the following subgroups: (1) fast full halo (55.3%) and 
fast partial halo (42.9%) CMEs associated with 17 strong flares from the western region and (2) slow 
full halo CMEs associated with strong flares from the 18 western region (31.6%). It is noted that the 
events whose SPE probabilities are nearly 0% belong to the 19 following subgroups: (1) slow and fast 
partial halo CMEs from the eastern region, (2) slow partial halo CMEs 20 from the western region, and 
(3) slow full halo CMEs from the eastern region. These results show that 21 important parameters to 
control SPE occurrences are CME linear speed, angular width, and source 22 longitude, which can be 
understood by the piston-driven shock formation of fast CMEs and magnetic field 23 connectivity from 
the source site to the Earth. It is also shown that when the subgroups are separately 24 considered by 
flare impulsive time and source longitude, the correlation coefficients between the observed 25 and the 
predicted SPE peak fluxes are greatly improved.  

 
 
2-1. Data and Analysis 
 
 

We use the NOAA SPE list (http://swpc.noaa.gov/ftpdir/indices/SPE.txt) from 1997 to 2011 
and the information of their related CMEs observed by the Solar and Heliospheric Observatory mission 
(SOHO) Large Angle and Spectrometric Coronagraph (LASCO) [Brueckner et al., 1995]. The 
projected CME linear speeds and angular widths are taken from the SOHO LASCO CME online 
catalog (http://cdaw.gsfc.nasa.gov/ CME_list/) [Gopalswamy et al., 2009]. Flare information is taken 
from the NOAA National Geophysical Data Center (NGDC) Geostationary Operational Environmental 
Satellite (GOES) X-ray flare catalog (http://www. ngdc.noaa.gov/ngdc.html).  

To examine SPE occurrence probabilities, we consider four solar eruption parameters: flare 
peak flux, source longitude, CME linear speed, and angular width. The previous studies [Park et al., 
2010, 2012] showed that it is extremely rare that SPEs are generated by narrow (< 120°) and slow (< 
400 km/s) CMEs as well as weak flares (< C1 class). We exclude the events generated by relatively 
weak solar eruptions, which are only two from 1996 to 2011, and do not consider events whose source 
regions are behind the limb. Accordingly, we use 67 SPEs and 490 solar eruptions, which meet the 
criteria of the parameters as follows: flare peak flux ≥ C1 class, CMEs linear speed ≥ 400 km/s, angular 
width ≥ 120◦, and front source longitude (−90° ≤ L ≤ 90°).  

For the regression between solar eruption parameters and SPE peak flux, we use five solar 
eruption parameters associated with the observed SPEs. The parameters are flare peak flux, source 
longitude, impulsive time, CME linear speed, and angular width. In this case, we exclude two events 
because the events have unusual long impulsive times (2.66 h and 1.76 h) which are significantly larger 
than 1.39, mean (0.55) plus 2 times standard deviation (0.42). For the regression, we use 65 SPEs and 
their associated eruptions.  
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2-2 Result 
 

 
Our results have shown that the SPE occurrence probabilities are strongly dependent on flare 

and CME parameters and the distinct contrasts of the probabilities are seen according to the 
quantitative ranges of the parameters (Tables 2 and 3). The highest probabilities have been found in the 
subgroups of fast full halo CMEs (55.3%) and partial halo CMEs (42.9%) associated with strong flares 
from the western region. The probability is also high for the subgroup of slow full halo CMEs 
associated with strong flares from the western region (31.6%). Noticeably, the SPE probabilities are 
nearly 0% for eight subgroups. As shown in Table 2, slow full halo CMEs from the eastern region have 
no SPE. As for the partial halo CMEs in Table 3, all eastern events have no SPE and western slow 
CMEs have only one SPE. These results show that CME linear speed, angular width, and source 
longitude are the most important parameters to control SPE occurrences. This is understood by that 
wide and fast CMEs can form piston-driven shocks, which is the main mechanism to accelerate SPEs. 
The importance of source longitude and angular width can be interpreted by the sub-Earth point, which 
is directly linked to the Earth by the Parker spiral magnetic fields. Our results are the same line with 
Kahler and Reames (2003) and Gopalswamy et al. (2008). Kahler and Reames (2003) found that 
CMEs having w ide angular widths are mostly fast (V≥900kms−1) and associated with SPEs. They 
noted that CMEs with narrow angular widths are unsuitable to form CME-driven shocks accelerating 
SPEs. Gopalswamy et al. (2008) also showed that the SPE occurrences increase with CME linear 
speeds and angular widths. They found that some CMEs with DH type II bursts as coronal shock 
signatures are not associated with SPEs, mainly because of poor connectivity or it is possible that the 
shocks with the bursts are too weak to accelerate SPEs (Shen et al., 2007).  

 
 

 

 

Table 2. SPE Occurrence Probability Depending on Flare Peak Flux, Longitude, and CME Linear 
Speed (Slow CME: 400 km/s ≤ V < 1000 km/s and Fast CME: V ≥ 1000 km/s) for Full Halo CMEs 
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Table 1. SPE Occurrence Probability Depending on Flare Peak Flux,
Longitude, and CME Linear Speed (Slow CME: 400 km s−1 ≤ V
< 1000 km s−1 and Fast CME: V ≥ 1000 km s−1) for Full Halo CMEsa

Location Flare Slow CME Fast CME Total

West f ≥ M5 P 31.6% 55.3% 47.4%
! 10.7% 8.1% 6.6%
N 6/19 21/38 27/57

West f < M5 P 13.2% 28.6% 20.5%
! 5.5% 7.6% 4.7%
N 5/38 10/35 15/73

East f ≥ M5 P 0% 29.6% 22.9%
! 0% 8.8% 7.1%
N 0/8 8/27 8/35

East f < M5 P 0% 21.7% 7.9%
! 0% 8.6% 3.4%
N 0/40 5/23 5/63

Total P 10.5% 35.5% 24.1%
! 3.0% 4.3% 2.8%
N 11/105 44/123 55/228

aP refers to the probability and ! is the uncertainty of the probability

and is calculated by !=
√

p(1−p)
n

, where n is the number of solar
eruptions. N is the ratio of SPEs to solar eruptions.

on the three parameters. The
second of the series dealt with the
dependence of SPEs on CME
parameters [Park et al., 2012]. We
presented two-dimensional
probabilities depending on CME
linear speed and angular width as
well as on CME linear speed and
longitude. We also examined the
relationships between CME linear
speed and SPE peak flux as well as
its dependence on angular width,
longitude, and direction parameter.
Both studies showed that the
parameters are strongly associated
with the SPE probabilities and SPE
peak fluxes.

The present work is the third
considering both of flare and CME
parameters. We make SPE occurrence
probabilities depending on flare peak
flux, longitude, CME linear speed,

and angular width. The predicted SPE peak fluxes are also estimated using the parameters in addition to
impulsive time. From these studies, we want to address a question : what flare and CME parameters control
the occurrence of SPEs? The paper is organized as follows. In section 2, we describe the data and analysis.
Results are given in section 3. Finally, a brief summary and discussion are presented in the last section.

2. Data and Analysis

We use the NOAA SPE list (http://swpc.noaa.gov/ftpdir/indices/SPE.txt) from 1997 to 2011 and the
information of their related CMEs observed by the Solar and Heliospheric Observatory mission (SOHO)
Large Angle and Spectrometric Coronagraph (LASCO) [Brueckner et al., 1995]. The projected CME linear
speeds and angular widths are taken from the SOHO LASCO CME online catalog (http://cdaw.gsfc.nasa.gov/
CME_list/) [Gopalswamy et al., 2009]. Flare information is taken from the NOAA National Geophysical Data
Center (NGDC) Geostationary Operational Environmental Satellite (GOES) X-ray flare catalog (http://www.
ngdc.noaa.gov/ngdc.html).

To examine SPE occurrence probabilities, we consider four solar eruption parameters: flare peak flux, source
longitude, CME linear speed, and angular width. The previous studies [Park et al., 2010, 2012] showed that
it is extremely rare that SPEs are generated by narrow (< 120◦) and slow (< 400 km s−1) CMEs as well as
weak flares (< C1 class). We exclude the events generated by relatively weak solar eruptions, which are only
two from 1996 to 2011, and do not consider events whose source regions are behind the limb. Accordingly,
we use 67 SPEs and 490 solar eruptions, which meet the criteria of the parameters as follows: flare peak
flux ≥ C1 class, CMEs linear speed ≥ 400 km s−1, angular width ≥ 120◦, and front source longitude
(−90◦ ≤ L ≤ 90◦).

For the regression between solar eruption parameters and SPE peak flux, we use five solar eruption
parameters associated with the observed SPEs. The parameters are flare peak flux, source longitude,
impulsive time, CME linear speed, and angular width. In this case, we exclude two events because the events
have unusual long impulsive times (2.66 h and 1.76 h) which are significantly larger than 1.39, mean (0.55)
plus 2 times standard deviation (0.42). For the regression, we use 65 SPEs and their associated eruptions.

3. Results
3.1. Solar Proton Event Occurrence Probability
We divide the solar eruptions into 16 subgroups according to the following criteria: flare peak flux (F < M5
and F ≥ M5), longitude (−90◦ ≤ L < 0◦ and 0◦ ≤ L ≤ 90◦), CME linear speed (400 km s−1 ≤ V < 1000 km s−1
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Table 3. SPE Occurrence Probability Depending on Flare Peak Flux, Longitude, and CME Linear 
Speed (Slow CME: 400 km/s ≤ V < 1000 km/s and Fast CME: V ≥ 1000 km/s) for Partial Halo CMEs. 

 

 
 
 
 
 
 
Table 4. The Results of Multiple Regressions of SPE Peak Fluxes and Associated Solar Eruption 
Parameters for 20 Subgroups as in Table 3. 

 
 
 

We present the relationships between the observed and the predicted SPE peak fluxes using 
the multiple regression method combining the solar eruption parameters (flare peak flux, longitude, 
impulsive time, CME linear speed, and angular width) for 20 subgroups whose criteria are given in 
Table 4. In case that all of the events are associated with full halo CMEs, we only consider four 
parameters except for the angular width.  
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Table 2. SPE Occurrence Probability Depending on Flare Peak Flux,
Longitude, and CME Linear Speed (Slow CME: 400 km s−1 ≤ V
< 1000 km s−1 and Fast CME: V ≥ 1000 km s−1) for Partial Halo CMEsa

Location Flare Slow CME Fast CME Total

West f ≥ M5 P 0% 42.9% 22.2%
! 0% 13.2% 8.0%
N 0/13 6/14 6/27

West f < M5 P 1.2% 17.9% 5.5%
! 1.2% 7.2% 2.2%
N 1/81 5/28 6/109

East f ≥ M5 P 0% 0% 0%
! 0% 0% 0%
N 0/2 0/11 0/13

East f < M5 P 0% 0% 0%
! 0% 0% 0%
N 0/90 0/23 0/113

Total P 0.5% 14.5% 4.6%
! 0.5% 4.0% 1.3%
N 1/186 11/76 12/262

aP refers to the probability and ! is the uncertainty of the probability

and is calculated by !=
√

p(1−p)
n

, where n is the number of solar
eruptions. N is the ratio of SPEs to solar eruptions.

and V ≥ 1000 km s−1), and angular
width (120◦ ≤ AW < 360◦ and
AW = 360◦). Tables 1 and 2 show
SPE occurrence probabilities of 16
subgroups for full halo CMEs and
partial halo CMEs, respectively.

Table 1 shows that the probabilities
are significantly different according
to the subgroups. The highest
probability is 55.3% for the subgroup
of fast (≥ 1000 km s−1) full halo CMEs
associated with strong flares (≥ M5)
from the western region. In the case
of the slow CMEs (< 1000 km s−1),
the probability is 31.6%. In the case
of the weak flare peak fluxes (< M5),
the probability (28.6%) decreases
by a factor of around 2 compared
with the highest one. In the eastern
region, the probability is 29.6% for
the subgroup of fast (≥ 1000 km s−1)
full halo CMEs associated with strong

flares (≥ M5). Noticeably, there is no SPE in the subgroups associated with slow CMEs (< 1000 km s−1) from
the eastern region.

Table 2 shows that the highest probability is 42.9% in the subgroup of fast (≥ 1000 km s−1) partial halo CMEs
associated with strong flares (≥ M5) from the western region. In the case of weak flare peak fluxes (< M5),
the probability is 17.9%, which is considerably smaller than the highest one. It is noticeable that the
probabilities are nearly 0% in the subgroups of partial halo CMEs from the eastern regions regardless of
the flare peak flux and CME linear speed ranges. Even if the solar eruptions occur from the western region,
which is magnetically well connected to the Earth, the results show that slow (< 1000 km s−1) partial halo
CMEs can hardly produce SPEs in the region. The probabilities associated with full halo CMEs (Table 1) are
significantly higher than those with partial halo CMEs (Table 2). It is found that the probabilities of partial
halo CME subgroups are more contrasted with one another than those of full halo CME subgroups.

3.2. Prediction of SPE Peak Flux for Whole Data Sample
We investigate the relationship between SPE peak fluxes and single parameters such as flare peak flux,
longitude, impulsive time, CME linear speed, and angular width. We estimate a correlation coefficient and its
p value, which means statistical significant if it is unlikely to be occurred by chance; that is, the test rejects
the null hypothesis at the prescribed significance level p= 0.05. Figure 1 shows that the relationship
between 65 SPE peak fluxes and flare peak flux (Figure 1a) as well as CME linear speeds (Figure 1b). The
correlation coefficients are 0.38 and 0.50, respectively. The coefficients are 0.43 using flare peak fluxes from
1976 to 2006 [Park et al., 2010] and 0.57 using CME linear speeds from 1997 to 2006 [Park et al., 2012].
Previous results also showed that the correlation coefficients are ∼0.6 for the CME speed and ∼0.4 for the
flare peak flux [Gopalswamy et al., 2003; Kahler, 2013a]. SPE peak fluxes have a moderate relationship with
impulsive times (r = 0.35) in Figure 1c but not with longitudes (r = 0.02). There is no correlation between
the SPE peak fluxes and the angular width (r = −0.05) because almost half of the SPEs are associated with
full halo CMEs.

Here we use a multiple regression method to predict SPE peak fluxes. The variables for the multiple
regression have the same weight. When we consider two parameters, flare peak flux and CME linear speed,
which have the relatively higher correlation coefficients with the SPE peak flux than the other parameters,
the correlation coefficient is 0.54 (Figure 2a). In the case of five combined parameters, flare peak flux,
longitude, impulsive time, CME linear speed, and angular width, it becomes larger as 0.62 (Figure 2b). In
the case of using the two combined parameters, the slope of the fitting is 0.29. In the case of using the
five combined parameters, the slope is 0.38. Additionally, to evaluate the relative importance of these
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Table 3. The Results of Linear and Multiple Regressions of SPE Peak Fluxes Using 65 Events and Associated Solar Eruption Parametersa

Np a b r p a0 a1 a2 a3 a4 a5 Figure

1 (F) 0.53 1.82 0.38 0.001 — — — — — — 1a

1 (V) 0.93 × 10−3 0.83 0.50 <0.001 — — — — — — 1b

1 (T) 1.72 1.11 0.35 0.005 — — — — — — 1c

2 (F, V) 0.29 1.62 0.54 <0.001 0.83 0.29 0.77 × 10−3 — — — 2a

5b 0.38 1.41 0.62 <0.001 0.58 0.43 0.55 × 10−3 1.04 0.19 × 10−2 −0.32 × 10−3 2b

5c 0.38 0.28 0.62 <0.001 −0.03 0.36 0.32 0.31 0.08 −0.02 —

aNp represents the number of parameters used for the multiple regression method. F, V , and T represent flare peak flux, CME linear speed, and flare
impulsive time, respectively. In the case of Np = 5, we use all the five parameters. a and b represent the slope and the offset of the least squares fitting. r and p
represent the correlation coefficient and the p value, respectively. The equation for the multiple regression is Y = a0 + a1x1 + a2x2 + a3x3 + a4x4 + a5x5, where
x1 is flare peak flux, x2 is CME linear speed, x3 is impulsive time, x4 is source longitude, and x5 is CME angular width. The first three rows are based on plots of
observed parameters. The last three rows are based on forecasted values derived from the observed parameters.

bThe computed coefficients considering five combined parameters.
cWe normalize the computed coefficients by the ranges (maximum-minimum of observed values).

parameters, we normalize the computed coefficients by the ranges (maximum-minimum of observed
values). The three highest coefficients are found in the flare peak flux, CME speed, and impulsive time. We
summarize the results by the linear regression and the multiple regressions in Table 3.

3.3. Prediction of SPE Peak Flux for 20 Subgroups
We present the relationships between the observed and the predicted SPE peak fluxes using the multiple
regression method combining the solar eruption parameters (flare peak flux, longitude, impulsive time, CME
linear speed, and angular width) for 20 subgroups whose criteria are given in Table 4. In case that all of the
events are associated with full halo CMEs, we only consider four parameters except for the angular width.

Table 4. The Results of Multiple Regressions of SPE Peak Fluxes and Associated Solar Eruption Parameters for 20 Subgroups as in Table 3a

Criteria N a b r p a0 a1 a2 a3 a4 a5 Np Figure

T < 0.4 h 28 0.35 1.42 0.59 <0.001 1.07 0.20 0.84 × 10−3 −0.50 −0.11 × 10−1 0.74 × 10−3 5 3a

T ≥ 0.4 h 37 0.61 0.92 0.78 <0.001 0.06 0.42 0.78 × 10−3 1.58 0.43 × 10−2 −0.14 × 10−2 5 3b

T ≥ 0.4 h/east 12 0.90 0.24 0.95 <0.001 0.28 0.19 0.42 × 10−3 2.36 0.13 × 10−1 — 4 3c

T ≥ 0.4 h/west 25 0.54 1.08 0.73 <0.001 0.59 0.41 0.89 × 10−3 1.22 −0.88 × 10−3 −0.20 × 10−2 5 3d

East 13 0.90 0.22 0.95 <0.001 0.28 0.19 0.42 × 10−3 2.36 0.13 × 10−1 — 4 –

West 52 0.41 1.36 0.64 <0.001 1.41 0.37 0.71 × 10−3 0.89 −0.97 × 10−2 −0.14 × 10−2 5 –

West/T < 0.4 h 27 0.43 1.26 0.66 <0.001 1.34 0.17 0.88 × 10−3 −0.17 −0.16 × 10−1 0.37 × 10−3 5 –

West/T ≥ 0.4 h 25 0.54 1.08 0.73 <0.001 0.59 0.41 0.89 × 10−3 1.22 −0.88 × 10−3 −0.20 × 10−2 5 –

F < M5 25 0.27 1.33 0.52 0.006 0.64 −0.58 0.86 × 10−3 0.21 × 10−1 0.24 × 10−3 0.26 × 10−3 5 –

F ≥ M5 40 0.40 1.54 0.63 <0.001 1.22 0.43 0.39 × 10−3 1.27 0.81 × 10−3 −0.15 × 10−2 5 –

F ≥ M5/T < 0.4 h 22 0.40 1.34 0.63 0.001 2.30 0.43 0.75 × 10−3 −0.11 −0.13 × 10−1 −0.35 × 10−2 5 –

F ≥ M5/T ≥ 0.4 h 18 0.54 1.37 0.73 <0.001 0.13 0.59 0.45 × 10−3 1.50 0.65 × 10−2 0.52 × 10−6 5 –

AW< 360◦ 12 0.83 0.40 0.91 <0.001 −1.37 0.29 0.28 × 10−3 2.00 0.31 × 10−1 0.36 × 10−3 5 –

AW = 360◦ 53 0.33 1.51 0.58 <0.001 0.58 0.38 0.60 × 10−3 0.81 0.12 × 10−2 — 4 –

AW = 360◦/T < 0.4 h 24 0.36 1.41 0.60 0.002 1.37 −0.12 × 10−2 0.10 × 10−2 −0.81 −0.12 × 10−1 — 4 –

AW = 360◦/T ≥ 0.4 h 29 0.57 0.98 0.76 <0.001 −0.28 0.42 0.68 × 10−3 1.63 0.35 × 10−2 — 4 –

V < 1000 km s−1 11 0.48 0.77 0.69 0.016 2.28 −0.58 −0.27 × 10−2 −1.07 −0.91 × 10−2 0.79 × 10−2 5 –

V ≥ 1000 km s−1 54 0.32 1.66 0.57 <0.001 0.80 0.47 0.35 × 10−3 1.19 0.20 × 10−2 −0.18 × 10−3 5 –

V ≥ 1000 km s−1/east 13 0.90 0.22 0.95 <0.001 0.28 0.19 0.42 × 10−3 2.36 0.13 × 10−1 — 4 –

V ≥ 1000 km s−1/west 41 0.38 1.56 0.61 <0.001 1.93 0.45 0.40 × 10−3 1.26 −0.13 × 10−1 −0.14 × 10−2 5 –

aN is the number of SPEs used for the regressions. Np represents the number of parameters used for the regressions. In the case of Np = 5, we use the five
parameters, flare peak flux (F), impulsive time (T), longitude, CME linear speed (V), and angular width (AW). The AW is excluded in the case of Np = 4.
The regressions are based on forecasted values derived from the observed parameters.
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Figure 4. Relationship between the observed and the predicted SPE peak fluxes which are estimated by 
the multiple regression method using the five parameters of the solar eruptions (flare peak flux, 
impulsive time, longitude, CME linear speed, and angular width) according to the criteria: (a) the 
subgroup of impulsive time < 0.4 h, (b) the subgroup of impulsive time ≥ 0.4 h, (c) the subgroup of 
impulsive time ≥ 0.4 h and the eastern region, and (d) the subgroup of impulsive time ≥ 0.4 h and the 
western region. The dashed lines represent the least squares fittings from multiple regressions. The 
coefficients of the fittings are given in the Table 4.  

 
 
 

When we take into account the impulsive times, short duration (T < 0.4 h) and long duration 
(T ≥ 0.4 h), the correlation coefficients between the observed and the predicted SPE peak fluxes are 
0.59 for the short-duration case (Figure 4a) and 0.78 for the long-duration case (Figure 4b). For the 
long-duration case, the correlation coefficients are 0.95 for the eastern events (Figure 4c) and 0.73 for 
the western events (Figure 4d). Noticeably, the coefficient for the eastern long-duration events is 
significantly high. The slope of the linear fitting (0.90) is close to 1.0.  
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Figure 3. Relationship between the observed and the predicted SPE peak fluxes which are estimated by the multiple
regression method using the five parameters of the solar eruptions (flare peak flux, impulsive time, longitude, CME
linear speed, and angular width) according to the criteria: (a) the subgroup of impulsive time < 0.4 h, (b) the subgroup
of impulsive time ≥ 0.4 h, (c) the subgroup of impulsive time ≥ 0.4 h and the eastern region, and (d) the subgroup of
impulsive time ≥ 0.4 h and the western region. The dashed lines represent the least squares fittings from multiple
regressions. The coefficients of the fittings are given in the Table 4.

When we take into account the impulsive times, short duration (T < 0.4 h) and long duration (T ≥ 0.4 h),
the correlation coefficients between the observed and the predicted SPE peak fluxes are 0.59 for the
short-duration case (Figure 3a) and 0.78 for the long-duration case (Figure 3b). For the long-duration case,
the correlation coefficients are 0.95 for the eastern events (Figure 3c) and 0.73 for the western events
(Figure 3d). Noticeably, the coefficient for the eastern long-duration events is significantly high. The slope of
the linear fitting (0.90) is close to 1.0.

When we consider the SPE source longitudes (east and west), the correlation coefficients are 0.95 for the
eastern region and 0.64 for the western region in Table 4. For the west case, the correlation coefficients are
0.66 for the short-duration case and 0.73 for the long-duration case. The most events whose proton fluxes
are larger than 1000 pfu belong to the long-duration case.

As shown in Table 4, when we consider two flare criteria (peak flux and impulsive time), the correlation
coefficients are in the range from 0.52 to 0.73. In the case of the angular widths (partial halo and full halo),
the correlation coefficients are 0.91 for the partial halo CME case and 0.58 for the full halo CME case. For
the full halo CME case, the correlation coefficients are 0.60 for the short-duration case and 0.76 for the
long-duration case. When we consider the CME linear speeds, the correlation coefficients are 0.69 for the
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3. Study of solar energetic particle associated with coronal EUV waves (Park et 
al., 2015, ApJ) 
 

We study the relationship between large gradual solar energetic particle (SEP) events and 
associated extreme ultraviolet (EUV) wave properties in 16 events that occurred between 2010 August 
and 2013 May and were observed by STEREO, SOHO or SDO. We determine onset times, peak times 
and peak fluxes of the SEP events in SOHO ERNE and STEREO LET proton channel (6-10 MeV). 
The EUV wave arrival times and their speeds from the source sites to the spacecraft footpoints in the 
photosphere, which are magnetically connected to the spacecraft by Parker spiral potential fields, are 
determined by space-time plots from the full Sun heliographic images created by combining STEREO-
A, B 195  ̊A and SDO 193  ̊A images. It is noted that there is a significant correlation between the EUV 
wave arrival times and the proton onset times (r=0.73) but not the proton peak times. The SEP peak 
fluxes increase with the EUV wave speeds (r=0.69) and the SEP spectral indices become harder with 
the speeds. The present study shows that higher energetic particle fluxes are strongly associated with 
faster EUV waves, which are considered as the lateral expansions of CME-driven shocks in the low 
corona. 
 
 
3-1. Data and Analysis 
 

For the study, we consider the 28 events detected by the Low Energy Telescope 
(LET; Mewaldt et al. 2008) on STEREO averaged over 10 minutes in the 6–10 MeV proton channel or 
by the Energetic and Relativistic Nuclei and Electron instrument (ERNE; Torsti et al. 1995) on SOHO 
averaged over 10 minutes in the 6–10 MeV proton channel from 2010 August to 2013 May. Among the 
events, we do not consider proton enhancements affected by solar activities outside the main eruptions, 
thus avoiding any complex flux profiles. In addition, we disregard events where strong active regions 
(ARs) are located in the paths of EUV wave propagation toward the spacecraft magnetic footpoints 
because the EUV waves can be refracted and reflected by the ARs, or attenuated though the ARs. 
Finally, we get 16 events for the period, which are given in Table 5. The solar sites are determined by 
identifying eruptions in full-Sun EUV Stonyhurst heliographic images composed of the two STEREO 
Extreme-Ultraviolet Imager (EUVI; Wuelser et al. 2004) 195 Å images and SDO/AIA 193 Å images 
with a cadence of 5 minutes. We also use the GOES flare list (http:// solar-
center.stanford.edu/SID/activities/PickFlare.html), the SOHO LASCO CME catalog 
(http://cdaw.gsfc.nasa.gov/CME_list), the CACTus COR2 CME list (http://sidc.oma.be/cactus), and 
the type II radio burst lists compiled by the Wind and STEREO data center 
(http://ssed.gsfc.nasa.gov/waves/data_products.html).  

 

Table 5. The Solar Sources of the SEP Events.  

the analysis of multiple spacecraft observations, Rouillard et al.
(2012) showed that in the SEP event of 2011 March 21, the
associated EUV wave tracked the extent of the high-pressure
variations developing around the expanding CME and that the
wave was associated with a shock capable of accelerating
particles. Park et al. (2013) examined 12 SEP events associated
with EUV waves from 2010 August to 2012 January detected
by a fleet of spacecraft. The results showed that SEP onset
times detected by the spacecraft are significantly associated
with EUV wave arrival times from the source region to the
footpoints in the low corona that are magnetically connected to
the spacecraft.

On the other hand, Lario et al. (2014) investigated the event
of 2013 April 11 using multiple spacecraft. They compared the
estimated release time of the particles observed by the
spacecraft with the arrival time of the structures associated
with the CME at the magnetic footpoints of the spacecraft. The
arrival of the EUV wave and CME-driven shock at the
footpoint of STEREO-B is consistent with the release time of
the particles, but at the near-Earth spacecraft an intense SEP
event was registered, although the wave did not reach the
spacecraftʼs footpoint. They concluded that the angular extent
of the EUV wave on the solar surface did not agree with the
longitudinal extent of the SEP event in the heliosphere. Prise
et al. (2014) studied the event of 2011 November 3, which
showed particle enhancements at three spacecraft (STEREO-A,
STEREO-B, and Wind), and concluded that the particles
arriving at STEREO were released when the CME expanded
higher up in the corona and reached field lines connected to
these spacecrafts.

In this study we investigate the associations between SEPs
and EUV waves using high-cadence full-Sun EUV images
from STEREO and SDO. Here we use protons in the higher-
energy(6–10MeV)channel for their higher speeds and lower
background levels compared with the 1.8–3.6MeV protons of

our previous study (Park et al. 2013). In addition, we consider
only the obvious proton enhancements and clear EUV wave
propagations to the spacecraft magnetic footpoints and exclude
SEP events associated with multiple eruptions. Accordingly,
we reexamine the SEP events in Park et al. (2013) and retain
nine of them for the present study. Seven additional events are
newly included. For spacecraft magnetic footpoints we use
photospheric source locations, traced back from the spacecraft
at 1 AU through the 2.5 R: potential field source surface
(PFSS), to the photosphere, assuming Parker spiral fields and
potential field extrapolations, as in the method of Park et al.
(2013). Our footpoint locations thus differ from those of
Miteva et al. (2014), who used the Parker spiral footpoint
locations on the 2.5 R: source surface.
The paper is structured as follows. We describe the SEP and

EUV wave observations and analysis in Section 2 and the
results in Section 3. The summary and discussion are given in
the last section.

2. OBSERVATIONS AND ANALYSIS

For the study, we consider the 28 events detected by the Low
Energy Telescope (LET;Mewaldt et al. 2008) on STEREO
averaged over 10 minutes in the 6–10MeV proton channel or
by the Energetic and Relativistic Nuclei and Electron
instrument (ERNE;Torsti et al. 1995) on SOHO averaged
over 10 minutes in the 6–10MeV proton channel from 2010
August to 2013 May. Among the events, we do not consider
proton enhancements affected by solar activities outside the
main eruptions, thus avoiding any complex flux profiles. In
addition, we disregard events where strong active regions
(ARs) are located in the paths of EUV wave propagation
toward the spacecraft magnetic footpoints because the EUV
waves can be refracted and reflected by the ARs, or attenuated
though the ARs. Finally, we get 16 events for the period, which
are given in Table 1.

Table 1
The Solar Sources of the SEP Events

Flareb CMEc

Date Start Max Class Location AR Time Vc(km s 1- ) Type IId

2010 Aug 14a 09:38 10:05 C4.4 N17W52 11099 10:12L 1205L 10:00
2010 Aug 18a 04:45 05:48 C4.5 N17W91 11099 05:24A 1250A 06:05
2011 Mar 7a 19:43 20:12 M3.7 N24W59 11164 20:00L 2256L 20:00
2011 Mar 21a L L L N22W132 L 02:24B 1562B 02:30
2011 Aug 4a 03:41 03:57 M9.3 N15W49 11261 03:54A 1785A 04:15
2011 Sep 21a L L L N15W120 L 22:12L 1007L L
2011 Sep 22a 10:28 11:01 X1.4 N11E74 11302 10:48L 1905L 11:05
2011 Nov 3a L L L N05E160 L 22:54A 1136A 22:35
2012 Jan 23a 03:38 03:59 M8.7 N28W36 11402 03:54B 1785B 04:00
2012 May 26 L L L N15W120 11482 20:57L 1966L 20:50
2012 Jul 18 L L L N15W170 L 06:24B 1041B 06:15
2012 Jul 23 L L L S17W135 L 02:36L 2003L 02:30
2012 Aug 31 19:45 20:43 C8.4 S19E42 11564 20:12L 1442L 20:00
2013 Mar 15 05:46 06:58 M1.1 N11E12 11692 07:12B 1136B 07:00
2013 Apr 11 06:55 07:16 M6.5 N09E12 11719 07:24B 1388B 07:10
2013 May 13 01:53 02:17 X1.7 N08E89 11748 02:12L 1302L 02:20

Notes. SEP fluxes were measured by the SOHO/ERNE 5.95–10.1 MeV channel or the STEREO/LET 6–10 MeV channel over 10 minutes.
a Events were investigated in Park et al. (2013).
b Flare information is taken from ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-features/solar-flares/x-rays/goes.
c CME information is taken from http://cdaw.gsfc.nasa.gov/CME_list and http://secchi.nrl.navy.mil/cactus. The CME time is the first appearance time in the LASCO
C2 or SECCHI COR2 field of view. L is SOHO/LASCO. A and B are STEREO-A/COR2 and STEREO-B/COR2, respectively.
d Radio type II times are taken from http://ssed.gsfc.nasa.gov/waves/data_products.html.
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3-2. Result 

 
We found that the 6–10 MeV SEP peak fluxes increase with the EUV wave speeds measured 

along the direction from the source regions to the footpoints of the spacecraft. It is also seen that the 
proton spectral indices measured at higher energies become harder with the EUV wave speeds. These 
results imply that faster waves are related to the acceleration of SEPs of higher fluxes and energies and 
suggest that EUV wave speeds represent the strengths of the lateral coronal disturbances in CME-
driven shocks (Figure 5).  

 

 

 
 
Figure 5. Relationships between SEPs and the EUV waves: (a) 6–10 MeV proton peak fluxes vs. wave 
speeds for 24 cases, (b) two-point power-law spectral indices vs. wave speeds for 14 cases, and (c) 6–
10 MeV proton peak fluxes vs. two-point power-law spectral indices. The spectral indices of SEP 
events were obtained at the proton peak fluxes in the SOHO/ERNE 20.8–26.0 MeV and 34.8–40.5 
MeV and STEREO/HET 20.8–23.8 MeV and 35.5–40.5 MeV channels. The dashed lines are linear 
least-squares fits to the data. In each figure, r is the correlation coefficient and p is the p-value.  
 
 

that faster waves are related to the acceleration of SEPs of
higher fluxes and energies and suggestthat EUV wave speeds
represent the strengths of the lateral coronal disturbances in
CME-driven shocks.

In our study, the longitudinal extent of SEPs is not always
consistent with EUV waves. EUV waves closely track the
early stage of the CME development, but it is noted that
EUV wave propagations are affected by the ambient
magnetic field configuration, multiple solar eruptions, and
the density of the low corona region. The waves show
different speeds and motion in the different directions. They
tend to quickly disappear, within 20 minutes, compared with
CME observed in the high corona. If the footpoints are far
from the source region, it is unlikely that EUV waves will be
observed there. Well-observed EUV waves that propagate to

the spacecraft footpoint do represent the energy of the
associated CME-driven shock, which is in turn related
to SEPs.
This paper has shown that the analyzed SEP events are

related to EUV waves, which may represent the lateral
expansion of CME-driven shocks. Earlier studies have shown
that shocks, caused by sudden solar eruptions, propagate in all
directions. They are visible in EUV spectral lines, especially
the Fe XII 195 Å line in the low corona region. When the shock
arrives at the open magnetic field lines connected to the
footpoints of the spacecraft, particles accelerated by the shocks
escape along the fields into interplanetary space.

We thank SDO/AIA, STEREO/EUVI, and SOHO teams for
the data. This work has been supported by AOARD (FA2386-

Figure 8. Relationships between SEPs and the EUV waves: (a) 6–10 MeV proton peak fluxes vs. wave speeds for 24 cases, (b) two-point power-law spectral indices
vs. wave speeds for 14 cases, and (c) 6–10 MeV proton peak fluxes vs. two-point power-law spectral indices. The spectral indices of SEP events were obtained at the
proton peak fluxes in the SOHO/ERNE 20.8–26.0 MeVand 34.8–40.5 MeVand STEREO/HET 20.8–23.8 MeV and 35.5–40.5 MeV channels. The dashed lines are
linear least-squares fits to the data. In each figure, r is the correlation coefficient and p is the p-value.
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Figure 6. Relationship between SEPs, EUV waves, and CME linear speeds for 16 events: (a) CME 
linear speed vs. 6–10 MeV proton peak flux, and (b) CME linear speed vs. EUV wave speed. The 
dashed line is a linear least-squares fit to the data. In the figure, r is the correlation coefficient and p is 
the p-value.  

 
In Figure 6a we show the relationship between the CME linear speeds and the SEP peak 

fluxes for the 16 events in Table 2. If SEP events were observed by more than two instruments, we 
selected the highest flux among them. The correlation coefficient is 0.66 ± 0.20, which is similar to 
ones found in previous studies (Park et al. 2012; Kahler & Vourlidas 2014). In the case of EUV wave 
speeds using the same data set, the correlation coefficient is 0.75. The results show that both the CME 
speeds and the EUV wave speeds are associated with SEP peak fluxes. Figure 6b shows the 
relationship between CME speeds and EUV wave speeds for the 16 events. The correlation coefficient 
(r = 0.52 ± 0.23) is meaningful even though the direct comparison of EUV and CME characteristics is 
difficult because it is not easy to trace CME speeds in the high coronal region along the directions of 
the EUV wave propagations in the low coronal region.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

13-1-4066) and by the BK21 plus program. S.W.K. was funded
by AFOSR Task 2301RDZ4.
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4. Characteristics of solar energetic protons in solar cycle 24 using stereoscopic 
observation (In preparation) 
 

In the present study, we examine the characteristics of 18 solar energetic particles (SEPs) on 3 
dimensional (3D) CME parameters (radial speed and angular width) using 40 measurements of 
multiple spacecraft (SOHO, STEREO-A and B). To obtain 3D CME parameters, we reconstruct CMEs 
used by STEREO CME Analysis Tool (StereoCAT) from 2010 August to 2013 June. Longitudinal 
angular separations (θS) between SEP source regions and magnetic footpoints of the spacecraft are also 
considered. The main results are as follows. 1) We find that the dependence of SEPs on 3D CME speed 
are similar to that of 2 dimensional (2D) CME speed. 2) There is a weak tendency that the SEP peak 
flux increases with 3D angular width, while the 2D angular widths of all CMEs except for three events 
are 360°. 3) There is a noticeable anti-correlation (r=-0.62) between SEP peak flux and angular 
separation for 40 measurements. 4) All 17 measurements whose magnetic footpoints are located inside 
the CME angular widths, have SEP enhancements but about 40% of the measurements (14/37) whose 
footpoints are located outside, have no SEP enhancement. 5) Multiple spacecraft observations show 
that most strong SEP events are associated with very fast CMEs whose angular separations are closer 
to zero within the 3D angular widths.  
 
4-1 Data and Analysis 
 

For the present study, we search 38 strong SEPs from 2010 to 2015 based on NOAA list. 
Among them, we exclude the events whose proton flux profile are unclear and complicated due to 
multiple solar activities as well as the events whose 3D CME parameters cannot be obtained due to 
data gap. As a result, we select 18 events (Table 6) that are possible to study the relationship between 
SEPs and 3D CME parameters. They are mostly associated with the events in NOAA solar proton 
event list except two events (2010 August 18 and 2011 September 21).  
 

We take the proton peak fluxes of 8 events from Park et al. (2015), which are obtained from 
twin STEREO/Low Energy Telescope (LET: Mewaldt et al. 2008) and SOHO/Energetic and 
Relativistic Nuclei and Electron instrument (ERNE: Torsti et al. 1995) averaged over 10 min in 6-10 
MeV. We estimate the peak fluxes of the other 10 events in a similar way described by Park et al. 
(2015). As a result, we obtain 40 measurements of 18 SEPs by the multiple spacecraft.  
 

For the information of flares and CMEs related to the 18 SEPs, we use the GOES flare list 
(http://solar-center.stanford.edu/SID/activities/PickFlare.html), the SOHO LASCO CME catalogue 
(http://cdaw.gsfc.nasa.gov/CME_list), and the SECCHI-A and B CME lists 
(http://secchi.nrl.navy.mil/cactus). To obtain 3D CME parameters, we use STEREO CME Analysis 
Tool (StereoCAT), which is provide by NASA CCMC (http://ccmc.gsfc.nasa.gov/analysis/stereo/). In 
the StereoCAT, the 3D CME parameters are measured by two coronagraphs out of three coronagraphs: 
SOHO/LASCO C3, STEREO-A, and B SECCHI COR2 images. We list the the mean values of 3D 
CME speeds and angular widths, which are obtained from running StereoCAT. Lee et al. (2015) 
estimated the errors of radial speed and angular width of StereoCAT using 44 halo CMEs from 2010 to 
2011. They are about 7.6% and 9.7%, respectively.  
 

The magnetic footpoints of the spacecraft are calculated by the simple Parker spiral field 
formula considering the solar wind speeds, which is given by φ0 = DΩ/Vw + φ,  where φ0 and φ 
represent the solar longitude and the longitude of a spacecraft, and D, Ω, and Vw represent the distance 
to the Sun, the Carrington period of 27.3 days, and solar wind speed, respectively. Vw is obtained from 
the ACE Solar Wind Electron Proton Alpha Monitor (SWEPAM: McComas et al. 1998) and the 
STEREO Plasma and Suprathermal Ion Composition (PLASTIC: Galvin et al. 2008) measurements. 
One main uncertainty comes from the determination of magnetic footpoints since the footpoints are 
affected  by several physical conditions from Sun to the Earth. Lario et al. (2014) compared the 
footpoints obtained by three different models, Parker spiral field, MAS, and PFSS on the event of 2011 
April 11, and found that the longitude differences among the models are within 20°.  
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Table 6. The properties of flares and CMEs that are associated with 18 SEP events. VL is 2D CME 
speed and VR is 3D CME speed. AWL is 2D angular width and VR is 3D angular width.  

 

 
 
 
4-2 Result 
 

In the present study, we have examined characteristics of 18 SEP events from 2010 August to 
2013 June using stereoscopic observation. For this, proton peak flux detected by SOHO and STEREO, 
3D CME parameters (3D CME speed, 3D angular width, and θS), and 2D CME parameters (2D CME 
speed and angular width) are used. Major results from this study are summarized as follows. 1) We 
find that the dependence of SEPs on 3D CME speed (r=0.40) are similar to that of 2D CME speed 
(r=0.39) because the obtained radial speeds from StereoCat are not much different from the projected 
ones (Figure 7). 2) As shown in Figure 8, there is a weak tendency that the SEP peak flux increases 
with 3D angular width (r=0.33), while the 2D angular widths of all CMEs except for three events are 
360°. 3) In the present study, SEP peak flux is strongly dependent on θS compared with CME speed 
and angular width. There is a noticeable anti-correlation (r=-0.62) between SPE peak flux and angular 
separation for 40 measurements (Figure 9). 4) All 17 measurements whose magnetic footpoints are 
located inside the CME angular widths, have SEP enhancements but about 40% of the measurements 
(14/37) whose footpoints are located outside, have no SEP enhancement. 5) Multiple spacecraft 
observations show that most strong SEP events are associated with very fast CMEs whose angular 
separations are closer to zero within the 3D angular widths (Figure 10). Bemporad & Mancuso (2011) 
showed that by SOHO/LASCO observation on 1999 June 11 event, the shock compression ratio 
(downstream/upstream plasma density) increases from the shock flanks to the shock center, which 
supporting strong SEP generation at the CME shock nose in the corona.  
 
 
 
 
 

– 16 –

Table 1. The properties of flares and CMEs that are associated with 18 SEP events. VL is

2D CME speed and VR is 3D CME speed. AWL is 2D angular width and VR is 3D angular

width. and Le is the left and right longitudinal boundaries of a 3D angular width.

Flarea CMEb

Date Max Class Location AR Time VL (km s−1) VR (km s−1) AWL (◦) AWR (◦)

20100814 10:05 C4.4 N17W52 11099 10:12 1205 1152 360 110

20100818 05:48 C4.5 N17W91 11099 05:48 1471 1528 184 140

20110321 · · · · · · N22W132 · · · 02:24 1341 1493 360 136

20110607 06:41 M2.5 S21W64 11226 06:49 1255 1230 360 78

20110804 03:57 M9.3 N15W49 11261 04:12 1315 2025 360 134

20110809 08:05 X6.7 N17W83 11263 08:12 1610 1433 360 94

20110921 · · · · · · N15W120 · · · 22:12 1007 1148 255 108

20111126 07:10 C1.2 N08W49 11353 07:12 933 1068 360 124

20120127 18:37 X1.7 N27W71 11402 18:27 2508 3027 360 156

20120526 · · · · · · N15W120 · · · 20:57 1966 2121 360 110

20120614 14:35 M1.9 S17E14 11054 14:12 987 1126 360 98

20120723 · · · · · · S17W135 · · · 02:36 2003 2258 360 108

20120831 20:43 C8.4 S19E42 11564 20:12 1442 1628 360 116

20130315 06:58 M1.1 N11E12 11692 07:12 1063 1416 360 112

20130411 07:16 M6.5 N09E12 11719 07:24 861 1109 360 106

20130515 01:48 X1.2 N11E51 11748 01:48 1366 1667 360 130

20130522 13:22 M5 N15W70 11745 13:25 1466 1771 360 134

20130621 03:14 M2.9 S16E66 11777 03:12 1900 2097 207 158

Note. —

aFlare information is taken from ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-features/

solar-flares/x-rays/goes/.

bCME time and linear speed (VL) are taken from http://cdaw.gsfc.nasa.gov/CME_list.

The CME time is the first appearance time in LASCO C2 field of view.

The CME angular width (AW) and the radial speed (VR) are calculated by the StereoCat.
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Figure 7. The relationship between SEP peak flux and (a) 3D CME speed as well as (b) 2D CME speed. 
The dashed line represents a linear square fit. In the figure, n, r, and p represent number of data, 
correlation coefficient, and p-value, respectively.  
 
 
 
 

 
 

Figure 8. The relationship between SEP peak flux and 3D CME angular width. 

 
 
 

 
 
 

CME*speed*Vs*SEP*peak*flux*

3D*CME*speed* 2D*CME*speed*(SOHO)*

3D*AW*Vs*SEP*peak*flux*

DISTRIBUTION A. Approved for public release: distribution unlimited.



 
 
Figure 9. The relationship between the absolute value of longitudinal angular separation (|θS |) and the 
SEP peak flux. Filled circles represent that the magnetic footpoints of spacecraft are located inside the 
longitudinal boundaries of 3D angular width. Open circles represent that the magnetic footprints of 
spacecraft are located outside the longitudinal boundaries of 3D angular width.  
 
 
 

 
 

 
Figure 10. Proton peak flux as a function of 3D CME speed and longitudinal angular separation (θS). 
The red and green bar represent SEP peak fluxes associated with in-boundary and out-boundary of 3D 
angular widths, respectively. 
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Figure 11. Relationship between the observed and the predicted SPE peak fluxes, which are estimated 
by the multiple regression method using 3D CME speed (X1), 3D angular width (X2), and longitudinal 
separation angle (X3). 

 
 

 
 
 

Figure 12. Least-square polynomial fits of the fluxes on 8 SEP events, which are observed SOHO, 
STEREO-A, and B. The symbols represent observed peak fluxes.  

 
We use multiple regression method to examine the relations between 3D CME parameters 

(3D CME speed, 3D angular width, θS) and observed SEP peak fluxes. Figure 11 shows that the most 
importance parameter for SEP peak fluxes is separation angle. Figure 12 shows that 6-10 MeV proton 
peak fluxes decrease by one order of magnitude every 40-90°. The maximum peak fluxes are located 
near 0 separation angle.  
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The above results have shown that the proton peak fluxes are dependent on 3D CME 
parameters: radial speed, angular width, and longitudinal angular separation. In the case of CME-
driven shocks, the Alfven Mach number, which indicates the strength of a shock, can be described by 
VR/VA where VA is the Alfven speed. This equation implies that the faster the CME speed is, the 
stronger its associated shock is. The angular width of a CME seems to be associated with the volume of 
shock-forming regions. Thus we expect that the number of proton particles accelerated by the CME 
piston driven shocks have a tendency to increase with angular width. The angular separation is directly 
linked to the magnetic field connectivity of the spacecraft. Our results, for the first time, demonstrate 
that 3D CME physical parameters are very important for the generation of energetic proton particles in 
the corona. 
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5. Fe/O enhancement of solar energetic particles observed by multiple spacecraft 
(In preparation) 
 
 

We study Fe/O enhancements of 16 solar energetic particles depending on current sheet effect 
(Table 7). There is a weak tendency that Fe/O enhancements are observed in multiple spacecraft where 
the magnetic footpoints of spacecraft are located in the same polarity of a solar source region. One of 
representative events is the event of 2010 August 18. The magnetic footpoints of Earth and STERE-A 
are connected to the same polarity of SEP solar source region (N17W91) and Fe/O enhancements are 
observed in the two spacecraft (Figure 13 and 14). 
 
 
 
 
 
 
 
Table 7. Solar source of 16 solar energetic particles. 
 

 
 
 
 
 
 
 

16$events$

– 22 –

Table 1. The solar sources of the SEP events.

Flarea CMEb Radioc

Date Start Max Class Location AR Time V(kms−1) type II type III

20100814∗ 09:38 10:05 C4.4 N17W52 11099 10:12L 1205L 10:00 09:55

20100818∗ 04:45 05:48 C4.5 N17W91 11099 05:24A 1250A 06:05 05:30

20110307∗ 19:43 20:12 M3.7 N24W59 11164 20:00L 2256L 20:00 19:50

20110321∗ · · · · · · · · · N22W132 · · · 02:24B 1562B 02:20 02:20

20110804∗ 03:41 03:57 M9.3 N15W49 11261 03:54A 1785A 04:15 03:50

20110921∗ · · · · · · · · · N15W120 · · · 22:12L 1007L · · · 21:40

20110922∗ 10:28 11:01 X1.4 N11E74 11302 10:48L 1905L 11:05 10:40

20111103∗ · · · · · · · · · N05E160 · · · 22:54A 1136A 22:35 22:15

20120123∗ 03:38 03:59 M8.7 N28W36 11402 03:54B 1785B 04:00 03:40

20120526 · · · · · · · · · N15W120 11482 20:57L 1966L 20:50 20:45

20120718 · · · · · · · · · N15W170 · · · 06:24B 1041B 06:15 05:55

20120723 · · · · · · · · · S17W135 · · · 02:36L 2003L 02:30 02:10

20120831 19:45 20:43 C8.4 S19E42 11564 20:12L 1442L 20:00 19:50

20130315 05:46 06:58 M1.1 N11E12 11692 07:12B 1136B 07:00 06:40

20130411 06:55 07:16 M6.5 N09E12 11719 07:24B 1388B 07:10 07:00

20130513 01:53 02:17 X1.7 N08E89 11748 02:12L 1302L 02:20 02:05

Note. — SEP fluxes were measured by the SOHO ERNE 5.95-10.1 MeV channel or the STEREO LET 6-10 MeV

channel over 10 minutes.

∗Events were investigated in ?.

aFlare information is taken from ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-features/

solar-flares/x-rays/goes.

bCME information is taken from http://cdaw.gsfc.nasa.gov/CME_list and http://secchi.nrl.navy.mil/

cactus. The CME time is the first appearance time in LASCO C2 or SECCHI COR2 field of view. L is

SOHO/LASCO. A and B are STA/COR2 and STB/COR2, respectively.

cRadio type II times are taken from http://ssed.gsfc.nasa.gov/waves/data_products.html.

dRadio III times are taken from http://secchirh.obspm.fr
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Figure 13.  2010 August 18 GONG synoptic magnetic field with PFSS ecliptic plane field lines traced 
back to their source. White crosses mark the longitudes of STB, Earth, and STA at 2.5R¤. The 
photospheric footpoints of the connecting field lines are marked by orange crosses. Connecting 
footpoints are deduced by tracing the field lines from the white crosses to the Sun. Green/red indicates 
positive/negative open fields. The source region is enclosed by a white square.  

 

 
 

Figure 14. The SEP event of 2010 August 18 
 
 
 
 
 

(a) AR 11099
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Figure 15 shows the relations between EUV wave speed and SEP peak. Same polarity case 
means the magnetic footpoint of spacecraft is same with the leading magnetic polarity of SEP source 
region and opposite polarity case means the magnetic footpoint of spacecraft is opposite with the 
leading magnetic polarity of SEP source. In the same polarity case, the correlation coefficient between 
EUV wave speed and SEP peak flux is a bit higher than those of all 16 events data set and the opposite 
case.  
 
 
 
 
 
 
 
 

 
 
 

 
 
Figure 15. Relations between EUV wave speed and SEP peak flux. The top figure shows all 16 events. 
The bottom left figure is in the case where the magnetic footpoints are located in the same polarity of 
source region. The bottom right figure is in the case where the magnetic footpoints  are located in the 
opposite polarity of source region. 
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Figure 16 shows the relations between separation angle and SEP peak fluxes depending on 

current sheet effect: same polarity and opposite polarity. Separation angle means angular distance 
between the SEP source region and the magnetic footpoint of spacecraft. SEP peak flux is more 
dependent on separation angle in the opposite polarity case (r = -0.6) than the same polarity case (-0.3).  
 
 
 
 
 
 
 
 

 
 
 

 
 
Figure 16. Relations between longitudinal separation angle and SEP peak flux. The top figure shows 
all 16 events. The bottom left figure is in the case where the magnetic footpoints are located in the 
same polarity of source region. The bottom right figure is in the case where the magnetic footpoints  
are located in the opposite polarity of source region. 
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