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ABSTRACT

Aims. We present the implementation of a coupling between EUropean Heliospheric FORcasting Information Asset (EUHFORIA)
and improved Particle Acceleration and Transport in the Heliosphere (iPATH) models. In this work, we simulate the widespread solar
energetic particle (SEP) event of 2020 November 29 and compare the simulated time-intensity profiles with measurements at Parker
Solar Probe (PSP), the Solar Terrestrial Relations Observatory (STEREO)-A, SOlar and Heliospheric Observatory (SOHO), and Solar
Orbiter. We focus on the influence of the history of shock acceleration on the varying SEP time-intensity profiles and investigate the
underlying causes in the origin of this widespread SEP event.

Methods. We simulated a magnetized coronal mass ejection (CME) propagating in the data-driven solar wind with the EUHFORIA
code. The CME was initiated by using the linear force-free spheromak module of EUHFORIA. The shock parameters and a 3D shell
structure were computed from EUHFORIA as inputs for the iPATH model. Within the iPATH model, the steady-state solution of
particle distribution assuming diffuse shock acceleration is obtained at the shock front. The subsequent SEP transport is described by
the focused transport equation using the backward stochastic differential equation method with perpendicular diffusion included.
Results. We examined the temporal evolution of shock parameters and particle fluxes during this event and we find that adopting a
realistic solar wind background can significantly impact the expansion of the shock and, consequently, the shock parameters. Time-
intensity profiles with an energetic storm particle event at PSP are well reproduced from the simulations. In addition, the simulated
and observed time-intensity profiles of protons show a similar two-phase enhancement at STA. These results illustrate that modeling
a shock using a realistic solar wind is crucial in determining the characteristics of SEP events. The decay phase of the modeled
time-intensity profiles at Earth is in good agreement with the observations, indicating the importance of perpendicular diffusion in
widespread SEP events. Taking into account the possible large curved magnetic field line connecting to Solar Orbiter, the modeled
time-intensity profiles show a good agreement with the observation. We suggest that the broadly distorted magnetic field lines, which
are due to a stream interaction region, may be a key factor in helping to improve our understanding of the observed SEPs at Solar

Orbiter for this event.
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1. Introduction

Large solar energetic particle (SEP) events have been a major
concern in the field of space weather since it was discovered
that the accompanying high-energy (>10 MeV) protons and ions
pose serious radiation threats to astronauts and satellites in
space (Desai & Giacalone 2016). These SEP events are typically
associated with shock waves driven by coronal mass ejections
(CMEs) and are classified as gradual events (Cane et al. 1988;
Reames 1999). Compared to the other category of SEP events,
which are associated with solar flares and known as impulsive
events, gradual SEP events exhibit larger spatial spreading of
SEPs and over longer timescales. This is because the CME-
driven shock can accelerate particles over a large angular extent
across the shock front. Multiple spacecraft observations from
well-separated longitudes have revealed that the angular spread
of SEP can reach even higher than 180° (Gémez-Herrero et al.

2015; Lario et al. 2017). Several processes have been proposed
to explain these observations. For instance, coronal shocks can
accelerate and inject particles into a large spatial extension near
the sun (Dresing et al. 2014). Cross-field transport in the corona
and the interplanetary medium can also lead to widespread SEP
events (e.g., Hu et al. 2017; Li et al. 2021; Wijsen et al. 2019a).
Other mechanisms, including a diverging coronal magnetic field
(Klein et al. 2008) and the expansion of EUV waves (Park et al.
2013), have also been proposed to explain the spreading of SEPs.

Understanding particle acceleration at the shock and sub-
sequent transport is essential for investigating widespread SEP
events. Diffusive shock acceleration (DSA), also known as first-
order Fermi acceleration, is believed to be the primary parti-
cle acceleration process at the location of a CME-driven shock.
In the DSA mechanism, particles are accelerated by continu-
ously traversing the shock via scattering between Alfvén waves
upstream and downstream of the shock. Accelerated particles
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streaming along the magnetic field line upstream of the shock
further amplify these Alfvén waves. To apply the DSA in inter-
planetary shocks, Lee (1983) and Gordon et al. (1999) obtained
the spatial diffusion coefficient by solving the coupled particle
diffusion equations and upstream Alfvén wave kinetic equations.
These solutions were adopted by Zank et al. (2000), Rice et al.
(2003), Lietal. (2003) in modeling gradual SEP events. The
original model developed by Zank et al. (2000) used the one-
dimensional (1D) ZEUS magnetohydrodynamics (MHD) code
(Clarke 1996) to model the solar wind and a CME-driven shock.
The time-dependent maximum cut-off energy at the shock front
is determined by equating the dynamical timescale of the shock
and the acceleration time scale (Drury 1983). The instantaneous
steady-state particle spectrum with a cut-off energy is adopted
in the model. In this work, Zank et al. (2000) developed a treat-
ment, referred to as the onion shell model, to track the convection
and diffusion of accelerated particles in the shock complex. Later
Rice et al. (2003) extended the work of Zank et al. (2000) by
including the consideration of shocks with arbitrary strength
and Li et al. (2003) further improved the original model using
a Monte-Carlo approach to model the transport of escaped par-
ticles and Li et al. (2005) included the treatment of heavy ions
in the model. These works converged into a comprehensive
1D model, named the Particle Acceleration and Transport in
the Heliosphere (PATH) model. Shortly after, using the PATH
model, Verkhoglyadova et al. (2009, 2010) successfully mod-
eled the time-intensity profiles and spectra of several SEP events.
Due to the fact it was a 1D model, the PATH model can not
describe particle acceleration at a quasi-perpendicular or an
oblique shock. As a workaround, Li et al. (2012) examined the
effect of shock obliquity using the PATH model by consider-
ing a shock with a fixed obliquity during its propagation. This
is not a realistic approach, however, since the shock obliquity
can vary significantly during its propagation. A self-consistent
two-dimensional extension of the PATH model was carried out
by Hu et al. (2017), resulting the improved Particle Acceleration
and Transport in the Heliosphere (iPATH) model, which follows
the shock obliquity self-consistently. Using the iPATH model,
Hu et al. (2018) examined time-intensity profiles and particle
spectra at different longitudes and radial distances for some
example SEP events. More recently, Ding et al. (2020) exam-
ined the 2017 September 10 Ground Level Enhancement (GLE)
event using the iPATH model. In a different context, Fu et al.
(2019) modeled stellar energetic particle events with different
stellar rotation rates using iPATH, and Hu et al. (2022) derived
the scaling relation between energetic particle fluence and CME
speed in stellar energetic particle events.

While applying PATH and iPATH to model individual SEP
events has been done successfully in many cases, one unsatisfy-
ing issue with these practices is the fact that the iPATH model
uses a uniform solar wind background and adopts a simplified
approach in initiating a CME-driven shock. This is inconsistent
with realistic SEP events where the background solar wind is
non-uniform and often affected by transient structures, includ-
ing CMEs erupted earlier and stream interaction regions (SIRs).
Such a non-uniform background solar wind can impact the accel-
eration and the transport process of SEPs and lead to particle
spectra and time intensities that are very different from the cases
with a uniform background. Therefore, it is essential to cou-
ple data-driven solar wind models and more sophisticated CME
models in SEP simulations.

Previous efforts to couple data-driven 3D MHD simula-
tions of the solar wind and CMEs with SEP models exist.
For example, Kozarev et al. (2013) coupled the Block Adap-
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tive Tree Solar-Wind Roe Upwind Scheme model (BATSRUS;
Téth et al. 2012) with the Earth-Moon-Mars Radiation Envi-
ronment Module (EMMREM; Schwadron et al. 2010) to sim-
ulate particle acceleration at CME-driven shock in the solar
corona. Similarly, Linker et al. (2019) and Young et al. (2021)
coupled the CORHEL (Corona-Heliosphere; Riley et al. 2012)
and the EMMREM to investigate the July 14 2000 SEP event.
Luhmann et al. (2007, 2010) developed a SEP model, SEP-
MOD, which uses the outputs of the WSA-ENLIL-cone model
in describing the interplanetary field lines. The connection
of an observer as a function of time and the shock proper-
ties along the field line is obtained from the WSA-ENLIL
model. This approach emphasizes the importance of the mag-
netic field connection between the observer and the shock.
Recently, Wijsen et al. (2019b) developed a three-dimensional
particle transport model, the PArticle Radiation Asset Directed
at Interplanetary Space Exploration (PARADISE) model, that
solves the focused transport equation by coupling to the EUro-
pean Heliospheric FORecasting Information Asset (EUHFO-
RIA; Pomoell & Poedts 2018). EUHFORIA is a data-driven
MHD model that simulates solar wind and CME propagation
in the inner heliosphere. The EUHFORIA+PARADISE model
successfully reproduced an energetic particle event at the coro-
tating interaction region (CIR) and an energetic storm particle
(ESP) event at interplanetary CME-driven shock (Wijsen et al.
2022, 2021). However, these models did not consider the time-
dependent wave amplification upstream of the shock, which is
essential in obtaining the maximum energy of the accelerated
particles. Liet al. (2021) combined the iPATH model and the
Alfvén Wave Solar Model (AWSoM; van der Holst et al. 2010)
to simulate the 2012 May 17 GLE event. They investigated the
particle acceleration at a 3D CME-driven shock below 30 solar
radii and obtained a good agreement between simulations and
observations at multiple spacecraft. This modeling effort showed
the power of the iPATH model when coupled with data-driven
MHD models in studying the characteristics of particle acceler-
ation at CME-driven shocks.

In this work, we combine the EUHFORIA code with the
iPATH model to investigate the 2020 November 29 SEP event.
This event is the first widespread SEP event of solar cycle 25
observed by Solar Orbiter, Parker Solar Probe (PSP), Solar Ter-
restrial Relations Observatory-A (STA), and multiple missions
near the Earth. We first used the EUHFORIA code to model
the background solar wind and the propagation of the CME
from 0.1 au to 2 au. Remote sensing observations of the CME
and in-situ plasma measurements of the shock arrivals at STA
and PSP were used to constrain the spheromak CME parame-
ters in EUHFORIA. The shock parameters from the EUHFORIA
were taken as the input of the iPATH model. The iPATH model
solves the particle distribution function at the shock front and the
escaped particles from the shock front are tracked in the trans-
port module. The modeled time-intensity profiles of >10MeV
protons at four spacecraft were obtained and compared with the
observations.

The 2020 November 29 SEP event has attracted much atten-
tion in the SEP community and was discussed in an overview of
PSP SEP observations by Cohen et al. (2021). This event orig-
inated from a fast and relatively wide CME associated with an
M4 .4 class X-ray flare from the active region (AR) 12790. The
event showed an unusual wide spreading with particles observed
at locations with at least 230° difference in longitude. Large
anisotropies were observed by Solar Orbiter, STA, and PSP at
the onset of this event (Cohen et al. 2021; Kollhoff et al. 2021),
indicating that the injection of particles near the Sun possibly
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extended over a wide longitudinal range. Kouloumvakos et al.
(2022) examined the magnetic field configurations in the low
corona and showed that three spacecraft (Solar Orbiter, STA, and
PSP) were connected to supercritical regions of the shock. They
suggested that shock properties play an important role in this
widespread SEP event. In addition, Kollhoff et al. (2021) sug-
gested that efficient cross-field transport might have occurred in
this event. Besides the wide spreading of SEPs, other interesting
characteristics of this SEP event have been discussed, such as
the significant depletion of SEPs associated with the interaction
between the shock and a magnetic structure by Giacalone et al.
(2021), the similarity and differences of ion spectra at four space-
craft by Mason et al. (2021), and the observation of inverted
energy spectra due to the passage of previous CME (Lario et al.
2021). More recently, the observation of this event near Mars as
observed by Tianwen-1 was reported by Fu et al. (2022). Despite
the fact that many observational studies have been devoted to
this event, a range of comprehensive modeling efforts on this
SEP event are still lacking. Very recently, Palmerio et al. (2022)
simulated the CME and the SEP event using the WSA-Enlil-
SEPMOD modeling combo. Their model calculation suggested
that significant enhancements of SEP intensity at the onset of
the event only exist at PSP. This, however, is because the SEP-
MOD model assumes scatter-free propagation along magnetic
field lines and no cross-field diffusion is included. If, on the other
hand, the cross-field diffusion is important, and it is being the key
factor leading to the wide-spreading nature of this event, then
including it into the modeling effort is essential. In this work, we
focus on modeling the time-intensity profiles at four spacecraft
and understanding the nature of the widespread SEPs in the 2020
November 29 SEP event.

Our paper is organized as follows. In Sect. 2, we introduce
the coupling between the EUHFORIA and the iPATH model,
including various parameters of the spheromak module in EUH-
FORA, the extraction of the shock parameter from EUHFORA,
and their transfer to iPATH. We also briefly describe the treat-
ment of shock acceleration and particle transport in the iPATH
model. Section 3 contains the MHD simulation results, the his-
tory of shock acceleration, and the comparisons of time-intensity
profiles between our simulations and observations. We also com-
pare the simulated results with and without cross-field diffu-
sion. The main conclusions of this work are summarized in
Sect. 4.

2. Model setup
2.1. Modeling the solar wind and CME with EUHFORIA

EUHFORIA is a data-driven coronal and heliospheric model
designed for space weather forecasting, which simulates the
realistic background solar wind and CMEs in the inner helio-
sphere. This model consists of two major modules: (1) the
coronal model, which utilizes synoptic magnetograms from
the Global Oscillation Network Group (GONG; Harvey et al.
1996) as inputs for the semi-empirical Wang-Sheeley-Arge-like
model (WSA; Arge et al. 2003). The empirical coronal model
can provide inner boundary conditions for MHD models at
0.1 au; (2) the heliospheric model, which solves the 3D time-
dependent MHD equations to generate a realistic background
solar wind and CMEs. Several CME models have been imple-
mented in EUHFORIA, including the cone model (Zhao et al.
2002; Odstrcil et al. 2004) and the linear force-free spheromak
(LFFS) model (Verbeke et al. 2019). In the cone model, CMEs
are described as impulsive hydrodynamic disturbances of plasma

Table 1. Input parameters of the spheromak CME model in the EUH-
FORIA.

Parameter Value
Insertion time 2020-11-29T15:15:00
Insertion longitude (HEEQ) —15°
Insertion longitude (HEEQ) -80°

Radius 21.5R,
Density 3.0x 107 kgm™?
Temperature 0.8 x 10°
Helicity 1.0

Tilt =70°
Toroidal magnetic flux 1.5 x 10'* Wb

propagating into the solar wind with a constant insertion speed
and angular width. When the cone CMEs are injected into
the heliosphere, where their propagation and deformation are
affected by the internal pressure of the injected solar wind gust
and the ambient solar wind structures. However, the cone model
cannot trace the additional expansion of the magnetic structure
in the CME. Compared to the cone model, the LFFS model con-
tains a flux-rope structure as a force-free magnetic field configu-
ration, which can more realistically describe the propagation and
evolution of CMEs in the solar wind (Scolini et al. 2019).

In this work, we first modeled the background solar
wind with a spheromak CME in EUHFORIA. The remote-
sensing and in-situ plasma measurements were used to constrain
the parameters of the LFFS model. Using the coronagraphs
onboard STA and SOlar and Heliospheric Observatory (SOHO),
Nieves-Chinchilla et al. (2022) obtained kinematic CME param-
eters at 0.1 au from the Graduated Cylindrical Shell (GCS;
Thernisien et al. 2009) reconstructions for the ENLIL model. We
follow these GCS parameters in this work. Besides the remote-
sensing, in-situ magnetic field measurements provide informa-
tion on the arrival of the shock and CME. The CME-driven
interplanetary shock reached PSP (at 0.81 au from the Sun) at
18:35UT on 2020 November 30 and reached STA at 07:23 UT
on 2020 December 1. By fine-tuning the magnetic flux and den-
sity to match the shock arrival time at two SC locations, the rea-
sonable CME parameters for the LFFS model are summarised
in Table 1. Grid resolutions in EUHFORIA are as follows: 1024
grid cells in the radial direction between 0.1 au and 2.0 au, and a
4° angular resolution in longitudes and latitudes.

2.2. Shock parameters

In order to study CME-driven shocks in EUHFORIA simula-
tions, the shock structure has to be identified exactly. To diminish
the effect of the non-uniform solar wind on the shock identifica-
tion, at every time step, we first subtract the background solar
wind that corotates with the Sun, which enables us to remove
any disturbance in front of CME. Next, we identify the shock
front along the radial direction with the last peak of entropy s at
a series of times. The entropy is calculated by s = In(7, /p*™h,
where T}, is the proton temperature and y = 5/3 is the polytropic
index. With a 2-h cadence for the snapshots in EUHFORIA,
we can track the shock parameters (e.g., the compression ratio,
S, shock speed, Vgock, and shock obliquity angle, fgx) during
the CME evolution. The shock obliquity angle 8y refers to
the angle between the shock normal and the upstream magnetic
field. At each shock location, the shock normal is determined by
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using magnetic coplanarity (Abraham-Shrauner 1972):

 (ByxBJx(Ba-By)
"= A By x Bo) X (Ba= B’ M

where B, and B4 represent upstream and downstream magnetic
fields, respectively.

Assuming that the upstream and downstream speeds are
radial, the following relation (Whang et al. 1996) is used in order
to estimate shock speed in the shock normal direction:

Vshock = M, 2
Pd — Pu

where pq, pu, uy and uy are the proton density and flow veloc-

ity in the upstream and downstream regions, respectively. We

then determine the shock parameters (e.g., the shock compres-

sion ratio and shock obliquity angle) accordingly.

2.3. iPATH model

The original 2D iPATH model contains three modules: (1)
an MHD module simulates the background solar wind and
the CME-driven shock; (2) an acceleration module computes
particle spectra at the shock front; and (3) a transport module fol-
lows the propagation of particles escaping upstream of the CME-
driven shock. For a detailed discussion of the iPATH model, we
refer to Hu et al. (2017), Ding et al. (2020). In Li et al. (2021),
the authors tried to couple the AWSoM MHD code with the
iPATH code to provide a more realistic description of the CME-
driven shock. Here, in this work, we use EUHFORIA to replace
the MHD module of the iPATH code. As in Li et al. (2021), the
acceleration and transport of SEPs are explicitly 3D in nature.
The shock parameters calculated from EUHFORIA are passed
to the acceleration module. The maximum particle momentum
Pmax along the shock front at every time step is calculated by
equating the dynamical timescale of the shock fayn = grrg; With
the acceleration timescale (Drury 1983):

'Pmax,r 3Sr Ky 1
Layn = — —dp, 3
dy f S,- _ 1 U% p p ( )

Pinj.r

where pin;, is the injection momentum, «, is the particle diffu-
sion coefficient, and U, is the upstream solar wind speed in the
shock frame. The calculations of injection momentum and diffu-
sion coefficient are the same as Hu et al. (2017). Since the shock
parameters vary with the shock location r, the maximum particle
energy can have a strong variation along the shock front.

In the original iPATH model (Huetal. 2017, 2018), the
instantaneous particle distribution function at the shock front is
described by a single power law. Recently, Ding et al. (2020),
Liet al. (2021) included an exponential tail exp(—E/Ey) at the
high-energy end to account for the finite shock acceleration time
and finite shock size. However, the exponential tail can be sig-
nificantly steep, as suggested in Vainio & Laitinen (2007). These
authors utilized a more general form of the exponential tail
exp(—(E/Ep)®) to fit the particle energy spectrum at the shock,
where o can be larger than 1. In this work, we consider the
instantaneous particle distribution function with such a general
exponential tail exp(—(E/Ey)*) as

B E a
f(r, D tk) = C| * €Nyp BH[P - pinj,r] exp [_ (EO ) :| 5 (4)
r

where 8 = 3s,/s, — 1, s, is the shock compression ratio at
r(r,0,¢), € is the injection efficiency, n, is the upstream solar
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wind density, piy - is the particle injection momentum, Ej, is the
kinetic energy that corresponds to a maximum proton momen-
tum, pmaxr, and « is a free parameter to describe the steepness
of the exponential tail. In this event, the decay at high energy is
rather fast and we use a @ = 2. The injection rate is assumed to
be 0.5% at the parallel shock, while H is the Heaviside function,
and ¢ is a normalization constant given by:

E\"| 4
Eo,r) ]d p- (©)

+00
cl = 1/
Pinj.r

PiﬁH[P - pinj,r] * EXp |:_(

The accelerated particles convect with the shock and dif-
fuse downstream of the shock. In Li et al. (2021), the shell is
composed of multiple historical shock fronts at different time
steps that convect with the downstream solar wind. The 3D shell
model is divided into multiple small parcels in longitudes and
latitudes. In this work, the angular resolution of the shell is 4°,
consistent with the grid resolution of EUHFORIA. We only con-
sider the evolution of the shell along the radial direction. For the
shell located at (6, ¢), the outer edge of the whole shell is the
shock front #; (i is the number of time steps) at a time, ¢;, radial

distance, r;, of shell j (j = 1,2,...,i-1) at time, #;, is determined
by:
ti
ri(ty) = riti-1) + f u(rij(tioy +1),0,¢)dr’, (6)
iy

where u is the solar wind speed at the shell location (r}, 6, ¢) at
successive MHD time steps. In discrete form, Eq. (6) becomes:

ri(t)) = ri(ti-) + u(rj(tiz1), 6, §)(t — tiz1). 7

Equation (7) allows us to construct all parcels in the shell from
the outputs of the EUHFORIA model. In this work, we build
the 3D shell model using the EUHFORIA outputs with a time
interval of two hours. We note that the shell model in iPATH is
derived via the realistic 3D shock fronts in EUHFORIA. Equa-
tions (6) and (7) shows that the shape of the shell model is not
only determined by the shock fronts but also is affected by the
downstream solar wind speed. An example of the 3D shell model
is referred to Li et al. (2021). Particle diffusion and convection
in the parcels are followed as in Hu et al. (2017), Ding et al.
(2020). Particles diffuse far enough upstream of the shock can
escape. In the iPATH model, the transport of these particles
in the solar wind is described by a focused transport equation.
Hu et al. (2017) solved the focused transport equation using the
backward stochastic differential equation (SDE) method with
cross-field diffusion included in the Parker spiral magnetic field.
Here, we follow Hu et al. (2017) in describing the transport of
escaped particles in the solar wind. Previous modeling works
(e.g., Ding et al. 2020; Li et al. 2021) have suggested that cross-
field diffusion is a key parameter in explaining wide-spreading
SEP events. In the quasi-linear theory (QLT; Jokipii 1966), the
pitch angle diffusion coefficient D, is given by:

27r2§22(1 —,112) lab
= Bz—vﬂgsa (kn), (8)

where u is the pitch angle cosine, v, is particle velocity, g**,

is the turbulence power spectrum in the solar wind, Q = ;71; is

particle’s gyrofrequency, and particle’s resonant wave number is
ky = Q(ulu))~". g% we used here is given by Shalchi (2009),

Cc) 2

g™ (k) = 5 stab0Bgjan (1+ k2lflab)_v’ ©)
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where [y, is the slab bendover scale, set to be 10° m. 6B is the
strength of the slab magnetic field, and the inertial range spectral
index s = 2v = 5/3. The normalization factor C(v) is equal to:

1 I'v)
2yrT(v=1/2)

where I'(x) is the Gamma function. A well-known parallel diffu-
sion coeflicient | is:

1)2 +1 (1 _ /12)2
K| = --L[\ dy—rn—-

8 J Dy,
Then we obtain the perpendicular diffusion coefficient «,

from kj using the non-linear guiding center (NLGC) theory
(Shalchi et al. 2010):

Cv) = (10)

an

2/3
3 6B2
K, = [T\/_vazﬂC(v) 20 IZD] K3, (12)

> I
BO

where the square of the turbulence magnetic field follows a
radial dependence of 6B*> ~ 7. We assume the ambient turbu-
lence level 5B%/B? to be 0.15 at 1 au. Recently, Hu et al. (2018),
Ding et al. (2020) considered the radial dependence of the ben-
dover scales Ig., and lop to have a form of r%t and r*. With
Egs. (11) and (12), we obtain:

4 5 2,40
K| ~ 03 B3 p3%b 7;

13)

2ag, 2a
10 7 Y4 ,sgl.lb+ 32D .

KlNUTB 93

In this work, we assume y = -3.5, agop = 1.0 and ayp =
1.0; therefore, the ratio of «, to k takes the form: «, /kj ~
v2PB~219=%0/% At 1 au, a reference value of «, /k; = 0.03 for
10 MeV proton is chosen.

2.4. Coupling

In this work, EUHFORIA is used to describe both the data-
driven background solar wind and the CME from 0.1 au to 2 au.
The CME-driven shock is identified and the calculated shock
parameters along the 3D shock surface at different times are
imported to the iPATH model. We note that we used the full
information of the 3D shock in the iPATH model. The accel-
erated particle spectrum at the shock front is computed based
on the shock parameters. A 3D shell model behind the shock is
constructed based on the modeled shock fronts from EUHFO-
RIA and these shells propagate out with the shock. The iPATH
calculates the convection and diffusion of the accelerated parti-
cles among multiple shells. When particles escape upstream of
the shock, they propagate along the magnetic field line. For sim-
plicity, we assumed the magnetic field upstream of the shock is
given by the Parker field in the transport module. The Parker field
line through each spacecraft corresponds to the simulated solar
wind speed at the flare onset time. Using a backward stochas-
tic differential equation method, we follow the propagation of
these energetic protons with cross-field diffusion included in
the solar wind. We note that the setup of diffusion coefficients
are the same for different observers since we do not utilize the
information on the background solar wind from EUHFORIA.
Finally, the modeled time-intensity profiles are obtained at PSP,
STA, Earth, and Solar Orbiter, and they are also compared to the
observations.

In short, we used the full information from EUHFORIA to
model the particle acceleration at the shock but we still used

the Parker field to study the particle transport in the iPATH
model. We did not use the magnetic field lines from EUHFORIA
due to the limits of the current transport module in iPATH.
However, we note that in the realistic solar wind, multiple fast
and slow streams exist and their presence will complicate the
interplanetary magnetic field. Furthermore, preceding CMEs can
disturb the interplanetary environment and lead to a distorted
interplanetary magnetic field. Taking into account the presence
of solar wind streams with varying speeds, the PARADISE
model (Wijsenetal. 2019b) solved the focused transport
equation with a data-driven solar wind generated from the
EUHFORIA. This approach has shown a remarkable capac-
ity to capture detailed features of CIR events and ESP events
(Wijsen et al. 2022, 2021). Extending it to a non-Parker field in
the iPATH model will be the subject of a future work.

3. Results
3.1. Shock properties

Figure 1 shows snapshots of the scaled number density and
the radial speed from the EUHFORIA simulations at 13:13 UT,
on 2020 November 30. Snapshots are presented in the Helio-
centric Earth Equatorial (HEEQ) coordinate system. The loca-
tions of four spacecraft and the corresponding simulated and
observed solar wind speeds at the spacecraft locations are listed
in Table 2. From the table, we can see that at STA, the simulated
and observed solar wind speeds are similar; at Earth, the simu-
lated solar wind speed is faster than the observation. Solar wind
measurements from PSP and Solar Orbiter are not available and
are shown by N/A in the table.

In the iPATH model, the CME-driven shock is modeled by a
hydrodynamic disturbance at the inner boundary and there is no
explicit description of the CME itself. Consequently, the mag-
netic pressure of the CME flux rope is ignored in the iPATH
model. However, the expansion of CMEs, and hence the proper-
ties of the CME-driven shock, are heavily affected by the inter-
nal magnetic field structure of CMEs (Scolini et al. 2019). In
this work, the CME is initialized using the LFFS model and
the input parameters of the LFFS model are listed in Table 1.
The center of the CME is —80° in longitude. In the equatorial
snapshot of the radial speed, the propagation speed at the eastern
portion of the CME is much faster than that of the western por-
tion. Such an asymmetric expansion of CME is due to variations
in upstream solar wind conditions, that is, the CME propagates
faster in fast streams than in slow streams. This is also evident
from the meridional slices, where a faster expansion of the CME
towards higher northern latitudes is observed (see the upper right
panel of Fig. 1). These snapshots reveal the fact that background
solar wind structures can considerably affect the propagation
and expansion of a CME. Such an asymmetric expansion further
impacts the shock speed distribution and shock geometry along
the shock surface. In Fig. 1, the locations of Earth, STA, PSP,
and Solar Orbiter spacecraft are marked by colored circles and
squares. The white dashed lines are magnetic field lines connect-
ing to these locations. On 2020 November 30 at 12:13 UT, PSP
is well connected to the nose of the shock and STA is marginally
connected to the flank of the shock. In contrast, Solar Orbiter
and Earth are not connected to the shock in this simulation.
From the in situ measurements of SEPs, Kollhoff et al. (2021)
used the velocity dispersion analysis (VDA) and time shift anal-
ysis (TSA) methods to calculate the particle release times, which
yields a solar release time of 13:15 UT at PSP and of 14:47 UT
at STA, for ~16 MeV protons. However, from the Solar Orbiter
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Fig. 1. Equatorial and meridional snapshots of the modeled scaled number density (fop row) and the radial speed (bottom row) in EUHFORIA.
The left column represents the equatorial plane, while the right column shows the meridional plane that includes PSP. The dashed curves show the
interplanetary magnetic field lines corresponding to Earth, STA, PSP, and Solar Orbiter.

observation, they estimated the release time of ~16 MeV protons
to be 13:53 UT on 2020 November 29, which is earlier than that
at STA. This suggests that Solar Orbiter has a better magnetic
connection to the shock than STA early in this event, contra-
dicting to the simulation results where Solar Orbiter does not
connect to the shock. We further discuss it below in the SEP
simulation results of Solar Orbiter.

Figure 2 shows simulated time profiles of the solar wind
at STA and PSP from 2020-11-29 12:00UT to 2020-12-02
12:00 UT, compared to in situ measurements. The upper panel
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shows proton number density, radial speed, and magnetic field
magnitude at STA. The yellow lines represent the modeled
results in EUHFORIA and the blue lines show the in situ mea-
surements. The vertical solid line indicates the shock arrival at
STA, which occurred on 2020 December 1 at 07:23 UT. Prior
to the shock passage, the observed and simulated proton num-
ber density and magnetic field magnitude are similar, but there
is a high speed stream (HSS) around 12-01 from the obser-
vation that is not captured by the simulation. After the shock
passage, the simulated and observed speed and magnetic field
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Table 2. Location of the spacecraft.

s/C r(au) Lon.®@ Lat.@ Ugyn® (kms™) Ugps © (kms™1)
PSP 0.81 -96° 3° 358 N/A @
STA 096 —57° 6° 368 361
Earth 099 0° 1° 436 358
Solar Orbiter 0.88 122° -5° 596 N/A

Notes. @Coordinates are given in the HEEQ coordinates. ® Uy, is the
solar wind speed given from EUHFORIA on 29/11/2020 at 13:00 UT.
© U yps is the solar wind speed from in-situ measurements on 29/11/2020
at 13:00 UT. ““N/A refers to no available data at spacecraft during this
event.
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Fig. 2. Time series of the modeled plasma and magnetic field parameters
at STA and PSP. The blue lines indicate the in-situ observations and
the orange lines show the modeled results of EUHFORIA. The vertical
solid lines indicate the shock arrival time at STEREO-A and PSP (see
text for details).

magnitude are similar, but the simulated number density is sig-
nificantly higher than the observation. This is related to the fact
that the simulation does not contain a HSS upstream of the
shock. In the shock frame, a HSS upstream of the shock means
a smaller flux toward the shock, and therefore leads to a smaller
density downstream of the shock. Since no solar wind measure-
ments are available from PSP, we only compared the magnitude
of the magnetic field between the model and the measurement
in the lower panel of Fig. 2. The shock reached PSP on 2020
November 30 at 18:35 UT, which is indicated by the vertical line.
This is similar to the simulated shock arrival time. We note that
from the observation, a clear shock sheath can be seen after the
shock arrival in both spacecraft. In comparison, the shock com-
plex structures are not clear in the EUHFORIA simulation. This
is not an issue since we do not discuss the shock complex in this
work. We used the shock arrival time at PSP and STA to con-
strain the initial boundary conditions of the CME.

In our simulation, we identified the shock location and cal-
culate shock parameters along the shock surface every 2 h as the
shock propagates out. Figure 3 shows the shock speed, the com-
pression ratio, and the shock obliquity along the shock surface
on 2020 November 30 at 21:13 UT. In this 3D paradigm, it can
be seen that the shape of the shock is clearly modulated by the
solar wind structure. In the southern hemisphere (bottom part of

the shock), a dip of the shock can be seen from all three panels.
It results from the interaction between the CME and a corotating
interaction region (CIR). This interaction significantly changes
the geometry of the shock, as well as the shock strength. It illus-
trates that the interaction between CIR and CME can be essential
to understanding shock acceleration and transport. Asymmet-
ric coronal shocks and their corresponding shock acceleration
have been examined by Li et al. (2021), Jin et al. (2018, 2022).
These authors suggested that the asymmetric expansion of coro-
nal shocks is essential in understanding the characteristics of
SEP events. We remark that the combination of EUHFORIA and
the iPATH model is a powerful approach to modeling SEP events
in the inner heliosphere. In the left panel, the shock region with
the highest shock speed appears in the northern hemisphere (the
upper portion of the shock). This is due to the expansion of the
CME in a fast stream as shown in the meridional slices of Fig. 1.
The middle panel depicts the compression ratio along the shock
surface. The compression ratio at the shock nose is the highest,
close to 4, whereas it decreases from the shock nose to the flank
of the shock. In DSA, the compression ratio decides the spectral
index of the source spectra; that is to say that a higher compres-
sion ratio results in a harder spectrum. It is worth noting that
the compression ratio is lowest at the dip, indicating a weaker
acceleration efficiency in this portion of the shock. In addition to
the compression ratio, the shock geometry plays a critical role in
deciding the acceleration efficiency of the shock (Li et al. 2012).
The right panel shows that the shock obliquity angle gradually
increases from the eastern flank (left side) to the western flank
(right side), that is, the shock changes from being quasi-parallel
at the eastern flank to being quasi-perpendicular at the western
flank.

To clearly demonstrate the history of shock acceleration,
Fig. 4 plots the time evolution of shock parameters in the equato-
rial plane. The shock parameters shown in the four panels are the
shock compression ratio, the shock speed, the shock obliquity,
and the maximum proton energy. In each panel, black curves
are shock fronts at a series of times from 0.1 au to 1.2au and
the color scheme indicates the magnitude of the corresponding
shock parameters along the shock front. We assume that PSP and
STA are located in the solar equatorial plane as their latitudes
are 3° and 6°, respectively. White dashed curves are the Parker
field lines that pass through PSP and STA at the beginning of
the event, respectively. We assume the spacecraft do not move
significantly during the event so that these Parker field lines do
not change over the course of the event. Earth and Solar Orbiter
are not connected to the shock in the simulation so they are not
shown in this figure. As seen from the panel of the compression
ratio, PSP always connects to the high compression region (>3)
along the magnetic field line, whereas STA connects to the edge
of shock with a lower compression ratio early on and later con-
nects to a stronger compression ratio region when the shock is
beyond 0.5 au. The upper right panel depicts the history of shock
speed. From the figure we can see that, before the shock reaches
0.5 au, the PSP connects to a shock region with a relatively high
shock speed (Vinook > 1000kms~!) along the magnetic field
line. In contrast, STA connects to the shock flank with a low
shock speed (Vihoek < 600kms™"). Beyond 0.5 au, the shock
speed for the PSP connection region drops somewhat and the
shock speed for the STA connection region increases slightly.
However, the PSP-connected region is still faster than the STA-
connected region. The bottom left panel shows the shock oblig-
uity in the solar equatorial plane. We can see that the eastern
flank (to the left) of the shock always maintains a quasi-parallel
geometry but the western flank (to the right) varies from a
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magnetic field lines passing through PSP and STA.

quasi-parallel geometry to a quasi-perpendicular geometry.
From the evolution of the magnetic connections at PSP and
STA, we can conclude that PSP observes a stronger SEP
event since the shock region connected to PSP maintains a
high compression ratio, high shock speed and a quasi-parallel
geometry throughout the event. Using Eq. (3), we calculate
the maximum proton energy at the shock front based on the
shock parameters, shown in the bottom right panel. The dis-
tribution of the maximum proton energy reflects the efficiency
of shock acceleration. We point out that because STA con-
nects to the weak shock flank (<0.5au) early on, and later
to a stronger shock region, the maximum proton energy at
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the shock front (along the STA-connected field line) increases
over time and can reach tens of MeV when the shock is
beyond 0.5 au. We note that the history of shock acceleration
directly impacts the time-intensity profiles observed by different
spacecraft.

3.2. Time-intensity profiles

After computing the particle spectrum at the shock front and
obtaining the escaped particle spectra at a series of times, we
follow the transport of these particles and obtain the time-
intensity profiles at four spacecraft. In this work, we focus on
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Fig. 5. Time-intensity profiles from the PSP observation (symbols) and
the model calculation (solid lines). Five energy channels are shown from
the observation and are same in the simulation. The vertical line marks
the shock arrival at PSP in the observation.

the comparison of the observed and modeled time-intensity pro-
files for proton energies greater than 10 MeV, from 2020-11-29
12:00 UT to 2020-12-02 12:00 UT. Figure 5 shows the observed
(points) and the modeled (lines) proton time profiles at PSP.
The in situ measurements come from the High Energy Tele-
scope A (HETA) of the Energetic Particle Instrument-High (EPI-
Hi; Wiedenbeck et al. 2017) as part of the Integrated Science
Investigation of the Sun (ISGIS; McComas et al. 2016) on board
PSP. Five energy channels are shown: 10.4MeV, 14.7 MeV,
20.7MeV, 29.3MeV, and 41.5MeV. The time resolution of
data points in the observation is 1h. The vertical line indicates
the shock arrival time in the observation. The modeled time-
intensity profiles successfully capture several important features
including the gradual increase and plateau-like phase, the ener-
getic storm particle (ESP) phase and the decay phase. Before
the shock arrival, the time-intensity profiles of low proton ener-
gies (<30MeV) show a gradual enhancement before 2020-11-
30 6:00UT and then a plateau period until the shock arrival.
In contrast, the time-intensity profile of 41.5MeV has a prompt
increase at the beginning of the event which is followed by a
plateau until the shock reaches PSP. This indicates that >40 MeV
protons are accelerated near the Sun early on and are released
from the shock complex during an extended period. In contrast,
the injection of <30MeV protons continues at the shock until
around 2020-11-30 6:00 UT. This continuation release leads to
the gradual enhancement observed at PSP. The ESP phase fol-
lows the shock passage. Observation of the ESP phase is the
most prominent for the 10.4 MeV and 14.7 MeV channels. From
the figure we can see that both the modeled enhancements and
the modeled duration of the ESP phase for these two energies
are similar to the observation. In comparison, the enhancements
of the ESP phase for the 20.7 MeV and 29.3 MeV protons in the
model are larger than the observations. This suggests that the
modeled source spectrum in the shock complex is harder than
that in the observation. We note that the modeled duration of
the ESP phase is decided by the shell structure as explained in
Sect. 2. Among the shells behind the shock, accelerated parti-
cles can diffuse and convect. After the shock passage, the dis-
tribution function in these shells maps to the ESP phase time
profiles as observed by the spacecraft. We note that there are dif-
ferent models of the ESP phase. Recently, Wijsen et al. (2021)
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Fig. 6. Time-intensity profiles from the STA observation (dashed lines)
and the model calculation (solid lines). Solid vertical line marks the
shock arrival at the STA in the observation and dashed vertical lines

indicate the heliospheric plasma sheets.

modeled the ESP event of 14 July 2012 using the PARADISE
transport model and obtained a reasonable agreement with the
observation. They prescribe particle parallel mean free path near
the shock and inject 50keV protons at the shock. The proton
intensities below ~1 MeV are well reproduced both upstream
and downstream during the ESP phase. However, this approach
cannot capture higher energy particles in the ESP phase, which
are likely accelerated at an earlier time instead of being locally
accelerated at 1 au. In comparison, the treatment of a shell struc-
ture in the iPATH model naturally contains pre-accelerated par-
ticles within the shock complex. We note that the duration of the
shock complex can be used to examine how good the shell model
is in capturing the trapping of energetic particles.

We next examine the time-intensity profiles at STA. Figure 6
shows the modeled (solid lines) and the observed (dashed lines)
time-intensity profiles for five energy channels, labelled in the
upper left corner. The two vertical dashed lines indicate two
heliospheric plasma sheets (HPS; see Fig. 2 of Kollhoff et al.
2021) and the solid vertical line indicates the shock arrival at
STA. The five energy channels in the model are the geometric
means of 5 energy bins from the High Energy Telescope (HET;
Von Rosenvinge et al. 2008) on board STA. The observed pro-
ton intensity shows a fast enhancement at the beginning and
then a second abrupt enhancement which occurs at around 2020-
11-30 17:00 UT. Kollhoff et al. (2021) pointed out that the pro-
ton intensities between the two heliospheric plasma sheets were
modulated by a local solar wind structure with a northward mag-
netic field. When STA left the local solar wind structure and
entered the second HPS, an abrupt increase of the proton inten-
sity occurred. A recent study by Waterfall et al. (2022) showed
that the heliospheric current sheet (HCS) plays a role in promot-
ing large SEP events due to the current shift drift. In a previous
modeling effort, Odstrcil et al. (1996) considered a case where
an interplanetary shock propagates along the HPS and found that
a dip is formed at the shock front. This implies that the pres-
ence of HPS can affect the shock parameters and shock geome-
try. Since in our simulation, no HPS is identified, the influences
of the HPS are absent in this work. Nevertheless, the modeled
results do show a two-step enhancement resulting from the evo-
lution of the shock properties. As shown in Fig. 4, STA connects
to the edge of the western shock flank with a low shock speed
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early on. Consequently, the proton intensity observed at STA was
lower than that at PSP. Beyond 0.5 au, STA connects to a stronger
portion of the shock where the shock speed and the compres-
sion ratio are both larger. This lead to a second enhancement
of the intensity, which starts at around 7:00 UT. After the shock
arrival, time-intensity profiles in the observation and the simu-
lation show similar decay behavior, especially at low energies.
We suggest that the two-step enhancement of proton intensity
results from the history of extended particle acceleration at the
shock, which depends on the evolution of the shock parameters.
We note that the second enhancement from the observation is
rather gradual, lasting ~6 h, and the sudden enhancement around
18:00 UT is at the end of this gradual enhancement. While the
HPS should be responsible for this sudden change at 18:00 UT,
our model addresses the more gradual enhancement. We do
emphasize that HPS can modulate the transport of energetic par-
ticles, as the recent observations of Jovian electrons by PSP sug-
gested (Mitchell et al. 2021). However, to understand the role of
HPS in this event, a comprehensive modeling work on the inter-
action between shock and HPS is necessary, which is out of the
scope of this work.

We next examine time-intensity profiles of protons as
observed by SOHO/ERNE (Torsti et al. 1995). Protons from
three energy channels, 15.4 MeV, 29.1 MeV, and 45.6 MeV, are
shown in Fig. 7 for both the simulations and observations. The
observation data is shown by the dashed lines and the solid lines
are for the simulation. We note that the Earth’s magnetic foot-
point is approximately 157° west of the flare. As shown in Fig. 1,
the shock simulated with EUHFORIA only extends to around 0°
in longitude, so that Earth is not connected to the shock until the
shock passes 1 au. There is no plasma signature of shock arrival
from near-Earth spacecraft. Therefore, particles observed at the
Earth early on likely propagate to the magnetic field line that
connects to Earth by cross-field diffusion. The diffusion process
both parallel and perpendicular to the magnetic field depends
on the turbulence in the solar wind. One important aspect of
the diffusion process is the radial evolution of magnetic turbu-
lence. From the newest observations of PSP, some recent obser-
vational and theoretical studies suggest the correlation lengths
of quasi-2D and slab turbulence have a radial dependence of r*
where « is close to 1 (Adhikari et al. 2020; Chen et al. 2020).
We assume a = 1 as a reference value in this work. We note
that the peak intensity observed at the Earth directly relates to
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the strength of cross-field diffusion, that is, the stronger cross-
field diffusion, leading to the higher peak intensity. Hence, the
choice of the perpendicular diffusion coefficient is bounded by
the observations. Furthermore, the enhancement of proton inten-
sity prior to the peak intensity is determined by the strength of
both the perpendicular and parallel diffusion. Under these con-
straints, in this work, we utilize the diffusion coefficient form
introduced in Sect. 2. Compared to the observation, the model
shows a faster and larger enhancement of proton intensity for
the rising phase; however, for the decay phase, the model result
is remarkably similar to the observation. Since the inner bound-
ary of the EUHFORIA is at 0.1 au, particle acceleration and
transport below 0.1 au are not considered in this work. This may
explain the delayed enhancement at the beginning of the event.
The intensity of 45.6 MeV protons is slightly lower than that in
the observation, indicating the acceleration of high-energy pro-
tons is not adequate in the model. Since high-energy protons are
mainly accelerated near the sun (below 0.1 au), this work had
indeed missed a fraction of the high-energy protons. The com-
parison shows that a proper choice of perpendicular diffusion
and parallel diffusion is crucial to model the SEP event observed
at the Earth. In particular, perpendicular diffusion is the key to
understanding SEP events for those observers without a good
magnetic connection to the shock.

Finally, we consider the time-intensity profiles of protons at
Solar Orbiter. As viewed from Solar Orbiter, the event is a back-
side event. However, the time profile still shows a prominent fast
enhancement after the onset of the flare. Kollhoff et al. (2021)
pointed out that the proton onset times at PSP and Solar Orbiter
are similar. We note that PSP has a good magnetic connection
during this event as shown in Fig. 4. A similar onset time at
Solar Orbiter is only possible if the Solar Orbiter has a good
magnetic connection to the CME-driven shock early on. How-
ever, our simulation shows that the Solar Orbiter does not con-
nect to the shock during the entire event. It is possible to have
the Solar Orbiter magnetically connected to the shock if the solar
wind speed is low. Since there is no available solar wind plasma
data for Solar Orbiter during the event, Palmerio et al. (2022)
estimated the solar wind speed based on the data from Magne-
tometer and the Radio and Plasma Waves instrument on board
Solar Orbiter using a deHoffmann-Teller analysis. These authors
showed that there is likely a transition of solar wind speed
from a low-speed stream to a high-speed stream at the onset
of SEPs in their Fig. A.6 (Palmerio et al. 2022). This indicates
that Solar Orbiter may be associated with a transient structure
at the onset of this event. Similarly, Kouloumvakos et al. (2022)
marked a clear SIR structure passing through Solar Orbiter at
the onset of this event using the ENLIL simulation. In Fig. 7
of Kouloumvakos et al. (2022), the structure of SIR2 is largely
curved. Based on these studies, a reasonable scenario is the fol-
lowing: at the onset of this event, Solar Orbiter is passing through
a SIR structure and magnetic field lines in the SIR were dis-
torted from the nominal Parker field lines such that the foot-
point of the field line that connects to Solar Orbiter is very close
to the flare. However, EUHFORIA does not capture this tran-
sient SIR structure, partly because it does not include a real-time
inner boundary condition. To mimic the effect of magnetic field
lines with a large curvature, here, we assume Solar Orbiter is
at a Parker spiral magnetic field with a solar wind speed of
about 160km s~ early in this event. This workaround is not to
be taken as physically, but to yield a smaller longitudinal sep-
aration of ~20° between the magnetic footpoint and the flare
location at the inner boundary. Since the peak proton inten-
sity decreases with increasing offsets between footpoints and
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Fig. 8. Time-intensity profiles from the Solar Orbiter observation
(dashed lines) and the model calculation (solid lines). We note that the
model results are obtained with an assumption of Parker magnetic field
related to a solar wind speed of 160kms~!. See text for details.

the flare location (Ding et al. 2022), the choice of a 160km s™!
solar wind speed is to fit the peak intensity to observations.
Although this assumption is simple, the modeled results fit the
observed time-intensity profiles very well. Figure 8 shows the
comparison between the observed and simulated time-intensity
profiles at Solar Orbiter. Four energy bins: 15.1 MeV, 24.1 MeV,
33.4MeV, and 43.0MeV are selected from the High Energy
Telescope (HET) in the Energetic Particle Detector (EPD;
Rodriguez-Pacheco et al. 2020) on board Solar Orbiter. HET has
four telescopes with sunward facing, anti-sunward facing, north-
ward facing and southward facing. The averaged-directional data
are plotted by the dashed lines, and the solid lines represent
the simulation results. The modeled peak intensities for all four
energy channels are slightly higher than those from the obser-
vation, but the decay phases agree remarkably. This comparison
shows that the observation at Solar Orbiter can be explained by
an extremely curved magnetic field which has a reasonable mag-
netic connection to the CME-driven shock. We find that such an
extremely curved magnetic field can be due to the presence of
a SIR.

3.3. Role of cross-field diffusion

To clearly understand the role of cross-field diffusion in this
widespread SEP event, we compare the cases without cross-
field diffusion to the modeled results with cross-field diffusion.
Figure 9 shows the comparison of time-intensity profiles at PSP,
STA, Earth and Solar Orbiter. As shown in Fig. 9a, since PSP is
well connected to the strong shock during the event, cross-field
diffusion has little effect on the time-intensity profiles. Figure 9b
shows time profiles at STA. There is a significant dip around
2020-11-30 12:00 UT in the case of k, = 0 corresponding to
the weak western shock flank that barely accelerates particles.
This suggests the extra proton intensity in the case of x, # 0
is contributed via cross-field diffusion. We note that the proton
intensity of the decay phase in the case of x, = 0 is higher
than the case of k;, # 0, which indicates the cross-field diffu-
sion can also reduce proton intensity when the observer already
has a good magnetic connection to shock. Similar results can
also be seen in Hu et al. (2018). Figure 9c plots the comparison
of time profiles at Earth. As we discussed earlier, Earth is not

connected to the shock in this period, so there is no enhance-
ment of proton intensity in the case of k; = 0. In Fig. 9d, proton
intensity with x, = 0 at Solar Orbiter shows a rapid decay to the
background intensity in the first 20 h because Solar Orbiter can
not connect to the shock later on. Both cases at Earth and Solar
Orbiter strongly suggest cross-field diffusion plays a crucial role
when those observers have a poor magnetic connection to the
shock.

4. Summary and conclusions

In this paper, we present the model calculation of the 2020
November 29 SEP event by combining the EUHFORIA and the
iPATH model. An important finding of this work is that the shock
geometry and shock parameters are significantly regulated by
the non-uniform background solar wind. This is nicely captured
by the EUHFORIA code. Because the background solar wind
is non-uniform, the expansion of the CME is also asymmetric,
leading to deflection and deformation of the CME-driven shock.
Consequently, the history of shock acceleration also becomes
more asymmetric due to the expansion. For observers with a
good magnetic connection to the shock, such as PSP and STA,
the history of shock acceleration plays a key role in the varia-
tion of the time-intensity profiles. Besides PSP and STA, we also
modeled proton time profiles at Earth and Solar Orbiter, which
are not magnetically connected to the shock in the simulation.
The observed time profiles at these locations, are however, very
different. At Earth, the time intensities rise gradually, showing a
typical behavior for a not-well-connected observer. This agrees
with the EUHFORIA simulation where Earth is not connected
to the shock for the entire event. The SEP observed at the Earth
must experience cross-field transport. Under a reasonable choice
of the ratio of the perpendicular diffusion coefficient to the paral-
lel diffusion coefficient, our modeled time-intensity profiles are
in good agreement with observations, suggesting that cross-field
diffusion is the dominant factor for the SEP event observed at the
Earth. Cross-field diffusion is important to model wide spread-
ing SEP events that are observed simultaneously by multiple
observers. Although we utilize the same choice of diffusion coef-
ficients in this work, recent studies by Ding et al. (2020), Li et al.
(2021) suggested that perpendicular diffusion can vary from
event to event and can have an intra-event longitudinal depen-
dence. At Solar Orbiter, the time profiles show prompt rises. To
model Solar Orbiter observations, we assume a largely distorted
magnetic field line, caused by a SIR, to provide a better mag-
netic connection to the source region. In the work of Ding et al.
(2020), they also suggested the distorted magnetic field is impor-
tant in understanding the large SEP event of 2017 September 10.
Comparing cases of k;, # 0 and x;, = 0 at Solar Orbiter, we
find that the decay phase of time-intensity profiles is sensitive
to the cross-field diffusion and the observations agree better to
the case with a cross-field diffusion. Therefore, we suggest that
cross-field diffusion and distorted magnetic field line are both
important to understand the time-intensity profiles observed at
Solar Orbiter. We note that both effects can explain observations
of SEPs in a seemingly “no-connection” situation, and it can
be hard to resolve the ambiguity between distorted field lines
and cross-field diffusion in a given SEP event. Our key points
regarding the 2020 November 29 SEP event are summarized as
follows:

(1) The history of shock acceleration, affected by the non-
uniform solar wind, plays an important role in the variation of
time-intensity profiles for the observers that have a good mag-
netic connection to the shock (i.e., PSP and STA in this event).

A71, page 11 of 13



A&A 668, A71 (2022)

Time intensity Profiles at PSP

1035
3 ---- k. =0
] a K, #0
1023,, 10.4 MeV _|
— El 14.7 MeV
s 7 20.7 MeV
]
1014 29.3 MeV |
E El <2 N 41.5 MeV
S 3 S
(%] 0"
o 100z
IS El SXseoemmmea -
= 3 =" ~ b
= ]
£107's \ \
> 3
o T == Seon,
S 3 -
-2 h
S
x 3 o
= ]
10732 R
1074 T r T ! |
12:00 12:00 12:00 12:00
30-11-2020 01-12-2020 02-12-2020
101 Time intensity Profiles at Earth
§ --=- Kk, =0
1C — Kk, #0
] —— 15.4 MeV
— o —— 29.1MeV |
s 10 3 —— 45.6 MeV
Q 3
= ]
— -
(%]
] 10—1_
o 3
£ 3
S J
= -
2
51073
o 3
L |
S ]
o i
T §-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIITIE
1074 I T T T T
12:00 12:00 12:00 12:00
30-11-2020 01-12-2020 02-12-2020

Time intensity Profiles at STA

b -== Kk, =0
KL %0

103

—— 14.3 MeV
—— 22.2 MeV 7
—— 31.4 MeV
37.9 MeV
—— 49.0 MeV

102

10!

10°

107!

1072

J+(T) (counts/(cm? s sr MeV))

1073

1074 T
12:00
30-11-2020

12:00 12:00 12:00

01-12-2020 02-12-2020

Time intensity Profiles at SolO

10t

[y
o
=}

i
o
L

H
S
&

._.
9
A
RETTTEaT

J#(T) (counts/(cm? s sr MeV))
=
o
|

1073 |
12:00
30-11-2020

01-12-2020

02-12-2020

12:00 12:00 12:00

Fig. 9. Comparison of time-intensity profiles at PSP (a), STA (b), Earth (c), and Solar Orbiter (d), with and without cross-field diffusion. The solid
and dashed lines show the modeled results with and without cross-field diffusion.

(2) The cross-field transport dominates the time-intensity
profiles for the observers that are not (or barely) connected to
the shock (i.e., Earth in this event).

(3) Transient structures (e.g., SIRs and pre-CMEs) prior to
the event may largely distort the interplanetary magnetic field,
leading to a change of magnetic connection. In this event, a
good magnetic connection between Solar Orbiter and the CME-
driven shock may result from large curved magnetic field lines
produced by a SIR-like disturbance.

This modeling study of the first widespread SEP event
of solar cycle 25 on 2020 November 29 demonstrates the
importance of extended shock acceleration and the topology
of the interplanetary magnetic field in understanding the vari-
ation of SEP time-intensity profiles and offers an explana-
tion for widespread SEP events. Nevertheless, there remain
some improvements that need to be implemented in the future.
EUHFORIA considers a data-driven inner boundary to get a
steady-state background solar wind; hence, transient solar wind
structures are neglected. A real-time inner boundary is neces-
sary to be included in EUHFORIA. The iPATH model consid-
ers the evolution of the shock wave in a data-driven background
solar wind, but the model does not take into account the data-
driven solar wind and magnetic field in the transport module.
For simplicity, the IMF is assumed to be of Parker field in the
iPATH model. However, using an arbitrary IMF resulting from
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a realistic solar wind can be incorporated into the iPATH model.
We note that examining the transport of SEPs in the non-Parker
field can be important in understanding not only energetic par-
ticle events associated with CMEs, but also events associated
with SIRs. The latter was recently investigated by Wijsen et al.
(2019b) using the PARADISE code. Finally, we point out that
the inner boundary is at 0.1 au in the EUHFORIA model and,
hence, particle acceleration in the low corona is neglected. Cou-
pling to a coronal MHD model in EUHFORIA 2.0 (Poedts et al.
2020) with the iPATH model, in a similar fashion as done in
Liet al. (2021) for the AWSoM and iPATH, will be pursued in
the future.

Forecasting SEP events is a central topic of space weather
research. This study demonstrates a promising and powerful
approach to understanding large SEP events by coupling the
EUHFORIA and the iPATH model. As solar activities increase
intensively in solar cycle 25, we expect to examine more SEP
events, and improve the capability of the EUHFORIA and the
iPATH model.

Acknowledgements. PSP, Solar Orbiter, STEREO-A and SOHO in-situ data
are publicly available at NASA’s Coordinated Data Analysis Web (CDAWeb)
database (https://cdaweb.sci.gsfc.nasa.gov/index.html/). N.W.
acknowledges support from the NASA program NNH17ZDAOOIN-LWS and
from the Research Foundation — Flanders (FWO — Vlaanderen, fellowship no.


https://cdaweb.sci.gsfc.nasa.gov/index.html/

Z. Ding et al.: Modeling the 2020 November 29 SEP event

1184319N). This research has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant agreement
No. 870405 (EUHFORIA 2.0) and the ESA project “Heliospheric modelling
techniques” (Contract No. 4000133080/20/NL/CRS). At UAH, this work
is supported in part by NASA grants 8ONSSC19K0075, SONSSC21K1814,
8ONSSC20K1239, and 80NSSC22K0268. These results were also obtained
in the framework of the projects C14/19/089 (C1 project Internal Funds
KU Leuven), G.0D07.19N (FWO-Vlaanderen), SIDC Data Exploitation
(ESA Prodex-12), and Belspo project B2/191/P1/SWiM. For the computa-
tions we used the infrastructure of the VSC-Flemish Supercomputer Center,
funded by the Hercules foundation and the Flemish Government-department
EWL

References

Abraham-Shrauner, B. 1972, J. Geophys. Res., 77, 736

Adhikari, L., Zank, G. P., Zhao, L. L., et al. 2020, ApJS, 246, 38

Arge, C. N., Odstrcil, D., Pizzo, V. J., & Mayer, L. R. 2003, in Solar Wind Ten,
eds. M. Velli, R. Bruno, F. Malara, & B. Bucci, AIP Conf. Ser., 679, 190

Cane, H. V., Reames, D. V., & von Rosenvinge, T. T. 1988, J. Geophys. Res., 93,
9555

Chen, C. H. K., Bale, S. D., Bonnell, J. W, et al. 2020, ApJS, 246, 53

Clarke, D. A. 1996, ApJ, 457, 291

Cohen, C., Christian, E., Cummings, A., et al. 2021, A&A, 656, A29

Desai, M., & Giacalone, J. 2016, Liv. Rev. Sol. Phys., 13, 3

Ding, Z.-Y., Li, G., Hu, J.-X., & Fu, S. 2020, RAA, 20, 145

Ding, Z., Li, G., Ebert, R. W,, et al. 2022, J. Geophys. Res., 127, 30343

Dresing, N., Gémez-Herrero, R., Heber, B, et al. 2014, A&A, 567, A27

Drury, L. O. 1983, Rep. Progr. Phys., 46, 973

Fu, S., Jiang, Y., Airapetian, V., et al. 2019, ApJ, 878, L36

Fu, S., Ding, Z., Zhang, Y., et al. 2022, ApJ, 934, L15

Giacalone, J., Burgess, D., Bale, S., et al. 2021, ApJ, 921, 102

Gomez-Herrero, R., Dresing, N., Klassen, A., et al. 2015, ApJ, 799, 55

Gordon, B. E., Lee, M. A., Mobius, E., & Trattner, K. J. 1999, J. Geophys. Res.,
104, 28263

Harvey, J., Hill, F., Hubbard, R., et al. 1996, Science, 272, 1284

Hu,J., Li, G., Ao, X., Zank, G. P., & Verkhoglyadova, O. 2017, J. Geophys. Res.,
122, 10

Hu, J, Li, G, Fu, S, Zank, G., & Ao, X. 2018, ApJ, 854, L19

Hu, J., Airapetian, V. S., Li, G., Zank, G., & Jin, M. 2022, Sci. Adv., 8,
eabi9743

Jin, M., Petrosian, V., Liu, W., et al. 2018, ApJ, 867, 122

Jin, M., Nitta, N. V., & Cohen, C. 2022, Space Weather, 20, €2021SW002894

Jokipii, J. R. 1966, ApJ, 146, 480

Klein, K. L., Krucker, S., Lointier, G., & Kerdraon, A. 2008, A&A, 486, 589

Kollhoff, A., Kouloumvakos, A., Lario, D., et al. 2021, A&A, 656, A20

Kouloumvakos, A., Kwon, R., Rodriguez-Garcia, L., et al. 2022, A&A, 660,
A84

Kozarev, K. A., Evans, R. M., Schwadron, N. A, et al. 2013, ApJ, 778, 43

Lario, D., Kwon, R. Y., Riley, P., & Raouafi, N. E. 2017, Ap]J, 847, 103

Lario, D., Richardson, I., Palmerio, E., et al. 2021, ApJ, 920, 123

Lee, M. A. 1983, J. Geophys. Res., 88, 6109

Li, G., Zank, G. P., & Rice, W. K. M. 2003, J. Geophys. Res., 108, 1082

Li, G., Zank, G. P., & Rice, W. K. M. 2005, J. Geophys. Res., 110, A06104

Li, G., Shalchi, A., Ao, X., Zank, G., & Verkhoglyadova, O. P. 2012, Adv. Space
Res., 49, 1067

Li, G., Jin, M., Ding, Z., et al. 2021, ApJ, 919, 146

Linker, J. A., Caplan, R. M., Schwadron, N., et al. 2019, J. Phys. Conf. Ser.,
1225, 012007

Luhmann, J. G., Ledvina, S. A., Krauss-Varban, D., Odstrcil, D., & Riley, P.
2007, Adv. Space Res., 40, 295

Luhmann, J. G., Ledvina, S. A., Odstrcil, D., et al. 2010, Adv. Space Res., 46, 1

Mason, G., Cohen, C., Ho, G., et al. 2021, A&A, 656, L12

McComas, D., Alexander, N., Angold, N., et al. 2016, Space Sci. Rev., 204, 187

Mitchell, J. G., De Nolfo, G. A., Hill, M. E., et al. 2021, ApJ, 919, 119

Nieves-Chinchilla, T., Alzate, N., Cremades, H., et al. 2022, Ap]J, 930, 88

Odstreil, D., Dryer, M., & Smith, Z. 1996, J. Geophys. Res., 101, 19973

Odstreil, D., Riley, P., & Zhao, X. 2004, J. Geophys. Res., 109, A02116

Palmerio, E., Lee, C. O., Mays, M. L., et al. 2022, Space Weather, 20,
€2021SW002993

Park, J., Innes, D. E., Bucik, R., & Moon, Y. J. 2013, ApJ, 779, 184

Poedts, S., Lani, A., Scolini, C., et al. 2020, J. Space Weather Space Clim., 10,
57

Pomoell, J., & Poedts, S. 2018, J. Space Weather Space Clim., 8, A35

Reames, D. V. 1999, Space Sci. Rev., 90, 413

Rice, W. K. M., Zank, G. P,, & Li, G. 2003, J. Geophys. Res., 108, 1369

Riley, P., Linker, J. A., Lionello, R., & Mikic, Z. 2012, J. Atmos. Solar-Terr.
Phys., 83, 1

Rodriguez-Pacheco, J., Wimmer-Schweingruber, R., Mason, G., et al. 2020,
A&A, 642, A7

Schwadron, N. A., Townsend, L., Kozarev, K., et al. 2010, Space Weather, 8,
SO0E02

Scolini, C., Rodriguez, L., Mierla, M., Pomoell, J., & Poedts, S. 2019, A&A,
626, A122

Shalchi, A. 2009, Nonlinear Cosmic Ray Diffusion Theories (Berlin, Heidelberg:
Springer-Verlag), 362

Shalchi, A., Li, G., & Zank, G. 2010, Ap&SS, 325, 99

Thernisien, A., Vourlidas, A., & Howard, R. 2009, Sol. Phys., 256, 111

Torsti, J., Valtonen, E., Lumme, M., et al. 1995, Sol. Phys., 162, 505

Téth, G., van der Holst, B., Sokolov, I. V., et al. 2012, J. Comput. Phys., 231,
870

Vainio, R., & Laitinen, T. 2007, ApJ, 658, 622

van der Holst, B., Manchester, W. B., IV, Frazin, R. A, et al. 2010, ApJ, 725,
1373

Verbeke, C., Pomoell, J., & Poedts, S. 2019, A&A, 627, Al111

Verkhoglyadova, O. P, Li, G., Zank, G. P, Hu, Q., & Mewaldt, R. A. 2009, ApJ,
693, 894

Verkhoglyadova, O. P, Li, G., Zank, G. P, et al. 2010, J. Geophys. Res., 115,
A12103

Von Rosenvinge, T., Reames, D., Baker, R., et al. 2008, The STEREO Mission
(Springer), 391

Waterfall, C. O., Dalla, S., Laitinen, T., Hutchinson, A., & Marsh, M. 2022, ApJ,
934, 82

Whang, Y., Zhou, J., Lepping, R., & Ogilvie, K. 1996, Geophys. Res. Lett., 23,
1239

Wiedenbeck, M. E., Angold, N. G., Birdwell, B., et al. 2017, Int. Cosm. Ray
Conf., 301, 16

Wijsen, N., Aran, A., Pomoell, J., & Poedts, S. 2019a, J. Phys. Conf. Ser., 1332,
012018

Wijsen, N., Aran, A., Pomoell, J., & Poedts, S. 2019b, A&A, 622, A28

Wijsen, N., Samara, E., Aran, A., etal. 2021, ApJ, 908, L26

Wijsen, N., Aran, A., Scolini, C., et al. 2022, A&A, 659, A187

Young, M. A., Schwadron, N. A., Gorby, M., et al. 2021, ApJ, 909, 160

Zank, G. P, Rice, W. K. M., & Wu, C. C. 2000, J. Geophys. Res., 105, 25079

Zhao, X., Plunkett, S., & Liu, W. 2002, J. Geophys. Res., 107, SSH-13

A71, page 13 of 13


http://linker.aanda.org/10.1051/0004-6361/202244732/1
http://linker.aanda.org/10.1051/0004-6361/202244732/2
http://linker.aanda.org/10.1051/0004-6361/202244732/3
http://linker.aanda.org/10.1051/0004-6361/202244732/4
http://linker.aanda.org/10.1051/0004-6361/202244732/4
http://linker.aanda.org/10.1051/0004-6361/202244732/5
http://linker.aanda.org/10.1051/0004-6361/202244732/6
http://linker.aanda.org/10.1051/0004-6361/202244732/7
http://linker.aanda.org/10.1051/0004-6361/202244732/8
http://linker.aanda.org/10.1051/0004-6361/202244732/9
http://linker.aanda.org/10.1051/0004-6361/202244732/10
http://linker.aanda.org/10.1051/0004-6361/202244732/11
http://linker.aanda.org/10.1051/0004-6361/202244732/12
http://linker.aanda.org/10.1051/0004-6361/202244732/13
http://linker.aanda.org/10.1051/0004-6361/202244732/14
http://linker.aanda.org/10.1051/0004-6361/202244732/15
http://linker.aanda.org/10.1051/0004-6361/202244732/16
http://linker.aanda.org/10.1051/0004-6361/202244732/17
http://linker.aanda.org/10.1051/0004-6361/202244732/17
http://linker.aanda.org/10.1051/0004-6361/202244732/18
http://linker.aanda.org/10.1051/0004-6361/202244732/19
http://linker.aanda.org/10.1051/0004-6361/202244732/19
http://linker.aanda.org/10.1051/0004-6361/202244732/20
http://linker.aanda.org/10.1051/0004-6361/202244732/21
http://linker.aanda.org/10.1051/0004-6361/202244732/21
http://linker.aanda.org/10.1051/0004-6361/202244732/22
http://linker.aanda.org/10.1051/0004-6361/202244732/23
http://linker.aanda.org/10.1051/0004-6361/202244732/24
http://linker.aanda.org/10.1051/0004-6361/202244732/25
http://linker.aanda.org/10.1051/0004-6361/202244732/26
http://linker.aanda.org/10.1051/0004-6361/202244732/27
http://linker.aanda.org/10.1051/0004-6361/202244732/27
http://linker.aanda.org/10.1051/0004-6361/202244732/28
http://linker.aanda.org/10.1051/0004-6361/202244732/29
http://linker.aanda.org/10.1051/0004-6361/202244732/30
http://linker.aanda.org/10.1051/0004-6361/202244732/31
http://linker.aanda.org/10.1051/0004-6361/202244732/32
http://linker.aanda.org/10.1051/0004-6361/202244732/33
http://linker.aanda.org/10.1051/0004-6361/202244732/34
http://linker.aanda.org/10.1051/0004-6361/202244732/34
http://linker.aanda.org/10.1051/0004-6361/202244732/35
http://linker.aanda.org/10.1051/0004-6361/202244732/36
http://linker.aanda.org/10.1051/0004-6361/202244732/36
http://linker.aanda.org/10.1051/0004-6361/202244732/37
http://linker.aanda.org/10.1051/0004-6361/202244732/38
http://linker.aanda.org/10.1051/0004-6361/202244732/39
http://linker.aanda.org/10.1051/0004-6361/202244732/40
http://linker.aanda.org/10.1051/0004-6361/202244732/41
http://linker.aanda.org/10.1051/0004-6361/202244732/42
http://linker.aanda.org/10.1051/0004-6361/202244732/43
http://linker.aanda.org/10.1051/0004-6361/202244732/44
http://linker.aanda.org/10.1051/0004-6361/202244732/45
http://linker.aanda.org/10.1051/0004-6361/202244732/45
http://linker.aanda.org/10.1051/0004-6361/202244732/46
http://linker.aanda.org/10.1051/0004-6361/202244732/47
http://linker.aanda.org/10.1051/0004-6361/202244732/47
http://linker.aanda.org/10.1051/0004-6361/202244732/48
http://linker.aanda.org/10.1051/0004-6361/202244732/49
http://linker.aanda.org/10.1051/0004-6361/202244732/50
http://linker.aanda.org/10.1051/0004-6361/202244732/51
http://linker.aanda.org/10.1051/0004-6361/202244732/51
http://linker.aanda.org/10.1051/0004-6361/202244732/52
http://linker.aanda.org/10.1051/0004-6361/202244732/53
http://linker.aanda.org/10.1051/0004-6361/202244732/53
http://linker.aanda.org/10.1051/0004-6361/202244732/54
http://linker.aanda.org/10.1051/0004-6361/202244732/54
http://linker.aanda.org/10.1051/0004-6361/202244732/55
http://linker.aanda.org/10.1051/0004-6361/202244732/56
http://linker.aanda.org/10.1051/0004-6361/202244732/57
http://linker.aanda.org/10.1051/0004-6361/202244732/58
http://linker.aanda.org/10.1051/0004-6361/202244732/59
http://linker.aanda.org/10.1051/0004-6361/202244732/59
http://linker.aanda.org/10.1051/0004-6361/202244732/60
http://linker.aanda.org/10.1051/0004-6361/202244732/61
http://linker.aanda.org/10.1051/0004-6361/202244732/61
http://linker.aanda.org/10.1051/0004-6361/202244732/62
http://linker.aanda.org/10.1051/0004-6361/202244732/63
http://linker.aanda.org/10.1051/0004-6361/202244732/63
http://linker.aanda.org/10.1051/0004-6361/202244732/64
http://linker.aanda.org/10.1051/0004-6361/202244732/64
http://linker.aanda.org/10.1051/0004-6361/202244732/65
http://linker.aanda.org/10.1051/0004-6361/202244732/66
http://linker.aanda.org/10.1051/0004-6361/202244732/66
http://linker.aanda.org/10.1051/0004-6361/202244732/67
http://linker.aanda.org/10.1051/0004-6361/202244732/67
http://linker.aanda.org/10.1051/0004-6361/202244732/68
http://linker.aanda.org/10.1051/0004-6361/202244732/68
http://linker.aanda.org/10.1051/0004-6361/202244732/69
http://linker.aanda.org/10.1051/0004-6361/202244732/69
http://linker.aanda.org/10.1051/0004-6361/202244732/70
http://linker.aanda.org/10.1051/0004-6361/202244732/71
http://linker.aanda.org/10.1051/0004-6361/202244732/72
http://linker.aanda.org/10.1051/0004-6361/202244732/73
http://linker.aanda.org/10.1051/0004-6361/202244732/74
http://linker.aanda.org/10.1051/0004-6361/202244732/75

	Introduction
	Model setup
	Modeling the solar wind and CME with EUHFORIA
	Shock parameters
	iPATH model
	Coupling

	Results
	Shock properties
	Time-intensity profiles
	Role of cross-field diffusion

	Summary and conclusions
	References

