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Abstract

In this paper, we demonstrate the applicability of the data-driven and self-consistent solar energetic particle model, Solar-

wind with FIeld-lines and Energetic-particles (SOFIE), to simulate acceleration and transport processes of solar energetic

particles. SOFIE model is built upon the Space Weather Modeling Framework (SWMF) developed at the University of Michigan.

In SOFIE, the background solar wind plasma in the solar corona and interplanetary space is calculated by the Aflv\’en

Wave Solar-atmosphere Model(-Realtime) (AWSoM-R) driven by the near-real-time hourly updated Global Oscillation Network

Group (GONG) solar magnetograms. In the background solar wind, coronal mass ejections (CMEs) are launched by placing

an imbalanced magnetic flux rope on top of the parent active region, using the Eruptive Event Generator using Gibson-

Low model (EEGGL). The acceleration and transport processes are modeled by the Multiple-Field-Line Advection Model for

Particle Acceleration (M-FLAMPA). In this work, nine solar energetic particle events (Solar Heliospheric and INterplanetary

Environment (SHINE) challenge/campaign events) are modeled. The three modules in SOFIE are validated and evaluated by

comparing with observations, including the steady-state background solar wind properties, the white-light image of the CME,

and the flux of solar energetic protons, at energies of $\ge$ 10 MeV.
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Abstract16

In this paper, we demonstrate the applicability of the data-driven and self-consistent so-17

lar energetic particle model, Solar-wind with FIeld-lines and Energetic-particles (SOFIE),18

to simulate acceleration and transport processes of solar energetic particles. SOFIE model19

is built upon the Space Weather Modeling Framework (SWMF) developed at the Uni-20

versity of Michigan. In SOFIE, the background solar wind plasma in the solar corona21

and interplanetary space is calculated by the Aflvén Wave Solar-atmosphere Model(-Realtime)22

(AWSoM-R) driven by the near-real-time hourly updated Global Oscillation Network23

Group (GONG) solar magnetograms. In the background solar wind, coronal mass ejec-24

tions (CMEs) are launched by placing an imbalanced magnetic flux rope on top of the25

parent active region, using the Eruptive Event Generator using Gibson-Low model (EEGGL).26

The acceleration and transport processes are modeled by the Multiple-Field-Line Ad-27

vection Model for Particle Acceleration (M-FLAMPA). In this work, nine solar energetic28

particle events (Solar Heliospheric and INterplanetary Environment (SHINE) challenge/campaign29

events) are modeled. The three modules in SOFIE are validated and evaluated by com-30

paring with observations, including the steady-state background solar wind properties,31

the white-light image of the CME, and the flux of solar energetic protons, at energies32

of ≥ 10 MeV.33

Plain Language Summary34

In this paper, we describe one physics-based solar energetic particle model, called35

Solar-wind with FIeld-lines and Energetic-particles (SOFIE). This model is designed to36

simulate the acceleration and transport processes of solar energetic particles in the so-37

lar atmosphere and interplanetary space. SOFIE is built on the Space Weather Mod-38

eling Framework (SWMF) developed at the University of Michigan. There are three mod-39

ules in the SOFIE model, the background solar wind module, the coronal mass ejection40

(CME) initiation and propagation module, and the particle acceleration and transport41

module. The background solar wind plasma in the solar corona and interplanetary space42

is modeled by the Aflvén Wave Solar-atmosphere Model(-Realtime) (AWSoM-R) driven43

by the near-real-time hourly updated Global Oscillation Network Group (GONG) so-44

lar magnetograms. In the background solar wind, the CMEs are launched by placing an45

unbalanced magnetic flux rope on top of the active region, using the Eruptive Event Gen-46

erator using Gibson-Low configuration (EEGGL). The acceleration and transport pro-47
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cesses are then modeled self-consistently by the Multiple-Field-Line Advection Model48

for Particle Acceleration (M-FLAMPA). Using SOFIE, we modeled nine historical so-49

lar energetic particle events. The performance of the model and its capability in mak-50

ing space radiation prediction is discussed.51

1 Introduction52

Solar energetic particles (SEPs) can be accelerated over a wide range of energies53

extending up to GeVs. They are hazardous not only to humans in space but also to elec-54

tronics and other sensitive components of spacecraft affecting their operations. Protons55

of >100 MeV with elevated fluxes exceeding 1 proton flux unit (pfu) are responsible for56

an increased astronaut exposure inside spacecraft shielding, and protons of >150 MeV57

are very difficult to shield against as they can penetrate 20 gm cm−2 (7.4 cm of Al, or58

15.5 cm of water/human tissue) (e.g. Reames, 2013). Furthermore, > 500 MeV protons59

can penetrate the atmosphere and pose radiation hazards to aviation. Besides protons,60

energetic heavy ions can also be of severe radiation concerns. Therefore, a reliable pre-61

diction of the timing and absolute flux of energetic protons above different energies is62

needed to provide support for future space exploration. However, the sparsity and large63

variability of SEP events make them difficult to predict.64

Many currently-existing SEP prediction models use post-eruptive observations of65

solar flares/CMEs to predict SEP events (e.g. Balch, 2008; Smart & Shea, 1976, 1989,66

1992; Inceoglu et al., 2018; X. Huang et al., 2012; Belov, 2009; Garcia, 2004; Laurenza67

et al., 2009; Richardson et al., 2018). There are also models that make predictions of the68

eruptive events (flares, CMEs, SEPs) using solar magnetic field measurements (Georgoulis,69

2008; Park et al., 2018; Bobra & Ilonidis, 2016; Bobra & Couvidat, 2015; X. Huang et70

al., 2018; Boucheron et al., 2015; Falconer et al., 2014; Bloomfield et al., 2012; Colak &71

Qahwaji, 2009; Papaioannou et al., 2015; Anastasiadis et al., 2017; Engell et al., 2017;72

Garćıa-Rigo et al., 2016; Tiwari et al., 2015; Kasapis et al., 2022). In addition, because73

of the shorter transit times of relativistic electrons or very high energy protons compared74

to ∼10 MeV protons, near-real-time observations of ∼MeV electrons (Posner, 2007) and/or75

>100MeV protons (Boubrahimi et al., 2017; Núñez, 2015; Nunez, 2011) have also been76

used to predict the arrival of >10 MeV protons.77
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A recent review by Whitman et al. (2022) summarizes more than three dozen SEP78

models to predict the occurrence probability and/or properties of SEP events. In Whitman79

et al. (2022), three approaches of the prediction models are discussed, empirical, machine80

learning (ML) and physics-based models. Empirical and ML models are built upon po-81

tential causality relations between the observable and predictable and they can make rapid82

predictions, often within seconds or minutes after the input data becoming available. Such83

models hold value as they can generally issue forecasts prior to the peak of an SEP event.84

However, since empirical and ML models are built upon historic events, it is difficult to85

validate their predictions at locations where no routine/historical observations have been86

made, e.g., the journey from Earth to Mars. And predictions can only be made for the87

specific energy channels upon which these models are built/trained. These models may88

also have difficulty in predicting extreme events since there are few such events available89

for training (e.g. Bain et al., 2021; Núñez, 2015; Whitman et al., 2022). On the other90

hand, physics-based models are based on first principles (Tenishev et al., 2021; Schwadron91

et al., 2010; Alberti et al., 2017; Alho et al., 2019; Marsh et al., 2015; Hu et al., 2017;92

Sokolov et al., 2004; Borovikov et al., 2018; Wijsen et al., 2020, 2022; Li et al., 2021; Luh-93

mann et al., 2007; Aran et al., 2017; Strauss & Fichtner, 2015; Kozarev et al., 2017; Kozarev94

et al., 2022; Linker et al., 2019; Zhang & Zhao, 2017). Physics-based models are usually95

computationally expensive, and in order for the physics-based models to make meaning-96

ful predictions, they need to run faster than real-time. Moreover, many of the underly-97

ing physical mechanisms involved in the development of SEP events are still under-debate,98

including the particle acceleration processes in the low corona, the particle’s interaction99

with turbulence magnetic field in the heliosphere, and the seed particles that are injected100

into the particle acceleration processes. However, physics-based models are still highly101

attractive, since they solve the acceleration and transport processes of energetic parti-102

cles and therefore they are able to provide time profiles and energy spectra of SEPs at103

any location of interest in the heliosphere.104

In this work, we demonstrate our attempt to model and make potential predictions105

of the energetic protons by using the self-consistent physics-based model, called SOlar106

wind with FIeld lines and Energetic particles (SOFIE). In this paper, we will apply the107

SOFIE model to nine historical SEP events. These nine SEP events are chosen from the108
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Solar Heliospheric and INterplanetary Environment (SHINE) challenge/campaign events,109

which were selected based on their elevated intensities that were relevant to operations1.110

2 SOFIE111

In order to build a physics-based SEP model, a background solar wind module, a112

CME generation and propagation module, and a particle acceleration and transport mod-113

ule are required. In SOFIE, the background solar wind plasma in the solar corona and114

interplanetary space is modeled by the Alfvén Wave Solar-atmosphere Model(-Realtime)115

(AWSoM-R) driven by hourly solar magnetograms obtained from the Global Oscillation116

Network Group (GONG) of the National Solar Observatory (NSO). CMEs are launched117

by placing an imbalanced magnetic flux rope on top of the parent active region, using118

the Eruptive Event Generator using Gibson-Low configuration (EEGGL). The acceler-119

ation and transport processes of energetic particles are then modeled by the Multiple-120

Field-Line-Advection Model for Particle Acceleration (M-FLAMPA). All the three mod-121

ules are fully integrated through the Space Weather Modeling Framework (SWMF) de-122

veloped at the University of Michigan. In this section, we briefly introduce each mod-123

ule.124

2.1 Background Solar Wind125

The 3D global solar wind plasma in the Solar Corona (1 Rs - 20 Rs) and inner he-126

liosphere (20 Rs - 5 AU) is modeled by using AWSoM-R as configured in the SWMF (Sokolov127

et al., 2013, 2021; Gombosi et al., 2018, 2021). AWSoM-R is an Aflvén wave-driven, self-128

consistent solar atmosphere model, in which the coronal plasma is heated by the dissi-129

pation of two discrete turbulence populations propagating parallel and antiparallel to130

the magnetic field (Sokolov et al., 2013). The AWSoM-R solar wind model has been val-131

idated by comparing simulations and observations of both the in-situ macroscopic prop-132

erties of the solar wind and the line-of-sight (LoS) appearance of the corona as observed133

in different wavelengths (Sachdeva et al., 2019; Gombosi et al., 2021). The inner bound-134

ary of AWSoM-R is characterized by the magnetic field measurement made by either ground-135

1 https://ccmc.gsfc.nasa.gov/challenges/sep/shine2018/, https://ccmc.gsfc.nasa.gov/

challenges/sep/shine2019/, https://ccmc.gsfc.nasa.gov/community-workshops/ccmc-sepval-2023/
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based or space-based observatories. In all the SEP events we modeled in this work, hourly-136

updated GONG solar magnetograms are used.2137

A validated background solar wind solution is critical in modeling the transport138

processes of energetic particles as it provides the magnetic field configuration where par-139

ticles propagate, allowing the computation of the energetic particle properties observed140

by spacecraft at specific heliospheric locations. Numerical solutions of the full set of ideal141

or resistive magnetohydrodynamic (MHD) equations so far have not been able to repro-142

duce aligned interplanetary stream lines and magnetic field lines in corotating frames.143

One of the reasons for this discrepancy is the numerical reconnection across the helio-144

spheric current sheet: the reconnected field is directed across the current sheet, while the145

global solar wind streams along the current sheet, thus resulting in “V-shaped” magnetic146

field lines and significant misalignment between field lines and stream lines. It is impos-147

sible to follow particles’ trajectory in “V-shaped” magnetic field lines, therefore, stream148

lines are usually used instead (Young et al., 2020). Within regular MHD, there is no mech-149

anism to re-establish the streamline-fieldline alignment. Recently, Sokolov et al. (2022)150

introduced the Stream-Aligned MHD method that “nudges” the magnetic field lines and151

plasma stream lines towards each other. A detailed explanation and illustration of this152

method is discussed in Sokolov et al. (2022). In SOFIE, we will solve Stream-Aligned153

MHD to get a steady state solar wind plasma background representative of the pre-event154

ambient solar wind and magnetic medium where CMEs and SEPs propagate.155

2.2 CME Initiation and Propagation156

The CME generation in SOFIE is modeled by the EEGGL module in SWMF (Manchester,157

Gombosi, Roussev, Zeeuw, et al., 2004; Manchester, Gombosi, Roussev, Ridley, et al.,158

2004; Manchester et al., 2006; Manchester, van der Holst, & Lavraud, 2014; Manchester,159

Kozyra, et al., 2014; Lugaz et al., 2005, 2007; Kataoka et al., 2009; Jin et al., 2016; Jin,160

Manchester, van der Holst, et al., 2017; Shiota & Kataoka, 2016; Borovikov et al., 2017).161

The initial conditions of the CME within the solar corona is treated by inserting an un-162

stable (or force imbalanced) flux rope suggested by Gibson and Low (1998) into an ac-163

tive region. The magnetogram from GONG and the observed CME speed (from Coor-164

dinated Data Analysis Web (CDAW) catalog and/or The Space Weather Database Of165

2 https://gong.nso.edu/data/magmap/
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Notifications, Knowledge, Information (DONKI) database) are used to calculate the flux166

rope parameters. This approach offers a relatively simple, and inexpensive model for CME167

initiation based on empirical features of pre-event conditions (e.g. Gombosi et al., 2021).168

The EEGGL module is publicly available for download at http://csem.engin.umich169

.edu or can also be used through the website of the Community Coordinated Modeling170

Center (CCMC, https://ccmc.gsfc.nasa.gov/eeggl/). The subsequent propagation171

of CMEs in the solar corona and interplanetary medium are modeled using the AWSoM-172

R module. The EEGGL model to initialize CMEs and the subsequent CME/ICME evo-173

lution has been extensively used and validated (e.g. Jin, Manchester, van der Holst, et174

al., 2017; Manchester & van der Holst, 2017; Manchester, van der Holst, & Lavraud, 2014;175

Manchester, Gombosi, Roussev, Ridley, et al., 2004; Manchester et al., 2012, 2005, 2008;176

Manchester, van der Holst, & Lavraud, 2014; Roussev et al., 2004; Roussev, 2008; van177

der Holst et al., 2009, 2007).178

2.3 Particle Tracker179

In SOFIE, protons are accelerated at the shocks driven by CMEs through first or-180

der Fermi acceleration mechanism (Krymsky, 1977; Axford et al., 1977; Blandford & Os-181

triker, 1978; Bell, 1978a, 1978b). The acceleration and transport processes are modeled182

by the M-FLAMPA module in SWMF. In M-FLAMPA, the time-evolving magnetic field183

lines are extracted from the AWSoM-R solutions, along which the particle distribution184

functions are solved, following the Parker diffusion equation (Sokolov et al., 2004; Borovikov185

et al., 2018). Novel mathematical methods are applied to the extracted magnetic field186

lines to sharpen the shocks thus making the Fermi acceleration process to be more ef-187

ficient (Sokolov et al., 2004). The injection of suprathermal protons into the CME-driven188

shock acceleration system is described in Sokolov et al. (2004). The interaction between189

the energetic protons and turbulent magnetic fields is modeled by the diffusion processes190

along the background magnetic field lines. The diffusion coefficient close to the shock191

region is calculated self-consistently through the total Aflvén wave intensities obtained192

in the MHD simulation, and a Kolmogorov spectrum with an index of −5/3 is assumed.193

The diffusion coefficient upstream of the shock is calculated by assuming a constant mean194

free path. Detailed parameter settings will be discussed in Section 4.195
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3 Overview of the Nine SEP Events196

The nine SHINE challenge events were primarily chosen because they were large197

SEP events that were relevant to operations. Specifically, the 2012 July 12 event was se-198

lected because there was a large particle enhancement at Mars. In this section, we de-199

scribe the observational facts of the nine SEP events. Table 1 summarizes the observa-200

tional facts of the CMEs and solar flares associated with the solar origin of the nine events.201

From left to right, each column shows the SEP event date used to identify the event, the202

associated CME onset time, the CME speed, the soft X-ray flare class and onset time,203

the NOAA active region locations on the Sun, and the NOAA active region (AR) num-204

ber. The CME onset time is estimated from observations made by the Large Angle and205

Spectrometric Coronagraph (LASCO) instrument on board Solar & Heliospheric Obser-206

vatory (SOHO). Note that all the CMEs associated with the SEP events modeled in this207

work are categorized as halo CME in the SOHO LASCO CME catalog CDAW3. Each208

individual SEP event has been studied extensively by many papers as described below.209

Key features of each individual event are as follows:210

2012-Mar-07 Event: The solar origin of this SEP event is temporally associated211

with a X5.4 class X-ray from the NOAA Active Region (AR) 11429 at N17E15. At 00:24212

UT, a fast halo CME with a plane-of-sky speed of 2040 km s−1 was detected in LASCO/C2213

coronagraph images. At 01:05 UT, a second flare with a class of X1.3 erupted from the214

same active region and a slower halo CME with a speed of 1825 km s−1 was detected.215

Detailed analyses of these two eruptions can be found elsewhere (e.g. Patsourakos et al.,216

2016). The fact that the first CME was faster than the second CME and that the elec-217

tron intensities measured by the MErcury Surface, Space ENvironment, GEochemistry,218

and Ranging (MESSENGER) at 0.31 AU peaked before the occurrence of the second flare219

(c.f. Figure 6 in Lario et al., 2013) suggest that the main contributor to the observed220

SEP event was the first solar eruption. In fact, in the analysis of SEP events observed221

by the two spacecraft of the Solar Terrestrial Relations Observatory (i.e., Solar TErres-222

trial RElations Observatory (STEREO)-Ahead and STEREO-Behind) and near-Earth223

spacecraft, Richardson et al. (2014) and Kouloumvakos et al. (2016) concluded that the224

first flare/CME was responsible for the SEP event at all three locations. Therefore, in225

the simulation, we will consider only the first CME. Yet the energetic particle measure-226

3 https://cdaw.gsfc.nasa.gov/CME list/halo/halo.html
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Table 1. Observational facts of the nine SEP events

Event Date CME Onset Timea CME Speedb SXR GOES Flare NOAA AR

[UT] [km/s] Class/Onset [UT]

2012-Mar-07 2012-Mar-07 00:24 2040 X5.4/00:02 N17E15(11429)

2012-May-17 2012-May-17 01:37 1263 M5.1/01:25 N12W89(11476)

2012-Jul-12 2012-Jul-12 16:54 1400 X1.4/15:37 S14W02(11520)

2013-Apr-11 2013-Apr-11 07:24 743 M6.5/06:55 N09E12(11719)

2014-Jan-07 2014-Jan-07 18:12 2048 X1.2/18:04 S15W11(11943)

2017-Jul-14 2017-Jul-14 01:25 750 M2.4/01:07 S09W33(12665)

2017-Sep-04 2017-Sep-04 20:24 1323 M5.5/20:12c S08W16(12673)

2017-Sep-06 2017-Sep-06 12:12 1816 X9.3/11:53 S08W34(12673)

2017-Sep-10 2017-Sep-10 15:48 2087 X8.2/15:35 S08W88(12673)

a The onset time is obtained from the SHINE challenge websites and visually examined.

to match the SOHO observations.

bThe CME speed is provided by the SHINE challenge website.

cBased on inspection of SDO/AIA images.
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ment made by Geostationary Operational Environmental Satellite (GOES) shows two227

clear onset phases, which may correspond to the two CMEs. The peak and decay phases228

of the intensity profile was indistinguishable.229

2012-May-17 Event: This event was the first Ground Level Enhancement (GLE)230

of solar cycle 24 with >433 MeV proton intensity enhancements detected by GOES-13231

and up to >
∼7 GeV as inferred from neutron monitor observations (Balabin et al., 2013;232

Li et al., 2013). This GLE, designated as GLE71, had the peculiarity of having a highly233

anisotropic onset as detected by several neutron monitor stations (Mishev et al., 2014).234

By assuming that relativistic protons propagated scatter-free along nominal interplan-235

etary field lines, Li et al. (2013) estimated that ∼1.12 GeV protons were release at about236

01:39±00:02 UT, in accordance with a type II radio burst and prominence eruption at237

the origin of the associated fast CME, and corresponding to a a height of the CME at238

∼3.07 Rs. It is worth noting that Shen et al. (2013) reported two CME eruptions from239

the same active region that were separated by about 2 minutes. However, in the time240

intensity profiles of energetic protons detected by GOES, the two eruptions were not well241

separated. In this work, we will only consider the first CME eruption as the main ac-242

celerators of energetic particles. The same approach was adopted by Li et al. (2021) who243

modeled this event using AWSoM and improved Particle Acceleration and Transport in244

the Heliosphere model (iPATH) models.245

2012-Jul-12 Event: The CME at the origin of this SEP event generated the fourth246

strongest geomagnetic storm of solar cycle 24 (Gil et al., 2020). The prompt component247

of this SEP event showed >100 MeV proton intensity enhancements as observed by GOES-248

13 (c.f. Figure 6 in Gil et al., 2020) and the arrival of the shock at 1 AU driven by the249

CME was accompanied by a strong energetic storm particle (ESP) event (e.g. Wijsen250

et al., 2022). Details of the solar eruption that generated this event, reconstructions of251

the CME structure as observed by coronagraphs, and the topology of the CME at its252

arrival at 1 AU can be found in Scolini et al. (2019), Gil et al. (2020) and references therein.253

2013-Apr-11 Event: This SEP event was the first Fe-rich event of solar cycle 24254

as evidenced by ion data collected by STEREO-B and near-Earth spacecraft (Cohen et255

al., 2014). The filament eruption origin of the CME that generated this SEP event has256

been studied by several authors (e.g. Vemareddy & Mishra, 2015; Joshi et al., 2017; Fu-257

lara et al., 2019). The EUV wave associated with the origin of this event propagated mostly258

–10–
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toward the footpoint of the nominal interplanetary magnetic field line connecting to STEREO-259

B, but signatures of the EUV wave reaching the footpoints of the interplanetary mag-260

netic field lines connecting to either STEREO-A or near-Earth spacecraft were not ob-261

served (Lario et al., 2014). The non-arrival of the EUV wave at the magnetic footpoint262

of a given spacecraft does not preclude the observation of SEPs by such a spacecraft. Lario263

et al. (2013) concluded that observation of particles by near-Earth spacecraft was due264

to the CME-driven shock expanding at higher altitudes over a wide range of longitudes,265

without leaving an observable EUV trace in the low corona, being able to accelerate and266

inject particles onto the field lines connecting to near-Earth locations.267

2014-Jan-07 Event: The solar eruption at the origin of the CME associated with268

the SEP event was analyzed in detail by Möstl et al. (2015). They showed that the CME269

was “channeled” by strong nearby active region magnetic fields and open coronal fields270

into a non-radial propagation direction within ∼2.1 RS , in contrast to deflection in in-271

terplanetary space. This phenomenon will be discussed in more detailed in Section 4,272

where a white-light coronagraph comparison between the simulation and observation is273

discussed. Mays et al. (2015) studied the propagation of this CME up to 1 AU and de-274

termined that only a glancing CME arrival was observed at Earth. The SEP intensity275

enhancement occurred on the tail of a very energetic SEP event with onset on 2014 Jan-276

uary 6 (see details in, e.g., Thakur et al., 2014; Kühl et al., 2015).277

2017-Jul-14 Event: The origin of this event was associated with a medium-sized278

(M2.4) long-duration (almost two hours) flare from a large active region that displayed279

a sigmoidal configuration associated with a filament/flux rope. A high-lying coronal EUV280

loop was seen moving outward, which was immediately followed by the impulsive phase281

of the flare (Jing et al., 2021). The formation of the sigmoidal filament/flux rope, its ex-282

pansion, and the evolution of the photospheric magnetic field, leading to the eruption283

of the filament and the resulting CME have been studied in detail by James et al. (2020)284

(see their Figure 13). The arrival of the shock at Earth, accompanied by local particle285

intensity increases at energies <
∼10 MeV, generated a geomagnetic storm Kp=6.286

2017-Sep-04 Event: This SEP event, together with the following two SEP events,287

are a series of SEP events that occurred in early September 2017, towards the end of so-288

lar cycle 24. The solar eruptions associated with the origin of these events and their ge-289

omagnetic effects were analyzed by Chertok et al. (2018) and Shen et al. (2018) and ref-290
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erences therein, whereas the resulting SEP events were described by Bruno et al. (2019)291

among others. The flare associated with the first SEP event occurred at 20:12 UT on292

2017 Sep 4 and the CME occurred at 20:24 UT with a speed of 1323 km s−1. The ac-293

tive region (AR 12673) was located at S09W16. The flare onsets time was estimated from294

the SDO/AIA movies. From SOHO/LASCO C2 images, around two hours before the295

eruption of the CME associated with the SEP event, there was a preceding CME at 18:48296

UT on 2017 Sep 4 with a speed of 597 km s−1 (CDAW). From the point of view of SOHO/LASCO,297

the first CME propagates to the west whereas the second faster CME propagates toward298

the southwest. The second CME overtook the previous CME shortly after its eruption,299

around 21:24 UT. In this work, we attribute the main acceleration of protons to the sec-300

ond CME, which is faster and stronger.301

2017-Sep-06 Event: A X9.3 class flare occurred at 11:54 UT on 2017 Sep 6 from302

the same active region AR 12673 as the 2017-Sep-04 event. At this time, the active re-303

gion was located at S08W34. The CME has a speed of 1816 km s−1. The occurrence of304

this SEP event was in the decay phase of the previous event, making the identification305

of the onset of the energetic proton intensity enhancements at different energies difficult.306

2017-Sep-10 Event: At 15:35 UT on 2017 Sep 10, the same active region AR 12673307

produced a X8.2 class flare. The active region rotated to S08W88. The corresponding308

CME has a speed of 2087 km s−1. This event is an GLE event, GLE #72. This event309

was also well-studied by multiple groups (see details in Ding et al., 2020; Zhu et al., 2021).310

4 SOFIE Results311

In this section, we present the results of the SOFIE model in simulating the nine312

SEP events. When modeling each event, we first run the AWSoM-R model to get a steady313

state solution of the background solar wind. In doing so, the hourly GONG magnetogram314

measured right before the flare eruption is chosen to drive the AWSoM-R model. The315

simulation domain extends from 1.105 solar radius (Rs) to 2.5 AU. In Section 4.1, we316

discuss the background solar wind solutions for each event and compare them with in-317

situ observations made by near-Earth instruments. After getting the steady state solar318

wind solution, an imbalanced magnetic flux rope is placed on top of the active region319

where the CME erupted from. In Section 4.2, we show the 3D topology of the magnetic320

flux rope and compare the white-light coronagraph images calculated from simulation321
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with the LASCO/C2 observations. In Section 4.3, we show the 2D spatial distribution322

of energetic particles in a sphere around Earth and the extracted proton flux time pro-323

files.324

4.1 Background Solar Wind325

The highly dynamic solar wind background and the complex geometry of the coro-326

nal magnetic field can vary significantly in each Carrington rotation and from event to327

event. Therefore, instead of using a homogeneous background solar wind for each event,328

we calculate the background solar wind properties individually. The plasma properties329

at Earth’s location is extracted from the 3D MHD solution and compared with the in-330

situ measurement made by spacecraft. As shown in Figure 1, the macroscopic proper-331

ties of the background solar wind for the nine SEP events are shown. For each event,332

a total time period of 27 days is shown, corresponding approximately to the synodic so-333

lar rotation period. In this paper, we only show the in-situ properties of the solar wind334

and its validation against the observation. The validation of the AWSoM(-R) model us-335

ing the predicted line-of-sight (LoS) appearance of the corona in different wavelengths336

has been discussed in detail in Sachdeva et al. (2019) and Gombosi et al. (2021).337

In each panel of Figure 1, the solar wind properties including the radial bulk plasma338

speed (Ur), the proton number density (Np), the temperature, and the total magnetic339

field magnitude (B) are plotted from top to bottom. The simulation results are plotted340

in red and the observations, measured by the Advanced Composition Explorer, are plot-341

ted in black. The time period corresponding to the passage of the ICME are plotted in342

shaded teal. The ICME time periods are obtained from the list of ICMEs observed at343

1 AU4 (Cane & Richardson, 2003; Richardson & Cane, 2010). Since we solve the steady344

state background solar wind, the ICME structures, which are the counterparts of the CMEs345

in interplanetary space, are not modeled and will not be compared. Most of the SEP events346

occur in solar maximum, especially the ones that we model in this work. Therefore, in347

multiple panels of Figure 1, one can see more than one ICMEs in the observations. As348

we mentioned above, the ICMEs in the observations will not be captured by the simu-349

lation. The mismatch between the simulation and observation in the ICME time period350

4 https://izw1.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
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is as expected. Except the ICMEs, the overall dynamics of the solar wind plasma are well-351

represented by the simulation.352

When running the AWSoM-R model, to get a reasonable comparison between the353

simulations and observations, there are two adjustable input parameters: the Poynting354

flux parameter and the correlation length of the Alfvén wave dissipation (see details in355

Z. Huang et al., 2023; van der Holst et al., 2014; Jivani et al., 2023). The Poynting flux356

parameter determines the input energy at the inner boundary to heat the solar corona357

and accelerate the solar wind, and the correlation length describes the dissipation of Alfvén358

wave turbulence in the solar corona and heliosphere (Z. Huang et al., 2023). When run-359

ning the AWSoM-R model to obtain the background solar wind, we varied the Poynt-360

ing Flux parameter to get the best comparison between the simulations and observations.361

A detailed discussion on choosing the optimal Poynting flux parameter is discussed in362

detail in a recent paper by Z. Huang et al. (2023).363

4.2 CMEs364

After obtaining the steady state background solar wind solution, we then launch365

the CME from the location of the parent active region by placing an imbalanced Gibson-366

Low (Gibson & Low, 1998) magnetic flux rope. The parameters of the flux rope, includ-367

ing the total magnetic field, the flux rope size, and the flux rope orientation, are calcu-368

lated based on the GONG magnetogram and the observed CME speed. In Figures 2, 3,369

and 4, we show the 3D topology of the inserted flux rope (left column), the white-light370

image measured by the LASCO/C2 telescope (middle column), and the synthetic white-371

light image calculated from the simulation (right column). In the left column, the sur-372

face of the Sun (at 1.105 Rs) and a number of 3D magnetic field lines are colored accord-373

ing to the radial component of the magnetic field. Note that the Sun and the magnetic374

field lines do not share the same color bar. The color bar shown in each plot represents375

the magnetic field strength on the magnetic field lines. The radial magnetic field on the376

Sun (at 1.105 Rs) ranges from −20 Gauss to 20 Gauss. The large scale magnetic field377

lines, besides the flux rope, are plotted to represent the overall structures of the coro-378

nal magnetic fields in each event. It is clearly seen that the field configurations differ dra-379

matically from event to event. And the overall magnetic field strength on the solar sur-380

face also varies orders of magnitude. The perspective view of the Sun is that obtained381

from Earth. Therefore, due to the projection effect, the flux rope of some events are not382
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Figure 1. Macroscopic properties of the background solar wind for the nine SEP events. In

each panel, the radial solar wind plasma speed, the solar wind density, the temperature and the

magnitude of the total magnetic field is shown from the top to bottom respectively. The simula-

tion results from AWSoM-R are plotted in red and observations are plotted in black. The passage

of the ICME structures are shaded in teal.
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as distinguishable as the others, especially when the flux rope is located close to the cen-383

ter of the Sun, as viewed from Earth.384

The middle and right columns of Figures 2, 3, and 4 compare the white-light coro-385

nagraph observations (middle) and simulations (right) several tens of minutes after the386

eruption of each CME. The exact times shown in Figures 2, 3, and 4 are selected on the387

basis of their clear CME detection in the LASCO/C2 field of view. The exact time of388

the selected observational frame is shown in the title of each image. The images calcu-389

lated from the simulation are chosen accordingly and the time, dt, after the CME erup-390

tion is shown.391

In the following, we briefly describe the white-light comparison of each individual392

CME between the observation and simulation. In the 2012-Mar-07 event (top row of Fig-393

ure 2), the core structure of the CME compares well, and the leading edge of the CME394

reaches approximately the same radial distance between observation and simulation, al-395

though the overall expansion of the CME in the simulation is narrower than the obser-396

vation, especially in the left flank. In the 2012-May-17 event (middle row of Figure 2),397

the core structure, the leading edge, and the overall expansion of the CME are well-captured398

by the simulation. In the 2012-Jul-12 event (bottom row of Figure 2), the CME is a halo399

CME (CDAW) and the flux rope originated from the center of the Sun as seen from Earth400

(left column). Therefore, the projection effect is large. From the LASCO/C2 image (mid-401

dle column), the core structure of the CME has a southern part (the active region is lo-402

cated at S14W02) , which is captured in the simulation.403

In the 2013-Apr-11 event (top row of Figure 3), the core structure of the CME prop-404

agates toward the east as seen in the LASCO/C2 images. The envelope of the CME ap-405

pears to be symmetric with respect to the solar equator. However, in the white-light im-406

age obtained from the simulation, the northern part of the CME is brighter than the south-407

ern part, demonstrating an extreme asymmetric shape. We examined the plasma prop-408

erties in the low solar corona and found a high density region lying in front of the flux409

rope which slowed down the propagation of the CME and led to such an asymmetric struc-410

ture.411

In the 2014-Jan-07 event (middle row of Figure 3), the CME erupted from the ac-412

tive region located at S15W11. From the LASCO/C2 point of view, the CME was a halo413

CME but propagating mostly in the southwest direction. The initial simulation also ob-414
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tains a halo (not shown here), which does not have the southwestern part as seen from415

the LASCO/C2 images. Therefore, it is very likely that the CME was deflected towards416

the west in the very early stage. We examined the magnetic fields around the active re-417

gion where the flux rope was inserted and found there was a strong active region in the418

east of the flux rope. The CME eruption and propagation in this event has been ana-419

lyzed in detail by Möstl et al. (2015). They found the CME was “channeled” by strong420

nearby active region magnetic fields and open coronal fields into anon-radial propaga-421

tion direction within ∼2.1 Rs. In the current setup of simulations, since the initial speed422

of the CME was 2048 km s−1, the flux rope is difficult to be deflected in the early stage.423

Therefore, in order to match that of the LASCO/C2 observation and also match the sub-424

sequent propagation of the CME, we shifted the location of the flux rope to the adja-425

cent active region in the west, separated by 8◦ in longitude from the active region listed426

in Table 1. As seen from Figure 3, the simulated CME propagates toward southwest-427

ern, which is comparable to the observations. However, the shifting of the flux rope to428

the west leads to issues when modeling the particle acceleration and propagation.429

In the 2017-Jul-14 event (bottom row of Figure 3), the white-light image from the430

observation and simulation is comparable, except that the CME shows a bright north-431

ern part in the simulation. While in the observation, the core part of the CME leans to-432

ward the south. The 2017-Sep-04 event (top row of Figure 4) involved two CMEs. From433

the LASCO/C2 movie, there was a preceding CME eruption that occurred around 2 hours434

before the main CME, with a speed of 597 km s−1 (CDAW). The previous CME prop-435

agated toward the west and the main CME took over the previous CME shortly after436

the eruption. In the LASCO/C2 image (top row of Figure 4), we enclose the leading edge437

of the main CME for a better vision comparison with the simulation. In the simulation,438

we only launch the main CME. The radial distance of the CME leading edge and its prop-439

agation direction is in a good agreement with the observation. Both the 2017-Sep-06 and440

2017-Sep-10 events (middle and bottom rows of Figure 4) show very good agreement be-441

tween simulations and observations, in terms of the CME speed and propagation direc-442

tion, including the interaction of the flux rope with the high density streamers in the back-443

ground solar wind.444
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Figure 2. Left: The 3D topology of the inserted magnetic flux rope in the active region. Mid-

dle: LASCO/C2 white-light image of the solar corona. Right: White-light image calculated from

the simulation at the same time as the middle column. Three events are shown here, 2012-Mar-

07, 2012-May-17, and 2012-Jul-12. In the left column, the surface of the Sun (1.105 Rs) and the

3D magnetic field lines are colored with the radial magnetic field. The color bar shown in the

plot presents the strength of the radial magnetic field in the field lines. The radial magnetic field

on the Sun ranges from −20 Gauss to 20 Gauss (color bar not shown here).
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Figure 3. In the same format as Figure 2 for the three events 2013-Apr-11, 2014-Jan-07, and

2017-Jul-14.
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Figure 4. In the same format as Figure 2 for the three events 2017-Sep-04, 2017-Sep-06, and

2017-Sep-10.

–20–



manuscript submitted to Space Weather

4.3 Energetic Particles445

Once the force-imbalanced flux rope was inserted into the active region, we run the446

coupled AWSoM-R and M-FLAMPA modules to solve the energetic particle accelera-447

tion and transport processes in the solar corona and inner heliosphere. More than 600448

magnetic field lines are extracted from the 3D AWSoM-R solution. The extracted mag-449

netic field lines are followed in the local Lagrangian reference frame convecting with the450

solar wind plasma. A frequent (120 s) dynamic coupling between AWSoM-R and M-FLAMPA451

is performed to account for the propagation of the CME and CME-driven shock wave.452

In the simulation, the shock is identified by the sudden jump of the solar wind velocity453

along the extracted magnetic field lines. On each individual magnetic field line, the Parker454

diffusion equation is solved in the time-evolving Lagrangian coordinates. The diffusion455

strength close to the shock is determined by the total Aflvén wave intensity calculated456

self-consistently from the AWSoM-R simulation. The diffusion mean free path upstream457

of the shock, as described in Sokolov et al. (2004), is assumed to be a constant value, 0.3458

AU. This setup is for simplicity and in the future simulations, the diffusion coefficients459

in the entire domain will be calculated from the AWSoM-R solution. In this set of runs,460

perpendicular diffusion due to the field line random walk is not modeled. In modeling461

the nine SEP events, we followed 648 magnetic field lines that cover 360o in longitude462

and -45o to 45o in latitude of the solar surface. The starting radial distance of the mag-463

netic field lines is 2.5 Rs, and the magnetic field lines are traced inward and outward un-464

til reaching the inner and outer boundaries. The starting points of the magnetic field lines465

are chosen to distribute uniformly in the sphere enclosed 2.5 Rs. The latitudes of the466

active region that we insert the flux rope are within ± 17o around the solar equator. There-467

fore, a ± 45o coverage in latitudes is sufficient to calculate the particle flux in the eclip-468

tic plane.469

In this work, we are not trying the solve the injection problem, instead, we set the470

injection energy, Ei, in the shock system to be 10 keV. The absolute level of the injected471

particles is determined by assuming a suprathermal tail (∼ p−5) extending from the ther-472

mal momentum (
√
2mT ) to the injected momentum (pi) as follows (Sokolov et al., 2004):473

f(pi) =
ci
2π

n

(2mT )3/2

(√
2mT

pi

)5

(1)474

where m is the proton mass, n and T are the local plasma density and temperature in475

energy units (if in Kelvins, kBT should stand instead, kB being the Boltzmann constant)476
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Figure 5. 2D distribution of energetic proton flux at energies greater than 10 MeV. The pro-

ton flux is plotted in the logarithm scale. The nine events are plotted in the row-wise order. The

x and y axis shows the Carrington longitude and latitude on the sphere at 1 AU. The locations of

Earth are marked with blue solid circle, and the location of the inserted flux rope on the Sun are

marked with yellow solid circle.

calculated from AWSoM-R simulation. ci < 1 is the injection coefficient and pi is the477

injection momentum. The physical meaning of the injection coefficient may be derived478

by integrating the assumed distribution of the suprathermal particles over momentum,479

which gives us their density: 4π
pi∫

√
2mT

fp2dp = cin. Hence, ci is a fraction of density480

of protons having suprathermal energy. In order to compare with the observations, the481

injection level ci is adjusted for each individual SEP event. These suprathermal parti-482

cles are then accelerated on the magnetic field lines with negative velocity divergence (∇·483

u < 0). The strength of the acceleration is fully dependent on the jump of plasma ve-484

locity, i.e. the shock strength (Sokolov et al., 2004).485

4.4 2D Distribution of Proton Flux486

Figure 5 shows the 2D distribution of the logarithm of the energetic proton flux487

1 hour after the eruption of the CME flux rope, at energies greater than 10 MeV. The488

x and y axis shows the Carrington longitude and latitude for a sphere at 1 AU. Earth489

–22–



manuscript submitted to Space Weather

location is marked with a blue solid circle, and the location of the inserted flux rope on490

the Sun is marked with a yellow solid circle. The locations of the flux rope are marked491

in the plot to show the relative locations of Earth with respect to the CME, i.e. the source492

of energetic particles. Since the interplanetary magnetic fields follow Parker spiral in gen-493

eral (e.g. Zhao et al., 2019), the flux of energetic particles is distributed around 45o ∼494

65o eastern of the flux rope location, depending on the corona and interplanetary mag-495

netic field configurations. In this set of runs, the injection coefficients are assumed to be496

uniform across the shock front (shock obliquity independent). Therefore, the 2D distri-497

bution of the energetic particles reflects the collective effect of the strength of the shock,498

the ambient plasma density and the temperature of the flux rope.499

In the 2012-Mar-07 event, the parent CME erupted from the active region located500

at N17E15 (see Table 1), 15 degree eastern of the Earth’s longitude. The 2D proton flux501

distribution in Figure 5 shows maxima around 90 degree eastern of the Earth’s location,502

which is consistent with the overall topology of the interplanetary magnetic fields. In the503

2012-May-17 event, the parent CME erupted from the west limb, around 90 degree west-504

ern of the Earth’s longitude. There are two local maxima in the 2D distribution of pro-505

ton flux, which may be due to the non-uniform strength of the shock driven in front of506

the propagating flux rope that affects the acceleration process, or the variations of the507

ambient plasma properties that determines the suprathermal injection.508

In the 2012-Jul-12 event, the parent CME erupted from near central meridian as509

seen from Earth. Since propagation direction of the CME leans toward the south, the510

proton flux in the southern hemisphere was also elevated due to the southern portion511

of the flux rope. In the 2013-Apr-11 event, the parent CME erupted from active region512

located 12 degree eastern of Earth, which is consistent with the 2D distribution of pro-513

ton flux shown in Figure 5. As we discussed in Section 4.2, the northern part of the CME514

is brighter than the southern part in the white-light image of the simulation, due to the515

high density region in front of the flux rope. Such an asymmetry structure was reflected516

in the 2D distribution plot of proton flux. The proton flux was elevated in the north-517

ern hemisphere and extended to a broader region than in the southern hemisphere, cor-518

responding to a stronger particle source in the north.519

In the 2014-Jan-07 event, the CME erupted from the active region located at S15W11.520

However, the 2D proton flux distribution shows local maxima far away from the expected521

–23–



manuscript submitted to Space Weather

region. This is due to the fine-tuning process that we performed in matching the white-522

light images between the observations and simulations as discussed in Section 4.2. The523

flux rope was inserted to an active region to the west separated by 8 degrees in longi-524

tude from the active region that was responsible for the eruption. Meanwhile, the flux525

rope was also rotated in order to match the simulation with the observations, which leads526

to the unexpected northward propagation of flux rope. In the 2017-Jul-14 event, the par-527

ent CME erupted from S09W33, consistent with the 2D distribution of proton flux. Note528

that in panel [6] of Figure 5, Earth is very close to the center of the distribution.529

The 2017-Sep-04, 2017-Sep-06, and 2017-Sep-10 are a sequence of events that their530

parent CMEs erupted from the same active region located at 16, 34, and 88 degrees west-531

ern of the Earth’s longitude. As shown in the panels [7], [8], and [9] of Figure 5, the Earth’s532

location was on the western, close to the center, and eastern of the energetic proton source.533

The 2D distribution of the energetic proton flux highly depends on the shock prop-534

erties, i.e. shock strength, along the connected magnetic field lines with the correspond-535

ing CME. Furthermore, the absolute particle flux is determined by the number of seed536

particles that are injected into the shock system. In plotting the 2D distributions shown537

in Figure 5, we varied the injection coefficient for each individual event in order to ob-538

tain comparable results with the observations made by GOES satellite. The relative in-539

jection ratio is summarized in Table 2 and will be discussed in detail below. Note that540

for some events, the injection coefficient is much larger than 1, e.g. the 2012-Mar-07 event541

and 2014-Jan-07 event. There are many reasons that could lead to such large injection542

coefficients. One of the reasons is the underestimation of the pre-existing seed particle543

sources at the event eruption, including the preceding CMEs and the flares. Another fac-544

tor that will affect the injection coefficient is the combined effect of the magnetic con-545

nectivity between the CME shock front and the earth’s location with neglecting the per-546

pendicular diffusion in the calculation. A small displacement of the earth’s magnetic foot-547

point with respect to the shock front, together with an overestimation/underestimation548

of the CME shock properties will lead to a large variation of the proton flux. In this work,549

the perpendicular diffusion is not modeled, therefore, the proton flux contribution from550

cross-field diffusion, which is very important for poorly-connected events, is missing.551
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Table 2. Injection Coefficients of the nine SEP events

Event Injection Coefficient (ci)

2012-Mar-07 5

2012-May-17 0.025

2012-Jul-12 0.025

2013-Apr-11 1.25

2014-Jan-07 2.5

2017-Jul-14 0.00025

2017-Sep-04 0.25

2017-Sep-06 0.025

2017-Sep-10 1.25

4.5 Time Profiles552

Figure 6 compares proton intensities measured by GOES with the time dependent553

flux profiles obtained from the simulations. The flux profiles are calculated by extract-554

ing the > 10 MeV proton flux at Earth’s location from series of 2D particle distribu-555

tions as shown in Figure 5. A total of 20 hours are plotted. The horizontal dashed lines556

represent the 10 particle flux unit (pfu) threshold used by agencies to determine whether557

the radiation caused by the energetic protons raises any concern. The four vertical dashed558

lines indicate the times 1h, 5h, 10h, and 15h after the eruption of the CME flux rope.559

As we mentioned above, the absolute proton flux is multiplied by a factor of the injec-560

tion coefficient in order to get comparable match between observations and simulations.561

Therefore, in the following discussion, we focus on the rising phase and relative level of562

the flux profiles.563

Based on the relative location of Earth with respect to the source of energetic pro-564

tons, a prompt onset of protons is expected for the events when Earth is well-connected565

to the source of energetic protons. While the proton flux is expected to show a gradual566

increase if Earth’s location falls outside of the particle source. As shown in the 2D dis-567

tribution of energetic protons (Figure 5), in most of these events, Earth’s location is on568

the edge of the particle distribution at 1 AU, including the 2012-Mar-07, 2012-May-17,569

2017-Jul-14, 2017-Sep-04, 2017-Sep-06, and 2017-Sep-10 events. In the 2012-Jul-12, 2013-570
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Figure 6. The comparison of proton flux at energies greater than 10 MeV between observa-

tions (black) and simulation (blue). Nine events are plotted in the row-wise order. The horizontal

dashed line represents the threshold of 10 pfu and the four vertical dashed lines represent 1h, 5h,

10h, and 15h after the CME eruption. A total time period of 20 hours after the CME eruption is

shown.
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Apr-11, and 2014-Jan-07 events, Earth location is far away from the particle distribu-571

tion at 1 AU. The change of the proton flux with time, especially in the early phase, de-572

pends on the time evolution of the CME flux rope, together with the change of magnetic573

connectivity between Earth and the CME.574

The comparison between the simulations and observations shown in Figure 6 dis-575

plays some discrepancies. A number of factors could contribute to these discrepancies.576

One of them is the background solar wind medium where the CME flux rope and en-577

ergetic protons propagate. The solar wind background in this work is a steady-state so-578

lution driven by the solar magnetic fields measured at a single time (before the flare erup-579

tion) and the 3D solar wind solution has been compared to measurements obtained from580

a single near-Earth point in space that might not be representative of all the medium581

sampled by the particles as they propagate from the CME shock front to Earth. And582

the solar wind disturbances, including ICMEs, which are abundant during solar max-583

imum, are not modeled. A second factor is due to the fact that the longitudinal extent584

of the shock may be underestimated/overestimated. Our CME flux-rope white-light sim-585

ulation images have been validated with plane-of-sky images of the LASCO/C2 obser-586

vation that do not include the extent of the CME in longitude. A third factor is the as-587

sumption of the same constant parallel mean free path in all SEP events and the lack588

of cross-field diffusion processes when modeling energetic particle transport in interplan-589

etary space. Keeping these factors in mind, we discuss the comparisons between simu-590

lations and observations for all the events in details below.591

In the 2012-Mar-07 event, the proton flux calculated from the simulation shows a592

prompt increase, which is different from the gradual increase in the observation. This593

may due to the CME-driven is narrower in the observation than in the simulation. The594

injection coefficient is estimated to be 5. As discussed in Section 3, there are two CME595

eruptions associated with this event, and the energetic particles from these two eruptions596

merged together after the two clear onset phases. Therefore, the injection coefficient, 5597

for this event, may reflect the contribution of the two eruptions. Besides, the > 10 MeV598

proton flux was already elevated before the onset of this event from the observations. The599

pre-event elevated proton flux is due to a CME eruption that occurred on 2012 Mar 4600

at 11:00:07 UT (CDAW).601
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In the 2012-May-17 event, the onset phase time matches well between the obser-602

vation and simulation. The second enhancement of proton flux at around 7 hours after603

the CME eruption was due to the CME evolution and the fact that Earth’s magnetic604

connectivity changed establishing connection with a region with larger proton flux. Due605

to the second enhancement of the proton flux, the injection coefficient for this event does606

not reflect the difference of the overall level of proton flux between simulation and ob-607

servation.608

In the 2012-Jul-12 event, the timing of proton flux in the simulation matches very609

well with the observations, especially in the early phase. The mismatch of the declin-610

ing of the proton flux after 10 hours may due to the assumption of the mean free path611

in the simulation. The effect of the mean free path on the decay phase of the proton flux612

will be discussed below.613

In the 2013-Apr-11 event, the calculated proton flux shows a quicker onset phase614

than the observations. The slower onset may due to the poor magnetic connection of Earth615

to the CME (with an AR of N09E12). The proton flux after 6 hours between observa-616

tion and simulation matches quite well and the injection coefficient of 1.25 is a reason-617

able value.618

The 2014-Jan-07 is a special case, as we discussed above. The 2D proton flux dis-619

tribution shows the particle source is far away from the expected region, due to the fine-620

tuning processes of the inserted flux rope. Moreover, the > 10 MeV proton flux in the621

observation was well-above the background due to a previous eruption that occurred at622

08:00 UT on 2014 January 06.623

The gradual onset phase in the 2017-Jul-14 event matches well between observa-624

tion and simulation. The injection coefficient in this event is estimated to be 2.5·10−4.625

This small value of injection could be due to the slower speed of the parent CME, 750626

km s−1. However, the CME speed in the 2013-Apr-11 event is 743 km s−1, comparable627

to the one in the 2017-Jul-14 event, but the 2013-Apr-11 event has an injection coeffi-628

cient of 1.25. Another reason for the small injection coefficient is that the eruption of629

the 2017-Jul-14 event was near solar minimum, when the solar activity was low, and the630

remnant population of prior SEP events that could act as seed particle population for631

the processes of particle acceleration at the shock could also be low.632
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The 2017-Sep-04, 2017-Sep-06, and 2017-Sep-10 are a series of events that their par-633

ent CMEs erupted from the same active region. The injection coefficients in these three634

events are 0.25, 0.025, and 1.25. The CMEs associated with the 2017-Sep-04 event are635

twin-CMEs (Li et al., 2012) as we discussed in Section 3 and shown in Figure 4. The more636

efficient acceleration in the twin-CME system (Li et al., 2012; Zhao & Li, 2014; Ding et637

al., 2013) could be one of the potential reasons why the injection coefficient in this event638

is much larger than the 2017-Jul-14 event, although this event occurred under solar min-639

imum conditions. The 2017-Sep-06 event occurred in the decay phase of the 2017-Sep-640

04 event. Therefore, the onset phase between the observation and simulation does not641

compare well. The onset phase in the 2017-Sep-10 event calculated from the simulation642

is faster than the observation. This may due to the overall extension of the CME flux643

rope and the magnetic connectivity at the beginning of the event. Similar to the 2012-644

Jul-12 event, the declining phase in the simulation is faster than the simulation, indi-645

cating a faster deceleration of the CME in the simulations or a larger mean free path as-646

sumption.647

The determination of the injection coefficient in each individual event is affected648

by the properties of the shocks driven by the eruption of the CME flux rope, including649

the spatial extension of the shock surfaces and the strengths of the shocks. Hence, the650

value of the injection coefficient does not necessarily imply there are more or less suprather-651

mal protons, in the energy of 10 keV, that are accelerated in the diffusive shock accel-652

eration process. An estimation of a larger CME flux rope or a stronger CME-driven shock653

will lead to a smaller injection coefficient and vice versa. Besides, the magnetic connec-654

tivity between the Earth’s location and the CME shock front also affect the injection co-655

efficient. If the Earth’s location is close to the edge of the particle source, a small change656

of the size of the CME flux rope or a little error in the magnetic connectivity calcula-657

tion will result in a larger or smaller injection coefficient. From Figures 2, 3, and 4, the658

comparison between the simulation and observation is only performed for the SOHO ob-659

servations, which include a large projection effect. In the future work, a multi-spacecraft660

validation of the white-light CME image will be included. Moreover, together with C2661

observation, C3 observation will also be used to monitor the acceleration or deceleration662

of the CME flux rope in the solar corona. This is because the onset phase contains com-663

peting processes between the continuous acceleration of protons and the diffusion pro-664

cess. A significant deceleration of the CME flux rope propagation in the very early phase665
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Figure 7. The effect of far-upstream mean free paths on the calculated proton flux profiles

in the 2013-Apr-11 event. The GOES observation is plotted in black. The calculated proton flux

profiles with different mean paths (mfp) are plotted in magenta (mfp=0.05 AU), green (mfp=0.3

AU), and blue (mfp=1 AU).

would reduce the acceleration efficiency of energetic protons, especially in the larger en-666

ergy end.667

4.6 Decay Phase668

The ambient solar wind plasma properties affect the transport of energetic parti-669

cles, including the magnetic field turbulence. The timing of the first arriving particles,670

the timing when the particle crosses the preset threshold, (Wang & Qin, 2015; Qin et671

al., 2006) e.g. 10 pfu, and the time dependent and event-integrated energy spectra (Zhao672

et al., 2016, 2017) are all impacted by the magnetic field turbulence. In the simulation,673

the ambient solar wind plasma is calculated by running the steady-state MHD simula-674

tion using Stream-Aligned AWSoM-R module in SWMF. The mean free path upstream675

of the shock is assumed to be 0.3 AU in all of the nine simulations, for simplicity. In Fig-676

ure 7, we show the effect of different mean free paths on the proton flux profiles for the677

2013-Apr-11 event as an example. The magenta, green, and blue dashed curves show the678

flux profiles with far-upstream mean free paths of 0.05 AU, 0.3 AU, and 1 AU. The cal-679

culated proton fluxes are extracted from a sample magnetic field line. Both the onset680

phase and the decay phases depend on the value of mean free paths in the three cases681

as expected. Employing the turbulence strength calculated from the MHD simulation682

is one of the future steps to improve the SOFIE model.683
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5 Discussion684

In this paper, we describe the physics-based SEP model, SOFIE, and its applica-685

tion in modeling nine historical SEP events. The simulations of the SEP events start from686

calculating the background solar wind using the AWSoM-R model, in which the solu-687

tion of the solar wind plasma is driven by the measurement of the Sun’s magnetic field.688

The acceleration of energetic protons in SOFIE is solved in the CME-driven shock gen-689

erated by the eruption of CME flux rope. The CME is modeled by inserting an imbal-690

anced flux rope on the corresponding active region on the Sun using the EEGGL model.691

The acceleration and transport of energetic protons are modeled using the M-FLAMPA692

model, in which the Parker diffusion equations are solve along individual time-evolving693

magnetic field lines. In such regards, SOFIE model is a data-driven and self-consistent694

SEP model.695

In this work, we perform a systematic test of using SOFIE model to simulate SEP696

events. The steady-state background solar wind macroscopic properties (radial solar wind697

speed, number density, temperature, total magnetic field strength) calculated from the698

AWSoM-R is compared and validated against in-situ measurements. The white-light coro-699

nagraph image of the erupted flux rope generated by the CME generator, EEGGL, is700

compared and evaluated with SOHO/LASCO/C2 observations. This is only a single-observer701

comparison, therefore, the longitudinal extent of the flux rope has not been compared702

to observations. The proton flux at energies greater than 10 MeV calculated by M-FLAMPA703

is compared with GOES observation for the first 20 hours. In order to obtain a compa-704

rable flux level with observations, different injection coefficients are used for each event.705

The potential factors that may affect the injection coefficient include the multiple CME706

eruptions in one SEP event, the elevated suprathermal particles from previous eruptions,707

and solar activity level. We also discussed the effect of the upstream mean free path on708

proton flux profiles, especially the declining phase. In the current set of runs, the up-709

stream mean free paths are assumed to be the same for all the events for simplicity. This710

assumption may lead to a faster or slower declining profile in the simulation. The mean711

free paths may also affect the onset phase of the SEP event, making it more difficult to712

evaluate the acceleration/deceleration of CME propagation in the early stage.713

The most time and resources consuming part of the SOFIE model is when mod-714

eling the propagation of the CME flux rope in the solar corona domain (1.05 Rs to 20715
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Rs). In this stage, the SOFIE model runs at the same speed as real-time with 2000 cpu716

cores. It can run faster than real-time if more cpu cores are used. When the CME flux717

rope leaves the solar corona domain, several hours after the CME eruption, SOFIE model718

runs much faster than real-time, thus empowering the capability of using SOFIE model719

in predicting the properties of SEP events.720

The necessity of transporting energetic particles in the solar wind solution calcu-721

lated from an MHD simulation is due to the complex physical processes therein. The trans-722

port of energetic particles in interplanetary space involves many different physical pro-723

cesses, including adiabatic cooling, magnetic focusing, as well as parallel and perpendic-724

ular diffusion. All these processes depend on the properties of ambient solar wind back-725

ground. The magnetic field turbulence affects the timing of the first arriving particles,726

the timing when the particle flux crosses a pre-set threshold (Wang & Qin, 2015; Qin727

et al., 2006), and the time-dependent and event-integrated energy spectral index (Zhao728

et al., 2016, 2017). In the set of runs in this work, the upstream mean free paths are as-729

sumed to be constant and the effect of magnetic turbulence strength from the AWSoM-730

R simulation will be discussed in subsequent papers.731

Besides the steady-state background solar wind, CMEs and ICMEs, which are the732

main accelerators of energetic particles travel through the ambient solar wind medium,733

interact with its surrounding plasma and magnetic field, causing significant distortions734

and disruptions of the solar wind plasma (Manchester, Gombosi, Roussev, Zeeuw, et al.,735

2004; Manchester, Gombosi, Roussev, Ridley, et al., 2004; Manchester et al., 2005; Manch-736

ester et al., 2008; Manchester et al., 2012). These distortions affect the acceleration and737

transport of energetic particles. There are also SEP events that are associated with more738

than one CME eruption, e.g the 2012-Mar-07 and 2017-Sep-04 events. The underlying739

acceleration of energetic particles is likely to be enhanced according to the twin-CME740

scenario (Li et al., 2012; Zhao & Li, 2014; Ding et al., 2013). In this work, when mod-741

eling the nine historical SEP events, each event is only associated with one CME erup-742

tion and the simulation of the background medium does not include prior CMEs that743

could affect the transport of SEPs. In future work, we will examine the performance of744

SOFIE in modeling more than one CME eruption.745
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Open Research Section746

The in-situ solar wind plasma properties used in this work is available in the Space747

Physics Data Facility https://spdf.gsfc.nasa.gov/. The white-light image data is748

available in the SOHO/LASCO website https://lasco-www.nrl.navy.mil/index.php749

?p=content/retrieve/products. The GOES data is available at https://www.ngdc750

.noaa.gov/stp/satellite/goes/index.html. All the simulation data including the751

3D steady-state solution of the solar wind plasma, the 2D white-light image data, the752

2D distribution of protons, and the time dependent flux profiles are publicly available753

at the Deep Blue Data Repository maintained by the University of Michigan https://754

deepblue.lib.umich.edu/data/concern/data sets/cn69m504s.755
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das, A., . . . Gombosi, T. I. (2017). Chromosphere to 1 au simulation of916

the 2011 march 7th event: A comprehensive study of coronal mass ejec-917

tion propagation. The Astrophysical Journal , 834 , 172. Retrieved from918

http://stacks.iop.org/0004-637X/834/i=2/a=172?key=crossref919

.86207496aab2cdbb8e5a3abf86182cf1 doi: 10.3847/1538-4357/834/2/172920

Jin, M., Schrijver, C. J., Cheung, M. C. M., DeRosa, M. L., Nitta, N. V., & Ti-921

tle, A. M. (2016, 3). A numerical study of long-range magnetic impacts922

during coronal mass ejections. The Astrophysical Journal , 820 , 16. doi:923

10.3847/0004-637x/820/1/16924

Jing, J., Inoue, S., Lee, J., Li, Q., Nita, G. M., Xu, Y., . . . Wang, H. (2021, Decem-925

ber). Understanding the Initiation of the M2.4 Flare on 2017 July 14. Astro-926

phys. J., 922 (2), 108. doi: 10.3847/1538-4357/ac26c7927

Jivani, A., Sachdeva, N., Huang, Z., Chen, Y., van der Holst, B., Manchester, W.,928

. . . Toth, G. (2023, 1). Global sensitivity analysis and uncertainty quantifica-929

tion for background solar wind using the alfvén wave solar atmosphere model.930

Space Weather , 21 . doi: 10.1029/2022SW003262931

Joshi, B., Kushwaha, U., Veronig, A. M., Dhara, S. K., Shanmugaraju, A., & Moon,932

Y.-J. (2017, January). Formation and Eruption of a Flux Rope from the933

Sigmoid Active Region NOAA 11719 and Associated M6.5 Flare: A Multi-934

wavelength Study. Atrophys. J., 834 (1), 42. doi: 10.3847/1538-4357/834/1/935

42936

Kasapis, S., Zhao, L., Chen, Y., Wang, X., Bobra, M., & Gombosi, T. I. I. (2022,937

feb). Interpretable machine learning to forecast SEP events for Solar Cycle 23.938

Space Weather , 20 (2), e02842. doi: 10.1029/2021SW002842939

Kataoka, R., Ebisuzaki, T., Kusano, K., Shiota, D., Inoue, S., Yamamoto, T. T., &940

–38–



manuscript submitted to Space Weather

Tokumaru, M. (2009). Three-dimensional mhd modeling of the solar wind941

structures associated with 13 december 2006 coronal mass ejection. Journal of942

Geophysical Research: Space Physics, 114 . doi: 10.1029/2009JA014167943

Kouloumvakos, A., Patsourakos, S., Nindos, A., Vourlidas, A., Anastasiadis, A.,944

Hillaris, A., & Sandberg, I. (2016, April). Multi-viewpoint Observations945

of a Widely distributed Solar Energetic Particle Event: The Role of EUV946

Waves and White-light Shock Signatures. Atrophys. J., 821 (1), 31. doi:947

10.3847/0004-637X/821/1/31948

Kozarev, K., Nedal, M., Miteva, R., Dechev, M., & Zucca, P. (2022, Febru-949

ary). A Multi-Event Study of Early-Stage SEP Acceleration by CME-950

Driven Shocks—Sun to 1 AU. Frontiers in Astronomy and Space Sciences,951

9 . Retrieved from https://www.frontiersin.org/article/10.3389/952

fspas.2022.801429 doi: 10.3389/fspas.2022.801429953

Kozarev, K. A., Davey, A., Kendrick, A., Hammer, M., & Keith, C. (2017, Novem-954

ber). The Coronal Analysis of SHocks and Waves (CASHeW) framework.955

JSWSC , 7 , A32. doi: 10.1051/swsc/2017028956

Krymsky, G. F. (1977). A regular mechanism for the acceleration of charged parti-957

cles on the front of a shock wave. Soviet Physics-Doklady , 234 , 1306.958
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Abstract16

In this paper, we demonstrate the applicability of the data-driven and self-consistent so-17

lar energetic particle model, Solar-wind with FIeld-lines and Energetic-particles (SOFIE),18

to simulate acceleration and transport processes of solar energetic particles. SOFIE model19

is built upon the Space Weather Modeling Framework (SWMF) developed at the Uni-20

versity of Michigan. In SOFIE, the background solar wind plasma in the solar corona21

and interplanetary space is calculated by the Aflvén Wave Solar-atmosphere Model(-Realtime)22

(AWSoM-R) driven by the near-real-time hourly updated Global Oscillation Network23

Group (GONG) solar magnetograms. In the background solar wind, coronal mass ejec-24

tions (CMEs) are launched by placing an imbalanced magnetic flux rope on top of the25

parent active region, using the Eruptive Event Generator using Gibson-Low model (EEGGL).26

The acceleration and transport processes are modeled by the Multiple-Field-Line Ad-27

vection Model for Particle Acceleration (M-FLAMPA). In this work, nine solar energetic28

particle events (Solar Heliospheric and INterplanetary Environment (SHINE) challenge/campaign29

events) are modeled. The three modules in SOFIE are validated and evaluated by com-30

paring with observations, including the steady-state background solar wind properties,31

the white-light image of the CME, and the flux of solar energetic protons, at energies32

of ≥ 10 MeV.33

Plain Language Summary34

In this paper, we describe one physics-based solar energetic particle model, called35

Solar-wind with FIeld-lines and Energetic-particles (SOFIE). This model is designed to36

simulate the acceleration and transport processes of solar energetic particles in the so-37

lar atmosphere and interplanetary space. SOFIE is built on the Space Weather Mod-38

eling Framework (SWMF) developed at the University of Michigan. There are three mod-39

ules in the SOFIE model, the background solar wind module, the coronal mass ejection40

(CME) initiation and propagation module, and the particle acceleration and transport41

module. The background solar wind plasma in the solar corona and interplanetary space42

is modeled by the Aflvén Wave Solar-atmosphere Model(-Realtime) (AWSoM-R) driven43

by the near-real-time hourly updated Global Oscillation Network Group (GONG) so-44

lar magnetograms. In the background solar wind, the CMEs are launched by placing an45

unbalanced magnetic flux rope on top of the active region, using the Eruptive Event Gen-46

erator using Gibson-Low configuration (EEGGL). The acceleration and transport pro-47
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cesses are then modeled self-consistently by the Multiple-Field-Line Advection Model48

for Particle Acceleration (M-FLAMPA). Using SOFIE, we modeled nine historical so-49

lar energetic particle events. The performance of the model and its capability in mak-50

ing space radiation prediction is discussed.51

1 Introduction52

Solar energetic particles (SEPs) can be accelerated over a wide range of energies53

extending up to GeVs. They are hazardous not only to humans in space but also to elec-54

tronics and other sensitive components of spacecraft affecting their operations. Protons55

of >100 MeV with elevated fluxes exceeding 1 proton flux unit (pfu) are responsible for56

an increased astronaut exposure inside spacecraft shielding, and protons of >150 MeV57

are very difficult to shield against as they can penetrate 20 gm cm−2 (7.4 cm of Al, or58

15.5 cm of water/human tissue) (e.g. Reames, 2013). Furthermore, > 500 MeV protons59

can penetrate the atmosphere and pose radiation hazards to aviation. Besides protons,60

energetic heavy ions can also be of severe radiation concerns. Therefore, a reliable pre-61

diction of the timing and absolute flux of energetic protons above different energies is62

needed to provide support for future space exploration. However, the sparsity and large63

variability of SEP events make them difficult to predict.64

Many currently-existing SEP prediction models use post-eruptive observations of65

solar flares/CMEs to predict SEP events (e.g. Balch, 2008; Smart & Shea, 1976, 1989,66

1992; Inceoglu et al., 2018; X. Huang et al., 2012; Belov, 2009; Garcia, 2004; Laurenza67

et al., 2009; Richardson et al., 2018). There are also models that make predictions of the68

eruptive events (flares, CMEs, SEPs) using solar magnetic field measurements (Georgoulis,69

2008; Park et al., 2018; Bobra & Ilonidis, 2016; Bobra & Couvidat, 2015; X. Huang et70

al., 2018; Boucheron et al., 2015; Falconer et al., 2014; Bloomfield et al., 2012; Colak &71

Qahwaji, 2009; Papaioannou et al., 2015; Anastasiadis et al., 2017; Engell et al., 2017;72

Garćıa-Rigo et al., 2016; Tiwari et al., 2015; Kasapis et al., 2022). In addition, because73

of the shorter transit times of relativistic electrons or very high energy protons compared74

to ∼10 MeV protons, near-real-time observations of ∼MeV electrons (Posner, 2007) and/or75

>100MeV protons (Boubrahimi et al., 2017; Núñez, 2015; Nunez, 2011) have also been76

used to predict the arrival of >10 MeV protons.77
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A recent review by Whitman et al. (2022) summarizes more than three dozen SEP78

models to predict the occurrence probability and/or properties of SEP events. In Whitman79

et al. (2022), three approaches of the prediction models are discussed, empirical, machine80

learning (ML) and physics-based models. Empirical and ML models are built upon po-81

tential causality relations between the observable and predictable and they can make rapid82

predictions, often within seconds or minutes after the input data becoming available. Such83

models hold value as they can generally issue forecasts prior to the peak of an SEP event.84

However, since empirical and ML models are built upon historic events, it is difficult to85

validate their predictions at locations where no routine/historical observations have been86

made, e.g., the journey from Earth to Mars. And predictions can only be made for the87

specific energy channels upon which these models are built/trained. These models may88

also have difficulty in predicting extreme events since there are few such events available89

for training (e.g. Bain et al., 2021; Núñez, 2015; Whitman et al., 2022). On the other90

hand, physics-based models are based on first principles (Tenishev et al., 2021; Schwadron91

et al., 2010; Alberti et al., 2017; Alho et al., 2019; Marsh et al., 2015; Hu et al., 2017;92

Sokolov et al., 2004; Borovikov et al., 2018; Wijsen et al., 2020, 2022; Li et al., 2021; Luh-93

mann et al., 2007; Aran et al., 2017; Strauss & Fichtner, 2015; Kozarev et al., 2017; Kozarev94

et al., 2022; Linker et al., 2019; Zhang & Zhao, 2017). Physics-based models are usually95

computationally expensive, and in order for the physics-based models to make meaning-96

ful predictions, they need to run faster than real-time. Moreover, many of the underly-97

ing physical mechanisms involved in the development of SEP events are still under-debate,98

including the particle acceleration processes in the low corona, the particle’s interaction99

with turbulence magnetic field in the heliosphere, and the seed particles that are injected100

into the particle acceleration processes. However, physics-based models are still highly101

attractive, since they solve the acceleration and transport processes of energetic parti-102

cles and therefore they are able to provide time profiles and energy spectra of SEPs at103

any location of interest in the heliosphere.104

In this work, we demonstrate our attempt to model and make potential predictions105

of the energetic protons by using the self-consistent physics-based model, called SOlar106

wind with FIeld lines and Energetic particles (SOFIE). In this paper, we will apply the107

SOFIE model to nine historical SEP events. These nine SEP events are chosen from the108
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Solar Heliospheric and INterplanetary Environment (SHINE) challenge/campaign events,109

which were selected based on their elevated intensities that were relevant to operations1.110

2 SOFIE111

In order to build a physics-based SEP model, a background solar wind module, a112

CME generation and propagation module, and a particle acceleration and transport mod-113

ule are required. In SOFIE, the background solar wind plasma in the solar corona and114

interplanetary space is modeled by the Alfvén Wave Solar-atmosphere Model(-Realtime)115

(AWSoM-R) driven by hourly solar magnetograms obtained from the Global Oscillation116

Network Group (GONG) of the National Solar Observatory (NSO). CMEs are launched117

by placing an imbalanced magnetic flux rope on top of the parent active region, using118

the Eruptive Event Generator using Gibson-Low configuration (EEGGL). The acceler-119

ation and transport processes of energetic particles are then modeled by the Multiple-120

Field-Line-Advection Model for Particle Acceleration (M-FLAMPA). All the three mod-121

ules are fully integrated through the Space Weather Modeling Framework (SWMF) de-122

veloped at the University of Michigan. In this section, we briefly introduce each mod-123

ule.124

2.1 Background Solar Wind125

The 3D global solar wind plasma in the Solar Corona (1 Rs - 20 Rs) and inner he-126

liosphere (20 Rs - 5 AU) is modeled by using AWSoM-R as configured in the SWMF (Sokolov127

et al., 2013, 2021; Gombosi et al., 2018, 2021). AWSoM-R is an Aflvén wave-driven, self-128

consistent solar atmosphere model, in which the coronal plasma is heated by the dissi-129

pation of two discrete turbulence populations propagating parallel and antiparallel to130

the magnetic field (Sokolov et al., 2013). The AWSoM-R solar wind model has been val-131

idated by comparing simulations and observations of both the in-situ macroscopic prop-132

erties of the solar wind and the line-of-sight (LoS) appearance of the corona as observed133

in different wavelengths (Sachdeva et al., 2019; Gombosi et al., 2021). The inner bound-134

ary of AWSoM-R is characterized by the magnetic field measurement made by either ground-135

1 https://ccmc.gsfc.nasa.gov/challenges/sep/shine2018/, https://ccmc.gsfc.nasa.gov/

challenges/sep/shine2019/, https://ccmc.gsfc.nasa.gov/community-workshops/ccmc-sepval-2023/
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based or space-based observatories. In all the SEP events we modeled in this work, hourly-136

updated GONG solar magnetograms are used.2137

A validated background solar wind solution is critical in modeling the transport138

processes of energetic particles as it provides the magnetic field configuration where par-139

ticles propagate, allowing the computation of the energetic particle properties observed140

by spacecraft at specific heliospheric locations. Numerical solutions of the full set of ideal141

or resistive magnetohydrodynamic (MHD) equations so far have not been able to repro-142

duce aligned interplanetary stream lines and magnetic field lines in corotating frames.143

One of the reasons for this discrepancy is the numerical reconnection across the helio-144

spheric current sheet: the reconnected field is directed across the current sheet, while the145

global solar wind streams along the current sheet, thus resulting in “V-shaped” magnetic146

field lines and significant misalignment between field lines and stream lines. It is impos-147

sible to follow particles’ trajectory in “V-shaped” magnetic field lines, therefore, stream148

lines are usually used instead (Young et al., 2020). Within regular MHD, there is no mech-149

anism to re-establish the streamline-fieldline alignment. Recently, Sokolov et al. (2022)150

introduced the Stream-Aligned MHD method that “nudges” the magnetic field lines and151

plasma stream lines towards each other. A detailed explanation and illustration of this152

method is discussed in Sokolov et al. (2022). In SOFIE, we will solve Stream-Aligned153

MHD to get a steady state solar wind plasma background representative of the pre-event154

ambient solar wind and magnetic medium where CMEs and SEPs propagate.155

2.2 CME Initiation and Propagation156

The CME generation in SOFIE is modeled by the EEGGL module in SWMF (Manchester,157

Gombosi, Roussev, Zeeuw, et al., 2004; Manchester, Gombosi, Roussev, Ridley, et al.,158

2004; Manchester et al., 2006; Manchester, van der Holst, & Lavraud, 2014; Manchester,159

Kozyra, et al., 2014; Lugaz et al., 2005, 2007; Kataoka et al., 2009; Jin et al., 2016; Jin,160

Manchester, van der Holst, et al., 2017; Shiota & Kataoka, 2016; Borovikov et al., 2017).161

The initial conditions of the CME within the solar corona is treated by inserting an un-162

stable (or force imbalanced) flux rope suggested by Gibson and Low (1998) into an ac-163

tive region. The magnetogram from GONG and the observed CME speed (from Coor-164

dinated Data Analysis Web (CDAW) catalog and/or The Space Weather Database Of165

2 https://gong.nso.edu/data/magmap/

–6–



manuscript submitted to Space Weather

Notifications, Knowledge, Information (DONKI) database) are used to calculate the flux166

rope parameters. This approach offers a relatively simple, and inexpensive model for CME167

initiation based on empirical features of pre-event conditions (e.g. Gombosi et al., 2021).168

The EEGGL module is publicly available for download at http://csem.engin.umich169

.edu or can also be used through the website of the Community Coordinated Modeling170

Center (CCMC, https://ccmc.gsfc.nasa.gov/eeggl/). The subsequent propagation171

of CMEs in the solar corona and interplanetary medium are modeled using the AWSoM-172

R module. The EEGGL model to initialize CMEs and the subsequent CME/ICME evo-173

lution has been extensively used and validated (e.g. Jin, Manchester, van der Holst, et174

al., 2017; Manchester & van der Holst, 2017; Manchester, van der Holst, & Lavraud, 2014;175

Manchester, Gombosi, Roussev, Ridley, et al., 2004; Manchester et al., 2012, 2005, 2008;176

Manchester, van der Holst, & Lavraud, 2014; Roussev et al., 2004; Roussev, 2008; van177

der Holst et al., 2009, 2007).178

2.3 Particle Tracker179

In SOFIE, protons are accelerated at the shocks driven by CMEs through first or-180

der Fermi acceleration mechanism (Krymsky, 1977; Axford et al., 1977; Blandford & Os-181

triker, 1978; Bell, 1978a, 1978b). The acceleration and transport processes are modeled182

by the M-FLAMPA module in SWMF. In M-FLAMPA, the time-evolving magnetic field183

lines are extracted from the AWSoM-R solutions, along which the particle distribution184

functions are solved, following the Parker diffusion equation (Sokolov et al., 2004; Borovikov185

et al., 2018). Novel mathematical methods are applied to the extracted magnetic field186

lines to sharpen the shocks thus making the Fermi acceleration process to be more ef-187

ficient (Sokolov et al., 2004). The injection of suprathermal protons into the CME-driven188

shock acceleration system is described in Sokolov et al. (2004). The interaction between189

the energetic protons and turbulent magnetic fields is modeled by the diffusion processes190

along the background magnetic field lines. The diffusion coefficient close to the shock191

region is calculated self-consistently through the total Aflvén wave intensities obtained192

in the MHD simulation, and a Kolmogorov spectrum with an index of −5/3 is assumed.193

The diffusion coefficient upstream of the shock is calculated by assuming a constant mean194

free path. Detailed parameter settings will be discussed in Section 4.195
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3 Overview of the Nine SEP Events196

The nine SHINE challenge events were primarily chosen because they were large197

SEP events that were relevant to operations. Specifically, the 2012 July 12 event was se-198

lected because there was a large particle enhancement at Mars. In this section, we de-199

scribe the observational facts of the nine SEP events. Table 1 summarizes the observa-200

tional facts of the CMEs and solar flares associated with the solar origin of the nine events.201

From left to right, each column shows the SEP event date used to identify the event, the202

associated CME onset time, the CME speed, the soft X-ray flare class and onset time,203

the NOAA active region locations on the Sun, and the NOAA active region (AR) num-204

ber. The CME onset time is estimated from observations made by the Large Angle and205

Spectrometric Coronagraph (LASCO) instrument on board Solar & Heliospheric Obser-206

vatory (SOHO). Note that all the CMEs associated with the SEP events modeled in this207

work are categorized as halo CME in the SOHO LASCO CME catalog CDAW3. Each208

individual SEP event has been studied extensively by many papers as described below.209

Key features of each individual event are as follows:210

2012-Mar-07 Event: The solar origin of this SEP event is temporally associated211

with a X5.4 class X-ray from the NOAA Active Region (AR) 11429 at N17E15. At 00:24212

UT, a fast halo CME with a plane-of-sky speed of 2040 km s−1 was detected in LASCO/C2213

coronagraph images. At 01:05 UT, a second flare with a class of X1.3 erupted from the214

same active region and a slower halo CME with a speed of 1825 km s−1 was detected.215

Detailed analyses of these two eruptions can be found elsewhere (e.g. Patsourakos et al.,216

2016). The fact that the first CME was faster than the second CME and that the elec-217

tron intensities measured by the MErcury Surface, Space ENvironment, GEochemistry,218

and Ranging (MESSENGER) at 0.31 AU peaked before the occurrence of the second flare219

(c.f. Figure 6 in Lario et al., 2013) suggest that the main contributor to the observed220

SEP event was the first solar eruption. In fact, in the analysis of SEP events observed221

by the two spacecraft of the Solar Terrestrial Relations Observatory (i.e., Solar TErres-222

trial RElations Observatory (STEREO)-Ahead and STEREO-Behind) and near-Earth223

spacecraft, Richardson et al. (2014) and Kouloumvakos et al. (2016) concluded that the224

first flare/CME was responsible for the SEP event at all three locations. Therefore, in225

the simulation, we will consider only the first CME. Yet the energetic particle measure-226

3 https://cdaw.gsfc.nasa.gov/CME list/halo/halo.html
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Table 1. Observational facts of the nine SEP events

Event Date CME Onset Timea CME Speedb SXR GOES Flare NOAA AR

[UT] [km/s] Class/Onset [UT]

2012-Mar-07 2012-Mar-07 00:24 2040 X5.4/00:02 N17E15(11429)

2012-May-17 2012-May-17 01:37 1263 M5.1/01:25 N12W89(11476)

2012-Jul-12 2012-Jul-12 16:54 1400 X1.4/15:37 S14W02(11520)

2013-Apr-11 2013-Apr-11 07:24 743 M6.5/06:55 N09E12(11719)

2014-Jan-07 2014-Jan-07 18:12 2048 X1.2/18:04 S15W11(11943)

2017-Jul-14 2017-Jul-14 01:25 750 M2.4/01:07 S09W33(12665)

2017-Sep-04 2017-Sep-04 20:24 1323 M5.5/20:12c S08W16(12673)

2017-Sep-06 2017-Sep-06 12:12 1816 X9.3/11:53 S08W34(12673)

2017-Sep-10 2017-Sep-10 15:48 2087 X8.2/15:35 S08W88(12673)

a The onset time is obtained from the SHINE challenge websites and visually examined.

to match the SOHO observations.

bThe CME speed is provided by the SHINE challenge website.

cBased on inspection of SDO/AIA images.
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ment made by Geostationary Operational Environmental Satellite (GOES) shows two227

clear onset phases, which may correspond to the two CMEs. The peak and decay phases228

of the intensity profile was indistinguishable.229

2012-May-17 Event: This event was the first Ground Level Enhancement (GLE)230

of solar cycle 24 with >433 MeV proton intensity enhancements detected by GOES-13231

and up to >
∼7 GeV as inferred from neutron monitor observations (Balabin et al., 2013;232

Li et al., 2013). This GLE, designated as GLE71, had the peculiarity of having a highly233

anisotropic onset as detected by several neutron monitor stations (Mishev et al., 2014).234

By assuming that relativistic protons propagated scatter-free along nominal interplan-235

etary field lines, Li et al. (2013) estimated that ∼1.12 GeV protons were release at about236

01:39±00:02 UT, in accordance with a type II radio burst and prominence eruption at237

the origin of the associated fast CME, and corresponding to a a height of the CME at238

∼3.07 Rs. It is worth noting that Shen et al. (2013) reported two CME eruptions from239

the same active region that were separated by about 2 minutes. However, in the time240

intensity profiles of energetic protons detected by GOES, the two eruptions were not well241

separated. In this work, we will only consider the first CME eruption as the main ac-242

celerators of energetic particles. The same approach was adopted by Li et al. (2021) who243

modeled this event using AWSoM and improved Particle Acceleration and Transport in244

the Heliosphere model (iPATH) models.245

2012-Jul-12 Event: The CME at the origin of this SEP event generated the fourth246

strongest geomagnetic storm of solar cycle 24 (Gil et al., 2020). The prompt component247

of this SEP event showed >100 MeV proton intensity enhancements as observed by GOES-248

13 (c.f. Figure 6 in Gil et al., 2020) and the arrival of the shock at 1 AU driven by the249

CME was accompanied by a strong energetic storm particle (ESP) event (e.g. Wijsen250

et al., 2022). Details of the solar eruption that generated this event, reconstructions of251

the CME structure as observed by coronagraphs, and the topology of the CME at its252

arrival at 1 AU can be found in Scolini et al. (2019), Gil et al. (2020) and references therein.253

2013-Apr-11 Event: This SEP event was the first Fe-rich event of solar cycle 24254

as evidenced by ion data collected by STEREO-B and near-Earth spacecraft (Cohen et255

al., 2014). The filament eruption origin of the CME that generated this SEP event has256

been studied by several authors (e.g. Vemareddy & Mishra, 2015; Joshi et al., 2017; Fu-257

lara et al., 2019). The EUV wave associated with the origin of this event propagated mostly258
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toward the footpoint of the nominal interplanetary magnetic field line connecting to STEREO-259

B, but signatures of the EUV wave reaching the footpoints of the interplanetary mag-260

netic field lines connecting to either STEREO-A or near-Earth spacecraft were not ob-261

served (Lario et al., 2014). The non-arrival of the EUV wave at the magnetic footpoint262

of a given spacecraft does not preclude the observation of SEPs by such a spacecraft. Lario263

et al. (2013) concluded that observation of particles by near-Earth spacecraft was due264

to the CME-driven shock expanding at higher altitudes over a wide range of longitudes,265

without leaving an observable EUV trace in the low corona, being able to accelerate and266

inject particles onto the field lines connecting to near-Earth locations.267

2014-Jan-07 Event: The solar eruption at the origin of the CME associated with268

the SEP event was analyzed in detail by Möstl et al. (2015). They showed that the CME269

was “channeled” by strong nearby active region magnetic fields and open coronal fields270

into a non-radial propagation direction within ∼2.1 RS , in contrast to deflection in in-271

terplanetary space. This phenomenon will be discussed in more detailed in Section 4,272

where a white-light coronagraph comparison between the simulation and observation is273

discussed. Mays et al. (2015) studied the propagation of this CME up to 1 AU and de-274

termined that only a glancing CME arrival was observed at Earth. The SEP intensity275

enhancement occurred on the tail of a very energetic SEP event with onset on 2014 Jan-276

uary 6 (see details in, e.g., Thakur et al., 2014; Kühl et al., 2015).277

2017-Jul-14 Event: The origin of this event was associated with a medium-sized278

(M2.4) long-duration (almost two hours) flare from a large active region that displayed279

a sigmoidal configuration associated with a filament/flux rope. A high-lying coronal EUV280

loop was seen moving outward, which was immediately followed by the impulsive phase281

of the flare (Jing et al., 2021). The formation of the sigmoidal filament/flux rope, its ex-282

pansion, and the evolution of the photospheric magnetic field, leading to the eruption283

of the filament and the resulting CME have been studied in detail by James et al. (2020)284

(see their Figure 13). The arrival of the shock at Earth, accompanied by local particle285

intensity increases at energies <
∼10 MeV, generated a geomagnetic storm Kp=6.286

2017-Sep-04 Event: This SEP event, together with the following two SEP events,287

are a series of SEP events that occurred in early September 2017, towards the end of so-288

lar cycle 24. The solar eruptions associated with the origin of these events and their ge-289

omagnetic effects were analyzed by Chertok et al. (2018) and Shen et al. (2018) and ref-290

–11–



manuscript submitted to Space Weather

erences therein, whereas the resulting SEP events were described by Bruno et al. (2019)291

among others. The flare associated with the first SEP event occurred at 20:12 UT on292

2017 Sep 4 and the CME occurred at 20:24 UT with a speed of 1323 km s−1. The ac-293

tive region (AR 12673) was located at S09W16. The flare onsets time was estimated from294

the SDO/AIA movies. From SOHO/LASCO C2 images, around two hours before the295

eruption of the CME associated with the SEP event, there was a preceding CME at 18:48296

UT on 2017 Sep 4 with a speed of 597 km s−1 (CDAW). From the point of view of SOHO/LASCO,297

the first CME propagates to the west whereas the second faster CME propagates toward298

the southwest. The second CME overtook the previous CME shortly after its eruption,299

around 21:24 UT. In this work, we attribute the main acceleration of protons to the sec-300

ond CME, which is faster and stronger.301

2017-Sep-06 Event: A X9.3 class flare occurred at 11:54 UT on 2017 Sep 6 from302

the same active region AR 12673 as the 2017-Sep-04 event. At this time, the active re-303

gion was located at S08W34. The CME has a speed of 1816 km s−1. The occurrence of304

this SEP event was in the decay phase of the previous event, making the identification305

of the onset of the energetic proton intensity enhancements at different energies difficult.306

2017-Sep-10 Event: At 15:35 UT on 2017 Sep 10, the same active region AR 12673307

produced a X8.2 class flare. The active region rotated to S08W88. The corresponding308

CME has a speed of 2087 km s−1. This event is an GLE event, GLE #72. This event309

was also well-studied by multiple groups (see details in Ding et al., 2020; Zhu et al., 2021).310

4 SOFIE Results311

In this section, we present the results of the SOFIE model in simulating the nine312

SEP events. When modeling each event, we first run the AWSoM-R model to get a steady313

state solution of the background solar wind. In doing so, the hourly GONG magnetogram314

measured right before the flare eruption is chosen to drive the AWSoM-R model. The315

simulation domain extends from 1.105 solar radius (Rs) to 2.5 AU. In Section 4.1, we316

discuss the background solar wind solutions for each event and compare them with in-317

situ observations made by near-Earth instruments. After getting the steady state solar318

wind solution, an imbalanced magnetic flux rope is placed on top of the active region319

where the CME erupted from. In Section 4.2, we show the 3D topology of the magnetic320

flux rope and compare the white-light coronagraph images calculated from simulation321
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with the LASCO/C2 observations. In Section 4.3, we show the 2D spatial distribution322

of energetic particles in a sphere around Earth and the extracted proton flux time pro-323

files.324

4.1 Background Solar Wind325

The highly dynamic solar wind background and the complex geometry of the coro-326

nal magnetic field can vary significantly in each Carrington rotation and from event to327

event. Therefore, instead of using a homogeneous background solar wind for each event,328

we calculate the background solar wind properties individually. The plasma properties329

at Earth’s location is extracted from the 3D MHD solution and compared with the in-330

situ measurement made by spacecraft. As shown in Figure 1, the macroscopic proper-331

ties of the background solar wind for the nine SEP events are shown. For each event,332

a total time period of 27 days is shown, corresponding approximately to the synodic so-333

lar rotation period. In this paper, we only show the in-situ properties of the solar wind334

and its validation against the observation. The validation of the AWSoM(-R) model us-335

ing the predicted line-of-sight (LoS) appearance of the corona in different wavelengths336

has been discussed in detail in Sachdeva et al. (2019) and Gombosi et al. (2021).337

In each panel of Figure 1, the solar wind properties including the radial bulk plasma338

speed (Ur), the proton number density (Np), the temperature, and the total magnetic339

field magnitude (B) are plotted from top to bottom. The simulation results are plotted340

in red and the observations, measured by the Advanced Composition Explorer, are plot-341

ted in black. The time period corresponding to the passage of the ICME are plotted in342

shaded teal. The ICME time periods are obtained from the list of ICMEs observed at343

1 AU4 (Cane & Richardson, 2003; Richardson & Cane, 2010). Since we solve the steady344

state background solar wind, the ICME structures, which are the counterparts of the CMEs345

in interplanetary space, are not modeled and will not be compared. Most of the SEP events346

occur in solar maximum, especially the ones that we model in this work. Therefore, in347

multiple panels of Figure 1, one can see more than one ICMEs in the observations. As348

we mentioned above, the ICMEs in the observations will not be captured by the simu-349

lation. The mismatch between the simulation and observation in the ICME time period350

4 https://izw1.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
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is as expected. Except the ICMEs, the overall dynamics of the solar wind plasma are well-351

represented by the simulation.352

When running the AWSoM-R model, to get a reasonable comparison between the353

simulations and observations, there are two adjustable input parameters: the Poynting354

flux parameter and the correlation length of the Alfvén wave dissipation (see details in355

Z. Huang et al., 2023; van der Holst et al., 2014; Jivani et al., 2023). The Poynting flux356

parameter determines the input energy at the inner boundary to heat the solar corona357

and accelerate the solar wind, and the correlation length describes the dissipation of Alfvén358

wave turbulence in the solar corona and heliosphere (Z. Huang et al., 2023). When run-359

ning the AWSoM-R model to obtain the background solar wind, we varied the Poynt-360

ing Flux parameter to get the best comparison between the simulations and observations.361

A detailed discussion on choosing the optimal Poynting flux parameter is discussed in362

detail in a recent paper by Z. Huang et al. (2023).363

4.2 CMEs364

After obtaining the steady state background solar wind solution, we then launch365

the CME from the location of the parent active region by placing an imbalanced Gibson-366

Low (Gibson & Low, 1998) magnetic flux rope. The parameters of the flux rope, includ-367

ing the total magnetic field, the flux rope size, and the flux rope orientation, are calcu-368

lated based on the GONG magnetogram and the observed CME speed. In Figures 2, 3,369

and 4, we show the 3D topology of the inserted flux rope (left column), the white-light370

image measured by the LASCO/C2 telescope (middle column), and the synthetic white-371

light image calculated from the simulation (right column). In the left column, the sur-372

face of the Sun (at 1.105 Rs) and a number of 3D magnetic field lines are colored accord-373

ing to the radial component of the magnetic field. Note that the Sun and the magnetic374

field lines do not share the same color bar. The color bar shown in each plot represents375

the magnetic field strength on the magnetic field lines. The radial magnetic field on the376

Sun (at 1.105 Rs) ranges from −20 Gauss to 20 Gauss. The large scale magnetic field377

lines, besides the flux rope, are plotted to represent the overall structures of the coro-378

nal magnetic fields in each event. It is clearly seen that the field configurations differ dra-379

matically from event to event. And the overall magnetic field strength on the solar sur-380

face also varies orders of magnitude. The perspective view of the Sun is that obtained381

from Earth. Therefore, due to the projection effect, the flux rope of some events are not382
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Figure 1. Macroscopic properties of the background solar wind for the nine SEP events. In

each panel, the radial solar wind plasma speed, the solar wind density, the temperature and the

magnitude of the total magnetic field is shown from the top to bottom respectively. The simula-

tion results from AWSoM-R are plotted in red and observations are plotted in black. The passage

of the ICME structures are shaded in teal.
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as distinguishable as the others, especially when the flux rope is located close to the cen-383

ter of the Sun, as viewed from Earth.384

The middle and right columns of Figures 2, 3, and 4 compare the white-light coro-385

nagraph observations (middle) and simulations (right) several tens of minutes after the386

eruption of each CME. The exact times shown in Figures 2, 3, and 4 are selected on the387

basis of their clear CME detection in the LASCO/C2 field of view. The exact time of388

the selected observational frame is shown in the title of each image. The images calcu-389

lated from the simulation are chosen accordingly and the time, dt, after the CME erup-390

tion is shown.391

In the following, we briefly describe the white-light comparison of each individual392

CME between the observation and simulation. In the 2012-Mar-07 event (top row of Fig-393

ure 2), the core structure of the CME compares well, and the leading edge of the CME394

reaches approximately the same radial distance between observation and simulation, al-395

though the overall expansion of the CME in the simulation is narrower than the obser-396

vation, especially in the left flank. In the 2012-May-17 event (middle row of Figure 2),397

the core structure, the leading edge, and the overall expansion of the CME are well-captured398

by the simulation. In the 2012-Jul-12 event (bottom row of Figure 2), the CME is a halo399

CME (CDAW) and the flux rope originated from the center of the Sun as seen from Earth400

(left column). Therefore, the projection effect is large. From the LASCO/C2 image (mid-401

dle column), the core structure of the CME has a southern part (the active region is lo-402

cated at S14W02) , which is captured in the simulation.403

In the 2013-Apr-11 event (top row of Figure 3), the core structure of the CME prop-404

agates toward the east as seen in the LASCO/C2 images. The envelope of the CME ap-405

pears to be symmetric with respect to the solar equator. However, in the white-light im-406

age obtained from the simulation, the northern part of the CME is brighter than the south-407

ern part, demonstrating an extreme asymmetric shape. We examined the plasma prop-408

erties in the low solar corona and found a high density region lying in front of the flux409

rope which slowed down the propagation of the CME and led to such an asymmetric struc-410

ture.411

In the 2014-Jan-07 event (middle row of Figure 3), the CME erupted from the ac-412

tive region located at S15W11. From the LASCO/C2 point of view, the CME was a halo413

CME but propagating mostly in the southwest direction. The initial simulation also ob-414
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tains a halo (not shown here), which does not have the southwestern part as seen from415

the LASCO/C2 images. Therefore, it is very likely that the CME was deflected towards416

the west in the very early stage. We examined the magnetic fields around the active re-417

gion where the flux rope was inserted and found there was a strong active region in the418

east of the flux rope. The CME eruption and propagation in this event has been ana-419

lyzed in detail by Möstl et al. (2015). They found the CME was “channeled” by strong420

nearby active region magnetic fields and open coronal fields into anon-radial propaga-421

tion direction within ∼2.1 Rs. In the current setup of simulations, since the initial speed422

of the CME was 2048 km s−1, the flux rope is difficult to be deflected in the early stage.423

Therefore, in order to match that of the LASCO/C2 observation and also match the sub-424

sequent propagation of the CME, we shifted the location of the flux rope to the adja-425

cent active region in the west, separated by 8◦ in longitude from the active region listed426

in Table 1. As seen from Figure 3, the simulated CME propagates toward southwest-427

ern, which is comparable to the observations. However, the shifting of the flux rope to428

the west leads to issues when modeling the particle acceleration and propagation.429

In the 2017-Jul-14 event (bottom row of Figure 3), the white-light image from the430

observation and simulation is comparable, except that the CME shows a bright north-431

ern part in the simulation. While in the observation, the core part of the CME leans to-432

ward the south. The 2017-Sep-04 event (top row of Figure 4) involved two CMEs. From433

the LASCO/C2 movie, there was a preceding CME eruption that occurred around 2 hours434

before the main CME, with a speed of 597 km s−1 (CDAW). The previous CME prop-435

agated toward the west and the main CME took over the previous CME shortly after436

the eruption. In the LASCO/C2 image (top row of Figure 4), we enclose the leading edge437

of the main CME for a better vision comparison with the simulation. In the simulation,438

we only launch the main CME. The radial distance of the CME leading edge and its prop-439

agation direction is in a good agreement with the observation. Both the 2017-Sep-06 and440

2017-Sep-10 events (middle and bottom rows of Figure 4) show very good agreement be-441

tween simulations and observations, in terms of the CME speed and propagation direc-442

tion, including the interaction of the flux rope with the high density streamers in the back-443

ground solar wind.444
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Figure 2. Left: The 3D topology of the inserted magnetic flux rope in the active region. Mid-

dle: LASCO/C2 white-light image of the solar corona. Right: White-light image calculated from

the simulation at the same time as the middle column. Three events are shown here, 2012-Mar-

07, 2012-May-17, and 2012-Jul-12. In the left column, the surface of the Sun (1.105 Rs) and the

3D magnetic field lines are colored with the radial magnetic field. The color bar shown in the

plot presents the strength of the radial magnetic field in the field lines. The radial magnetic field

on the Sun ranges from −20 Gauss to 20 Gauss (color bar not shown here).
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Figure 3. In the same format as Figure 2 for the three events 2013-Apr-11, 2014-Jan-07, and

2017-Jul-14.
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Figure 4. In the same format as Figure 2 for the three events 2017-Sep-04, 2017-Sep-06, and

2017-Sep-10.
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4.3 Energetic Particles445

Once the force-imbalanced flux rope was inserted into the active region, we run the446

coupled AWSoM-R and M-FLAMPA modules to solve the energetic particle accelera-447

tion and transport processes in the solar corona and inner heliosphere. More than 600448

magnetic field lines are extracted from the 3D AWSoM-R solution. The extracted mag-449

netic field lines are followed in the local Lagrangian reference frame convecting with the450

solar wind plasma. A frequent (120 s) dynamic coupling between AWSoM-R and M-FLAMPA451

is performed to account for the propagation of the CME and CME-driven shock wave.452

In the simulation, the shock is identified by the sudden jump of the solar wind velocity453

along the extracted magnetic field lines. On each individual magnetic field line, the Parker454

diffusion equation is solved in the time-evolving Lagrangian coordinates. The diffusion455

strength close to the shock is determined by the total Aflvén wave intensity calculated456

self-consistently from the AWSoM-R simulation. The diffusion mean free path upstream457

of the shock, as described in Sokolov et al. (2004), is assumed to be a constant value, 0.3458

AU. This setup is for simplicity and in the future simulations, the diffusion coefficients459

in the entire domain will be calculated from the AWSoM-R solution. In this set of runs,460

perpendicular diffusion due to the field line random walk is not modeled. In modeling461

the nine SEP events, we followed 648 magnetic field lines that cover 360o in longitude462

and -45o to 45o in latitude of the solar surface. The starting radial distance of the mag-463

netic field lines is 2.5 Rs, and the magnetic field lines are traced inward and outward un-464

til reaching the inner and outer boundaries. The starting points of the magnetic field lines465

are chosen to distribute uniformly in the sphere enclosed 2.5 Rs. The latitudes of the466

active region that we insert the flux rope are within ± 17o around the solar equator. There-467

fore, a ± 45o coverage in latitudes is sufficient to calculate the particle flux in the eclip-468

tic plane.469

In this work, we are not trying the solve the injection problem, instead, we set the470

injection energy, Ei, in the shock system to be 10 keV. The absolute level of the injected471

particles is determined by assuming a suprathermal tail (∼ p−5) extending from the ther-472

mal momentum (
√
2mT ) to the injected momentum (pi) as follows (Sokolov et al., 2004):473

f(pi) =
ci
2π

n

(2mT )3/2

(√
2mT

pi

)5

(1)474

where m is the proton mass, n and T are the local plasma density and temperature in475

energy units (if in Kelvins, kBT should stand instead, kB being the Boltzmann constant)476
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Figure 5. 2D distribution of energetic proton flux at energies greater than 10 MeV. The pro-

ton flux is plotted in the logarithm scale. The nine events are plotted in the row-wise order. The

x and y axis shows the Carrington longitude and latitude on the sphere at 1 AU. The locations of

Earth are marked with blue solid circle, and the location of the inserted flux rope on the Sun are

marked with yellow solid circle.

calculated from AWSoM-R simulation. ci < 1 is the injection coefficient and pi is the477

injection momentum. The physical meaning of the injection coefficient may be derived478

by integrating the assumed distribution of the suprathermal particles over momentum,479

which gives us their density: 4π
pi∫

√
2mT

fp2dp = cin. Hence, ci is a fraction of density480

of protons having suprathermal energy. In order to compare with the observations, the481

injection level ci is adjusted for each individual SEP event. These suprathermal parti-482

cles are then accelerated on the magnetic field lines with negative velocity divergence (∇·483

u < 0). The strength of the acceleration is fully dependent on the jump of plasma ve-484

locity, i.e. the shock strength (Sokolov et al., 2004).485

4.4 2D Distribution of Proton Flux486

Figure 5 shows the 2D distribution of the logarithm of the energetic proton flux487

1 hour after the eruption of the CME flux rope, at energies greater than 10 MeV. The488

x and y axis shows the Carrington longitude and latitude for a sphere at 1 AU. Earth489
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location is marked with a blue solid circle, and the location of the inserted flux rope on490

the Sun is marked with a yellow solid circle. The locations of the flux rope are marked491

in the plot to show the relative locations of Earth with respect to the CME, i.e. the source492

of energetic particles. Since the interplanetary magnetic fields follow Parker spiral in gen-493

eral (e.g. Zhao et al., 2019), the flux of energetic particles is distributed around 45o ∼494

65o eastern of the flux rope location, depending on the corona and interplanetary mag-495

netic field configurations. In this set of runs, the injection coefficients are assumed to be496

uniform across the shock front (shock obliquity independent). Therefore, the 2D distri-497

bution of the energetic particles reflects the collective effect of the strength of the shock,498

the ambient plasma density and the temperature of the flux rope.499

In the 2012-Mar-07 event, the parent CME erupted from the active region located500

at N17E15 (see Table 1), 15 degree eastern of the Earth’s longitude. The 2D proton flux501

distribution in Figure 5 shows maxima around 90 degree eastern of the Earth’s location,502

which is consistent with the overall topology of the interplanetary magnetic fields. In the503

2012-May-17 event, the parent CME erupted from the west limb, around 90 degree west-504

ern of the Earth’s longitude. There are two local maxima in the 2D distribution of pro-505

ton flux, which may be due to the non-uniform strength of the shock driven in front of506

the propagating flux rope that affects the acceleration process, or the variations of the507

ambient plasma properties that determines the suprathermal injection.508

In the 2012-Jul-12 event, the parent CME erupted from near central meridian as509

seen from Earth. Since propagation direction of the CME leans toward the south, the510

proton flux in the southern hemisphere was also elevated due to the southern portion511

of the flux rope. In the 2013-Apr-11 event, the parent CME erupted from active region512

located 12 degree eastern of Earth, which is consistent with the 2D distribution of pro-513

ton flux shown in Figure 5. As we discussed in Section 4.2, the northern part of the CME514

is brighter than the southern part in the white-light image of the simulation, due to the515

high density region in front of the flux rope. Such an asymmetry structure was reflected516

in the 2D distribution plot of proton flux. The proton flux was elevated in the north-517

ern hemisphere and extended to a broader region than in the southern hemisphere, cor-518

responding to a stronger particle source in the north.519

In the 2014-Jan-07 event, the CME erupted from the active region located at S15W11.520

However, the 2D proton flux distribution shows local maxima far away from the expected521
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region. This is due to the fine-tuning process that we performed in matching the white-522

light images between the observations and simulations as discussed in Section 4.2. The523

flux rope was inserted to an active region to the west separated by 8 degrees in longi-524

tude from the active region that was responsible for the eruption. Meanwhile, the flux525

rope was also rotated in order to match the simulation with the observations, which leads526

to the unexpected northward propagation of flux rope. In the 2017-Jul-14 event, the par-527

ent CME erupted from S09W33, consistent with the 2D distribution of proton flux. Note528

that in panel [6] of Figure 5, Earth is very close to the center of the distribution.529

The 2017-Sep-04, 2017-Sep-06, and 2017-Sep-10 are a sequence of events that their530

parent CMEs erupted from the same active region located at 16, 34, and 88 degrees west-531

ern of the Earth’s longitude. As shown in the panels [7], [8], and [9] of Figure 5, the Earth’s532

location was on the western, close to the center, and eastern of the energetic proton source.533

The 2D distribution of the energetic proton flux highly depends on the shock prop-534

erties, i.e. shock strength, along the connected magnetic field lines with the correspond-535

ing CME. Furthermore, the absolute particle flux is determined by the number of seed536

particles that are injected into the shock system. In plotting the 2D distributions shown537

in Figure 5, we varied the injection coefficient for each individual event in order to ob-538

tain comparable results with the observations made by GOES satellite. The relative in-539

jection ratio is summarized in Table 2 and will be discussed in detail below. Note that540

for some events, the injection coefficient is much larger than 1, e.g. the 2012-Mar-07 event541

and 2014-Jan-07 event. There are many reasons that could lead to such large injection542

coefficients. One of the reasons is the underestimation of the pre-existing seed particle543

sources at the event eruption, including the preceding CMEs and the flares. Another fac-544

tor that will affect the injection coefficient is the combined effect of the magnetic con-545

nectivity between the CME shock front and the earth’s location with neglecting the per-546

pendicular diffusion in the calculation. A small displacement of the earth’s magnetic foot-547

point with respect to the shock front, together with an overestimation/underestimation548

of the CME shock properties will lead to a large variation of the proton flux. In this work,549

the perpendicular diffusion is not modeled, therefore, the proton flux contribution from550

cross-field diffusion, which is very important for poorly-connected events, is missing.551
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Table 2. Injection Coefficients of the nine SEP events

Event Injection Coefficient (ci)

2012-Mar-07 5

2012-May-17 0.025

2012-Jul-12 0.025

2013-Apr-11 1.25

2014-Jan-07 2.5

2017-Jul-14 0.00025

2017-Sep-04 0.25

2017-Sep-06 0.025

2017-Sep-10 1.25

4.5 Time Profiles552

Figure 6 compares proton intensities measured by GOES with the time dependent553

flux profiles obtained from the simulations. The flux profiles are calculated by extract-554

ing the > 10 MeV proton flux at Earth’s location from series of 2D particle distribu-555

tions as shown in Figure 5. A total of 20 hours are plotted. The horizontal dashed lines556

represent the 10 particle flux unit (pfu) threshold used by agencies to determine whether557

the radiation caused by the energetic protons raises any concern. The four vertical dashed558

lines indicate the times 1h, 5h, 10h, and 15h after the eruption of the CME flux rope.559

As we mentioned above, the absolute proton flux is multiplied by a factor of the injec-560

tion coefficient in order to get comparable match between observations and simulations.561

Therefore, in the following discussion, we focus on the rising phase and relative level of562

the flux profiles.563

Based on the relative location of Earth with respect to the source of energetic pro-564

tons, a prompt onset of protons is expected for the events when Earth is well-connected565

to the source of energetic protons. While the proton flux is expected to show a gradual566

increase if Earth’s location falls outside of the particle source. As shown in the 2D dis-567

tribution of energetic protons (Figure 5), in most of these events, Earth’s location is on568

the edge of the particle distribution at 1 AU, including the 2012-Mar-07, 2012-May-17,569

2017-Jul-14, 2017-Sep-04, 2017-Sep-06, and 2017-Sep-10 events. In the 2012-Jul-12, 2013-570
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Figure 6. The comparison of proton flux at energies greater than 10 MeV between observa-

tions (black) and simulation (blue). Nine events are plotted in the row-wise order. The horizontal

dashed line represents the threshold of 10 pfu and the four vertical dashed lines represent 1h, 5h,

10h, and 15h after the CME eruption. A total time period of 20 hours after the CME eruption is

shown.
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Apr-11, and 2014-Jan-07 events, Earth location is far away from the particle distribu-571

tion at 1 AU. The change of the proton flux with time, especially in the early phase, de-572

pends on the time evolution of the CME flux rope, together with the change of magnetic573

connectivity between Earth and the CME.574

The comparison between the simulations and observations shown in Figure 6 dis-575

plays some discrepancies. A number of factors could contribute to these discrepancies.576

One of them is the background solar wind medium where the CME flux rope and en-577

ergetic protons propagate. The solar wind background in this work is a steady-state so-578

lution driven by the solar magnetic fields measured at a single time (before the flare erup-579

tion) and the 3D solar wind solution has been compared to measurements obtained from580

a single near-Earth point in space that might not be representative of all the medium581

sampled by the particles as they propagate from the CME shock front to Earth. And582

the solar wind disturbances, including ICMEs, which are abundant during solar max-583

imum, are not modeled. A second factor is due to the fact that the longitudinal extent584

of the shock may be underestimated/overestimated. Our CME flux-rope white-light sim-585

ulation images have been validated with plane-of-sky images of the LASCO/C2 obser-586

vation that do not include the extent of the CME in longitude. A third factor is the as-587

sumption of the same constant parallel mean free path in all SEP events and the lack588

of cross-field diffusion processes when modeling energetic particle transport in interplan-589

etary space. Keeping these factors in mind, we discuss the comparisons between simu-590

lations and observations for all the events in details below.591

In the 2012-Mar-07 event, the proton flux calculated from the simulation shows a592

prompt increase, which is different from the gradual increase in the observation. This593

may due to the CME-driven is narrower in the observation than in the simulation. The594

injection coefficient is estimated to be 5. As discussed in Section 3, there are two CME595

eruptions associated with this event, and the energetic particles from these two eruptions596

merged together after the two clear onset phases. Therefore, the injection coefficient, 5597

for this event, may reflect the contribution of the two eruptions. Besides, the > 10 MeV598

proton flux was already elevated before the onset of this event from the observations. The599

pre-event elevated proton flux is due to a CME eruption that occurred on 2012 Mar 4600

at 11:00:07 UT (CDAW).601
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In the 2012-May-17 event, the onset phase time matches well between the obser-602

vation and simulation. The second enhancement of proton flux at around 7 hours after603

the CME eruption was due to the CME evolution and the fact that Earth’s magnetic604

connectivity changed establishing connection with a region with larger proton flux. Due605

to the second enhancement of the proton flux, the injection coefficient for this event does606

not reflect the difference of the overall level of proton flux between simulation and ob-607

servation.608

In the 2012-Jul-12 event, the timing of proton flux in the simulation matches very609

well with the observations, especially in the early phase. The mismatch of the declin-610

ing of the proton flux after 10 hours may due to the assumption of the mean free path611

in the simulation. The effect of the mean free path on the decay phase of the proton flux612

will be discussed below.613

In the 2013-Apr-11 event, the calculated proton flux shows a quicker onset phase614

than the observations. The slower onset may due to the poor magnetic connection of Earth615

to the CME (with an AR of N09E12). The proton flux after 6 hours between observa-616

tion and simulation matches quite well and the injection coefficient of 1.25 is a reason-617

able value.618

The 2014-Jan-07 is a special case, as we discussed above. The 2D proton flux dis-619

tribution shows the particle source is far away from the expected region, due to the fine-620

tuning processes of the inserted flux rope. Moreover, the > 10 MeV proton flux in the621

observation was well-above the background due to a previous eruption that occurred at622

08:00 UT on 2014 January 06.623

The gradual onset phase in the 2017-Jul-14 event matches well between observa-624

tion and simulation. The injection coefficient in this event is estimated to be 2.5·10−4.625

This small value of injection could be due to the slower speed of the parent CME, 750626

km s−1. However, the CME speed in the 2013-Apr-11 event is 743 km s−1, comparable627

to the one in the 2017-Jul-14 event, but the 2013-Apr-11 event has an injection coeffi-628

cient of 1.25. Another reason for the small injection coefficient is that the eruption of629

the 2017-Jul-14 event was near solar minimum, when the solar activity was low, and the630

remnant population of prior SEP events that could act as seed particle population for631

the processes of particle acceleration at the shock could also be low.632
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The 2017-Sep-04, 2017-Sep-06, and 2017-Sep-10 are a series of events that their par-633

ent CMEs erupted from the same active region. The injection coefficients in these three634

events are 0.25, 0.025, and 1.25. The CMEs associated with the 2017-Sep-04 event are635

twin-CMEs (Li et al., 2012) as we discussed in Section 3 and shown in Figure 4. The more636

efficient acceleration in the twin-CME system (Li et al., 2012; Zhao & Li, 2014; Ding et637

al., 2013) could be one of the potential reasons why the injection coefficient in this event638

is much larger than the 2017-Jul-14 event, although this event occurred under solar min-639

imum conditions. The 2017-Sep-06 event occurred in the decay phase of the 2017-Sep-640

04 event. Therefore, the onset phase between the observation and simulation does not641

compare well. The onset phase in the 2017-Sep-10 event calculated from the simulation642

is faster than the observation. This may due to the overall extension of the CME flux643

rope and the magnetic connectivity at the beginning of the event. Similar to the 2012-644

Jul-12 event, the declining phase in the simulation is faster than the simulation, indi-645

cating a faster deceleration of the CME in the simulations or a larger mean free path as-646

sumption.647

The determination of the injection coefficient in each individual event is affected648

by the properties of the shocks driven by the eruption of the CME flux rope, including649

the spatial extension of the shock surfaces and the strengths of the shocks. Hence, the650

value of the injection coefficient does not necessarily imply there are more or less suprather-651

mal protons, in the energy of 10 keV, that are accelerated in the diffusive shock accel-652

eration process. An estimation of a larger CME flux rope or a stronger CME-driven shock653

will lead to a smaller injection coefficient and vice versa. Besides, the magnetic connec-654

tivity between the Earth’s location and the CME shock front also affect the injection co-655

efficient. If the Earth’s location is close to the edge of the particle source, a small change656

of the size of the CME flux rope or a little error in the magnetic connectivity calcula-657

tion will result in a larger or smaller injection coefficient. From Figures 2, 3, and 4, the658

comparison between the simulation and observation is only performed for the SOHO ob-659

servations, which include a large projection effect. In the future work, a multi-spacecraft660

validation of the white-light CME image will be included. Moreover, together with C2661

observation, C3 observation will also be used to monitor the acceleration or deceleration662

of the CME flux rope in the solar corona. This is because the onset phase contains com-663

peting processes between the continuous acceleration of protons and the diffusion pro-664

cess. A significant deceleration of the CME flux rope propagation in the very early phase665
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Figure 7. The effect of far-upstream mean free paths on the calculated proton flux profiles

in the 2013-Apr-11 event. The GOES observation is plotted in black. The calculated proton flux

profiles with different mean paths (mfp) are plotted in magenta (mfp=0.05 AU), green (mfp=0.3

AU), and blue (mfp=1 AU).

would reduce the acceleration efficiency of energetic protons, especially in the larger en-666

ergy end.667

4.6 Decay Phase668

The ambient solar wind plasma properties affect the transport of energetic parti-669

cles, including the magnetic field turbulence. The timing of the first arriving particles,670

the timing when the particle crosses the preset threshold, (Wang & Qin, 2015; Qin et671

al., 2006) e.g. 10 pfu, and the time dependent and event-integrated energy spectra (Zhao672

et al., 2016, 2017) are all impacted by the magnetic field turbulence. In the simulation,673

the ambient solar wind plasma is calculated by running the steady-state MHD simula-674

tion using Stream-Aligned AWSoM-R module in SWMF. The mean free path upstream675

of the shock is assumed to be 0.3 AU in all of the nine simulations, for simplicity. In Fig-676

ure 7, we show the effect of different mean free paths on the proton flux profiles for the677

2013-Apr-11 event as an example. The magenta, green, and blue dashed curves show the678

flux profiles with far-upstream mean free paths of 0.05 AU, 0.3 AU, and 1 AU. The cal-679

culated proton fluxes are extracted from a sample magnetic field line. Both the onset680

phase and the decay phases depend on the value of mean free paths in the three cases681

as expected. Employing the turbulence strength calculated from the MHD simulation682

is one of the future steps to improve the SOFIE model.683
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5 Discussion684

In this paper, we describe the physics-based SEP model, SOFIE, and its applica-685

tion in modeling nine historical SEP events. The simulations of the SEP events start from686

calculating the background solar wind using the AWSoM-R model, in which the solu-687

tion of the solar wind plasma is driven by the measurement of the Sun’s magnetic field.688

The acceleration of energetic protons in SOFIE is solved in the CME-driven shock gen-689

erated by the eruption of CME flux rope. The CME is modeled by inserting an imbal-690

anced flux rope on the corresponding active region on the Sun using the EEGGL model.691

The acceleration and transport of energetic protons are modeled using the M-FLAMPA692

model, in which the Parker diffusion equations are solve along individual time-evolving693

magnetic field lines. In such regards, SOFIE model is a data-driven and self-consistent694

SEP model.695

In this work, we perform a systematic test of using SOFIE model to simulate SEP696

events. The steady-state background solar wind macroscopic properties (radial solar wind697

speed, number density, temperature, total magnetic field strength) calculated from the698

AWSoM-R is compared and validated against in-situ measurements. The white-light coro-699

nagraph image of the erupted flux rope generated by the CME generator, EEGGL, is700

compared and evaluated with SOHO/LASCO/C2 observations. This is only a single-observer701

comparison, therefore, the longitudinal extent of the flux rope has not been compared702

to observations. The proton flux at energies greater than 10 MeV calculated by M-FLAMPA703

is compared with GOES observation for the first 20 hours. In order to obtain a compa-704

rable flux level with observations, different injection coefficients are used for each event.705

The potential factors that may affect the injection coefficient include the multiple CME706

eruptions in one SEP event, the elevated suprathermal particles from previous eruptions,707

and solar activity level. We also discussed the effect of the upstream mean free path on708

proton flux profiles, especially the declining phase. In the current set of runs, the up-709

stream mean free paths are assumed to be the same for all the events for simplicity. This710

assumption may lead to a faster or slower declining profile in the simulation. The mean711

free paths may also affect the onset phase of the SEP event, making it more difficult to712

evaluate the acceleration/deceleration of CME propagation in the early stage.713

The most time and resources consuming part of the SOFIE model is when mod-714

eling the propagation of the CME flux rope in the solar corona domain (1.05 Rs to 20715
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Rs). In this stage, the SOFIE model runs at the same speed as real-time with 2000 cpu716

cores. It can run faster than real-time if more cpu cores are used. When the CME flux717

rope leaves the solar corona domain, several hours after the CME eruption, SOFIE model718

runs much faster than real-time, thus empowering the capability of using SOFIE model719

in predicting the properties of SEP events.720

The necessity of transporting energetic particles in the solar wind solution calcu-721

lated from an MHD simulation is due to the complex physical processes therein. The trans-722

port of energetic particles in interplanetary space involves many different physical pro-723

cesses, including adiabatic cooling, magnetic focusing, as well as parallel and perpendic-724

ular diffusion. All these processes depend on the properties of ambient solar wind back-725

ground. The magnetic field turbulence affects the timing of the first arriving particles,726

the timing when the particle flux crosses a pre-set threshold (Wang & Qin, 2015; Qin727

et al., 2006), and the time-dependent and event-integrated energy spectral index (Zhao728

et al., 2016, 2017). In the set of runs in this work, the upstream mean free paths are as-729

sumed to be constant and the effect of magnetic turbulence strength from the AWSoM-730

R simulation will be discussed in subsequent papers.731

Besides the steady-state background solar wind, CMEs and ICMEs, which are the732

main accelerators of energetic particles travel through the ambient solar wind medium,733

interact with its surrounding plasma and magnetic field, causing significant distortions734

and disruptions of the solar wind plasma (Manchester, Gombosi, Roussev, Zeeuw, et al.,735

2004; Manchester, Gombosi, Roussev, Ridley, et al., 2004; Manchester et al., 2005; Manch-736

ester et al., 2008; Manchester et al., 2012). These distortions affect the acceleration and737

transport of energetic particles. There are also SEP events that are associated with more738

than one CME eruption, e.g the 2012-Mar-07 and 2017-Sep-04 events. The underlying739

acceleration of energetic particles is likely to be enhanced according to the twin-CME740

scenario (Li et al., 2012; Zhao & Li, 2014; Ding et al., 2013). In this work, when mod-741

eling the nine historical SEP events, each event is only associated with one CME erup-742

tion and the simulation of the background medium does not include prior CMEs that743

could affect the transport of SEPs. In future work, we will examine the performance of744

SOFIE in modeling more than one CME eruption.745
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Open Research Section746

The in-situ solar wind plasma properties used in this work is available in the Space747

Physics Data Facility https://spdf.gsfc.nasa.gov/. The white-light image data is748

available in the SOHO/LASCO website https://lasco-www.nrl.navy.mil/index.php749

?p=content/retrieve/products. The GOES data is available at https://www.ngdc750

.noaa.gov/stp/satellite/goes/index.html. All the simulation data including the751

3D steady-state solution of the solar wind plasma, the 2D white-light image data, the752

2D distribution of protons, and the time dependent flux profiles are publicly available753

at the Deep Blue Data Repository maintained by the University of Michigan https://754

deepblue.lib.umich.edu/data/concern/data sets/cn69m504s.755
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nal Mass Ejections with Alfvénic Turbulence. In Journal of physics conference1030

series (Vol. 900, p. 012015).1031

Manchester, W. B., van der Holst, B., & Lavraud, B. (2014, mar). Flux rope evo-1032

lution in interplanetary coronal mass ejections: the 13 May 2005 event. Plasma1033

Physics and Controlled Fusion, 56 (6), 1-11.1034

Manchester, W. B., van der Holst, B., Toth, G., & Gombosi, T. I. (2012, SEP 1).1035

The coupled evolution of electrons and ions in coronal mass ejection-driven1036

shocks. The Astrophysical Journal , 756 (1).1037

Manchester, W. B., Vourlidas, A., Toth, G., Lugaz, N., Roussev, I. I., Sokolov, I. V.,1038

. . . Opher, M. (2008, September). Three-dimensional MHD simulation of the1039

–41–



manuscript submitted to Space Weather

2003 October 28 coronal mass ejection: Comparison with LASCO coronagraph1040

observations. The Astrophysical Journal , 684 (2), 1448–1460.1041

Marsh, M. S., Dalla, S., Dierckxsens, M., Laitinen, T., & Crosby, N. B. (2015).1042

SPARX: A modeling system for Solar Energetic Particle Radiation Space1043

Weather forecasting. Space Weather , 13 (6), 386–394.1044

Mays, M. L., Thompson, B. J., Jian, L. K., Colaninno, R. C., Odstrcil, D., Möstl,1045
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Möstl, C., Rollett, T., Frahm, R. A., Liu, Y. D., Long, D. M., Colaninno, R. C., . . .1053
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D. G., . . . Henney, C. J. (2019, dec). Validation of the Alfvén wave solar at-1101

mosphere model (AWSoM) with observations from the low corona to 1 au. The1102

Astrophysical Journal , 887 (1), 83.1103

Schwadron, N. A., Townsend, L., Kozarev, K., Dayeh, M. A., Cucinotta, F., De-1104

sai, M., . . . Squier, R. K. (2010, January). Earth-Moon-Mars Radiation1105

–43–



manuscript submitted to Space Weather

Environment Module framework. Space Weather , 8 (10), S00E02. doi:1106

10.1029/2009SW0005231107

Scolini, C., Rodriguez, L., Mierla, M., Pomoell, J., & Poedts, S. (2019, June).1108

Observation-based modelling of magnetised coronal mass ejections with EU-1109

HFORIA. Astronomy & Astrophys., 626 , A122. doi: 10.1051/0004-6361/1110

2019350531111

Shen, C., Li, G., Kong, X., Hu, J., Sun, X. D., Ding, L., . . . Xia, L. (2013, 2).1112

Compound twin coronal mass ejections in the 2012 may 17 gle event. The As-1113

trophysical Journal , 763 , 114. Retrieved from http://stacks.iop.org/00041114

-637X/763/i=2/a=114?key=crossref.78f34351bc8e5988061c2cae2a8b599c1115

doi: 10.1088/0004-637X/763/2/1141116

Shen, C., Xu, M., Wang, Y., Chi, Y., & Luo, B. (2018, July). Why the Shock-ICME1117

Complex Structure Is Important: Learning from the Early 2017 September1118

CMEs. APJ , 861 (1), 28. doi: 10.3847/1538-4357/aac2041119

Shiota, D., & Kataoka, R. (2016, 2). Magnetohydrodynamic simulation of in-1120

terplanetary propagation of multiple coronal mass ejections with inter-1121

nal magnetic flux rope (susanoo-cme). Space Weather , 14 , 56-75. doi:1122

10.1002/2015SW0013081123

Smart, D. F., & Shea, M. A. (1976). PPS76 - A Computerized ”Event Mode” Solar1124

Proton Forecasting Technique. Journal of Atmospheric and Solar-Terrestrial1125

Physics, 406.1126

Smart, D. F., & Shea, M. A. (1989). PPS-87: A new event oriented solar proton pre-1127

diction model. Advances in Space Research, 9 (10), 281–284.1128

Smart, D. F., & Shea, M. A. (1992). Modeling the time intensity profile of solar flare1129

generated particle fluxes in the inner heliosphere. Advances in Space Research,1130

12 (2), 303–312.1131

Sokolov, I. V., Roussev, I. I., Gombosi, T. I., Lee, M. A., Kóta, J., Forbes, T. G.,1132
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