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Abstract— A three-dimensional time-dependent, numerical magnetohydrodynamic simulation is performed
to investigate the propagation of a coronal mass ejection that occurred on 12 December 2008. The back-
ground solar wind is obtained by using a splitting finite-volume scheme based on a six-component grid
system in spherical coordinate, with Parker’s one-dimensional solar wind solution and measured photo-
spheric magnetic fields as the initial values. A spherical plasmoid is superposed on the realistic ambient
solar wind to study the 12 December 2008 coronal mass ejection event. The plasmoid is assumed to have
a spheromak magnetic structure with a high-density, high-velocity, and high-pressure near the Sun. The
dynamical interaction between the coronal mass ejection and the background solar wind flow is then inves-
tigated. We compared the model results with observations, and the model provide a relatively satisfactory
comparison with the Wind spacecraft observations at 1 AU. We also investigated the numerical results
assuming different parameters of the CME, we find that initial magnetic fields in the CME have a larger
influence on the solar wind parameters at the Earth.
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1 Introduction

Coronal mass ejections (CMEs) have been defined as large-
scale expulsions of magnetized plasma from the corona seen as
bright arcs in coronagraphs. During a typical CME, 10°-10'° g
of plasma is hurled into interplanetary space with a kinetic
energy the order of 10*'-10* ergs. It is well known that CMEs
are the most important drivers of various types of space weather
disturbance, especially when they contain a prolonged south-
ward directed magnetic fields. Since the southward interplane-
tary magnetic field is the primary cause of geoeffective
storms, the problem of CME propagation from the corona to
1 AU is a important component of space weather. The proper-
ties of a CME at 1 AU will be determined by how it
interacts with its ambient solar wind during propagation in inter-
planetary space (Iv et al., 2004a, 2004b; Lugaz et al., 2011;
Zhou & Feng, 2013; Shen et al., 2014; Shiota & Kataoka,
2016).

In order to realistically capture the properties of CMEs, the
numerical simulations have become one of the primary tools to
investigate the propagation of CMEs and their interaction with
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the interplanetary medium. Solutions to the magnetohy-
drodyamics (MHD) equations are the only self-consistent
mathematical description of the Sun—Earth space environment
that can span the necessary range of length-scales to provide
a truly global model of the system (Iv et al., 2004a). Placing
the inner boundary of the simulation domain beyond 18 R
has considerable advantages from a numerical point of view,
since all characteristic waves are propagating in the domain
and the variables can be specified at the boundary (Jacobs &
Poedts, 2011). Han et al. (1988) have studied a MHD distur-
bance propagation from 18 R, to the Earth using a three-
dimensional (3D) MHD model, and it is the first application
to the field of interplanetary physics. Odstréil & Pizzo (1999a,
1999b) studied the evolution of CMEs launched at several
heliographic positions into a tilted-dipole ambient solar wind
beyond 21.5 R, using 3D MHD numerical model. Vandas
et al. (2002) modelled an interplanetary flux rope from 30 R,
to 350 R,, its evolution and propagation through interplanetary
space are studied using 3D MHD self-consistent numerical
simulations. Odstréil et al. (2005) simulated the propagation
of the 12 May 1997 interplanetary CME from 0.1 AU to
1.7 AU, where the transient disturbance was determined from
the cone model. They analyzed possible interactions of the
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CME propagating in various steady state and evolving configu-
rations of the background solar wind using this model. Kataoka
et al. (2009) used a 3D MHD to reconstruct a interplanetary
CME that occurred on 13 December 2006 from 50 R, to
1 AU. The simple CME model is assumed to have a spheromak
magnetic structure with a high-density, high-velocity, and high-
temperature at the inner boundary. Shiota & Kataoka (2016)
report a newly developed MHD simulation of interplanetary
propagation of a series of multiple CMEs with internal sphero-
mak-type magnetic fields. All of these studies, however, were
limited by having a lower boundary beyond 18 R;. Since there
are little or no observable parameters at these large coronal
distances to constrain the inner boundary conditions of the
interplanetary CME, it seems necessary to use models extent
from Sun to Earth to study the propagation of CMEs.

Iv et al. (2004a, 2006) presented a 3D MHD model
describing the time-dependent expulsion and propagation of a
CME from the solar corona to 1 AU, and the CME is driven
by superimposing a Gibson-Low magnetic flux rope inside
the coronal streamer belt. Chané et al. (2006) have simulated
some CMEs from the Sun up to 1 AU and investigated the
effect of the initial magnetic polarity on the evolution and on
the geo-effectiveness of CMEs. The CMEs are simulated by
means of a very simple model: a high density and high pressure
magnetized plasma blob is superposed on a background steady
state solar wind. Jacobs et al. (2007) showed a comparison
between 2.5D and 3D simulations of CMEs, the CME:s are trig-
gered by a simple “density-driven” model. Lugaz et al. (2007)
showed a 3D compressible MHD simulation of the three inter-
acting CMEs from Sun to Earth, and the ejections are initiated
using out-of-equilibrium semicylindrical flux ropes with a size
smaller than the active region. Wu et al. (2007a, 2007b) used
Hakamada-Akasofu-Fry code version 2 (HAFv.2) + 3DMHD
to study the global interplanetary CME propagation in a realistic
3D solar wind structure from Sun to Earth. They use solar
magnetogram data to simulate the solar wind structure from
the photosphere to 2.5 R;, and the HAFv.2 code was then used
from 2.5 R, to provide the inner boundary at 18 R; for the 3D
MHD code to calculate solar wind to 1 AU and beyond.
Zuccarello et al. (2012a) performed a 2.5D numerical MHD
simulations to investigated the deflections of CMEs, and the
CME is initiated by applying localized photospheric shearing
motions. Zuccarello et al. (2012b) presented a numerical
MHD data-inspired model suitable for the simulation of the
CME initiation and their early evolution. In their simulation, a
force-free magnetic field configuration is obtained as a conse-
quence of the applied twisting motions, which has the same
chirality as the investigated active region. Zhou et al. (2012)
and Zhou & Feng (2013) used a spherical plasmoid to interpret
the propagation and deflection of CMEs from the corona to
interplanetary space by a 3D numerical MHD simulation. Shen
et al. (2014) presented a data-constrained 3D MHD simulation
of the evolution of the CME in a realistic ambient solar wind
from Sun to Earth by using the 3D corona interplanetary total
variation diminishing (COIN-TVD) MHD code.

Numerical simulations for CMEs are necessary and comple-
mentary to the observations. In this article, we use a 3D MHD
to study the propagation of a CME that occurred on 12 Decem-
ber 2008 from Sun to Earth. By splitting the MHD equations
into a fluid part and a magnetic part, a finite volume method
is used for the fluid part and the constrained-transport method

(CT) is used for the magnetic induction part for the magnetic
divergence cleaning (Ziegler, 2004, 2011). For details of the
scheme, please refer to Feng et al. (2014). Once the steady state
solar wind is produced, a very simple 3D spherical plasmoid
model is superposed on the background solar wind to initiate
the CME, which has a high speed, density, and pressure com-
pared to the solar wind ambient. The CME contains a sphero-
mak-type magnetic field which is a linear force-free field in a
completely isolated sphere (Kataoka et al., 2009). The exact
characteristics and morphology of the magnetic field inside
CME:s are under debate, but Gibson & Fan (2008) believed that
the spheromak-type magnetic field may be a natural product of a
plasmoid ejected from a solar flare via reconnection. Then, the
3D propagation and dynamical interaction of the CME with the
background solar wind flow between solar surface and 1 AU is
investigated. In order to produce a relatively satisfactory com-
parison with the Wind spacecraft, we adjusted the CME initial
parameters (density, magnetic field, velocity, and pressure) in
the numerical simulation to yield a best fit with observations.
We also investigated the numerical results assuming different
parameters of the CME, we find that initial magnetic fields in
the CME have a larger influence on the solar wind parameters
at the Earth.

The organization of the paper is as follows. We give a brief
description of observational properties of the 12 December 2008
CME event in Section 2. The conservative form of the MHD
equations and the scheme is described in Section 3. Section 4
is devoted to the spherical plasmoid CME model. Section 5
introduces the simulation results of the background solar wind
and the CME event. Finally, some conclusions are given in
Section 6.

2 Observation of the 12 December 2008
CME event

The 12 December 2008 CME is generally regarded as the
first geoeffective CME observed during the STEREO mission,
and it has been studied by many authors (Davis et al., 2009;
Byme et al., 2010; Lugaz, 2010; Ying et al., 2010; Deforest
et al., 2011, 2012; Howard & Deforest, 2012; Deforest et al.,
2013). An erupting prominence in the northern hemisphere
was observed by STEREO on 12 December 2008, which is
visible from 03:00 UT in SECCHI/Extreme Ultraviolet Imager
(EUVI) images. This CME is induced by the prominence
eruption (Byrne et al., 2010; Ying et al., 2010). The CME
was observed first in the EUVI and CORI1 fields of view at
2008 December 12 07:00 UT; the full initially-circular flux rope
was visible to COR1 and COR2 from 2008 December 12
12:00C18:00 UT; and was fully visible in HI-1 and HI-2 from
2008 December 13 03:00 UT to the exit of the trailing
edge from the HI-2 field of view early on 2008 December 18
(Deforest et al., 2013). At 2008 December 16, a structure
of increased density and speed arrived at 1 AU, and a
magnetic cloud was observed during the UT morning of 2008
December 17 by ACE (Davis et al.,, 2009) and Wind (Ying
et al., 2010).

The CME was slow (transit time from O AU to 1 AU of four
days) and produced no apparent forward shock. The projected
speed according to the Coordinated Data Analysis Workshop

Page 2 of 17



M. Zhang et al.: J. Space Weather Space Clim. 2019, 9, A33

LASCO CME catalog is 203 km/s. The central axis of the CME
model pointed to 36° N, 10° W, which is provided in the online
catalog GMU CME/ICME List compiled by Phillip Hess and
Jie Zhang at http://solar.gmu.edu/heliophysics/index.php/
GMU_CME/ICME _List (Hess & lJie, 2017). These lists used
data from the Wind and ACE satellites and/or the OMNI
near-Earth database,taking into account all the recorded ICME
data from these data bases.

3 Model description

In order to study the propagation of the 12 December 2008
CME Event from Sun to Earth, a representative MHD model of
the steady state background solar wind is required. The MHD
equations are splitted into the fluid part and the magnetic part,
Harten-Lax-van Leer (HLL) scheme within a finite volume
(FV) framework without Riemann solver or any kind of charac-
teristic decomposition are used in this paper. To maintain the
V-B constraint, the CT technique is used for magnetic field
by utilizing a special discretization on a staggered grid (Ziegler,
2004, 2011; Feng et al., 2014). The ratio of specific heats 7y is
varied from 1.05 to 1.5 along the heliocentric distance r,
that is, y = 1.05 for /R, < 5, y = 1.05 + 0.03(+/R,—5) for
5 <rlR; <20, y=1.5 for r/R,; > 20. The details of computing
the background solar wind were given by Feng et al. (2014).

The computational domain here covers 1 R; < r < 230 Ry,
0° < 0 < 180° and 0° < ¢ < 360°, where r is the radial dis-
tance from solar center in units of R; is solar radius, 0 is latitude
angle and ¢ is longitude angle, respectively. Due to the radial
expansion of this vast spherical shell domain, the MHD govern-
ing equations is discretized on highly non-uniform grids in order
to resolve steep gradients in the solution. In order to mitigate
this discrete or geometrical stiffness caused by disparate mesh
cell widths, the following grid partitions are employed. For
1-75 Ry, Ny = 120, Ny = 240, Ar(i) = 0.01 R, if r(i) < 1.1 R;
Ar(i) = min(A x logjy (r(i—1)), AB x r(i—1)) with A =
0.01/logo (1.09) if r(i) < 3.5 Ry Ar()) = A0 x r(i—1) if
r@) > 3.5 R,. For 75-166 R,, Ny = 190, Ny, = 380 and
Ar(i) = A0 x r(i—1). For 166-230 R,, Ny = 260, Ny = 520
and Ar(i) = AO x r(i—1). Ny and N, represented the grids in
latitude and longitude direction, respectively. The grid size is
uniform in meridional and azimuth, with A0 = Vo A¢p =
The radial grid size Ar(i) are not uniform. The position of the
Earth is (x, y, z) = (—215, 0, 0) R, at the beginning of the
CME eruption, i.e., r =215 R,, 6 = 90°, ¢ = 180°. The parallel
implementation in the whole computational domain is realized
by domain decomposition of six-component grids based on
the spherical surface and radial direction partition.

Initially, we specify the magnetic field by the line-of-sight
photospheric magnetic data from the Wilcox Solar Observatory
to produce a 3-D global magnetic field in the computational
domain by the potential field source surface (PFSS) model.
The initial distributions of plasma density p, pressure p, and
the velocity v are given by Parker’s solar wind flow (Parker,
1963). The temperature and number dens1ty on the solar surface
are T, = 1.3 x 10°K, p, = 1.5 x 10® cm>. The inner boundary
at 1 R; is fixed for simplicity. Since the outer boundary in inter-
planetary is supersonic/super-Alfvénic region, the solar wind

parameters at the outer boundary are set equal to the values at
their nearest grid points in the computational domain. We then
relax the system for 6.25 days until we obtain a steady state.

Here, we present the steady state solar wind numerical
results from the 3D MHD numerical simulation, Figure 1 shows
the MHD results for the magnetic fields and radial speed for the
steady state solar wind solution, The left is on the meridional
plane of ¢ = 180°—0° from 1 R, to 20 R,, and the right is on
the equatorial plane from 20 R, to 220 R,, the arrowheads
denote the direction of the magnetic field and the color contours
represent the radial solar wind speed. From this picture, it is
seen that the magnetic field and radial speed possess a typical
characteristic of solar minimum. The magnetic field lines extend
to interplanetary space, and there appear fast solar wind flows at
high latitudes and the slow solar wind are showed in the vicinity
of the equator or heliospheric current sheet (HCS) region.
The solar wind extends the interplanetary magnetic field out-
ward into Archimedean spirals due to the solar rotation and
the interplanetary magnetic field freezing-in effect.

4 Spheromak CME model

In this paper, a very simple spherical plasmoid model is
superposed on the background solar wind to initiate the CME,
which contains a high speed, high density and high pressure
spherical plasmoid (Zhou et al., 2012; Zhou & Feng, 2013).
This kind of model do not have very complex features and gives
us an easy way to study the evolution of the CME in the inter-
planetary space. The density, pressure and velocity profile of the
initial perturbation are defined as follows:

a2
p_p0+pmax<1_aT>7 (1)
2
v:vo—i—vmax(l—az), (2)
a2
P =Pt Pmax l_aT ) (3)

where a,, is the radius of the plasmoid, a denotes the distance
from the center of the plasmoid, and pg, vy and p, are the
density, velocity, and pressure of the background solar wind,
respectively. Pmax> Vmax and pmax are the maximum density,
velocity and pressure added on top of the background solar
wind, respectively.

A spheromak-type magnetic field which is a linear force-
free field in a completely isolated sphere is introduced as the
simplest MC model in this paper (Kataoka et al., 2009). Wang
et al. (2010a, 2010b) also described certain existence evidence
on plasmoid in the magneto tail. In the present paper, the initial
shape of the CME is assumed to be a sphere with the radius a,.
in local spherical coordinates (7, 6, ¢):

B;(7,0,$) = (2Bo/ai) j, () cos 0, 4)

By(7,0, ) = —(By/or)[sin(aF) — j,(o7)] sin 0,  (5)

BJ) (17, 0, (2)) = —Byj, (o) sin 0, (6)
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Vr(km/s)
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Fig. 1. Magnetic field and radial speed v, (km/s) for the steady state solar wind solution. The left is on the meridional plane of ¢ = 180°—0°
from 1 R; to 20 R;, the right is on the equatorial plane from 20 R, to 220 R,. The color contours represent the radial speed and streamlines denote

the magnetic field lines.

where By is a constant means the field strength of the sphero-
mak. j; is the first-order spherical Bessel function:

. Sinx — X COSXx
Ihx)=——F5—

7

22
o = 4.493409458a,,. is the constant derived from the force-
free condition of V x B = aB with the boundary condition
of B; =0 at ¥ = ap., we only adopt the field within the
isolated spherical shell 7 < ap,.. At the spherical boundary
7 = an, the local radial B; and azimuthal I% components
vanish and only the local zenithal component Bj exists, while
B = 0 outside of the boundary. Therefore, the forces do not
balance at the spherical boundary. The center of the CME is
initially placed at 2 R;. The radius of the initial CME,
Qe 18 0.8 R,. The observed CME is launched at N34W10
(i.e., 0 = 56°, ¢ = 190°) to conform to the location of the
CME.

The CME parameters are chosen as follows. The value of
Vimax 18 set to be 200 km/s. pax and p. are assumed to be ten
and fifteen that of the ambient solar wind at the center of the
CME, respectively. The maximal magnetic field strength B is
5 Gauss. In order to find a better agreement with the in situ
IMF observations, we rotate the polar axis of the CME toward
the y axis, the angle between the polar axis and the y axis is
defined as the inclination angle. The inclination angle is 150°
in our simulation. The initial plasma plasmoid has added to the

corona 2.24 x 10" J of magnetic energy, 7.12 x 10* J of

kinetic, and 4.19 x 10 J of thermal energy. The increase in
total energy (magnetic + kinetic + thermal energy) is
426 x 10* J. Here we estimate the energy injected into the
computation domain by AE = E|—E,, where E; (E,) is the en-
ergy after (before) CME initiation. The magnetic, kinetic, and
thermal energy values are calculated using the expressions:
E,= [ %de, E, = f%dV, E =] -7 dV. Figure 2 shows
the 3D schematic picture of the initial magnetic field at # = 0.
Field lines are shown in color to illustrate the magnetic field
strength. The color contours represent the radial magnetic field
strength on the surface at r = 1 R;.

It should be noted that there would introduced some diver-
gences at the interface of the spheromak CME model and the

Fig. 2. Three dimensional view of the initial coronal magnetic field.
Field lines are shown in color to illustrate the magnetic field strength.
The color contours represent the radial magnetic field strength on
solar surface.

magnetic field is non-solenoidal. The CT method can maintain
constant the divergence of the magnetic field, but it can not
smooth out or reduce the magnetic field divergence. Since the
divergences generated as soon as the spheromak CME model
supposed on the solar wind background. It is necessary to deal
with the magnetic fields data derived from flux rope before they
are supposed on the solar wind background. We now use the
diffusion scheme to deal with the magnetic fields data to reduce
the divergences. The diffusion scheme can be written as
follows:

B! — Bf = y(Ax)’V(V - BY),

2 “ e .
where, u = 0.4, (Ax)” = ﬁ Initially, B' is the
(Ar2 " (rA0)2 T (rsin0A$)?

magnetic fields data derived from the spheromak CME model.

|Bk+l\
then use B**! as the corrected magnetic fields data supposed
on the solar wind background to simulate the CME. In our
case, the number of iteration k = 80. Figure 3 shows the the

If the max (M) < 107%, the iteration is stopped. We
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Fig. 3. The the error introduced by the non-solenoidal magnetic field on the Lorentz force (left) and magnetic field (right).

error introduced by the non-solenoidal magnetic field on the

Lorentz force (left) and magnetic field (right). We defined
|(V-B)B]

TvxB)xB| &S error introduced by the non-solenoidal magnetic
field on the Lorentz force, and AX“]Z"B‘ as error introduced by
the non-solenoidal magnetic field on the magnetic field. The
error introduced by the non-solenoidal magnetic field on the
Lorentz force and the magnetic field is about 1073, 1074,
respectively. So, it is the Lorentz force governing the CME’s
evolution and this remains a realistic representation for a mag-
netic flux rope, and the error introduced by the non-solenoidal
magnetic field is acceptable in this paper.

In order to match the Wind data as the best fit as possible,
some choices of the CME’s parameters are empirical. We have
tried 11 cases with different CME parameters to simulate the
propagation of the CME, and we have chosen a best case which
is shown above to reach a satisfactory comparison. We have
also analysed how the CME’s parameters can effected their
output at 1 AU in the next section.

5 Results
5.1 Numerical results for 12 December 2008 CME

This section present the results of the morphology and prop-
agation of the CME, and the comparison between the numerical
results and the in-situ data from Wind.

Figure 4 shows the 3D representation of the CME is shown
at 3 h, 6 h, 20 h and 40 h. The color code represents the velocity
magnitude in the x—y equatorial plane. The streamlines showed
in black denote the magnetic field lines. The blue sphere in the
first row is the Sun, and in the bottom row represent 20 R,. The
top row shows the domain from 1 R, to 20 R,, and the bottom
show views from 20 R, to 1 AU. From this figure, we can see
that the magnetic field evolves nearly in self-similar manner.
The plasmoid quickly expands because of the higher plasma
density, speed, and magnetic pressure inside the CME. The
radial and angular sizes of the CME increase with time. We
can also find that nearly all of the magnetic field lines of sphero-
mak CME are connected to the inner boundary from the begin-
ning, that is because the magnetic field of the CME is
introduced by a simple superposition on the background solar
wind. In fact, the interplanetary magnetic fields connection

between Sun and Earth is implied from strahl electrons observa-
tions (Feldman et al., 1978; Mccomas et al., 1989; Crooker
et al., 2003; Gosling et al., 2004; Owens et al., 2008; Phillips
et al., 2012; Kajdic et al., 2016).

Figure 5 shows the evolution of the spread angle of the
CME in the ecliptic plane in time. We define the spread angle
by means of the relative density plots on which we determine
the contour where the relative density 22 is 2. p is the total
density, and p, is the density of backgroound solar wind. The
spread angle of this contour measured from the solar center is
defined as the spread angle of the CME. Though this definition
is rather simple, at least it is based on mathematics and can
reflect the angular size of the CME to some extent. The spread
angle quickly evolves to 145° just 1.5 h after the CME initia-
tion. The quick increase of spread angle during the first 1.5 h
of the CME’s propagation is correlated with the rapid expansion
due to the initial high speed, pressure, and plasma density in the
plasmoid imposed on the solar wind ambient. The spread angle
varies slightly from 145° to 130° between 1.5 and 4 h, this may
be due to the combined interaction of the CME with the back-
ground solar wind. After 4 h, the spread angle remains almost
around 130°, this means that the CME continues to expand
during its propagating outward in interplanetary space.

Figure 6 shows time evolution of the CME in the x—z merid-
ional plane at 3 h and 6 h. The streamlines showed in black
denote the projection of the magnetic field lines. The color code
in the top row are velocity and in the bottom row are relative
density 220, Figure 7 shows the evolution of the spatial differ-
ence in the characteristic speed A along the purple line in
Figure 6. MHD flows contain four types of waves, the fast, slow,
Alfvénic and entropy waves, which propagate at the
characteristic speeds. The former two steepen and evolve into
shock waves. Thus we measure steepening of them by A, to

identify the shock fronts (Hanawa et al., 2008; Wada & Liou,
2012). Apax = max(Aiil7 A/liz, Ai?, Ai?, 0). where Aiil =
B=A. AR=RR,.  AR=Z-7.
AXf =000 M=ot A =0,—cp A =0+,
}L? = v, — ¢,, where the ¢f (c,) are the fast (slow) magne-

i O 222 42BN .
tosonic speed. ¢, = ; \/vx + ol + (2 +0) 42 ) o=
Lo fp2 2 2 4 22 2By — e, =
2 \/vs + Uy — ((Us + UA) - 403 5)7’ where Uy = X Uy =

BI+By+B
up

are the sound and Alfvénic speeds. When the index
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Fig. 4. A 3D representation of the CME is shown at 3 h (top left), 6 h (top right), 20 h (bottom left), and 40 h (bottom right). The color code
represents the velocity magnitude in the x—y equatorial plane. The streamlines showed in black denote the magnetic field lines. The blue sphere

in the first row is the Sun, and in the bottom row represent 20 R..

140
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20

| | | | |
4 6 8 10
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N

Fig. 5. The evolution of the spread angle of the CME in time.

Amax 18 positive and large, the cell surface is close to the shock
front. The shock is stronger when the index is larger. Here a
shock front is clearly visible at 15 R, for # = 3 h, at 25 R, for
t = 6 h. At the shock front, the solar wind plasma becomes
compressed and heated. This is clearly visible according to the
enhancements of velocity and relative density.

Figures 8 and 9 present the evolution of the relative density
% and magnetic fields % versus heliocentric distance along

0 =90° ¢ = 190° and 6 = 90°, ¢ = 180° at different hours.
B is the total magnetic fields, and By is the magnetic fields of
background solar wind. At the early time of ¢ = 3 h after
CME onset, the relative density profile has an obvious sharp
jump from ~10 R to ~15 R,. The width of the relative density
jump increased apparently as the time gone. At 20 h, the width
of the jump is near 25 R, and at 40 h, the width increases to
40 R,. The evolution of the relative magnetic fields have a
similarity time profiles. Thus, the CME expands in radial direc-
tion as it propagates into the heliosphere. From this figure, we
also find the relative density behind the CME decreased after
the CME passed, there is a rarefaction region behind the travel-
ling plasma, which lowers the density, pressure, and speed of
the wind immediately ahead of the CME.

Figure 10 shows the simulated profiles of the relative
density £ ;:” in the x—y equatorial plane at 3 h, 6 h, 20 h and
40 h. The white circle in the first row is the Sun and represent
20 Ry in the bottom row. The top row shows the domain from
1 R, to 20 R,, while the bottom row views from 20 R, to 1 AU.
From this figure, we find that the CME almost propagates along
the Parker spiral and the CME is asymmetrical in heliolongitude
because of the non-uniform solar wind ambient.

Figure 11 compare the model results with the Wind obser-
vations. Shown are number density, flow velocity, magnetic
field, and three components of magnetic field in GSE coordi-
nates respectively, from top to bottom. The simulated results
at the Earth are shown by blue dot lines. The Wind observations
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Fig. 6. Time evolution of the CME in the x—z meridional plane at 3 h (left), 6 h (right). Solid black lines display the projection of the magnetic
field lines, the false color images in the top row are velocity and in the bottom row are relative density.
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Fig. 7. Evolution of the spatial difference in the characteristic speed versus heliocentric distance.

are shown by black solid lines. As it can be seen from Figure 11,
our simulation has reproduced some of the in situ measurements
in spite of the simple CME model used in this paper; the general
shape of the curves is similar, and the three components of
magnetic field display realistic values. We find that the simu-
lated background velocity and density at the Earth is higher.
The simulated velocity is almost 150 km/s greater than observa-
tion. The reason for this may be due to the single fluid model
used and the volumetric heating assumption in our code, which
has also been pointed out by (Feng et al., 2010; Zhou et al.,
2012; Feng et al., 2014). We use a volumetric heating method

based on the magnetic field topology to obtain a typical back-
ground solar wind in this paper. This heating form cannot be
the only acceleration process acting on the solar wind and that
other presently unknown sources are needed to act within the
region between the lower corona and the source surface. Further
characterizing and quantifying of the key physical processes/
mechanism will clarify an operational route to more physically
integrate realistic coronal heating modules into 3D MHD codes
(Feng et al., 2014). The arrival time of the CME at 1AU for the
model results are earlier than observations. We find that the
CME front arrives at Wind on 16 December at 07:20 UT.
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column) at ¢ = 3, 6, 20, and 40 h, respectivlé:ly. The top two rows (a, b, ¢, d) show the domain from 1 R, to 30 R,, while the bottom two rows

(e, f, g, h) view from 40 R, to 200 R;.

Our model predicts the CME arrival at Earth at about 00:05 UT
on 16 December, with an error of 7 h compared to the Wind
CME arrival time. For the magnetic field, it matches the obser-
vations well. B, and B, is decreased due to passage of the CME.
The z component of the magnetic field for simulated and mea-
sured profiles at the Earth are similar, becoming northward first,
then changing to southward smoothly. Since the B, component
is a key parameter to predict the intensity of a magnetic storm, it
is important to capture some realistic features in simulation.
Figure 12 shows the evolution of the three components of
magnetic field along heliocentric distance with different
latitudes at # = 0 h. The columns from left to right are B,, B,
and B, in GSE coordinates, respectively. Af = 0° means the
Sun-to-Earth line with (0, ¢) = (90°, 180°), and A0 = —30°
represented the line in r direction with (0, ¢) = (60°, 180°).
Since the observed CME is launched at N34 in our paper, the
line for AO = —30° represented the magnetic fields in CME
while the line for A = 0° represented the solar wind magnetic
fields without disturbance. Passing the CME, B, and B, changed

direction two times, first become negative and then positive.
The B, changed direction three times, first positive, then nega-
tive and finally positive.

Figure 13 shows the evolution of the three components of
magnetic field along heliocentric distance with different longi-
tudes at r = 3, 6, 20 and 60 h from top to bottom. A¢ = 0°
means the Sun-to-Earth line with (6, ¢) = (90°, 180°), A¢
= 6° (west of the Sun-to-Earth line) and A¢ = —6° (east of
the Sun-to-Earth line) represented the lines in r direction with
0, ¢) = (90°, 186°) and (0, ¢) = (60°, 174°). At ¢t =3 h (first
row), since the CME quickly expands, the three lines are
effected by the CME. The general shape of the curves are sim-
ilar for the three components of magnetic field. The directions in
B, and B, agree with the initial magnetic fields in CME. The B,
component became negative, which is different from the initial
B, in CME, that is may be resulted by the interaction between
CME and solar wind. At ¢t = 6, 20 and 60 h, the structures for the
three components of magnetic field kept unchanged and are
almost the same as the ¢ = 3 h. From Figures 12 and 13, we find
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the magnetic fields of the CME at 1AU have a large dependence
on the initial magnetic fields, such as B, and B,. The general
structure of magnetic fields along Sun—Earth line kept almost
unchanged after 3 h, thus, we can conclude the general structure
of magnetic fields at 1AU just after 3 h of the simulation began.

5.2 Numerical results assuming different parameters
of the CME

In this section, we showed the results at 1AU with different
parameters of the CME. We changed one parameter every time,
and the other parameters remained the same as above. Firstly,
we compared the results for which the initial speeds for CME
Veme are varied. Figure 14 shows the evolution of solar wind
parameters at the Earth with different velocities (200 km/s,
300 km/s, and 400 km/s) in the CME. The number density
for the three results are similar. The velocity have some differ-
ences, and CME with higher initial velocity would result higher
velocity at 1AU. The magnetic fields have little difference for
the three cases.

As we know, the evolution of CMEs is mainly governed by
the Lorentz and the aerodynamic drag force. In this paper, the
very limited effect of the CME’s speeds on the final conditions
suggests the plasma acceleration in the wind is mostly due to the
drag force by the background. CMEs which are faster than the
ambient solar wind are decelerated, whereas those slower than
solar wind are accelerated by the ambient flow. For these CMEs
with larger momentum, the plasma is pulled and decelerated
under more drag force, which possibly comes from the slow
solar wind or the front shock wave structure in the interplane-
tary space.

Figure 15 presented the evolution of solar wind parameters
at the Earth with different magnitude of magnetic fields B, in
the CME. We choose B, = 5 Gauss, 4 Gauss, and 3 Gauss.
From this figure, we found the magnetic fields magnitude B,
had a large effect on the model results. The arrival time at Earth
for B.me = 5 Gauss is earliest, and for B, = 3 Gauss is latest.
The CME with higher magnetic fields magnitude would result
higher solar wind parameters at the Earth, which can be seen
from the number density, flow velocity, and magnetic field in
this figure.

The reason for this dissemblance must be due to the
differences in the initial magnetic pressure since the initial
magnetic field is the only unlikeness in the three models. At
the Sun, white light observations suggest that CMEs are under-
going strong expansion because of a higher internal pressure
(Riley & Crooker, 2004). The CME with higher magnetic fields
magnitude would result a higher pressure gradient between the
flux rope and the background solar wind. So, the expansion
speed will be higher for the higher magnetic fields magnitude
in the CME (Riley & Crooker, 2004; Byrne et al., 2010). There
are many authors investigated the empirical relationship
between the radial speed and the expansion speed of CMEs
(Lago et al., 2003; Gopalswamy et al., 2009, 2012; Mikeld
et al., 2016). They found a high correlation between these
two speeds. A CME with higher expansion speed will also have
higher radial speed. So the B, = 5 Gauss arrives earlier, this
results is in agreement with the previous studies.

For the simulation of the 12 December 2008 CME in
Section 5.1, the direction of the magnetic field is clockwise in
the x—z meridional plane, we referred this case as case 1. Then,
we changed the direction of the magnetic field and the magnetic
field is anticlockwise in the x—z meridional plane, we referred
this case as case 2. Figure 16 show the evolution of solar wind
parameters at the Earth with the two cases. Compared with case
1, the arrival time at Earth for case 2 is later. The number
density and flow velocity at Earth are also lower for case 2.
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Fig. 18. The projected magnetic field lines in the x—z meridional plane with different inclination angle of CMEs. The top row is for case 1 (left),
case 2 (middle), case 3 (right), and the bottom is for case 4 (left), case 5 (middle), case 6 (right).

The three components of magnetic field are presented large dif-
ferences for the two cases, especially for B,. The B, and B; is
lower for case 2, that is because the reconnection between the
CME and solar wind takes place in case 2 since they have
antiparallel magnetic lines.

Chané et al. (2005, 2006) also investigated the initial mag-
netic polarity on the evolution of CMEs. They have shown that
the initial magnetic polarity of the CME flux rope affects its
evolution path substantially: normal CMEs (the magnetic field
of the CME has initially the opposite polarity compared to
the background magnetic field) are deviated towards the pole
while inverse CMEs (the magnetic field of the CME has initially
the same polarity as the magnetic field of the background solar
wind) are deviated towards the equatorial plane. The probability
of hitting the Earth should be higher for inverse CMEs. Case 1
refers to inverse CME and Case 2 refers to normal CME. Since
the observed CME is launched at N34 in our paper, the CME
for case 2 are deviated towards the pole and we can only
observed the flank at the Earth. Also, the reconnection takes
place in case 2 remove the flux rope of the CME, so the
magnetic field is lower for case 2.

We changed the inclination angle of polar axis for the CME,
and compared the results at 1AU. We defined the inclination
angle as At. The six cases are defined as follows: case 1 with
At = 150°, case 2 with At = 120°, case 3 with At = 110°, case
4 with At = 30°, case 5 with At = 60°, case 6 with At = 70°.
The inclination angle for case 1 — case 3 is larger than 90°, and
the inclination angle for case 4 — case 6 is smaller than 90°.
Figure 17 shows the evolution of solar wind parameters at the
Earth with different inclination angle of polar axis of CME.
For the Bz component, the case 1 — case 3 are better than case
2 — case 4. Thus, the inclination angle larger than 90° is reason-
able for our simulation. For case 1 — case 3, the number density

and flow velocity are almost the same. The direction in the three
components of magnetic field are similar for case 1 — case 3, but
the magnitude is different. The magnetic field will become lager
if the inclination angle increased.

Figure 18 shows the projected magnetic field lines in the x—z
meridional plane with the six cases initially. For the case 4 with
At = 30°, the magnetic field lines in the CME are antiparallel
with the solar wind. The CME will deviate towards the pole
during its outward propagation. When we increase the inclina-
tion angle, the part of the CMEs with antiparallel magnetic lines
with solar wind will decrease. For case 1, the magnetic field
lines in the CME become parallel with the solar wind. Accord-
ing to (Chané et al., 2005, 2006), CMEs have antiparallel mag-
netic lines with solar wind deviated towards the pole, while
CMEs have parallel magnetic lines with solar wind deviated
towards the equatorial plane. For case 4 — case 6, the larger part
of the CME have antiparallel magnetic lines with solar wind, so
they may deviated towards the pole. Also, the reconnection
between the CME and solar wind takes place, which remove
the flux rope of the CME, so the magnetic field is lower for case
4 — case 6. For case 1 — case 3, the larger part of the CME have
parallel magnetic lines with solar wind, so they may deviated
towards the equatorial plane. The reconnection rate will become
lower increasing the inclination angle, so the magnitude of mag-
netic field is lager for case 1.

6 Conclusions and discussions

In this paper, we used a 3D MHD numerical model to sim-
ulate the propagation of a CME that occurred on 12 December
2008 from Sun to Earth in this paper. The 3D MHD numerical
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model is integrated in a finite-volume framework by splitting
the MHD equations into two parts: fluid and magnetic induction
(Feng et al., 2014), and the CT method is used to maintain the
divergence constraint on the magnetic field.

To initiate the CME, we adopted a very simple 3D spherical
plasmoid model which is superposed on the background solar
wind, and the model has a high speed, density and pressure
compared to the solar wind ambient (Kataoka et al., 2009; Zhou
et al., 2012; Zhou & Feng, 2013). The CME contains a sphero-
mak-type magnetic field which is a linear force-free field in a
completely isolated sphere. We use observations to determine
the CME’s position, and adjusted the CME initial parameters
(density, magnetic field, velocity, and pressure) in the numerical
simulation to yield a best fit with observations.

We then investigated the dynamical interaction between
CME and background solar wind flow from Sun to 1 AU. After
the CME onset, the magnetic field evolves nearly in self-similar
manner. The plasmoid quickly expands because of the higher
plasma density, speed, and magnetic pressure inside the CME.
The radial and angular sizes of the CME increase with time,
and the relative density behind the CME decreased after the
CME passed. A shock front is clearly visible preceding the flux
rope. At the shock front, the solar wind plasma becomes com-
pressed and heated. The CME almost propagates along the
Parker spiral and the CME is asymmetrical in heliolongitude
because of the non-uniform solar wind ambient. We also com-
pare the model results with the Wind observations. Our simula-
tion has reproduced some of the in situ measurements in spite of
the simple CME model used in this paper; the general shape of
the curves is similar, and the three components of magnetic field
display realistic values. The B, component become northward
first, then changing to southward smoothly, this agree well with
Wind observation. Since the B, component is a key parameter to
predict the intensity of a magnetic storm, it is important to cap-
ture this realistic features for MHD models. Overall, our model
provide a relatively satisfactory comparison with the Wind
spacecraft observations at 1 AU, also many unsatisfactory points
remain as discussed below.

We find that the simulated velocity and density are higher
compared with Wind spacecraft. The simulated velocity is
almost 150 km/s greater than observation. The reason for this
may be due to the volumetric heating assumption in our code.
We use a volumetric heating method based on the magnetic
field topology to obtain a typical background solar wind in this
paper. This heating form cannot be the only acceleration process
acting on the solar wind and that other presently unknown
sources are needed to act within the region between the lower
corona and the source surface. Further work should put empha-
sis on coronal heating modules, and take more physically inte-
grate realistic coronal heating modules into 3D MHD codes.

We also investigated the numerical results assuming differ-
ent parameters of the CME. Firstly, we compared the results
for which the initial speeds for CME are varied. The number
density and magnetic fields at 1AU are similar with different
velocities, the velocities are higher at 1 AU if the initial velocity
in CME are higher. Then, we compared the solar wind parame-
ters at the Earth with different magnitude of magnetic fields in
the CME. We found the magnetic fields magnitude effected
the arrival time of CME, and the arrival time is earlier if the ini-
tial magnetic fields in CME is larger. Also, the CME with higher

magnetic fields magnitude would result higher solar wind param-
eters at the Earth. Next, we changed the direction of the magnetic
field and the magnetic field is anticlockwise in the x—z meridional
plane. The three components of magnetic field presented large
differences, especially for B,. The B, and B, became lower, that
is because the reconnection between the CME and solar wind
takes place since they have antiparallel magnetic lines. Finally,
the model results with different inclination angle of polar axis
are compared at 1 AU. We found the inclination angle larger than
90° is reasonable for our simulation. The direction in the three
components of magnetic field are similar, but the magnitude
are different. The magnetic will become lager if the inclination
angle decreased. So the magnetic fields direction at 1AU are
dependent on the inclination angle of polar axis in CME. Over-
all, the initial magnetic fields in the CME have a larger influence
on the solar wind parameters at the Earth. The magnitude of ini-
tial magnetic fields in the CME will effect the the arrival time of
interplanetary CME, they also have a influernce on the magni-
tude of solar wind parameters at Earth. The initial direction of
the magnetic field in CME have a larger influence on the struc-
ture of the interplanetary magnetic fields. These results are help-
ful in understanding and identifying the dynamic process
occurring between the CME and the soalr wind.
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