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Abstract We present a new empirical model to predict solar energetic particle (SEP) event-
integrated and peak intensity spectra between 10 and 130 MeV at 1 AU, based on multi-point
spacecraft measurements from the Solar TErrestrial RElations Observatory (STEREO), the
Geostationary Operational Environmental Satellites (GOES), and the Payload for Antimat-
ter Matter Exploration and Light-nuclei Astrophysics (PAMELA) satellite experiment. The
analyzed data sample includes 32 SEP events occurring between 2010 and 2014, with a sta-
tistically significant proton signal at energies in excess of a few tens of MeV, unambiguously
recorded at three spacecraft locations. The spatial distributions of SEP intensities are recon-
structed by assuming an energy-dependent 2D Gaussian functional form, and accounting
for the correlation between the intensity and the speed of the parent coronal mass ejection
(CME), and the magnetic-field-line connection angle. The CME measurements used are
from the Space Weather Database Of Notifications, Knowledge, Information (DONKI). The
model performance, including its extrapolations to lower/higher energies, is tested by com-
paring with the spectra of 20 SEP events not used to derive the model parameters. Despite
the simplicity of the model, the observed and predicted event-integrated and peak intensities
at Earth and at the STEREO spacecraft for these events show remarkable agreement, both
in the spectral shapes and their absolute values.
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1. Introduction

Solar energetic particle (SEP) events are major space-weather disturbances both in the he-
liosphere and in the near-Earth environment, which significantly constrain human activities
in space by posing serious radiation hazards for satellites, avionics, astronauts, and aircraft
passengers on polar routes (e.g. Shea and Smart, 2012). Modern society’s vulnerability to
space-weather effects is exacerbated by its increasing reliance on technological systems (e.g.
Eastwood et al., 2017). Predicting SEP event occurrence and impact is therefore of crucial
importance, especially in view of planned long-duration missions to the Moon and to Mars,
beyond the Earth’s protective atmosphere and magnetosphere (e.g. Cucinotta et al., 2010).

Large SEP events of space-weather interest are believed to be primarily accelerated by
coronal mass ejection (CME)-driven shocks (e.g. Desai and Giacalone, 2016). The acceler-
ation efficiency is predicted to depend on several concomitant factors, including the shock
speed, geometry, and age (e.g. Tylka et al., 2005; Zank, Li, and Verkhoglyadova, 2007),
the coronal magnetic-field strength and configuration (e.g. Kong et al., 2017, 2019), the
presence of seed-particle populations (e.g. Kahler, Reames, and Burkepile, 2000; Kahler,
2001; Tylka et al., 2005; Cliver, 2006; Desai et al., 2006, 2016), and pre-existing turbu-
lence (e.g. Gopalswamy, Yashiro, and Krucker, 2004; Li et al., 2012; Ding et al., 2013;
Zhao and Li, 2014). Although they might be included in a full physics-based SEP prediction
model, most of these factors are difficult to evaluate or are not currently measurable directly.
A number of authors have reported a significant correlation between SEP event intensities
and the parent CME speeds, which has been interpreted as evidence that SEPs are accel-
erated by shocks (e.g. Cane, Richardson, and von Rosenvinge, 2010; Gopalswamy et al.,
2002; Gopalswamy, Yashiro, and Krucker, 2004; Kahler, Hildner, and Van Hollebeke, 1978;
Kahler et al., 1984, 1987; Kahler and Vourlidas, 2005; Lario and Karelitz, 2014; Reames,
2000; Richardson et al., 2014; Richardson, von Rosenvinge, and Cane, 2015). In particular,
the most energetic SEP events, such as those causing the so-called ground-level enhance-
ments (GLEs), were found to be typically associated with the fastest (2000 kms~! aver-
age velocity) CMEs (Gopalswamy et al., 2005). Such observations suggest that the CME
velocity might be used as a proxy for the shock-acceleration efficiency in an empirical SEP
prediction model.

Another important factor determining the relative particle intensity during an SEP event —
as well as the occurrence of GLEs — is the connection angle, defined as the angular distance
between the SEP source at the Sun and the footpoint of the interplanetary magnetic-field
(IMF) line passing the observing spacecraft. As a number of studies have shown, measured
particle intensities tend to decrease with increasing connection angle (e.g. Van Hollebeke,
Ma Sung, and McDonald, 1975; Kallenrode, 1993; Lario et al., 2006, 2013; Richardson
et al., 2014; Richardson, von Rosenvinge, and Cane, 2017; Gopalswamy et al., 2014). In
addition, Cane, Reames, and von Rosenvinge (1988) demonstrated that the longitudinal dis-
tribution of SEPs and its energy dependence, is also determined by the connection to the
CME-driven shock. Since its launch in 2006, the Solar TErrestrial RElations Observatory
(STEREO) mission (Kaiser et al., 2008) has enabled, in combination with near-Earth mea-
surements, a multi-point investigation of SEP events over a wide longitudinal range with
minimal radial-gradient effects (e.g. Lario et al., 2013; Richardson et al., 2014; Richardson,
von Rosenvinge, and Cane, 2017; Cohen, Mason, and Mewaldt, 2017). However, the limited
number of observation points have precluded any precise measurement of the longitudinal
distribution, which has been usually assumed to be Gaussian in connection angle following
Lario et al. (20006).
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Richardson et al. (2014) discussed the properties of all of the >25 MeV proton events
observed by the STEREO spacecraft and/or at Earth during 2006 —2013 and summarized
the intensity of 14—24 MeV protons in 25 SEP three-spacecraft events as

®(B) ~0.013 exp (0.0036 Veme — B2 /2aszep) , 1

where ® [in MeV~!sr~! s7! em™2] is the peak intensity of the Gaussian fit to the event,
Veme [in km s™!] is the speed of the related CME, S is the longitudinal connection angle, and
Ogep = 43° is the mean Gaussian standard deviation for these events. Richardson, Mays, and
Thompson (2018) used the relationship in Equation 1 to develop an empirical model named
SEPSTER (SEP predictions based on STEREO observations) to predict the 14 —-24 MeV
proton peak intensity based on CME speed and direction relative to the observing space-
craft. The spatial width value [o,p] derived by Richardson et al. (2014) is consistent with
the results obtained by Lario et al. (2013) and Paassilta et al. (2018) using the 25-53 MeV
and the >55 MeV proton peak intensities, respectively. Cohen, Mason, and Mewaldt (2017)
analyzed the 0.3, 1, and 10 MeV n! event-integrated intensities of H, He, O, and Fe ions,
reporting a mean oy, value decreasing from ~52° to ~36° with increasing energy, which
they suggested is in line with theoretical expectations that higher-energy particles are effi-
ciently accelerated over a smaller shock region around the “nose” or for shorter times as the
shock expands (e.g. Lee, 2005; Caprioli and Spitkovsky, 2014; Dalla, Marsh, and Battarbee,
2017), or are less affected by field-line co-rotation effects (e.g. Giacalone and Jokipii, 2012).

Although typically neglected when compared to longitude-related effects, the SEP in-
tensities at a given location are also affected by the latitudinal magnetic connectivity to the
source (Dalla and Agueda, 2010; Gopalswamy and Mikeld, 2014). The latitude influence
might be expected to become more important for higher-energy particles if they are accel-
erated by the strongest regions of a shock close to the nose or, in an alternative scenario, by
the associated solar flare. Consistent with this prediction, Gopalswamy et al. (2013, 2014)
showed that the latitudinal distance from the Ecliptic is typically larger for energetic erup-
tions not associated with GLE events, suggesting that the poorer connection to Earth was
responsible. Although a direct estimate of the SEP event latitudinal spread was previously
investigated in the pre-STEREO era by the Ulysses mission (see, e.g., Struminsky et al.,
2006 and the references therein), no similar observations are currently available.

Recently, de Nolfo et al. (2019) derived the >80 MeV proton spatial distribution of 14
events by means of a 2D Gaussian modeling accounting for both longitudinal and latitudi-
nal connectivity, based on the assumption of a spherical symmetry of particle intensities. In
the present work, following Richardson et al. (2014) and Richardson, Mays, and Thomp-
son (2018), we exploit the widely reported correlation between particle intensities and CME
speeds, as well as the spatial distribution reconstructed for a number of SEP events with
the 2D approach of de Nolfo et al. (2019), to develop an empirical model that predicts 10—
130 MeV proton spectra at 1 AU. The article is structured as follows: In Section 2 we present
the SEP events used to train the model, along with the spectral analysis of measured inten-
sities. In Sections 3 and 4 we describe the method for the reconstruction of the SEP spatial
distribution and the algorithm based on the CME speed and direction. In Sections 5 and 6
we discuss the model uncertainties and test its performance. Finally, Section 7 summarizes
the study and presents our conclusions.

@ Springer



36 Page 4 of 27 A. Bruno, I.G. Richardson

2. Data Analysis
2.1. Data Sample

The starting point for developing the empirical SEP prediction formula is a set of 32 SEP
events occurring between 2010 and 2014, in which proton intensities above a few tens of
MeV were unambiguously measured at three 1 AU locations by the twin STEREO spacecraft
and near-Earth assets, including the Geostationary Operational Environmental Satellites
(GOES) and the Antimatter Matter Exploration and Light-nuclei Astrophysics (PAMELA)
experiment onboard the Resurs-DKI Russian satellite (e.g. Adriani et al., 2017). The se-
lected period corresponds to the interval when all of these spacecraft were operating and
numerous SEP events were detected at Earth and the STEREO locations (e.g. Richardson
et al., 2014; Paassilta et al., 2018), around the maximum of Solar Cycle 24.

The relevant parameters associated with the parent eruptions are reported in Table 1.
The first column gives the event number. Columns 2 -5 list the CME first appearance time
[UT], space (3D) speed, width, and direction in Stonyhurst heliographic (HGS) coordinates
from the Space Weather Database Of Notifications, Knowledge, Information (DONKI) de-
veloped at the Community Coordinated Modeling Center (CCMC). These are based on the
triangulation of the STEREO and the SOlar and Heliospheric Observatory (SOHO) corona-
graph measurements at a &21.5 solar radii (Rg) height (Liu et al., 2010; Mays et al., 2015).
The CME parameters are not available for events #1 and #20; the resulting sample includes
CMEs with speeds ranging from 650 to 3454 kms~!. We choose to use CME parameters
from DONKI because, in addition to being based on multi-point coronagraph observations,
if available, these parameters include the CME direction which is not provided by most other
CME catalogs. Furthermore, DONKI includes reports of observations of space-weather phe-
nomena and their interpretation in real-time provided by the CCMC space-weather team,
and hence it simulates how a CME-based SEP prediction scheme might be applied in a
forecasting environment. Finally, columns 6 — 8 show the HGS coordinates of the magnetic
footpoints of the IMF lines passing through STEREO-B, the Earth, and STEREO-A, esti-
mated at CME first appearance time and at a 2.5 Ry, radial distance — the nominal “source
surface” height — based on a simple IMF spiral model, as described in the Appendix.

2.2. SEP Spectral Analysis

Our multi-spacecraft analysis of SEP events is based on the proton intensities measured by
the Suprathermal Ion Telescope (SIT: Mason et al., 2008), the Low Energy Telescope (LET:
Mewaldt et al., 2008), and the High Energy Telescope (HET: von Rosenvinge et al., 2008)
onboard the twin STEREOSs, and by the Energetic Proton, Electron, and Alpha Detector
(EPEAD) and the High Energy Proton and Alpha Detector (HEPAD) onboard GOES-13 and
-15 (e.g. Onsager et al., 1996). In the case of event-integrated intensities, we also consider
the high-energy (from 80 MeV up to a few GeV) data collected by the PAMELA magnetic
spectrometer (Bruno et al., 2018).

The GOES particle detectors are known to be affected by a large background that makes
them insensitive to relatively small SEP events, such as many of the events listed by Richard-
son et al. (2014). On the other hand, they do not suffer from issues related to data gaps and
signal saturation during large events. To improve the reliability of their spectroscopic ob-
servations we take advantage of the calibrated energies derived by Sandberg et al. (2014)
for the P2-P5 (<80 MeV) proton energy channels, and by Bruno (2017) for the P6-P11
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Table 1 CMEs associated with the SEP events analyzed in this work. The first column is the event num-
ber. Columns 2 -5 report the CME first appearance time [UT], space speed [km s, angular width [°],
and direction from the DONKI catalog. The CME parameters are not available for events #1 and #20. The
right three columns list the location of the footpoints of the Parker spiral field lines crossed by each space-
craft (STEREO-A/B and GOES/PAMELA) at CME onset, mapped ballistically back to 2.5 Rg. Footpoint
locations and CME directions are expressed in terms of HGS latitudes/longitudes.

# CME Spacecraft footpoints
Onset time Speed Width Direction STB Earth STA

1 2010-06-12T? SO06E07 NOOWS58 NO7W116
2 2010-08-14T10:12 950 80 N11W58 NOOWO00 NO6W60 N04W141
3 2010-08-18T06:00 1091 80 S30W97 NOOWO08 NO6W63 NO3W139
4 2010-09-08T23:26 850 90 NOSW96 NO2W00 NO7WS55 NOOW133
5" 2011-03-21T02:54 1000 140 N20W130 SO00E29 S07TW67 NO1W139
6 2011-08-04T04:10 1950 120 N14W40 SO03E45 NO5SWo64 NO2W154
7" 2011-09-06T22:40 650 60 N20W20 SO00E43 NO7W57 S01W174
8 2011-09-22T11:24 1000 140 N10E90 NO1E39 NO7W62 S03W161
9 2011-10-22T11:20 990 110 N52W90 NO4E37 NO5SW72 SO06E178
10" 2011-11-03T22:39 1100 130 SO7E160 NOSE22 NO4W64 SO06E173
11 2011-11-26T07:12 930 144 N23W45 NOGE46 NO1W57 SO07W160
12 2012-01-23T04:00 2211 124 N41W26 NOGE46 SO5W58 S02W173
13 2012-03-07T00:36 2200 100 N30E60 NO3ES3 S07TW62 NO2W169
14* 2012-05-17T01:48 1500 90 S10W75 SO04ES8 S02W62 NO7W162
15 2012-05-26T22:54 1100 140 NO5SW110 SOSE81 S01W58 NO7W173
16" 2012-07-23T02:36 3435 160 S15W144 SO06E44 NO5SW50 NO1W163
17 2012-08-31T20:36 1498 150 S15E63 SO03E37 NO7W63 SO03E178
18 2013-02-06T00:36 1226 76 N30E35 NO7E49 S06W66 NO1E153
19 2013-04-11T07:36 675 116 NOOE15 NO2E66 S05W66 NO7TW177
20 2013-04-24T? NOOE78 S04W70 NO7W177
21 2013-05-13T16:18 1900 80 NI10E70 SO1E81 S01W60 NO3W175
22" 2013-05-22T13:24 1200 120 N10W80 S02E92 SO0W47 NO4E170
23 2013-06-21T03:24 1970 140 S19E57 SO5E100 NOOW44 NO4E172
24 2013-08-19T23:12 1200 90 N17W180 SO8E72 NO2W48 NO2E165
25 2013-10-25T15:12 980 80 N15E63 SO3E60 NO3W67 S02E173
26" 2013-11-02T04:48 1078 150 NO5W 145 SO0E90 NO2W62 S02E162
27 2013-11-19T10:39 910 100 S29W82 NO1E78 NO1W54 SO03E143
28 2013-12-26T03:40 1600 180 S31E134 NOSE92 S01W75 SO03E160
29" 2014-01-06T08:09 1275 90 S03W102 NOSE92 S01W51 S02E150
30" 2014-01-07T18:24 2061 98 S24W30 NOGE77 S01W52 S02E152
31" 2014-02-25T01:25 1670 132 S11E78 NO3E119 S02W48 SO00E149
32" 2014-09-01T11:24 1700 92 NOIE155 SO5E106 NO2W46 SO01E138

* Associated with SEP events observed by PAMELA (Bruno et al., 2018).

(>80 MeV) channels, based on the comparison with the STEREO and the PAMELA data,
respectively.
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SEP intensities are corrected for the quiet-time background (including the galactic
cosmic-ray component), estimated from the minimum hourly running averages of inten-
sities registered during a two-month interval prior to the event onset. STEREO spectra are
fitted with the Ellison and Ramaty (1985) functional form, given by a power law with an
exponential cutoff; near-Earth spectra, extending up to &1 GeV, are fitted with a double
power law with an exponential cutoff (see Bruno et al., 2019 for details) that accounts for
the high-energy spectral rollover reported by the PAMELA mission at several tens or hun-
dreds of MeV (Bruno et al., 2018). The SEP peak and event-integrated intensity spectra
above 4 MeV reconstructed at the three spacecraft locations are reported in Figures 1 and 2,
respectively. The spectral fits used in this work are limited to 130 MeV, including a modest
extrapolation from the STEREO observations (nominally limited to 100 MeV), to minimize
the significant uncertainties affecting the extension to higher energies, especially for hard
spectra. In the case of the event #32, large gaps present in STEREO-A data preclude a re-
liable spectrum reconstruction; to a first approximation, based on the comparison of the
respective temporal profiles and the relatively small (*32°) longitudinal separation of the
two spacecraft, the SEP intensities at STEREO-A are assumed to be equal to those measured
by STEREO-B.

Note that measured intensities may include contributions of particles that are locally
accelerated at interplanetary shocks — the so-called energetic storm particle (ESP) events.
In particular, the resulting peak spectra for a given SEP event may include a mix of ESP-
associated and “first peak” maxima, depending on energy and location. Also, particles from
a previous event may be present at a particular spacecraft, or the onset of a new event may
constrain the integration interval. These effects may influence the event-integrated inten-
sities, especially for lower energies for which the event durations are longer, but the peak
intensities should not be significantly affected since, for the event to be detected, it must sig-
nificantly exceed the intensity of an ongoing event. Another possible source of uncertainty
is related to Forbush-decrease effects, which reduce the particle intensity over a large energy
range (e.g. Sanderson et al., 1990).

3. SEP Intensity Spatial Distribution

We assume that the peak or event-integrated intensity as a function of proton energy and
location can be expressed as

P (E,d) = Po(E) G(E,$) (@)

where @ is the maximum intensity and G is the normalized 2D spatial distribution at 1 AU
in terms of the great-circle or spherical distance from the location of the SEP distribution

peak (asepv ,Bsep):
8 = arccos [sin(a) sin(Qep) + cos(a) cos(otgep) cOS(B — ﬂsep)] , 3)

with o and B being the HGS latitude and longitude. The SEP intensities measured at the
three locations — which, for simplicity, are assumed to be isotropic — are, following Co-
hen, Mason, and Mewaldt (2017) and de Nolfo et al. (2019), fitted by a periodic Gaussian

function with form:
1 §2(E) 81(E) 82(E)
G(E,(S)—g {exp [—m] + exp |:_20'2—(E) + exp —m s (4)

sep sep

@ Springer



36

Page 7 of 27

Empirical Model of 10— 130 MeV SEP Spectra at 1 AU...

JUAA9 dgS Surpuodsariod ay) Jo ayep ay) suodar joued yoeq ‘| 9[qel, ur pajiodar sjuaae JgS z¢ oy Sump (so[Suewn anjq Sunurod-premumop)
g-OTIALS pue (so[Suern por Sunurod-premdn) yV-QEYALS ‘(SO[I10 Uaa1d) GT/€T-SHOD AQ SIUSWAINSEAW UO Paseq AR t 9A0qe sy [endads Ajsusjur yeoqd | 2anSiy

[Aa] ABasuz [Aa] ABiauz [Aan] ABasuz [Aa] ABssuz [A2] ABsauz [Aa] ABssuz [A2] ABsauz [Aan] ABaaug
0004 ee— oL 004 001 oL 0004 001 oL 001 0oL oL =.Q-E. oc— _ 001 001 oL 0001 004 oL 0004 nn— oL
L 01— =i 1oz | j . =F ol 1o E}
L 1 g + 3 0k o
A o2 | Ja2 | fog 2 g 72 2
| Lo g i g} o2 | ol W2 oS
| o | {3} i3t 13 G 3 % 3
< < < <t < < < o<
L ) b4 1.4t jod 14t 1.4 e e
L o, @ .m " @ @ [ a @ @
_ ]! tgl g NE
%, % 04 3 %, %, % d
_.omov_.ON [ | Seeovioe o= ho_.ov_.cN = | 9010vL02 o = oNN_.nrcN = m_._.—.n_.om 4 = No——wrcw o= mNorm—oN o .W
L oL L L - L L L L L 0L L i L
_>o_>__ ABiauz ‘ [A2] ABiauz _>o_>__ ABiauz [Aa] ABiauz _>ws= ABiauz —>m_=_ >m._o:m _>ws= ABiauz _>ms= ABiauz
0004 001 oL 0001 001 oL 0001 o.e— D.— 0001 001 a.— =..o-_-¢. oe— .— 0001 . .— 0001 =.o— .— o 0001 001 oL o
5 o
wsw ) _ﬂsm Yozt 103 Loz . 2 Em
-3 o2 Jo2 Loz z i.2 . Jog 2
i i 2Ok Z
oS .:.m 1 E.W, 1 Em.. L N‘E.,m 2 2 -
3 'S 5 5 3 Lo {03 3
b3 w3 L 3 ] 3 s S 2
4 3 3 4 qorg A ) 4 4
" & - fod fo o @ K oit o
m_.wow_.cw o | +C90€L02 o 3 NNmon_.oN 0 % | €LS0€L0C _NE[L. wmwonrow 1 = fHIVOELOC S F90co€loe S _,mwoN_.cN T
" " © " " " L, il " " " L L L L - L L
_>0_>__ ABiauz [Aa] ABiauz _>0_>__ >P.w:m —>w_2_ >m.w:m _>w_>: >mhw:m [Aa] ABiauz [Aa] ABaauz ;ws: ABiauz
0004 001 oL o 0001 0oL oL 001 001 cuo_ oL 000L 001 oL 0001 ooL oL 0001 001 oL 0001 001 oL
5 ._L_w s Los 5 1oz oZ 1oz
) Log fo2 08 "8 o e 8
2 o2 i eu =t 2 {02 2 2
o o § o 2 o o fog - -
b b b2 o 1 2 b L N
o1 3 1o 3 N3 3 3 o 3 o 3 o 3
€c.0210e = f 9es0cioe O h—ch—oN ¢ I honom_.ow 0L % mN_.choN o1 5 oN——.:QN 3 c_.:.roﬂ = | ccOLLI0C )
L L L " s L i oL L wl L oL L L L L
[Aaw] ABsauz [Aa] ABiauz _>o_>__ ABiauz _>o_E >m5:m _>ws= ABiauz _>o_E >m5:m _>ws= >w‘_m:m [A2w] ABsauz
000} 001 oL 0001 001 oL N 001 oL 0001 oL o 0001 0oL oL 0001 oL o 0001 004 o 0001 004 oL
oL a v 3
o5 - o3 5 N4 5 5 =3 o3
T 3 3 og . T g T el
< < < < < < < <
:EM = o= e = L0 o= oS
2 2 2 < "2 2 2 2
o 4 g b g [ ¢ g g
Ok (I A
N_:% _sm o1 M o m :em m M _‘SM
g L
22601102 03 | 90601102 . % | vosoLioz ok £ 12E0LL0T Z | 000102 2 [ e1s00102 3 [ risooroz - 2 | 21900102 3
" L L L i L R L W KTl # L " L L " L " .

pringer

N



A. Bruno, I.G. Richardson

Page 8 of 27

36

JUAAd JHS
Surpuodsa1109 9y Jo 9yep ay) syodar [oued yoeq ‘| 9[qeL, ur pariodar sjuaad JgS z¢ ay) Suump (s9[Suern anjq Sunurod-premumop) g-OgYA.LS pue (s9[Suern par Sunurod-premdn)

V-OFYALS ‘(sexenbs 10213 ‘AN 08<) VTNV PUe ‘(SO[o110 uaais) G1/¢T-SHOD £q SJUSWINSLIW U0 Paseq ASJA f 9A0Qe I [enoads Ajisuajur pererSojur-juosy g dandig

[Asn] ABiauz [Aaw] ABiauzg [Asn] ABiauz [Aaw] ABisuz [A2] ABisuz [Aaw] ABisuz [A2] ABisuz [Aaw] ABsaug
0001 004 (13 0004 001 oL 0001 004 oL 0004 001 oL 0001 001 (3 0004 001 oL 0004 001 (13 0001 001 oL
fx | v ™ 0 — ™ o1 0 T o1 7
[, = 5 " 5 iz 5 s o 3 u E
g g o g o g g g
0 2, g 1.2 b2 A jo 2 o0 8 2
a< / < R4 i < o< < < v <
E ] H 10 2 H ] o= =
oL @ © " @ © @ 1o o @©
< < 1.3 o < o S < < <
01 & @ OF ui @ o 3 oL 9 e
p) p! p! o 2 p! p! o2 g
3 3 3 it o 3 o 3 o g
&S & & 0L & & & ] J
L0607 10T > §eeovioe Zolovioe .0 90L0v1L0C i _.ONN LELOC 6LLLELOC coLieroe GcoLelLoe =
L P oL L L L s L L L L ok L L oL L L vd o1 L L oL L L L
[A2] ABiauz [A2n] ABiaug [A2] ABiauz [Aew] ABsauz [A2] ABiauzg [Aew] ABsauz [A2] ABiauzg [A2n] ABiauzg
0001 001 oL " 0001 001 oL 0001 001 oL 0004 001 oL 0001 0oL oL 0001 001 oL 0001 0oL oL i 0001 001 oL
N -0+ e F ot T T i o
" 2 - Z z Z "2 z FY
a ) 0 & Lo & 3 s o 3 o1 8
>z o g A gt o g e g g
o S s Z o+ 2 g 103 g o &
Lot 2 ] oS m=as o \ = H H
o KN o o o @ oL o 0L @
o % 3 w3 3 z o 2 o3 i
@ 01 & R’y 0+ & ) @ @ @
oL L ) i g Kl do 3 i El
[ 3 o8 g o 8 g i / g g
.00 = % d % d d % d
6180€102 E.b 1290€102 oS | 22S0EL0T oS | €LS0EL0C o= | V2VOEL02 o= [ HIPOELOZ 105 F 9020€102 o= | 1€8021H02 ]
. . Y " . . ’ . wl . . . " . " " . . ; N LKl L . .
[A2] ABiauz [Aan] ABiaug [A2] ABiauz [Aaw] ABisauz [Aa] ABiauz [Aaw] ABsauz [Aa] ABiauz [A2] ABiauz
0001 - 001 oL . 0004 0oL oL o 0001 mm-.— oL 000} 0oL oL 0001 - 001 oL oL 0004 0oL oL 0004 0oL oL 0004 001 oL |
@ 1 B - -
o 5 1oz i,z or 5 b3 o 5 o, I
) s o 3 ) o & ) )
- 3 ] oL 3 3 o3 3
2 o 2, , o 2 e o 2. , B, o1 @,
0 < < < 0 < e < <
= do= oz = 0L 0 — o=
Lor = = 0= oL = = = < =
@ ol @ @ oL @ 0 2 @
o S 0 S o s oS S W0 S o S
e 1.4 ) [ @ S0t & 4 4
O g 0k g Lo & o0 g ] 0 o KOy
o 3 103 3 o 3 o 3 3 3 3
€2.0210C ) 5t 92s02i0e <5 L 21502102 ,on5 | L0€02L02 5 Feclocioe Ot S FOCLLLLOT €0LLELOT 005 |k 220LEL0C (ot S
. v L . . 3 . . . e~ Kl . wodo L . . 3 N . 3 . .
[Aan] ABiauz [Aaw] ABiauzg [Aan] ABiauz [Aan] ABaaug [Aa] ABiauz [Aan] ABaaug [Aa] ABiauz [Aan] ABiauz
0001 . 001 oL 0001 0oL oL 0001 001 oL " 0004 - 001 oL 0001 0oL oL 0004 001 oL 0001 0oL oL 0001 001 oL
X N )
= 5 5 5 5 5 oL 5 5 5
3 3 3 H 3 H 3 3
[ o 0 2, log 2 01 2 2 o
< < < F I {o< < 0 Z o<
= o= ol Lo = O S = = 0 =
< oS o < [ < d los < ' <
@ 0 o @ Ko o el oy 3 0L o
- i o L o A " oL L e
o ) K=y Yo g ) ) K=y I3
3 g w3 3 {0 3 w3 3 3
cc60L102 5 § 90601102 o 0801102 o*' s E12E0LLOC 105 | 80600102 = S L 71800102 o= [ €19001L0C 0

pringer

As



Empirical Model of 10— 130 MeV SEP Spectra at 1 AU... Page 9 0of 27 36

where oy, is the distribution standard deviation assuming a spherical symmetry (os"ép:as’zp:

Osep); the terms associated with

6+ (E) = arccos [sin((x) sin(otgep (E))+ )
cos(ar) co8(sep(E)) c0s(B — Bsep (E) £ 277) ]

ensure that G(8) = G(§ & 2m), accounting for the contribution from particles propagating at
angles >180° from the center of the distribution, which is expected to be non-negligible for
widespread events — the use of a non-periodic Gaussian function would lead to an overesti-
mate of the distribution width. The parameters o, Bsep, and ogep are functions of particle
energy. To a first approximation, o, is assumed to coincide with the latitude of the parent
CME direction (@sep=0(cme) Or with the flare latitude (@sep=0tfiare), if the CME information
is not available.

Particle transport along the IMF is accounted for by computing the HGS location
(0 = age, B = Bsc) of the footpoints of the Parker spiral field lines linking each spacecraft
(hereafter referred to as “spacecraft footpoints™), which are mapped ballistically back to
2.5 Rg (see the Appendix). This value roughly corresponds to the nominal source-surface
height beyond which the spiral-model approximation is reasonable (see Lee et al., 2011 and
the references therein) and, moreover, to the radial distance where the highest-energy par-
ticles are released from the CME-driven shock (Reames, 2009; Gopalswamy et al., 2013).
Thus it is unnecessary to consider using a coronal field model to map these field lines down
to their photospheric footpoints. The footpoint calculation is performed at the CME first ap-
pearance time, by using the average solar-wind speed measured in the previous 30-minute
interval.

In general, as a result of the Sun’s rotation axis’ tilt of about 7.25° from perpendicular to
the Ecliptic plane, the spacecraft-footpoint locations do not lie in the solar equatorial plane
(asc#0). Accordingly, projection effects are accounted for by multiplying measured SEP
intensities by

(6)

2 _ 52
K. (E) = exp [M} ,

202 (E)

sep

where &5, and ;.o are the great-circle distances of the peak of the SEP spatial distribution
from the spacecraft-footpoint location (¢=ay., B=ps.) and from their projection in the solar
equatorial plane («=0, B=p.), respectively. We note that, even though the footpoint latitude
is typically small, the differences in terms of great-circle distances can be much larger and
the associated correction cannot be neglected.

Finally, the spatial distribution parameters ®,(E), Bsp(E), and oy, (E) are derived from
the corrected spacecraft measurements by using the projection of Equation 4 in the solar
equatorial plane:

Qg (E; B) = Po(E) Geg(E; B), )

where

1
Ge(E; B) = 3P~

arccos? [cos(occme)cos(ﬂ — ﬁsep(E))] } N @®

202 (E)

sep

with the two terms centered at B, &= 27 omitted here for brevity. Since o is unknown a
priori, the correction factor given by Equation 6 is obtained through an iterative procedure,
using o,=43° as the initial value (Richardson et al., 2014), until the fit results become
stable.
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Table 2 Best-fit parameters for

Equations 9 — 10 derived for both Bo A1 %0 91
peak and event-integrated
intensities. Peak intensities 3.38x10! 5.11x100 4.05x10' 5.20x107!

Event-int. intensities 3.52x10! 4.81x100 4.52x10! 1.87x10°

3.1. Results

Results relative to peak and event-integrated intensity distributions as a function of the lon-
gitudinal connection angle [Bp(E) — Beme] for the 32 analyzed SEP events are shown
in Figures 3 and 4, respectively. Negative/positive angles correspond to locations east-
ward/westward of the CME direction. Depending on the associated uncertainties, SEP spec-
tral fits shown in Figures 1 and 2 are interpolated at up to 12 logarithmically spaced energy
values between 10 and 130 MeV (indicated by the line color) and used to reconstruct the
corresponding spatial distributions. The three markers denote the longitudinal deviation of
the spacecraft footpoints (circles=GOES/PAMELA, triangles=STEREO-A/B). The dashed
lines are the curves linking the distribution peaks at different energies. Both of the locations
of the peaks and the widths of the distributions show some energy dependences that vary
from event to event and deserve further investigation in a separate study.

Figure 5 shows the energy distributions of the related B, and oy, parameters, for both
peak (top panels) and event-integrated (bottom panels) intensities. Significant event-to-event
variations can be noted. Investigating their causes is beyond the scope of this study but they
might, for example, include contributions from overlapping events or local shock-associated
particles at certain spacecraft and energies. In addition, the connection angle of a given
spacecraft might be influenced by the presence of interplanetary magnetic structures be-
tween the source and the spacecraft location. While such effects introduce significant un-
certainties in the estimates of the spatial extent of some SEP events, they are an integral
part of the average SEP event properties observed at 1 AU and, as such, are included when
constructing the empirical model.

For each proton energy, mean values ,ésep and o, are obtained by averaging over the
selected SEP event sample (red points). In order to parameterize their energy dependence,
the mean-value distributions are fitted with the functions

Bsep(E) — Beme = Bo — B1log(E), 9)

where B.ne is the longitude associated with the CME direction — or the flare longitude if the
CME information is not available — and

6sep(E) =00 — 01 IOg(E) (10

The derived best-fits are denoted by the red curves in Figure 5, with the corresponding
parameters (By, B1) and (oy, o;) reported in Table 2.

Consistent with previous studies (e.g. Cohen, Mason, and Mewaldt, 2017), the standard
deviation oy is found to decrease with increasing proton energy, although the variation is
relatively small for peak intensities. In addition, the peak of the spatial distribution is, on
average, located on field lines with footpoints located westward of the CME direction, and
tends to move eastward with increasing energy, so that highest-energy protons are found on
field lines with footpoints close to the CME direction.
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Figure 5 Energy dependence of the spatial distribution standard deviation [ogep; left panels] and of the lon-
gitudinal deviation [Bsep — Beme; right panels] from the Gaussian fits of peak and event-integrated intensities
(top and bottom panels, respectively). Each gray line corresponds to a different SEP event. The red points
are the values averaged over the whole SEP event sample, with the red lines the corresponding fits based on
Equations 9-10.

4. Dependence of SEP Intensity on CME Speed

Similarly to Richardson et al. (2014) and Richardson, Mays, and Thompson (2018), we as-
sume that SEP intensity is correlated with the parent CME speed. We do not consider the
CME angular widths as they tend to be correlated with the speeds (e.g. Figure 8 of Richard-
son, von Rosenvinge, and Cane, 2015). Since the SEP intensity—CME speed correlation is
energy-dependent (as shown below), we can include this dependence in the parameteriza-
tion of the SEP spatial distribution maximum intensity ®¢(E) = ®o(E, Veme), according to
the formula

P)(E, Veme) = Weme (E) eXp (Acep(E) Veme) - (11)
where
Weme (E) = o (E/Eo)"" exp (—E/E;) (12)
and
Acme(E) = 1o (E/Eg)™ (13)

account for the energy dependence, with Ey=10 MeV the threshold energy and E,=
300 MeV the cutoff energy. The spectral form in Equation 12 is that proposed by Ellison
and Ramaty (1985); the E, value is assumed ad hoc to reproduce the SEP spectral rollover
reported at high energies by the PAMELA experiment (see Bruno et al., 2018 for details),
providing a reasonable description of intensities beyond 130 MeV.

The free parameters (o, ¥1) and (Ao, A1) are estimated as follows. The calculation in-
volves 29 out of the 32 selected SEP events reported in Table 1 for which the CME infor-
mation is available. First, for each energy value i=1, 12, a linear fit of the log(®, ;) versus

@ Springer
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energy values between 10 and 130 MeV. The corresponding regression lines are also reported, along with the
correlation factor R-values.
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Figure 7 Distribution of SEP event-integrated-intensity maxima [log(®g)] as a function of CME speed
[Vemel, for 12 energy values between 10 and 130 MeV. The corresponding regression lines are also reported,
along with the correlation factor R values.

Veme distribution is performed, deriving the individual W ; and Acme; parameters (see
Figures 6 and 7). As often noted in other studies of SEP intensities versus CME speeds,
there is a large spread about the best-fit line at each energy for this sample of events, but
the general trends are evident. At some energies, the fit appears to be dominated by event
#16 associated with an unusually fast CME, but it is also consistent with the trend evident in
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Table 3 Best-fit parameters for
Equations 12 and 13 derived for
both peak and event-integrated
intensities.

Yo

Y1

A

Al

Peak intensities
Event-int. intensities 1.31x10° 4.06x100 2.35x10~3
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Figure 8 Distribution of Weme and Acme values (top and bottom panels, respectively) from the individual fits
performed at different proton energies, for peak intensities (left panels, from Figure 6) and event-integrated
intensities (right panels, from Figure 7). The red curves represent the fits with Equations 12— 13.

the remaining events. Then, the distributions of the Wy ; and Acpe,; values as a function of
proton energy are fitted by using the functional forms in Equations 12 and 13 respectively,
as shown in Figure 8, providing an estimate of the best-fit parameters (¥, ¥) and (Xo, A1),
reported in Table 3.

5. Model Uncertainties

The uncertainty in the predicted SEP event-integrated or peak intensity ®(E, Vipe) can be
obtained by propagating the errors on the spacecraft footpoint location, the CME speed,
and the energy-dependent Oy, Bsep, Weme, and Agpe values given by Equations 9—-10 and
1213, according to the standard formula:

D e 86 2+ e 5 2+ od 5B 2+
= — 00, , _—
ao—_sep sep 8acme cme aﬁsep sep

9P 8 2 + i 8B : +
S« — 8B,
O ¥ 0Bsc ¢

09 (o 2+ 09 o 2+ D 5V 22
8 \Ilcme cme 8 Acme cme 8 che cme .

(14)
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All parameters associated with the aforementioned quantities (e.g. oy and o) in the case
of 0yp) are assumed to be dependent, and related errors are estimated by using the corre-
sponding covariance matrices. Conservatively, for CME parameter estimates based on three-
spacecraft observations, a 5° and 10° error is assumed on o and Bene, respectively, while
a 20% uncertainty is associated with Viy,.; for two-spacecraft measurements (i.e. after the
termination of STEREO-B), the uncertainties are 10°, 15°, and 30%, respectively (L. Mays,
private communication, 2020). Finally, a 200 MeV error is associated with E,. As discussed
in the Appendix, the uncertainty in the footpoint longitude accounts for a 100 kms~! er-
ror associated with the solar-wind speed estimate and includes a 25° error accounting for
interplanetary transport effects ignored by the model, such as the influence of magnetic fluc-
tuations (e.g. Ippolito et al., 2005) and solar-wind structures (e.g. Lario and Karelitz, 2014;
Masson et al., 2012), or the propagation across the nominal Parker spiral magnetic field (e.g.
Jokipii, 1966; Dalla et al., 2013; Laitinen et al., 2016). Similarly, a 10° error is assumed on
the footpoint latitude accounting for the deviations from the spiral-model approximation out
of the equatorial plane and effects related to the differential changes across the solar surface.
The total error 6 increases with Vi, and it is dominated by the uncertainties in W, and
Acme, as a consequence of the spread in the @ versus Ve distributions in Figures 6 and 7.

6. Model Testing and Caveats

In order to test the empirical SEP prediction model based on the parameterization of the sam-
ple of SEP events discussed in previous sections, we compare the observed and calculated
spectra for 20 events not used to derive the model parameters. The selected sample, listed
in Table 4, essentially comprises energetic events detected between 2011 and 2017 at Earth
and, possibly, at one STEREO spacecraft — with the exception of the 30 September 2013
three-spacecraft event — as a consequence of a relatively narrow spatial distribution com-
pared to the spacecraft separation, a large background component from a previous event that
precludes a direct measurement of the event, significant data gaps (e.g. between September
2014 and November 2015), or after the loss of contact with STEREO-B in October 2014.
This last subset includes the 10 September 2017 event, associated with the 72nd GLE (Bruno
et al., 2019).

The SEP peak and event-integrated spectra for these 20 events reconstructed at Earth
and STEREO are displayed in Figures 9—10 and 11 — 12, respectively. Near-Earth measure-
ments, extending up to &1 GeV, are based on the GOES-13/15 EPEAD/HEPAD sensors and,
in the case of event-integrated intensities, on the high-energy PAMELA data. STEREO ob-
servations, limited to 100 MeV, rely on the SIT, LET, and HET detectors. The corresponding
model predictions between 10— 130 MeV are marked by the solid-red lines, while the ex-
trapolation of each spectrum outside the nominal energy range is denoted by the dotted-blue
lines. The gray bands indicate the one-o uncertainty associated with the predicted spectra,
as discussed above. For comparison, the green stars in Figures 9 — 10 mark the 14 —24 MeV
peak intensities estimated with the model by Richardson, Mays, and Thompson (2018),
which are generally consistent with the reported results.

While the model is obviously unable to account for the complex event-to-event varia-
tions involving, for instance, effects related to pre-existing conditions both in the corona
and the interplanetary medium, the calculated spectra are in reasonable agreement with the
observational data within model uncertainties, in terms of both spectral shapes and abso-
lute intensities. The largest differences are reported for the 10 September 2017 SEP event
at STEREO-A, for which measured intensities are underestimated by more than two orders
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Table 4 List of CMEs associated with the SEP events used for testing the empirical model. The first column
is the event number. Columns 2 — 5 report the CME first appearance time [UT], space speed [km s™ 1, angular
width [°], and direction from the DONKI catalog. The next three columns list the location of the footpoints of
the Parker spiral field lines crossed by each spacecraft (STEREO-A/B and GOES/PAMELA) at CME onset,
mapped ballistically back to 2.5 Rg . Footpoints locations and CME directions are expressed in terms of HGS
latitudes/longitudes. The dots (...) indicate no STEREO data available.

# CME Spacecraft footpoints

Onset time Speed Width Direction STB Earth STA
1 2011-03-07T20:12 1980 90 NI7W50  NOIE16®  SO07W55 S00W153
2" 2011-06-07T06:50 1400 92 S25W52 SO7E48®  NOOWS55 NO7W122b
3 2011-08-09T08:30 1175 40 S12W62 SO3E108  NO6W42 NO2W138
4" 2012-01-27T16:39 2200 110 N40W75  NOG6ES6®  S05W47 S02W160
5" 2012-03-13T17:52 2250 120 N25W43  NO2E63  S07TW37 NO3W162P
6" 2012-07-06T23:12 1200 80 S35W65 SO7E66®  NO3W53 NO3W170
7 2012-07-08T16:48 1000 60 S17TW74 SO7E58%  NO3W56 NO3W177
8" 2012-07-12T16:54 1300 130 S13W06 SO7E46 NO4W50 NO3W160°
9 2012-07-17T14:24 1100 90 S30W54 SO6E73%  NO4WS55 NO2E174
10 2012-07-19T05:36 1550 120 S14W94 SO6E582  N04WS53 NO2E176P
11" 2013-09-29T22:40 1100 140 N26W38  SO02E46 NO6W87 S07E129
12" 2013-10-28T14:12 1100 70 N27W80  NOOE69 N04W84>  S06E158P
13 2013-11-07T10:39 2100 184 S13E135  NOOEI101  NO4W67°  SO06E171
14 2013-12-28T18:00 769 130 SOIW101  NOSE73®  S02W79 SO0E151P
15 2014-02-20T08:00 854 80 S04W79 NO7E812  SO7TW45 NO5E164°
16  2014-04-18T13:09 1400 90 S34W10 NO4E76%  SO5W60 NOGE1422
17° 2014-09-10T18:18 1400 90 NI5SW10  SO6E95 NO7TW66 SO7E129P
18 2015-06-21T02:48 1250 114 NO7E08 NOIW74
19 2017-07-14T01:36 750 98 S09W40 NO4W58 SO7E862
20 2017-09-10T16:09 2650 108 S12W85 NOTW46 SO4E69

* Associated with SEP events observed by PAMELA (Bruno et al., 2018).
4No significant SEP signal.

bHigh background from an ongoing SEP event.

of magnitude. Bruno et al. (2019) showed that the peak intensities registered by STEREO-
A at most energies were associated with the passage of a co-rotating interaction region. In
addition, given the ~154° longitudinal deviation between the spacecraft footpoint location
and the CME direction, it can be speculated that this discrepancy may be ascribed to an ex-
ceptionally extended SEP source — compared to the S40° &y, value assumed by the model
— in combination with significant transport effects such as cross-field diffusion and IMF
co-rotation (see Bruno et al., 2019). In general, the predicted spectra tend to be softer than
observed at the lower end of the energy range, but this is due to the relatively simple spec-
tral form assumed, which does not account for the spectral break that is often observed at a
few or tens of MeV (see, e.g., Zhao, Zhang, and Rassoul, 2016 and the references therein).
Another limitation is related to the fact that model parameters have been derived by us-
ing widespread (three-spacecraft) SEP events, which are usually the most intense. Although
not demonstrated by the events in Figures 9 — 12, the model, similar to that of Richardson,
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Figure 9 Peak spectra of the test SEP events #1 — 10 listed in Table 4, measured at Earth and/or STEREO.
The event date, the related CME speed, and the spacecraft location are reported in each panel. The red lines
are the predicted spectra between 10— 130 MeV; the dashed-blue lines are the extrapolations to lower/higher
energies. The gray band denotes the one-o uncertainty associated with the model prediction. For a compar-
ison, the green stars are the 14—24 MeV peak intensities based on the model by Richardson, Mays, and

Thompson (2018).

Mays, and Thompson (2018), is likely to overestimate the intensity of events associated with
relatively slow (<600 kms~!) CMEs.

7. Summary and Conclusions

We presented a new empirical model for predicting SEP event-integrated and peak spectra
that is derived from a parameterization of SEP events at 1 AU based on multi-point space-

@ Springer



Empirical Model of 10— 130 MeV SEP Spectra at 1 AU... Page 19 of 27 36

oo r r v r = T — r
T op =0 20130929 3T QQQO 20130929 1T | 20130929 ]
5 S0 1100kmis § 5 of 30, 1100 km/s 1 § 1100 km/s
T 1P R EARTH 9| » —— STEREO-A {l» e, STEREO-B
= SO (O S [ .
5 10 ki r e o 1510F rs
3 30f X 13
2 o 2, QD ‘Qh 20l
Z 0 2°F olLET qh'b 12 f oler
& 10 © EPEAD . 4 §10°F ®SEPT I 1 §w0°f ®SEPT
= 1« OHEPEAD .y S ioef, oHET ) "3‘. <= | OHET ) \
1 10 1 10 100 1 10 100
Energy [MeV] Energy [MeV] Energy [MeV]
T o 20131028 T f gy, ", 20131107 ¢ " F Ty, 20131107 7§
S —0— 1100 km/s J G 12f — 2100 km/s { 5 0 . |\ 2100 km/s 4
o o EARTH § » o STEREO-A i e STEREO-B
sy i 5 of ]
> =0 i op S
[0} 10 [0}
= oF -0 1= = of -
» ]z E
?w F - 13 F oLET £ OLET 3
§ oo O EPEAD 2 ]E © SEPT § [ eSEPT
£ [EOHEPEAD ) S1°F OHET £'F oHeT ) T
1o 1 100 1 100 1 100

10 10 10
Energy [MeV] Energy [MeV] Energy [MeV]
T T T

T 10'f~0~

T T
& o—" 20131228 20140220 & —o— 20140418
5 of PN 769 km/s 854 kmis 1 5 OF S 1400 km/s ¥
» EARTH EARTH | o o EARTH 4
s F 3 5 o 1
3 10 ] r 13
2 10 E 3 2 1 1
= E 3 12
2107 3 2" F 1
% L 3 102
§ 1+f 0 EPEAD 357 F oepeap | &, OEPEAD o ]
£ [FoHepeaD 35T omereap C®1 <L oHEPEAD 1
o 1 10 100 1 10 1 10 100
Energy [MeV] Energy [MeV] Energy [MeV]
o= T T T - T B s : -
= 10°) ~ Eo N & B
& —Q— 20140910 CCQ:Q?: N 20140910 35 1o > —O0— 20150621
5 of S 1400 km/s 1400 km/s 5 wsr . o 1250 km/s J
o 1ol R EARTH L e STEREO-B i "' F V. o EARTH
B 10f — Bl § U 1
E 4 0 [ g 1o - E
S0 SoE 3
G 102f [ OLET 2wk 1
§ 10°f © EPEAD B, ® SEPT §19°F OEPEAD 1
£ o<F O HEPEAD ) ) T L OHET = 10°F OHEPEAD .
1 10 100 1 10 100 1 10 00
Energy [MeV] Energy [MeV] Energy [MeV]

T T 3 T T T T T T
T . XD 20170714 3T O, 20170910 1T 1'f Ry, 20170910 3
5op —so0— 750 km/s X 5 1o°f 2650km/s 45 [ . —e— 2650 km/s
o e S3 EARTH J EARTH & 10 '\, — %% STEREO-A 1
; 10°0 ~ '! \”_) 10 1 5 % ——

T of > 1=  E T 1

T . Oy

[) o | a ) N

= f == 20'F < 1= .

> 0,2 A > F \‘ 3

2 2107k 12 OLET B

@ 10'F 2 . 2 o

3, OEPEAD §10°F 0EPEAD . 1§k esEPT 1

£ F o HEPEAD . =9 Y5tk oHEPEAD . @ 4= | oHET . E'.
1 10 1 0 100 1000 1 10 100

Energy [MeV] Energy [MeV] Energy [MeV]

Figure 10 Peak spectra of the test SEP events #11 —20 listed in Table 4, in the same format as Figure 9. The
event date, the related CME speed, and the spacecraft location are reported in each panel. The red lines are
the predicted spectra between 10— 130 MeV; the dashed-blue lines are the extrapolations to lower/higher en-
ergies. The gray band denotes the one-o uncertainty associated with the model prediction. For a comparison,
the green stars are the 14 —24 MeV peak intensities based on the model by Richardson, Mays, and Thompson
(2018).

craft observations from the twin STEREOs and near-Earth assets, including GOES-13/15
instruments and the PAMELA experiment. In particular, the data sample used includes 32
SEP events occurring between 2010 and 2014, with a statistically significant proton signal
at energies in excess of a few tens of MeV, unambiguously recorded at three spacecraft loca-
tions. The SEP-event spatial distributions in a relatively wide energy range (10— 130 MeV)
have been reconstructed by using a 2D Gaussian functional form accounting for particle-
intensity dependence on both heliospheric longitude and latitude.
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Figure 11 Event-integrated spectra of the test SEP events #1 — 10 listed in Table 4, measured at Earth and/or
STEREQO. In this case, the experimental data include the high-energy observations of the PAMELA experi-
ment (when available), marked by empty stars.

This study has also summarized the spatial distributions of these SEP events as a func-
tion of energy, and further investigation is required to understand the conditions that give
rise to the event-to-event variations. On average, the standard deviation oy, decreases with
increasing energy, from ~39° at 10 MeV to ~38° at 130 MeV for the peak intensities, and
from ~41° to ~36° for the event-integrated intensities, consistent with the widths found
in previous studies. As discussed by Cohen, Mason, and Mewaldt (2017), this trend can be
interpreted in terms of several acceleration and/or transport processes. For instance, lower-
energy particles are believed to be efficiently accelerated over a more extended shock region
and for a longer time as the shock propagates in the interplanetary space, and they ex-
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Figure 12 Event-integrated spectra of the test SEP events #11—20 listed in Table 4, in the same format as
Figure 11. The event date, the related CME speed, and the spacecraft location are reported in each panel.
The red lines are the predicted spectra between 10— 130 MeV; the dashed-blue lines are the extrapolations
to lower/higher energies. The gray band denotes the one-o uncertainty associated with the model prediction.
For a comparison, the green stars are the 14—24 MeV peak intensities based on the model by Richardson,
Mays, and Thompson (2018).

perience more field-line co-rotation, especially during long-duration events, resulting in a
broader angular range of intersected field lines. However, the near energy-independence of
the corresponding oy, value suggests that these effects are less important for peak intensi-
ties, and that further factors may determine the width. For example, as mentioned in Sec-
tion 2.2, measured event-integrated intensities are more affected by the contribution from
local shock-associated particles and overlapping SEP events, which is expected to be larger
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at lower energies. In addition, the average distribution peak has been found to be located on
field lines with footpoints to the West of the associated CME direction, with the longitudinal
deviation increasing with decreasing particle energy. This effect might be accounted for, at
least in part, if the high-energy particles were released when the shock is still close to the
Sun and hence have peak intensity on field lines with footpoints close to the CME longitude
(see Lario, Roelof, and Decker, 2014). The low-energy distribution may be dominated by
particles accelerated by the shock as it moves out through the solar wind, with the largest
particle intensities close to the nose of the shock. The nose then intercepts field lines that
have footpoints lying to the West of the CME longitude. Figures 10 and 11 of Cane, Reames,
and von Rosenvinge (1988) also demonstrate a similar trend in proton peak intensities with
the longitude of the solar event over a range of energies (1 —327 MeV) for a large sam-
ple of events: at low energies the intensity peaks tend to be associated with the passage of
shocks following solar events in a broad region around central meridian, whereas at high
energies peak intensities are generally associated with well-connected western-hemisphere
events and unrelated to shock passage.

We also explored the well-known correlation of particle intensities with the parent CME
speed, used as a proxy of the shock acceleration efficiency, deriving an energy-dependent
parameterization. The results obtained for the analyzed sample of events were used to create
a novel empirical model predicting both SEP event-integrated and peak spectra at a given
1 AU location, that is a development of the SEPSTER model described by Richardson,
Mays, and Thompson (2018). The input parameters are given by the velocity of the CME
associated with the event [ V] and by the connection angle with respect to its direction,
based on the DONKI catalog, accounting for the heliographic coordinates (o, Bs) of the
IMF line linking the source to the observer. The model calculation is based on the following
steps.

i) The amplitude ®¢(E, Vcne) can be estimated by using Equations 11-13 and the related
parameters reported in Table 3.

ii) Then, the intensity at longitude B in the solar equatorial plane can be derived by mul-
tiplying ®g(E, Veme) by the relative weight Geq(E; Bsc) according to Equation 7, with
Qgep = Olemes Psep = ﬂ_sep, and Oy, = Oy are calculated from Equations 9—10 and the
parameters reported in Table 2.

iii) To get the final intensity ®(E, Veme; Bsc) at spacecraft location, ®qq(E; Bs) has to be
divided by the K, factor given by Equation 6, accounting for the spacecraft magnetic
footpoint latitude.

Prediction uncertainties have been estimated by accounting for uncertainties in the various
parameters involved. The model was developed using widespread SEP events associated
with >600 kms~! fast CMEs in the DONKI catalog, and for proton energies between 10
and 130 MeV, and it is likely to provide the most reliable calculations for similar events.
The spectra predicted by the model have been tested by comparing them with the observed
spectra for 20 SEP events that were not used to develop the model. A remarkable agreement
is found within the model uncertainties, both in terms of the spectral shapes and absolute
values, despite the many potential factors that are neglected in the model but which may
influence the particle intensities and cause large event-to-event variations.

One practical issue with the model is related to its reliance on the availability and ac-
curacy of near-real-time spacecraft CME measurements. The CME may only just have en-
tered the field of view of a space-based coronagraph by the time energetic particles reach a
well-connected spacecraft. However, other schemes such as the Relativistic Electron Alert
System for Exploration (REIeASE: Posner et al., 2009), based on the early arrival of near-
relativistic electrons relative to protons, could be used for predicting the onset of such events;
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the present model is more suitable for making predictions at less well-connected locations or
for long-duration events. Furthermore, at present, space-based coronagraph observations are
provided by scientific spacecraft such as SOHO and STEREO and are received with delays
of hours or even days after detection; subsequent analysis to obtain CME parameters intro-
duces additional delays. Real-time coronagraph measurements such as will be provided by
the NOAA Space Weather Follow On-Lagrange 1 (SWFO-L1) spacecraft will be required
to increase the value of CME-driven SEP prediction schemes, combined with an automated
CME identification and tracking system. Another aspect is the accuracy of the CME param-
eter estimates. As noted by Richardson, von Rosenvinge, and Cane (2015), current CME
catalogs using different analysis methods generally disagree on the speeds and widths of in-
dividual CMEs associated with SEP events. Also, the availability of observations from more
than one viewpoint can improve estimates of the CME parameters. For the events consid-
ered here, the DONKI CME parameters were generally based on observations from SOHO
and the two STEREOs. However, with the loss of STEREO-B, and with STEREO-A ap-
proaching Earth at the time of writing, the range of viewpoints is more limited, increasing
the uncertainty in the CME parameters.

As discussed by Richardson, Mays, and Thompson (2018), a major problem with a CME-
driven prediction scheme is that only a small fraction of CMEs produce an SEP event that
is detected at 1 AU so that the majority of predictions are false. They discuss several ways
of increasing the prediction skill of such models by, for example, considering whether Type
II or Type III radio emissions accompany the CME, or by just making predictions for those
CME:s that exceed a threshold speed or speed and width. This aspect is not considered here,
since all of the CME:s in this study were associated with SEP events, but similar considera-
tions would apply to the current model. In addition, ground-based coronagraph observations
might be used to provide an earlier warning of a potential SEP event (St. Cyr, Posner, and
Burkepile, 2017). We also plan to explore the possibility of including in the model param-
eters related to the associated flares, or additional features characterizing the SEP events,
such as their onset/peak times or their delay with respect to possibly associated electron
events.
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Appendix: Estimate of the Magnetic Footpoint Location

The HGS coordinates (o, Bs) of the footpoint location of the IMF line passing through
a given spacecraft can be estimated by assuming a simple 3D Parker spiral model (Parker,
1958). Specifically, the longitude is calculated as

26

sc bsc + —
'BA sz

(Rse — Ry) cos(are), (15)
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where by is the longitude of the spacecraft location, Ry is its radial distance,

Rsc
0

with Ry=2.5 Ry, the radius of the “source” surface; Vi, is the solar-wind speed [km s~'] —
assumed to be constant and purely radial — and 2, is the differential solar rotation rate at
the latitude oy, of the footpoint location:

Qo =A — B sin®(a) — C sin*(aye), (17)

with A=2.97240.010 urads~', B=0.484+0.038 urads~', and C=0.3614£0.051 prads~!
(Snodgrass and Ulrich, 1990); in particular, the value of A is related to the sidereal rotation
period at the Equator (/224.47 days). The footpoint latitude o is assumed to coincide with
the heliographic latitude of the central point of the solar disk as seen by the spacecraft,
accounting for the Sun’s rotation axis’ tilt of about 7.25° relative to the Ecliptic plane. In
general, at large radial distances the Parker spiral IMF is simplified as an Archimedes spiral
by neglecting the logarithmic term (Ry. — R & Ry — Ry).
The uncertainty associated with the footpoint longitude can be calculated as

8Bsc =V (8Bsw)* + (8Buwa)?, (18)

where

/ 2 2
88, = Lo~ Ro) coslene) \/ [(299 — tan(@) sz@) Sasc] + [% svsw] (9

VSW aSC swW

with § V,, the uncertainty in the solar-wind speed estimate, and 68, accounts for interplan-
etary transport effects ignored by the model. Similarly, the error on the footpoint latitude
takes into account the deviations from the spiral-model approximation out of the equatorial
plane and effects related to the differential changes across the solar surface.
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