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Abstract We conduct a statistical study on the large three-spacecraft widespread solar energetic
particle (SEP) events. Longitudinal distributions of the peak intensities, onset delays, and relation between
the SEP intensity, coronal mass ejection (CME) shock speed, width, and the kinetic energy of the CME
have been investigated. We apply a Gaussian fit to obtain the SEP intensity I0 and distribution width 𝜎 and
a forward-modeling fit to determine the true shock speed and true CME width. We found a good
correlation between 𝜎 and connection angle to the flare site and I0 and the kinetic energy of the CME. By
including the true shock speed and true CME widths, we reduce root-mean-square errors on the predicted
SEP intensity by ∼41% for protons compared to Richardson et al.'s (2014, https://doi.org/10.1007/
s11207-014-0524-8) prediction. The improved correlation between the CME kinetic energy and SEP
intensity provides strong evidence for the CME-shock acceleration theory of SEPs. In addition, we found
that electron and proton release time delays (DTs) relative to Type II radio bursts increase with connection
angles. The average electron (proton) DT is ∼14 (32) min for strongly anisotropic events and ∼2.5 (4.4) hr
for weakly anisotropic events. Poor magnetic connectivity and large scattering effects are two main reasons
to cause large delays.

1. Introduction
Recent observations of solar energetic particle (SEP) events from the Solar Terrestrial Relations Observa-
tory (STEREO) A and B (STA and STB) (Kaiser et al., 2008) and near-Earth spacecraft at L1 have provided
abundant evidence for wide longitudinal distributions of SEPs (e.g., Richardson et al., 2014; Rouillard et al.,
2012; Wiedenbeck et al., 2013). Richardson et al. (2014) compiled a catalog of 209 individual>25-MeV solar
proton events in solar cycle 24 and found that 17% of these events were observed by all three spacecraft
(i.e., 3-SC events) when the STEREO spacecraft were well separated by greater than 60◦ in heliolongitude
from Earth. Several mechanisms have been proposed to explain such a large spread of SEP events. Coro-
nal shocks driven by fast and wide coronal mass ejections (CMEs) are generally considered to be spatially
extended particle sources that accelerate and inject particles into large regions in the heliosphere (Cliver
et al., 1995). Cross-field transport in the corona and interplanetary (IP) space is another mechanism that
results in widespread SEP events (Hu et al., 2017; Zhang et al., 2009; Zhang & Zhao, 2017). In addition,
concurrence of multiple solar eruptions, large magnetic loops, and IP transient structures can also lead
to widespread SEP events (e.g., Klein et al., 2008; Leske et al., 2012; Richardson et al., 1991; Schrijver
et al., 2013).

In this paper, we investigate a set of 3-SC near-relativistic 62- to 105-keV electron events and 19- to 30-MeV
proton events that show a wide longitudinal distribution of particles (>90◦). Our 3-SC events are selected
from the large SEP events with intensity>10 pfu in the>10-MeV energy channel of the Geostationary Oper-
ational Environmental Satellite system (GOES) and equivalent integrated channel of STEREO during solar
cycle 24. We extend the Richardson et al.'s (2014) 3-SC event list by adding true shock speeds, true CME
angular widths, and electron anisotropies. We focus on studying the longitudinal variation of the electron
and proton intensities, onset delays, time profiles, and the relation between SEP intensities and true CME
shock properties. In Richardson et al. (2014), there are two aspects that can be improved. First, the CME
speeds used in their study are sky-plane speeds from Coordinate Data Analysis Workshop (CDAW) CME
catalog (Yashiro et al., 2004; http://cdaw.gsfc.nasa.gov/CMElist/) instead of the CME shock true speeds. Sec-
ond, the effect of CME widths on the SEP intensity was not included due to the lack of measurements of true
CME width. The CME shock true speeds and CME widths can only be obtained by three-dimensional (3-D)
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CME reconstruction methods. In this study we apply a forward modeling with a flux rope (FR) model plus
an oblate spheroid shock model to fit 3-D CME shocks. Using combined STEREO, Solar and Heliospheric
Observatory (SOHO) and Solar Dynamics Observatory (SDO) white light (WL) and extreme ultraviolet (EUV)
observations as constraints, we are able to determine the true radial speed of the shock and CME angular
widths. By conducting correlation analyses between the SEP intensity, shock speed, CME width, and kinetic
energy, we demonstrate how including CME angular widths can improve the SEP prediction and reduce the
correlation scattering. In addition, we study the electron anisotropies that are observed at different space-
craft and conduct analyses on the electron and proton release time delays with respect to Type II onset times.
We compare the SEP release delays for strongly anisotropic events with weakly anisotropic events to exam-
ine the various mechanisms (direction injection vs. transport diffusion) that might be responsible for the
wide longitudinal SEP events.

The paper is organized as follows. In section 2, we give an overview of observations of electron and proton
intensities, solar observations, and event selection. In section 3, we study the longitudinal dependence of
electron and proton peak intensities and the Gaussian width's dependence on connection angle (CA) to the
flare site. Section 4 describes how SEP onset delays vary as a function of CA. In section 5, we introduce
the forward modeling method and show the CME shock fit results and present the SEP prediction formula.
Finally, sections 6 and 7 are discussion and summary of the study, respectively.

2. Observations and Event Selection
The electron observations used in this study are from the Solar Electron and Proton Telescope (Müller-Mellin
et al., 2008) on the STEREO spacecraft and the Electron Proton and Alpha Monitor (EPAM; Gold et al., 1998)
on the Advanced Composition Explorer (ACE). The proton observations are from the High Energy Telescope
(HET; von Rosenvinge et al., 2008) on the STEREO spacecraft and the Energetic Particles: Acceleration,
Composition and Transport (EPACT) on the Wind spacecraft (Gold et al., 1998). For electrons, we used
intensities at 65–105 keV from the STEREO/Solar Electron and Proton Telescopes and at 62–103 keV from
ACE/EPAM. For protons, we examined energy ranges from 21 to 30 MeV which made of the combination
of HET 20.8- to 23.8-, 23.8- to 26.4-, and 26.3- to 29.7-MeV energy channels, to match the similar energy
channel 19–28 MeV of Wind/EPACT. Note that in this study we used Wind/EPACT proton data instead
of the Energetic and Relativistic Nuclei and Electron instrument (ERNE; Torsti et al., 1995) data on the
SOHO spacecraft because SOHO flips every 3 months, the ERNE viewing direction relative to the nominal
IP magnetic field (IMF) changing from being along to perpendicular to the IP magnetic field and affecting
the observed intensity.

We study the large SEP events with intensity >10 pfu in the >10-MeV energy channel of GOES and equiva-
lent integrated channel of STEREO/HET from January 2010 to April 2014, when the longitudinal separation
of each of STEREOs exceeded ∼60◦ from Earth. Twenty eight 3-SC SEP events are selected in this study,
which is based on the criterion that at least one spacecraft must have a CA greater than 90◦. Here CA is
defined as the longitudinal separation angle between the flare site and the magnetic footpoint of the observ-
ing spacecraft. Positive CA denotes a flare source located at the western side of the spacecraft magnetic
footpoint; negative CA represents a source to the east. We have excluded the events when their peak inten-
sities on any of the three spacecraft have been interfered by either preceding events or ion contamination
or the peak increases are too small to be determined. The flare locations were identified using EUV images
and movies taken by the EUV Imager (Howard et al., 2008; Wuelser et al., 2004) on the STEREO spacecraft
and by the Atmospheric Imaging Assembly (Lemen et al., 2012) on the SDO spacecraft. The longitudes of
the spacecraft magnetic footpoints were calculated assuming a Parker spiral and taking into account the
measured solar wind speed during the event onset. Similar to Xie et al. (2016), we use the intersection slope
method to determine the SEP onset times observed in situ at 1 AU from 10-min average data. The electron
and proton solar particle release (SPR) time is then computed by shifting the onset time of SEPs by the par-
ticle traveling time along the nominal path length of 1.25 AU, which is computed assuming an average solar
wind speed of 320 km/s. A correction of ∼8.3 min of the light travel time has been added to the SPR times
so that they can be directly compared to radio emission onset times observed at 1 AU.

In Table 1, Columns 1 to 4 list the event number, date, Type III radio burst onset times, and flare locations.
We consider the Type III onset as the expected solar eruption times instead of the flare onset time. Columns 5
to 10 list the CAs and anisotropy values for each spacecraft, and Columns 11 to 13 list the forward-modeling
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Table 1
Event Number, Date, Type III Radio Burst Onset Time, Flare Location, CA, A Value, and Coronal Mass Ejection Shock Fit Results

T-III Connection angle GCS + shock fit
onset Flare L1 Anisotropy vshock 𝛼

# Date (UT) loc STB (◦ ) STA STB L1 STA (km/s) 𝜅 (◦ )
1 2010/08/14 09:56 N17W52 53 −2 −96 1.82 0.79 0.07 1,139 0.40 23
2 2011/08/04 03:52 N19W36 77 −36 −131 −0.03 1.40 0.09 2,068 0.52 35
3 2011/08/09 08:02 N17W69 100 27 −77 −0.53 1.11 0.11 1,694 0.40 35
4 2011/09/22 10:40 N09E89 −32 −139 114 1.55 0.54 0.54 1,916 0.72 42
5 2011/11/03 22:17 N09E154 −127 138 12 −2.70 1.51 2.17 1,140 0.75 53
6 2011/11/26 07:10 N17W49 92 −11 −113 0.53 1.49 0.34 987 0.36 37
7 2012/01/23 03:42 N28W21 64 −33 −152 0.12 0.37 0.19 2,014 0.67 57
8 2012/01/27 18:16 N27W71 129 23 −98 0.16 0.25 0.14 2,475 0.51 51
9 2012/03/04 11:02 N19E61 −23 −125 127 0.87 0.53 0.15 1,405 0.55 20
10 2012/03/24 00:10 N18E164 −118 123 22 −0.17 0.21 1.01 1,991 0.73 20
11 2012/05/17 01:32 N11W76 119 8 −78 0.44 2.04 0.25 1,579 0.51 42
12 2012/07/06 23:04 S13W59 108 −2 −120 0.53 0.96 0.13 1,528 0.43 23
13 2012/07/12 16:31 S15W01 43 −65 −176 −1.24 1.84 0.13 1,398 0.64 22
14 2012/07/17 14:01 S28W75 120 14 −126 0.22 0.66 0.06 1,122 0.48 27
15 2012/08/31 19:45 S25E59 −1 −119 140 2.72 0.58 0.26 1,485 0.77 57
16 2012/11/08 10:40 S14W160 −155 110 −22 −0.55 0.81 2.25 1,370 0.55 29
17 2013/03/05 03:18 N10E144 −90 157 14 0.54 0.48 3.34 1,558 0.86 54
18 2013/04/11 07:03 N09E12 57 −77 −167 2.11 0.81 0.40 1,097 0.93 53
19 2013/05/22 13:10 N15W70 153 15 −133 −0.15 0.71 0.08 1,567 0.84 64
20 2013/06/21 02:51 S16E73 22 −123 90 1.00 0.11 0.14 2,129 0.56 41
21 2013/08/19 22:56 N12W178 −124 117 −32 −0.33 0.15 0.25 1,114 0.67 78
22 2013/09/29 21:57 N17W29 72 −65 −151 0.16 0.96 0.32 1,544 0.63 74
23 2013/10/25 15:02 S06E69 −13 −147 97 0.59 0.41 0.17 1,266 0.34 44
24 2013/12/26 03:05 S09E166 −70 139 −12 1.47 0.60 1.34 1,535 0.50 22
25 2014/01/06 07:46 S15W112 −168 40 −118 −0.28 0.76 0.80 1,386 0.25 32
26 2014/01/07 18:04 S15W11 117 −20 −175 0.39 0.53 0.56 2,299 0.65 42
27 2014/02/25 00:46 S12E82 43 −131 65 0.00 0.41 0.95 2,289 0.64 44
28 2014/04/02 13:25 N11E53 36 −112 −105 1.15 0.20 0.18 1,500 0.67 31

Note. vshock is the CME shock true speed, and 𝜅 and 𝛼 are flux rope aspect ratio and half-width (see section 5). STA and STB = Solar Terrestrial Relations
Observatory A and B.

fit results (section 5). The Type III onset times are measured to ±5-min accuracy at ∼14 MHz by using
STEREO/WAVES (Bougeret et al., 2008) and WIND/WAVES (Bougeret et al., 1995) radio data (http://cdaw.
gsfc.nasa.gov/images/stereo/swaves/ and http://cdaw.gsfc.nasa.gov/images/wind/waves/).

3. Longitudinal Dependence of SEP Intensity
To investigate the longitudinal dependence of SEP intensity, we fit the longitudinal distribution of electron
and proton peak intensities with Gaussian function:

I(𝜙) = I0exp[−(𝜙 − 𝜙0)2∕2𝜎2], (1)

where I0 is the peak intensity at the Gaussian center, 𝜎 is the standard deviation or width, 𝜙 is the CA,
and 𝜙0 is the center of the Gaussian. Figures 1a and 1b show the peak intensities of electrons and protons
detected by each spacecraft as function of CAs. Different symbols mark different spacecraft, and each color
denotes an individual 3-SC event. The electron and proton peak intensities used in the Gaussian fit are
background-corrected peak values within 48 hr from onset times of the associated Type III radio burst, and
the associated local IP shock peaks have been excluded. We have also excluded ambiguous events with poor
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Figure 1. Peak intensities as a function of CA for (a) 62- to 105-keV electrons and (b) 19- to 30-MeV protons. Positive
(negative) CAs denote a source westward (eastward) to the spacecraft magnetic footpoint. Different symbol marks
different spacecraft and each color denotes a three-spacecraft event. STA and STB = Solar Terrestrial Relations
Observatory A and B; ACE = Advanced Composition Explorer; CA = connection angle.

fit with |𝜙0| > 90◦. An intercalibration factor of 1/1.4 (1/1.5) has been applied to the ACE (Wind) data to
correct the different instrument responses after we compare the ACE/EPAM and Wind/EPACT data with
the STEREO measurements. Table 2 lists the Gaussian peak intensity I0 and peak intensities of electrons
and protons observations from the STA, STB, and ACE/Wind spacecraft.

Figure 2 shows distributions of Gaussian width 𝜎 and Gaussian center 𝜙0 for electrons (top panels) and
protons (bottom panels). A wide range of 𝜎 27–59◦ was found with a mean of 42◦ for electrons and 28–54◦

with a mean of 39◦ for protons. The Gaussian center tends to occur around zero CA with an average offset of
approximately −18◦±17◦ for electrons and approximately −15◦±16◦ for protons. Large standard deviations
in the 𝜙0 distribution indicate that asymmetries, that is, shifts of the Gaussian center, to both east and west
existed, as shown in Figures 2b and 2d.

To further investigate the Gaussian width of the CA distribution of the SEP peak intensities, we applied a
symmetric Gaussian fit centered on 𝜙0 = 0 to the 3-SC events, that is, the Gaussian peak is setup at zero
CA. For each 3-SC event, we perform the symmetric Gaussian fit over western and eastern events separately
by pairing a western event (CA > 50◦) or an eastern event (CA < −50◦) with its best-connected event
(|CA| < 30◦). Figure 3 shows the symmetric Gaussian fit results. We can see that the average width of eastern
events is greater than that of western events. For electrons, the mean width of eastern events is 47◦, and that
of the western events is 35◦. For protons, the mean width of eastern events is 42◦ and western events is 32◦.
Furthermore, we find a good correlation between 𝜎 and CA. The correlation coefficients are 0.75 (−0.62)
and 0.74 (−0.69) for western (eastern) electron and proton events, respectively. For electrons, the widths of
western and eastern events over the CA 𝜙 vary as 𝜎west = 7.1 + 0.26𝜙 and 𝜎east = 12.9 − 0.28𝜙; for protons,
𝜎west = 8.4 + 0.21𝜙 and 𝜎east = 7.9 − 0.28𝜙.

Note that using nominal Parker spiral field line to estimate the magnetic footpoint may result in an uncer-
tainty of ∼20–30◦ (Xie et al., 2016). Lario et al. (2017) showed that discrepancy between the estimates from
the Parker spiral field line and the potential field source surface model and other magnetohydodynamic
models can be as large as±20◦. They indicated that the footpoint locations are not only model dependent but
also rely on the magnetogram input data used to compute the low coronal magnetic fields below 2.5–30 Rs
depending on the specific model. The ambiguous determination of the magnetic footpoint locations is the
major cause for the large scatter in Figure 3. However, since no systematic shifts were found between the
estimates from the Parker spiral field line and potential field source surface and other models (Lario et al.,
2017), the correlation coefficient and the linear fit relation between CA and theta would not be significantly
affected, as shown in Figure 3.

4. Electron and Proton Release Times With Respect to Type II Onset Times
It is generally believed that Type III radio bursts are associated with flare-accelerated electrons, while Type
II radio bursts are produced by electrons accelerated by CME-driven shocks. In this section, we compare
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Table 2
Gaussian Peak Intensity and Observed Peak Intensities of Electrons and Protons

1/(cm2 s sr MeV)
Electron peak intensity Proton peak intensity

# Date Gaussian STB L1 STA Gaussian STB L1 STA
1 2010/08/14 4.14e+03 8.92e+02 4.13e+03 5.16e+01 1.14e−01 1.63e−02 1.10e−01 4.16e−03
2 2011/08/04 6.99e+04 2.61e+02 5.39e+04 4.10e+02 1.65e+00 1.24e−02 1.42e+00 1.46e−02
3 2011/08/09 5.03e+04 1.32e+02 3.37e+04 4.38e+02 5.52e−01 1.61e−03 3.82e−01 8.00e−03
4 2011/09/22 2.61e+05 2.29e+05 1.23e+04 5.09e+03 4.09e+01 3.47e+01 1.72e−01 1.73e−01
5 2011/11/03 4.08e+04 9.26e+02 6.06e+02 3.80e+04 4.97e+00 1.12e−01 3.45e−02 4.73e+00
6 2011/11/26 2.09e+04 1.63e+02 2.01e+04 9.66e+02 8.09e−01 8.68e−03 7.50e−01 6.63e−02
7 2012/01/23 4.58e+05 1.28e+04 4.06e+05 1.91e+04 1.13e+02 1.76e+00 1.02e+02 9.47e−01
8 2012/01/27 9.40e+04 2.13e+02 6.01e+04 1.57e+04 3.58e+01 1.03e−02 1.55e+01 7.43e−01
9 2012/03/04 7.21e+04 6.73e+04 4.05e+03 4.57e+02 1.69e+00 1.55e+00 2.89e−02 5.92e−03
10 2012/03/24 4.92e+04 3.45e+03 1.12e+02 2.67e+04 4.36e+00 9.05e−02 2.65e−03 2.81e+00
11 2012/05/17 5.08e+04 6.13e+01 3.89e+04 1.67e+03 2.15e+00 4.42e−03 2.14e+00 3.25e−02
12 2012/07/06 4.79e+04 9.12e+00 3.64e+04 1.34e+03 4.71e−01 1.18e−05 3.30e−01 6.68e−03
13 2012/07/12 4.86e+04 7.07e+03 1.81e+04 1.01e+02 1.67e+00 4.28e−01 1.16e+00 8.00e−03
14 2012/07/17 4.81e+04 1.02e+02 2.77e+04 4.36e+03 2.96e+00 3.39e−03 1.75e+00 1.40e−01
15 2012/08/31 2.00e+05 1.52e+05 2.65e+04 5.32e+01 8.14e+00 7.44e+00 1.84e−01 6.26e−04
16 2012/11/08 9.25e+03 5.28e+01 6.74e+02 8.19e+03 6.38e−01 3.72e−03 2.30e−02 6.03e−01
17 2013/03/05 2.91e+05 2.88e+04 2.49e+02 2.64e+05 3.98e+01 5.44e−01 5.18e−03 3.91e+01
18 2013/04/11 1.61e+05 7.91e+04 1.62e+04 3.67e+01 1.62e+01 6.45e+00 2.00e+00 3.72e−03
19 2013/05/22 3.05e+05 1.23e+03 2.79e+05 5.52e+03 4.74e+01 9.71e−03 4.30e+01 1.33e−01
20 2013/06/21 1.31e+05 3.73e+04 3.26e+03 1.45e+02 1.14e+00 8.14e−01 8.31e−02 4.28e−03
21 2013/08/19 5.41e+04 6.50e+03 1.50e+03 4.86e+04 5.18e+00 5.90e−01 6.04e−03 4.74e+00
22 2013/09/29 1.83e+05 6.36e+02 1.09e+05 2.23e+02 5.25e+00 2.68e−02 2.20e+00 4.92e−03
23 2013/10/25 2.41e+04 1.63e+04 2.87e+03 7.84e+01 7.22e−01 6.77e−01 8.45e−03 6.58e−03
24 2013/12/26 1.54e+04 8.87e+03 9.72e+02 1.46e+04 9.41e−01 7.62e−01 3.43e−02 9.15e−01
25 2014/01/06 2.18e+04 8.83e+01 1.18e+04 1.95e+03 1.33e+00 2.45e−03 7.77e−01 6.89e−02
26 2014/01/07 2.27e+05 1.50e+03 2.17e+05 3.63e+03 2.81e+01 1.66e−01 2.50e+01 6.68e−01
27 2014/02/25 1.31e+05 6.89e+04 1.52e+04 3.03e+04 9.14e+00 6.50e+00 3.85e−01 4.16e+00
28 2014/04/02 2.72e+04 1.77e+04 3.63e+01 8.39e+01 1.01e+01 6.36e+00 2.22e−03 4.24e−03

Note. The peak intensities at Advanced Composition Explorer and Wind have been corrected by intercalibration factors
of 1/1.4 and 1/1.5. STA and STB = Solar Terrestrial Relations Observatory A and B.

electron and proton release times with Type II radio burst onset times. Table 3 lists electron and proton
release times and onset times of the associated Type II radio bursts. Columns 1 to 4 are event number,
date, metric, and deca-hectometric (DH) Type II onset times. The metric Type II onset times are compiled
by the CDAW Data Center at Goddard Space Flight Center (https://cdaw.gsfc.nasa.gov/CME&urluscore;
list/NOAA/org&urluscore;events&urluscore;text/). When observations of the metric Type II bursts are not
available, the DH Type II onset times are used instead, as measured to ±10-min accuracy by WAVES radio
experiments on the STEREO and Wind spacecraft. Columns 4 to 6 list the 62- to 105-keV electron release
times at three spacecraft, and Columns 7 to 9 are the 19- to 30-MeV proton release times at three spacecraft,
where the electron and proton release times for weakly anisotropic events are nominal values since they are
computed by neglecting scattering effects (see section 4.1).

4.1. Electron Release Times With Respect to Type II Onset Times
Figure 4 shows 62- to 105-keV electron release time delays (DTs) relative to Type II onset times for strongly
anisotropic events (A ≥ 0.6; Figure 4a) and for weakly anisotropic events (A < 0.6; Figure 4b) as function
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Figure 2. Distributions of Gaussian width 𝜎 and Gaussian center 𝜙0 in asymmetric Gaussian fit for (a and b) 62- to
105-keV electrons and (c and b) 19- to 30-MeV protons, respectively.

of |CA|. Here the anisotropy value (A value) is defined as

A =
3 ∫ +1

−1 I(𝜇) · 𝜇 · d𝜇

∫
+1
−1 I(𝜇) · d𝜇

, (2)

where I(𝜇) is the intensity at a given pitch-angle direction and 𝜇 is the pitch angle cosine (see details in Xie
et al., 2017). In Figure 4a, we can see a good correlation between DT and |CA|with a correlation coefficient of
0.70. The linear fit yields DT = −0.7+ 0.29|CA| in minutes, indicating that the electron SPR delay increases
∼29 min/100◦ of |CA|. The histogram of the SPR delays shows that the SPR delays range from −25 to 54 min
with a mean value of 13.5 min (Figure 4d). The good correlation between DT and |CA| indicates that the
larger the |CA| is, the longer traveling time is needed for the expanding shock to reach at Connecting with the
OBserver point. The scatter around the best-fit line suggests that the shock expanding times vary drastically
event by event. In Figure 4a, the majority of the events are within ±15 min of the best-fit line, that is, the
area delimited by the two dashed lines, except the four events labeled with an event number and spacecraft
letter (22-E, 20-B, 28-B, 5-E), where A, B, and E denote STA, STB, and near-Earth. Two outliers (28-B and
5-E) are on the margin of the dashed lines; however, 22-E and 20-B are largely deviated from the best-fit line
with DTs of 41 and −25 min, respectively (see detailed discussion in section 6).

Figure 4b plots the electron release time delays for weakly anisotropic events A < 0.6. While the SEPs
with strong anisotropy can be assumed to propagate nearly scatter-free, the particles in weakly anisotropic
events may have experienced both parallel and perpendicular diffusion before reaching the spacecraft. The
scattering effects play important roles in weakly anisotropic events and cause large onset delays. Similar to
Figure 4a, in Figure 4b, we find a good correlation between DT and |CA|with correlation coefficient of∼0.69.
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Figure 3. Gaussian width 𝜎 as a function of CA in the symmetric Gaussian fit for western events (blue) and eastern
events (red) for (a) 62- to 105-keV electrons and (b) 19- to 30-MeV protons, respectively. CA = connection angle.

However, DTs in Figure 4b are much larger than Figure 4a, which range from ∼0.7 to 7.4 hr with a mean
of ∼2.5 hr (Figure 4d). The linear fit gives DT = −2.8 + 0.05|CA| in hours, and DT increases ∼5 hr/100◦ of
|CA|. Most of the events are within ±2 hr of the best-fit line except three outliers: two events above and one
below the dashed lines. The two outliers above the dashed lines 9-A and 25-B are small SEP events with high
background-to-peak ratios, which, on one hand, their real onset times are disguised by the elevated back-
ground and, on the other hand, the small intensity events tend to have a slow rising profile and experience
large scattering effect before their intensities reach the detectable flux levels.

In Figure 4c, we plot the events with A ≥ 0.6 (blue) and with A < 0.6 (red) together. The slopes of the
regression lines of the two groups are evidently different. The detailed linear fits to the data are shown in
Figures 4a and 4b. Note that the y axis is in units of minutes in Figure 4a and hours in Figure 4b. The
correlation between the electron delay and CA in Figures 4a and 4b is caused by different processes. For the
strongly anisotropic events, the particles are accelerated by the CME-driven shock and released on each field
line when the shock crosses near the Sun; therefore, the SEP-Type II delay is proportional to the time for
the shock to expand from the flare site to the magnetic connection point of each spacecraft. For the weakly
anisotropic events, the wide spread of SEPs results from cross-field diffusive transport processes in the IP
medium, and the particle delay time is determined by the perpendicular diffusion coefficients as well as
the ambient magnetic turbulence level. In Figure 4c, there is a transition region where the two groups are
overlapping and the events in this region have an anisotropy close to ∼0.6 and delays of ∼60–90 min. It is
possible that both the extended shock and perpendicular diffusion near the Sun and in the IP medium affect
the marginal events in this region (e.g., Dresing et al., 2014). Otherwise, most weakly anisotropic events with
A < 0.4 have delays larger than 1.5 hr, and the most strongly anisotropic events with A > 0.6 have delays
less than 48 min.

4.2. Proton Release Time Delays Versus Electron Release Time Delays
Figure 5 compares the 62- to 105-keV electron SPR time delays DTe with the 19- to 30-MeV proton SPR time
delays DTp relative to Type II onset times for strongly anisotropic events (A ≥ 0.6; Figure 5a) and for weakly
anisotropic events (A < 0.6; Figure 5b). Red diamonds in the figure denote the pair (DTe, DTp ). The dotted
line represents where DTp is equal to DTe, and the solid line is the linear fit. In the figure, we can see that
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Table 3
Electrons and Protons Release Times and Type II Radio Burst Onset Times

mTypeII DH-TypeII Electron release time Proton release time
onset onset (UT) (UT)

# Date (UT) (UT) STB L1 STA STB L1 STA
1 2010/08/14 09:52 — 10:05 09:59 11:00 10:29 10:12 12:39
2 2011/08/04 03:54 04:12 05:03 04:05 06:44 06:52 04:22 11:30
3 2011/08/09 08:01 08:20 IC 08:02 AM NA 08:02 NA
4 2011/09/22 10:39 11:00 10:43 12:36 NA 10:52 13:16 DG
5 2011/11/03 DG 22:30a 23:01 22:49 22:25 23:17 23:15 22:41
6 2011/11/26 — 07:15 08:13 07:13 IC 08:20 07:34 13:00
7 2012/01/23 — 04:00 AM AM 06:26 05:33 04:10 06:43
8 2012/01/27 18:10 18:30 AM AM 19:53 NA AM 20:45
9 2012/03/04 — 11:12 NA 12:33 17:05 13:40 16:20 NA
10 2012/03/24 DG 00:20a 02:22 NA 00:19 02:54 NA 00:28
11 2012/05/17 01:31 01:42 03:10 01:33 03:49 05:32 01:34 05:31
12 2012/07/06 23:09 23:14 NA NA 01:30b NA 23:30 03:24b

13 2012/07/12 16:25 16:45 16:36 16:41 NA 16:59 16:48 NA
14 2012/07/17 — 14:40 NA 14:39 18:48 NA 14:59 NA
15 2012/08/31 19:42 20:00 19:54 20:51 NA 20:02 21:56 06:03
16 2012/11/08 DG 10:50c NA 11:01 10:44 NA 11:20 10:49
17 2013/03/05 DG 03:35c 04:31 08:05 03:24 06:10 13:56 03:36
18 2013/04/11 07:02 07:12 07:09 07:36 12:03 07:18 07:43 13:02
19 2013/05/22 12:59 13:10 NA 13:17 17:43 23:29 13:30 19:04
20 2013/06/21 — 03:31 03:06 07:07 04:12 03:41 09:07 09:30
21 2013/08/19 DG 22:57c 02:26b 03:26b NA 04:07b 05:06b 00:26b

22 2013/09/29 — 21:53 23:22 22:40 NA 01:04 23:19 07:08
23 2013/10/25 14:58 15:08 NA 18:45 16:27 16:15 19:03 17:41
24 2013/12/26 DG 03:05a 03:30 03:59 03:20 03:45 04:56 03:58
25 2014/01/06 07:45 07:57 15:07 07:54 08:31 17:46 07:55 09:16
26 2014/01/07 18:17 18:33 20:28 NA IC 22:14 19:15 AM
27 2014/02/25 00:50 01:02 IC 02:04 00:56 01:00 03:35 00:59
28 2014/04/02 13:23 13:42 13:55 NA 14:35 14:41 NA 15:53

Note. NA = the increase is too weak to be identified; IC = ion contamination; AM = ambiguous increase may not
associated with the event or high background; DH = deca-hectometric; STA and STB = Solar Terrestrial Relations
Observatory A and B.
aDH Type II onset times from STB WAVES. bOccurred on the next day. cDH Type II onset times from STA WAVES.

DTe is well correlated with DTp in both Figures 5a and 5b, with correlation coefficients of 0.90 for strongly
anisotropic events and 0.78 for weakly anisotropic events. The proton delays DTp in (Figure 5a) ranges from
∼1 to 111 min with a mean value of ∼32 min and 1.1–10.4 hr with a mean value of ∼4.4 hr. Overall, DTp is
greater than DTe by ∼0–57 min for strongly anisotropic events, and the average delay DTp −DTe is ∼18 min.
For weakly anisotropic events, DTp is greater than DTe by ∼0.1–5.9 hr, and the average delay is ∼1.9 hr. The
linear fit in Figure 5a gives DTp = 12.4+1.45DTe in minutes and DTp = 1.6+1.08DTe in hours in Figure 5b.
In Figure 5c, we plot the events with A ≥ 0.6 (blue) and with A < 0.6 (red) together. It is shown that the
slopes in the two groups are similar. The proton delay DTp correlates with DTe, and there is no significant
change in the slope of the regression line of the two groups, although the delays between DTp and DTe in the
two groups are caused by different processes. In the first case, the proton delay relative to electrons is due to
longer times needed to accelerate protons to the detectable flux level. In the latter case, the delay DTp −DTe
results from the diffusive transport processes, where the protons are more easily trapped in the magnetic
turbulence and making it harder for protons to escape from the upstream into the IP medium (e.g., Lario
et al., 2017). Similar to the electron events, the proton events with large delays are small intensity events
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Figure 4. Delays of electron release times relative to Type II onset times DT as a function of |CA| for (a) strongly
anisotropic events, (b) weakly anisotropic events, and (c) for all the events, where blue and red diamonds denote
strongly and weakly anisotropic events, respectively. (d) and (e) are histograms of DT for strongly and weakly
anisotropic events, respectively. The dashed lines delimit areas (a) within 15 min and (b) 2 hr of the best-fit lines. The
individual events labeled with an event number and spacecraft letter are outliers. CA = connection angle; DT = time
delay.

with a relatively high background-to-peak intensity ratio, which have a very slow rising intensity profile due
to large scattering effects.

5. Relation Between SEP Intensity and CME Shock Properties
We use graduated cylindrical shell (GCS) FR model (Thernisien et al., 2009; Thernisien, 2011) plus oblate
spheroid shock model combined with EUV and WL data from STA, STB, SOHO, and SDO to determine 3-D
structures of CME shocks (Kwon et al., 2014; Xie et al., 2017). The GCS model is used to describe the FR-like
CME structure which is constrained by CME components such as three-part structure or bright frontal loops

Figure 5. Comparison of electron and proton release DTs relative to Type II onset times (a) for strongly anisotropic
events (A ≥ 0.6), (b) for weakly anisotropic events (A < 0.6), and (c) for all the events, where blue and red
diamonds denote strongly and weakly anisotropic events, respectively. The solid line is the linear fit, and the
dotted line represents where DTp is equal to DTe. Outliers in (a) are events with DTp − DTe > 13 ∗ 3 ≈ 39 min and
(b) DTp − DTe > 3 ∗ 1.5 ≈ 4.5 hr. DT = time delay.

XIE ET AL. 6392



Journal of Geophysical Research: Space Physics 10.1029/2019JA026832

Figure 6. Correlation between logarithmic Gaussian peak intensity I0 and true shock speed, coronal mass ejection
momentum, and kinetic energy for 62- to 105-keV electrons. Red diamonds and green cross symbols denote data pairs
using true shock speed v, 𝜅, and 𝜔FO versus vsky and the average values of flux rope coronal mass ejection widths,
values in parentheses corresponding to green data pairs. RMS = root-mean-square.

in the WL images; the oblate spheroid is used to describe the shock front, which is constrained by EUV
wave and wave-like disturbances in the WL images. We obtain the 3-D geometry shape of CME shocks and
their evolution over time by fitting the GCS and shock model to near-simultaneous STEREO and SOHO
WL coronagraph and STEREO and SDO EUV images of the event. The GCS model has three parameters
defining the FR geometry (heliocentric height [hFR], aspect ratio [𝜅], and half-width [𝛼], where FR edge-on
width 𝜔EO = 2𝛿, 𝛿 = asin(𝜅) and FR face-on width 𝜔FO = 2(𝛼 + 𝛿)) and three parameters defining the FR
orientation (longitude, latitude, and tilt angle of the FR; Thernisien et al., 2009). The oblate spheroid shock
model also has six free parameters: the heights of the spheroid nose and center h and h0, the length of the
two semiprincipal axes (a, b), and longitude and latitude of the spheroid center (see details in Xie et al.,
2017). Table 1, Columns 11–13, list fit results: true shock speed v = dh∕dt, aspect radio 𝜅, and half-width
𝛼. The shock speeds used in the following correlation analyses are the average linear-fit speed within the
STEREO/COR2 field of view.

5.1. Correlation Between SEP Intensity and CME Shock Property
Figures 6 and 7 (from left to right) plot correlations between the Gaussian peak intensity I0 of electrons and
protons and the true shock speed v, the CME momentum v𝜅2𝜔FO, and the CME kinetic energy v2𝜅2𝜔FO.
Since in the GCS model, FR-CME volume is approximately equal to Volcme = 𝜋𝜅2𝜔FOh3

FR, the kinetic energy

Figure 7. Correlation between logarithmic Gaussian peak intensity and true shock speed, coronal mass ejection
momentum, and kinetic energy for 19- to 30-MeV protons. Red diamonds and green cross symbols denote data pairs
using true shock speed v, 𝜅, and 𝜔FO versus vsky and the average values of flux rope coronal mass ejection widths,
values in parentheses corresponding to green data pairs. RMS = root-mean-square.
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Figure 8. Comparison between predictions and observations of electron and proton intensities: (a) and (b) for training
sample plus testing sample as a function of CA and (c) and (d) for testing sample only, where red triangles denote solar
energetic particle observations and blue diamonds denote predicted intensities. RMS = root-mean-square;
CA = connection angle.

of the CME is (𝜌Volcme)v2∕2, where 𝜌 is the density of the FR-CME which we assume to be constant. In the
analysis, we are not concerned with absolute magnitudes, so we neglect all constant factors including 𝜌 and
hFR. Thus, v𝜅2𝜔FO and v2𝜅2𝜔FO can be considered as the proxy of the CME momentum and kinetic energy.

The results show that the best correlation exists between I0 and v2𝜅2𝜔FO. The correlation coefficients
between I0 and v, v𝜅2𝜔FO, and v2𝜅2𝜔FO in Figure 6 are 0.49, 0.82, and 0.84, respectively. By taking into
account the CME momentum, the correlation coefficient has been improved from 0.49 to 0.81 (Figure 6b).
For the case of the kinetic energy (Figure 6c), the correlation coefficient is 0.84. The root-mean-square (RMS)
of the linear fit has been reduced by ∼38% from 0.42 to 0.26 from Figures 6a to 6c. For comparison, we over-
plot the sky plane speed vsky , vsky𝜅

2
avg𝜔avg, and v2

sky𝜅
2
avg𝜔avg in the figure, marked by green cross symbols, and

their correlation coefficients and RMS errors are included in parentheses. In Figure 6a, the average value
of the ratio between the true shock speed and the CME sky-plane speed v∕vsky is 1.2. Using the true shock
speed, the correlation coefficient is improved only slightly from 0.45 to 0.49, and no significant change is
seen for the RMS error. In Figures 6b and 6c, since measurements of halo CME widths in the sky plane is dif-
ficult, we set 𝜔FO and 𝜅 as their average values, which is equal to 71◦ and 0.59, respectively. We can see that
by including both the true shock speed and the true CME widths, the correlation coefficients are improved
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Figure 9. Comparison between predicted and observed proton intensities for the test sample using the correlations
between I0 and (a) true shock speed v, (b) v𝜅2𝜔FO, (c) v2𝜅2𝜔FO from Figure 7 in equation (3), and (d) Richardson
et al.'s (2014) formula, where red triangles denote solar energetic particle observations and blue diamonds denote
predicted intensities. RMS = root-mean-square; CA = connection angle.

from ∼0.4 to ∼0.8 by ∼50%, and the RMS errors are reduced from 0.43 to 0.28 in (Figure 6b) and to 0.26 in
(Figure 6c).

Similar trend is found for proton events in Figure 7. The correlation coefficient has been improved from
∼0.4 to ∼0.9 from Figures 7a to 7c. The linear fit RMS error has been reduced from 0.66 to 0.36 by ∼45%.
No significant improvement is seen using whether the true shock speed or the sky-plane speed in Figure 7a;
however, by including the true CME widths, the correlation coefficients are improved from ∼0.41 to ∼0.85
in Figure 7b and from 0.43 to 0.87 in Figure 7c, and the RMS errors are reduced from 0.66 to 0.38 in Figure 7b
and to 0.36 in Figure 7c. For both electrons and protons, we can see that the momentum of the CME provides
a similar correlation as the CME kinetic energy. We also conducted the correlation analyses between the
SEP peak intensity and𝜔FO, 𝜅, v𝜔FO, and v𝜅 and found that using a combination of v𝜔FO and v𝜔FO results in
better correlations than using𝜔FO and 𝜅 alone but worse than using the CME kinetic energy or momentum.

5.2. SEP Intensity Prediction as a Function of Shock Speed, CME Width, and CA
Based on correlations between Gaussian peak intensity I0 and v2𝜅2𝜔FO in Figures 6 and 7 and correlations
between SEP widths 𝜎 and connection angles CA in Figure 3, we develop a formula to predict the SEP
intensity observed by each spacecraft as a function of shock speed, CME width, and CA, which is given by
the following.
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Table 4
Observed Peak Intensities of Electrons and Protons of the Test Sample

Type GCS fit Electron intensity Proton intensity
III 𝛼 e-/(cm2 s sr MeV) p/(cm2 s sr MeV)

# Date (UT) 𝜅 (◦) STB L1 STA STB L1 STA
1 2011/03/07 19:52 0.30 31 NA 1.60e+04 4.15e+05 NA 1.03e+00 9.46e−01
2 2011/03/21 02:21 0.81 55 NA 2.90e+03 1.01e+03 NA 2.51e−01 2.77e+01
3 2011/06/04 21:47 0.69 46 NA NA 2.80e+03 NA NA 6.70e+01
4 2011/06/07 06:25 0.36 12 NA 1.60e+04 NA NA 6.07e−01 NA
5 2012/03/05 03:36 0.52 24 4.28e+04 NA NA 1.16e+00 NA 5.92e−03
6 2012/03/07 00:18 0.64 43 4.78e+05 NA 2.77e+04 6.10e+01 NA 1.42e−01
7 2012/03/13 17:17 0.66 43 NA 1.22e+05 NA NA 1.11e+01 NA
8 2012/03/21 07:30 0.39 18 NA NA NA NA NA 1.57e+00
9 2012/03/26 22:36 0.53 21 5.65e+04 NA 4.17e+03 1.30e+00 NA NA
10 2012/05/26 20:46 0.35 25 4.14e+02 6.57e+03 NA 4.40e−03 1.12e−01 NA
11 2012/07/08 16:24 0.68 25 NA 1.22e+04 NA NA 2.60e−01 NA
12 2012/07/18 05:54 0.51 28 NA NA 3.78e+06 NA NA 1.40e−01
13 2012/07/19 05:24 0.43 39 NA 2.30e+04 4.51e+04 NA 1.60e+00 NA
14 2012/07/23 02:14 0.66 70 NA 6.69e+03 1.76e+04 NA 2.03e−01 1.02e+03
15 2013/05/13 02:12 0.85 49 NA 1.37e+05 NA NA 3.00e−01 NA
16 2013/05/13 16:08 0.65 32 NA 6.29e+04 NA NA 2.03e−00 NA
17 2013/10/11 07:15 0.62 78 6.23e+03 NA 1.38e+03 4.50e−01 NA 4.77e+00
18 2013/11/02 04:28 0.84 60 6.07e+03 NA 2.99e+03 5.09e−02 NA 4.05e+00
19 2013/12/28 17:24 0.42 21 NA 5.09e+03 NA NA 6.03e−01 1.16e−02
20 2014/02/21 15:46 0.21 32 4.03e+04 NA NA 1.92e−01 NA 1.77e−02
21 2014/04/18 12:55 0.42 36 NA 6.23e+04 NA NA 1.02e+00 NA
22 2014/09/01 11:03 0.66 40 6.96e+05 1.29e+03 NA 6.05e+01 5.91e−02 NA
23 2014/09/10 17:45 0.82 41 1.13e+03 3.17e+04 NA 3.96e−02 1.53e+00 NA
24 2015/06/18 01:27 0.15 8 NA 4.18e+03 NA NA 3.97e−01 NA
25 2015/06/21 01:42 0.68 65 NA 4.50e+04 NA NA 1.98e+00 NA
26 2015/06/25 08:16 0.27 16 NA 1.34e+04 NA NA 4.11e−01 NA
27 2015/10/29 02:19 0.39 24 NA 9.47e+03 NA NA 4.80e−01 NA
28 2016/01/01 23:21 0.38 7 NA 7.14e+03 NA NA 7.63e−02 NA

Note. The peak intensities at Advanced Composition Explorer and Wind have been corrected by intercalibration factors of 1/1.4 and 1/1.5. NA = the event peak
intensity has been interfered by preceding event, ion contamination, or too small to be determined; STA and STB = Solar Terrestrial Relations Observatory A
and B; GCS = graduated cylindrical shell.

For electrons,

I(𝜙) = I0 exp[−CA2∕2𝜎2],whereI0 = 104.26+0.7v2𝜅2𝜔FO

𝜎 =
{

7.1 + 0.26CA, if CA ≥ 0
12.9 − 0.28CA, if CA < 0.

(3)

For protons,

I(𝜙) = I0exp[−CA2∕2𝜎2],where I0 = 10−0.27+1.09v2𝜅2𝜔FO

𝜎 =
{

8.4 + 0.21CA, if CA ≥ 0
7.9 − 0.28CA, if CA < 0,

(4)

where (v, 𝜔FO, andCA) are in units of (103 km/s, 102 deg, and deg), respectively.

In Figure 8, it is a comparison between predictions and observations of electron (Figure 8a) and proton
(Figure 8b) intensities as a function of CA. Red triangles denote SEP observations, and blue diamonds denote
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predicted intensities. The test sample we use to validate the SEP prediction formula is listed in Table 4,
which includes 28 SEP events selected from 2010 to 2016. Figures 8a and 8b are the comparison using both
the training sample (Table 2) and test sample (Table 4) for a total of 56 events. Figures 8c and 8d are the
comparison for the test sample only. We can see that the two data sets yield similar RMS errors of ∼0.57
(0.52) for electrons and 0.67 (0.65) for protons for the whole (test) data set. In the figure where CAs range
from −178◦ to 173◦, there is consistently good agreement between observed and predicted SEP intensities
at all CAs. Therefore, the prediction formula is a good estimate of SEP intensity over a wide range of CAs.

For reference, in Figure 9, we plot the comparison between observations and predictions for the protons
of the test sample by replacing the three correlations from Figure 7 in equation (4) (Figures 9a–9c) and
using the formula from Richardson et al. (2014; Figure 9d), which is given by I(𝜙) = I0 exp[−CA2∕2𝜎2], I0 =
exp(−4.36 + 3.6vsky), where vsky is the sky-plane speed of the CME in units of (103 km/s) and 𝜎 = 43◦. Since
the intensity is plotted with a logarithmic scale in the figure, an RMS error of 1.0 indicates that the predicted
and observed intensities differ by an order of magnitude. Note that in Richardson et al.'s (2014) study, they
used 14- to 24-MeV proton data from STA/STB to match the ERNE's proton data. Compared to Richardson
et al.'s (2014) prediction, we reduce the RMS error from ∼1.1 to 0.92 in Figure 9a by using the true shock
speed, and by including the true CME widths, we reduce the RMS error from ∼1.1 to ∼0.66 in Figure 9b and
0.65 in Figure 9c and improve the prediction by ∼41%.

6. Discussion
There are three main aspects of the results presented in this work that need further discussion.

6.1. East-West Asymmetry and 𝝈 Dependence on CA in the SEP Distribution
Previous statistical studies and transport numerical simulations have shown that the longitudinal distribu-
tion of the SEP peak intensities exhibited an east-west asymmetry. However, an asymmetry both to the east
and to the west have been reported in the past. For example, Lario et al. (2013) found an asymmetry of 16◦

to the east for 35 STEREO 71- to 112-keV electron events. Richardson et al. (2014) reported similar results
as ours in Figure 2, which had an asymmetry of 18◦ to the east for 62- to 105-keV electrons and of 15◦ to
the east for 19- to 30-MeV protons. In contrast, Dresing et al. (2014) found an asymmetry of 11◦ to the west
for 21 widespread 55- to 105-keV electron events. An asymmetric distribution of SEPs with an eastern off-
set was also supported in numerical simulations (e.g., Ablaßmayer et al., 2016; He & Wan, 2015; Hu et al.,
2017). In He and Wan (2015, Figure 3), they plotted the simulated peak intensities of SEPs originating from
different heliolongitudes with CAs ranging from −140◦ to 140◦ and showed that the peak intensities of the
SEP events originating from solar sources located on the eastern side of the observer footpoint (negative
CAs) are systematically larger than those of the SEP events originating from sources located on the west-
ern side (positive CAs). They suggested that this east-west asymmetry of the SEP intensity was due to the
interplay among perpendicular and parallel diffusion effects and geometry of spiral magnetic field lines.
Furthermore, detailed examination showed that the SEP intensity distribution cannot be fit with a single
Gaussian width, and the SEP distribution width increases with the absolute value of CA. Hu et al. (2017)
used a 2-D numerical model to study particle acceleration and transport at a CME-driven shock. They found
that strong perpendicular diffusion is required for the observed asymmetric distribution of SEP intensities.
As the perpendicular diffusion coefficient gets smaller, the SEP intensity distribution becomes nearly sym-
metric and more Gaussian-like. They suggested that it is the asymmetry of various shock parameters along
the shock surface, such as compression ratio and obliquity, leading to the asymmetric distribution of the
SEP intensity. Both He and Wan's (2015) and Hu et al.'s (2017) simulation results are consistent with our
symmetric Gaussian fit results in Figure 3. In Appendix A, we show an example to discuss in detail how the
east-west asymmetry causes an uncertainty in the Gaussian fit and results in varying widths and inconsistent
east-west offsets reported in the past.

6.2. Relation Between Electron and Proton Release Times Relative to Type II Onset Times
Haggerty and Roelof (2009) studied the injection times of 216 near-relativistic (38–315 keV) electron events
with strong beam-like anisotropies, which included 19 events associated with 50- to 100-MeV proton events;
Xie et al. (2016) compared the release times of 0.25- to 10.4-MeV electrons with Type II onset times for 28
best-connected SEP events. Both studies found similar delays between the release times of near-relativistic
electrons and DH Type II onset times which range from approximately −30 to 30 min. In the current study,
we found that the electron release time delays for strongly anisotropic events range from approximately −25
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to 54 min, where the maximum delay is larger than that obtained in the previous studies. This is because
our sample includes five widespread SEP events with |CA| > 100, as shown in Figure 4a. We note that in
the sample we study, there are 15 events associated with both metric and DH Type II bursts. The difference
between the metric and DH Type II onset times range from ∼5 to 21 min, with a mean value of ∼15 min.
There are 6 out of 28 events which are backside events with flare locations >50◦ behind the limb. For these
events, since the metric Type II radio bursts are likely occulted by the high-density plasma near the Sun,
the delay between SEP particles and Type II burst onsets may be underestimated. We have tried to shift the
Type II onset time 15 min earlier for the six backside events and found that four of them moved closer to the
best-fit line and two of them moved away from it, implying that these two events are DH only events where
the shocks might not be formed until later and higher in the corona. The correlation coefficient for delay
and CA slightly increased from 0.70 to 0.73; however, the change is not significant.

One of the major reasons for the large SEP-Type II delays in the strongly anisotropic events is the poor
magnetic connectivity between the flare site and the observer. This includes cases when the solar source is
separated from the magnetic footpoint of the observer in either longitudinal angular distances (i.e., large
CAs) or latitudinal angular distances when the Type II bursts are produced at the shock flanks while the
SEPs are produced at the shock nose (e.g., Gopalswamy et al., 2014, Lario et al., 2017). By detailed exam-
ination of the 22-E event in Figure 4a on 29 September 2013, we found that its associated Type II radio
burst started as a brief fragment at 21:53 UT, and continuous Type II drift did not appear until 41 min later
around 22:34 UT. We speculate that the Type II fragment at 21:53 UT was likely produced at the flank in the
quasi-perpendicular shock region, which was not magnetically connected to the observing spacecraft. Its
SEPs were accelerated at the shock nose when the shock became stronger at later times. For the 20-B event
on 21 June 2013, the electrons were released 25 min earlier than the Type II, but its protons were released
10 min after Type II. This is a small SEP event, and its associated Type II burst are ∼40 min delayed from
Type III onsets. Why the electrons were released around a half hour earlier than the Type II bursts is still
not clear (cf. Cliver & Ling, 2009).

The dominating factor causing large onset delays in the weakly anisotropic events is the scattering effect.
Assuming electrons are released at the same time as the Type II bursts, the onset delay observed in situ at
1 AU relative to the Type II burst onsets can be considered as the travel time of the electrons. For 62- to
105-keV electrons, the travel time along a nominal Parker spiral of 1.25-AU length is ∼20 min (using a mean
energy of 84 keV). For a mean energy of 25-MeV protons, the travel time is ∼46 min if we assume protons
are released ∼18 min later than electrons on average (cf. section 4.2). The estimated scattering path lengths
for electrons range from ∼2.7 to 28.8 AU and for protons from ∼2.5 to 18.0 AU. Our estimate for electrons is
consistent with Dresing et al. (2014) study, where they found the scattering path lengths for 55- to 105-keV
electrons up to ∼30 AU for some extreme events. On the other hand, these large delays might also be caused
by background effects due to low signal-to-noise ratios in the small intensity events, where low counting
statistics and uncertainties in the instrument response may lead to apparent delay in the onset time (e.g.,
Lario et al., 2017; Xie et al., 2016). In addition, some proton events in the strongly anisotropic group may
actually have weak anisotropy (due to lack of proton anisotropic data we used in our anisotropy analysis
only electron measurements; Haggerty & Roelof, 2009). Xie et al. (2016) compared the release times of the
0.25- to 10.4-MeV electrons and 10- to 100-MeV protons for 28 best-connected SEP events. In their study,
they used the velocity dispersion analysis to derive proton release times and showed that the protons were
released within ∼10 min of electron release times in most (∼70%) of the best-connected SEP events. There
were six SEP events, which had a delayed proton release time by ∼13–31 min with large scattering path
lengths >1.6 AU, but they were small intensity events with low signal-to-noise ratios.

6.3. Relation Between SEP Intensity and CME Shock Properties
Shock acceleration theory shows that the intensity of SEPs at a given energy is proportional to the shock
strength and shock speed through the ambient medium (e.g., Lee et al., 2012). The large SEP events with
intensity >10 pfu in the GOES >10-MeV channel and duration exceeding a few hours are closely associ-
ated with wide and fast CMEs (Gopalswamy et al., 2005). The association between SEPs and CMEs was first
pointed out by Kahler et al. (1978), leading to the idea that SEPs are accelerated by CME-driven shocks. Pre-
vious studies have found that the speed and apparent width of CMEs correlate reasonably well with the peak
intensity of SEPs (Gopalswamy et al., 2002, 2004; Kahler et al., 1984; Kahler & Vourlidas, 2005; Richardson
et al., 2014, 2015), as expected from the theory of the shock acceleration. The obtained correlations sug-
gested that the CME parameters play important roles in deciding the strength of CME-driven shock. The
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major problem with these correlations is that the observed scatter of points is very large, that is, the SEP
intensity can vary over 3 or 4 orders of magnitude for a given CME speed and width. This is because (1) the
CME speeds and widths used in the previous studies are apparent parameters measured in projection on
the plane of sky and (2) halo CMEs have been excluded in the analyses due to lack of width measurements.
In the current study, we replaced the apparent CME parameters with the true shock speed and CME width
and found that the CME kinetic energy correlates best with the SEP peak intensity. The reduced scatter in
the correlation between the CME kinetic energy and SEP intensity can not only improve the SEP intensity
prediction but also provide evidence for the CME-shock acceleration theory of SEPs. However, our predic-
tion formula based on this correlation is an empirical algorithm. Since both the Alfven speed in the shock
upstream and the CME speed relative to the upstream solar wind speed determine the shock strength, these
and other factors such as seed particle population are important for the peak SEP intensities (e.g., Kahler
et al., 1999; Kahler, 2001). Also, the occurrence of preceding CMEs and interacting CMEs may contribute to
the scatter in the correlation between the CME speed and SEP intensity (e.g., Gopalswamy et al., 2002, 2004;
Li et al., 2012). To further improve SEP intensity prediction, realistic simulations of the SEP events using
observational data from near-Sun missions such as Parker Solar Probe and Solar Orbiter are necessary.

7. Summary
Using multispacecraft observations, we investigate statistically the longitudinal distribution of peak inten-
sities, onset delays, and the relation between the Gaussian peak intensity, shock speed, CME width, and
kinetic energy. Our main results are summarized below.

1. Our asymmetric Gaussian fit yields Gaussian width 𝜎 = 42 ± 7.4◦ for 62- to 105-keV electrons and 𝜎 =
39± 6.8◦ for 19- to 30-MeV protons. The average offset is −18.3± 17.0◦ for electrons and −14.6± 16.1◦ for
protons.

2. When examining eastern and western events separately with symmetric Gaussian function, we found that
Gaussian width increases with |CA|.

3. The average electron (proton) release time delay relative to Type II onset DT is ∼ 14 (32) min for strongly
anisotropic events and ∼2.5 (4.4) hr for weakly anisotropic events. For both electrons and protons, their
release time delays DTs increase with |CA|.

4. Poor magnetic connectivity to the flare site causing large shock lateral traveling time in strongly
anisotropic events and scattering effects in weakly anisotropic events are two major reasons for the large
SEP onset delays relative to Type II onset times.

5. The best correlation exists between the Gaussian peak intensity I0 and the proxy CME kinetic energy
v2𝜅2𝜔FO, where 𝜅2𝜔FO is proportional to the FR CME widths. By taking into account the effects of FR
CME widths, the correlation coefficients in Figure 6 can be improved from ∼0.5 to 0.8 for electrons and
∼0.4 to 0.9 for protons in Figure 7. Compared to Richardson et al.'s (2014) prediction, we reduce the RMS
error on the predicted SEP intensity by ∼41% for protons. The improved correlation between the CME
kinetic energy and SEP intensity provides strong evidence for the CME-shock acceleration theory of SEPs.

Appendix A: Uncertainties From the Gaussian Fit
It is common to fit the peak intensities observed from multiple spacecraft with Gaussian function to investi-
gate the longitudinal distribution of SEPs. However, how we determine the peak intensity of SEPs may affect
the fit results. Figure A1a shows electron intensity observations from STA, STB, and ACE during the 5 March
2013 SEP event. The intensity on the best-connected STA (CA = 14) reached the maximum value at 10:08
UT on 5 March. The intensities on STB with CA =−90 and ACE with CA = 157, however, increase monoton-
ically with time, which result in a varying peak intensity depending on the selected time profile durations.
This varying peak intensity would therefore affect the width of Gaussian fit and add an uncertainty in the
Gaussian fit. As shown in the figure, the western event on ACE (green) tended to increase initially and reach
a plateau gradually, while the eastern event on STB (blue) increased faster until the intensity peaking at the
passage of the associated IP shock. In Figure A1b, we plot the fit results using peak intensities from dura-
tions of 6, 24, and 48 hr. The fit yields an eastern width 𝜎east of 27◦, 32◦, and 45◦ on STB, respectively, and
western width 𝜎west of 39◦, 40◦, and 42◦ on ACE. The uncertainty in the Gaussian fit due to selecting different
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Figure A1. (a) Intensity time profiles of 62- to 105-keV electrons on 5 March 2013 observed by STA (red), STB (blue),
and ACE (green) and (b) symmetric Gaussian fit results of the event using peak intensities from time durations of 6, 24,
and 48 hr, respectively. STA and STB = Solar Terrestrial Relations Observatory A and B; ACE = Advanced Composition
Explorer.

durations results in varying widths and inconsistent offsets. The fit results from the three durations yield an
east-west asymmetry offset 𝜎west −𝜎east of 12◦ , 8◦, and −3◦, where positive and negative offsets represent an
asymmetry to west and east, respectively.
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