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Abstract The coronal mass ejection (CME) event on 3 April 2010 is the first fast CME observed by STEREO
Sun Earth Connection Coronal and Heliospheric Investigation/Heliospheric Imager for the full Sun-Earth line.
Such an event provides us a good opportunity to study the propagation and evolution of CME from the Sun
up to 1 AU. In this paper, we study the time-dependent evolution and propagation of this event from the
Sun to Earth using the 3-D SIP-CESE (Solar-InterPlanetary Conservation Element and Solution Element) MHD
model. The CME is initiated by a simple spherical plasmoid model: a spheromak magnetic structure with
high-speed, high-pressure, and high-plasma density plasmoid. The simulation performs a comprehensive
study on the CME by comparing the simulation results with STEREO and Wind observations. It is confirmed
from the comparison with observations that the MHD model successfully reproduces many features of both
the fine solar coronal structure and the typical large-scale structure of the shock propagation and gives the
shock arrival time at Earth with an error of ∼2 h. Then we analyze in detail the several factors affecting the
CME’s geo-effectiveness: the CME’s propagation trajectory, span angle, and velocity.

1. Introduction

Coronal mass ejections (CMEs) are spectacular events involving the expulsion of significant amounts of
solar material (1015−16 g) into the heliosphere [Hundhausen, 1987], with speeds observed from 20 to 2600
km/s. Associated with this eruption is 1031−32 ergs of energy, which is presumably supplied by the magnetic
field. They are responsible for nonrecurrent disturbances in the interplanetary medium, and their interac-
tions with the Earth’s magnetosphere cause severe geo-effective storms. It is believed that CMEs play an
important role in the associated space weather effects.

It is well known that single spacecraft observation cannot directly describe the global structures of mag-
netic clouds and their evolution in interplanetary space due to projection effects. In situ measurements at
the first Lagrangian point (L1) can give the accurate information about the plasma and magnetic field struc-
ture of CMEs but only along a one-dimensional cut through the large-scale three-dimensional structure. The
determination of CME’s global structure and kinematics requires in situ observations from multiple vantage
points. Now we have several spacecraft looking at the Sun including the Solar and Heliospheric Observatory
(SOHO; Domingo et al. [1995]) and the Solar Terrestrial Relations Observatory (STEREO; Kaiser et al. [2008]). In
particular, after 2006, the NASA STEREO mission started to provide multispacecraft in situ observations [e.g.,
Kilpua et al., 2009a; Mostl et al., 2009], and image interplanetary CMEs (ICMEs) in white light along the entire
Sun-Earth line [Eyles et al., 2009]. STEREO is composed of two identical spacecraft orbiting the Sun ahead
STEREO-A (STA) and behind STEREO-B (STB) Earth near the ecliptic plane [Kaiser et al., 2008]. The two space-
craft separate away from Earth at a rate of about 22◦ per year. In recent years, much attention has been given
to the CMEs observed by multiple spacecraft in different locations. These events are of great importance for
studying their evolution process in the heliosphere. Several authors have discussed ICMEs sweeping over an
in situ observing spacecraft in the Heliospheric Imager (HI) images [e.g., Davies et al., 2009; Liu et al., 2010,
2013; Lee et al., 2013; Prise et al., 2014].

However, STEREO spacecraft is at lower latitudes, and it cannot provide the high-latitude observations of
CME. Thus, the real global structure of CMEs and the underlying physics governing CME propagation in the
heliosphere are not well understood. The 3-D MHD solutions can provide the global structure of the event.
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Hence, the 3-D numerical studies of observed CME events and comparison of the numerical results with
observation data at any point are promising. Moreover, the 3-D MHD simulation results can help provide a
deeper insight in space weather physics, by a careful study of the propagation characteristics. This insight is
crucial for better, more accurate space weather predictions.

During the last decade, some authors have numerically studied the propagation characteristics for a
few typical observed CME events by 3-D MHD simulation, and the simulation results can reproduce
time-dependent evolution of 3-D structures and be used to compare to real observations by the Large
Angle and Spectrometric Coronagraph (LASCO) experiment, or STEREO, and Wind/ACE [e.g., Wu et al., 1999;
Odstrcil et al., 2004, 2005; Wu et al., 2007; Shen et al., 2007, 2011; Lugaz et al., 2007, 2009; Manchester et al.,
2004a, 2008; Zhou et al., 2012]. For example, Wu et al. [1999] described the evolution of the January 1997
CME event by 2.5-D MHD model and compared the simulation results with Solar and Heliospheric Observa-
tory (SOHO) and Wind data. Odstrcil et al. [2004] simulated 12 May 1997 CME event and provided a global
heliospheric picture of transient disturbance interacting with solar wind stream structures. Lugaz et al.
[2007] discussed the three-dimensional aspects of the propagation for the CMEs event with the Space
Weather Modeling Framework (SWMF) and reproduced the shape of 24 November 2000 CMEs event as
observed by the LASCO C3 coronograph and compared synthetic images with real observations from
STEREO. Manchester et al. [2008] numerically modeled 28 October 2003 CME event with SWMF and found
excellent agreement with both the general morphology and the quantitative brightness of the model CME
with LASCO observations. Shen et al. [2011] investigated the dynamical interaction of 2000 April CME event
with the background solar wind flow and the evolution of the physical parameters by 3-D time-dependent
MHD simulation.

In the present paper, we choose 3 April 2010 CME event as our numerical study. The event was the first
fast CME event toward Earth for the two STEREO spacecraft. The imagers on the two STEREO spacecraft
(STEREO-A and STEREO-B) can continuously track this geo-effective CME from its inception at the surface
of the Sun all the way to Earth. The wealth of data for this event provides us a good opportunity to study
the propagation and the evolution of the CME. The paper is organized as follows. A brief description of
observational properties of the CME event is given in section 2. The solar wind and CME initiation mod-
els are presented in sections 3 and 4, respectively. Section 5 gives the simulation results and analyzes the
propagation characteristics of the halo CME event. Finally, we present a summary in section 6.

2. Observational Properties of the 3 April 2010 CME

The 3 April 2010 event was the first fast (800 km/s) ICME including a magnetic cloud observed by both the
STEREO/HI instruments and a near-Earth spacecraft. At this time, the separation angles of STA and STB with
Earth are 67◦ and 71◦, respectively. The CME was an Earth-directed one, which was associated with a B7.4
X-ray flare recorded by GOES X-ray monitor from NOAA Active Region (AR) 11059 (S25W03). The flare was
first seen in the extreme ultraviolet imaging telescope (EIT) on board SOHO between 09:14 UT and 10:00 UT
associated with a faint EIT wave.

The STEREO observations suggest that the CME was traveling at a velocity of ∼ 1000 km/s close to the Sun
and that it gradually decelerated to ∼ 700 km/s when the CME impacted the Earth. Consistent with these
measurements, in situ instruments on board the NASA ACE spacecraft observed an interplanetary (IP) shock
traveling with a solar wind velocity of ∼ 750 km/s at 7:51 UT on 5 April. The IP shock was followed by an IP
coronal mass ejection (ICME), which caused an extended geomagnetic storm with minimum Dst = −72 nT
on 5–7 April 2010 [Xie et al., 2012]. The 3 April 2010 event has been studied by several authors [Mostl et al.,
2010; Liu et al., 2011; Wood et al., 2011; Xie et al., 2012].

3. The Solar Wind Model

In this section we briefly present the solar wind model. The steady state solar wind used in our model is
based on the model of Zhou et al. [2012], in which, the basic equations governing the evolution of the solar
wind system are the modified MHD equations. This model can reproduce the solar wind background by
means of an artificial heating/acceleration source term in the energy equation, which is given by

SE = Q0 ⋅
1
fs

exp(−r∕LQ), (1)
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Figure 1. (a) Three-dimensional steady state magnetic field structure and (b) steady state current sheet in the solar
corona domain.

where the constant value of Q0 is set to be 0.5 × 10−6 J m−3 s−1, and the decay length of heating LQ is set

to be 0.9 Rs. The expansion factor fs is defined as fs =
(

Rs

r

)2 BRs

Br
, where Rs and r are 1 solar radius and the

distance from the solar center, and BRs
and Br are magnetic field strength at the solar surface and at r. For the

specific heat ratio 𝛾 , similar to that of Jacobs and Poedts [2011], a variable polytropic index is used:

𝛾 =
⎧⎪⎨⎪⎩

𝛾0 if r < r1,

𝛾0 + (𝛾1 − 𝛾0) sin2
(

𝜋

2

r−r1

r2−r1

)
if r1 ≤ r ≤ r2,

𝛾1 if r > r2,

(2)

where the value of 𝛾 is smoothly varying between the value 𝛾0 close to the Sun, where 𝛾0 = 1.2 and its
value, 𝛾1 = 1.46, that Totten et al. [1995] concluded from the analysis Helio 1 data as an average value for the
polytropic index between 0.3 AU and 1 AU. The variation in 𝛾 takes place between the radial distances r1 and
r2, where r1 and r2 are taken to be 1 Rs and 20 Rs, respectively.

The temperature and plasma density at the inner boundary are typically taken to be 1.5 × 106 K and
0.85 × 10−13 kg m−3, respectively. The computational domain covers −90◦ ≤ 𝜃 ≤ 90◦, 0◦ ≤ 𝜙 ≤ 360◦, and
1 Rs ≤ r ≤ 235 Rs. Similar to that of Zhou et al. [2012], the quasi-steady solar wind is computed with the
observed photospheric magnetic field and Parker’s 1-D solar wind solution [Parker, 1963] as the initial values.
For details of computing the solar wind background, please refer to the work of Feng et al. [2007, 2010].

Figure 1 shows the three-dimensional coronal field and heliospheric current sheet (HCS) structure. From the
figure, we can easily see that the magnetic field and radial speed possess a typical characteristic of the ris-
ing phase. The coronal magnetic field shows a mixed dipole/quadrupole configuration with large tilt angle
of the dipole. And the latitudinal extent of the HCS expands to higher latitudes, a north-south asymme-
try appears around the heliospheric equator due to the quadrupole strength of the coronal field. Figure 2a
shows the steady state solution in the solar equatorial plane. The result shows that the magnetic field gener-
ates the sector structure in interplanetary space. Figure 2b shows a cut through the ecliptic as well as along
the meridional plane of E67, E0, and W71. The figure gives the information on how the solar wind speed is
structured in IP space along the flank of the CME as viewed on STEREO-A, Earth, and STEREO-B meridional
planes. We can find that there are significant differences in the speed distribution.

4. CME Initiation

The CME is initiated in an identical manner to the simple model described by Zhou et al. [2012]. In fact, there
is no general consensus yet on the triggering mechanism for the CME, although a number of theoretical
models have been proposed to explain its eruption and evolution near the Sun, e.g., the photospheric con-
verging and shear motions [Forbes et al., 1994; Mikic and Linker, 1994; Antiochos et al., 1994], flux emergence
[Feynman and Martin, 1995; Chen and Shibata, 2000], and flux cancellation [Zhang et al., 2001]. Therefore, the
model in this paper does not address the question of how such an energetic CME is initiated, but describes
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Figure 2. (a) Steady state solution in the solar equatorial plane. The black streamlines denote the magnetic field lines, the green, red, and yellow circles represent
STEREO-A, Earth, and STEREO-B, respectively. (b–d) Steady state solution at the meridional plane of E67, E0, and W71, respectively. The color contours represent
the radial speed (km/s).

the propagation of the CME from the low corona, the impact of the CME on the interplanetary medium, and
the extreme conditions to which such a CME would subject the Earth’s magnetosphere. The CME model is
suggested in detail by Zhou et al. [2012], in which we have successfully simulated some important features
of 4 November 1997 CME event. In the following, we briefly describe the CME initiation model.

The density, temperature, and radial velocity profile of the initial perturbation are defined as follows:

𝜌 = 𝜌wind + 𝜌max(1 − a2∕a2
cme)

T = Twind + Tmax(1 − a2∕a2
cme)

vr = vrwind
+ vmax(1 − a2∕a2

cme)
(3)

where acme is the radius of the plasmoid, a denotes the distance from the center of the plasmoid, and
𝜌wind, vrwind

, and Twind are the density, radial velocity, and temperature of the solar wind background.
𝜌max, vmax, and Tmax are the maximum density, radial velocity, and temperature added on the solar wind
background, respectively.

The magnetic field of the initial CME is assumed to take the form as that in Zhou et al. [2012] in local spherical
coordinates (r𝓁 , 𝜃𝓁 , 𝜙𝓁):

Br𝓁 = (2B0∕𝛼r𝓁)j1(𝛼r𝓁) cos 𝜃𝓁

B𝜃𝓁 = −(B0∕𝛼r𝓁)[sin(𝛼r𝓁) − j1(𝛼r𝓁)] sin 𝜃𝓁

B𝜙𝓁 = ±B0j1(𝛼r𝓁) sin 𝜃𝓁

(4)

where B0 is a constant, and 𝛼 = 4.493409458a−1
cme is the constant derived from the force-free condition of

∇ × B = 𝛼B with the boundary condition of Br𝓁 = 0 at r𝓁 = acme. The spherical Bessel function is j1(x),
j1(x) = x−2 sin x − x−1 cos x. The parameter 𝛼 becomes negative for left-handed polarity.

In the simulation, we empirically choose the parameters of the CME model to match the simulated prop-
erties of the ICME reasonable well with in situ measurements at 1 AU. The CME is launched at 2.0 Rs at
t = 09:20 UT, when the CME is first observed by EIT in the lower corona. The radius of the initial CME, acme,
is 0.8 Rs. We assume 𝜌max and Tmax are 6 and 5 times larger than the value of the solar wind ambient at the
center of the CME, respectively. The value of vmax is set to be 500 km/s. The maximal magnetic field strength
B0 is 5.0 G. We launch the CME at S25W03 to conform to the location of the flare/CME. In order to find a bet-
ter agreement with the in situ interplanetary magnetic field (IMF) observations, we rotate the polar axis of
the ejected spheromak toward the negative y axis direction, so that the polar axis is inclined about 20◦ from
the negative y axis. The introduction of the plasmoid to the corona has added 6.93 × 1031 ergs of magnetic
energy, 1.54 × 1030 ergs of kinetic, and 3.68 × 1031 ergs of thermal energy. The total energy (magnetic +
kinetic + thermal energy) increase is 1.08 × 1032 ergs.
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Figure 3. (a) A 3-D representation of the CME is shown at 10 h after initiation. The color code represents the velocity magnitude in the x-y equatorial plane.
Field lines of the CME are shown in color to illustrate velocity magnitude. The Sun is shown with a green sphere. (b–d) Contour plots of the relative density dis-
tribution after 10.0 h at E67, E0, and W71 meridional planes, respectively. The black lines represent the magnetic field. The relative density is defined as follows:
𝜌 = (𝜌 − 𝜌wind)∕𝜌wind.

5. Simulation Results

In this section, we perform a comprehensive study on the evolution and propagation of the 3 April 2010
CME/shock by comparing the remote sensing observations of STEREO in the corona, the in situ observa-
tions of Wind, with the simulation results of 3-D SIP-CESE MHD model, and analyze several propagation
characteristics of the CME.

5.1. The Morphology and Propagation of the CME
A three-dimensional view together with a radial velocity distribution in y = 0 plane at 10 h after the erup-
tion of the CME is shown in Figure 3a. The corresponding 2-D meridional slices at E67, E0, and W71 with
false color images of the relative density is depicted in Figures 3b–3d, respectively, upon which black lines
represent the magnetic field. At this time, the CME front has reached 58 Rs. The maximum radial velocity of
the CME is approximately 770 km/s. From Figure 3b, we find that the front of the flux rope begins to flatten,
since the flux rope is stalled by the dense plasma sheet around the HCS. This phenomenon has been found
in earlier work [Manchester et al., 2004a; Zhou et al., 2012]. However, the flux rope does not expand to E67
and W71 meridional planes, as seen from Figures 3c and 3d. The distribution of the relative density exhibits
a concave outward shape in Figures 3b–3d due to the HCS largely distorting the shock front. The large-scale
concave feature of the shock front is consistent with previous simulations and observations [Odstrcil et al.,
1996; Manchester et al., 2004a].

In Figure 4, we produce synthetic line-of-sight differential images of CME observed from the STA/STB by
integrating the simulated density and compare observed and synthetic images. The figures of the first and
third columns are the CME running difference images for the CME from STA/STB, respectively. The second
and fourth columns show the corresponding synthetic images. The first and second rows are from STA/STB
COR1 and COR2, respectively. From the first and second rows, we can see that the simulated images capture
some features of the event such as the bright outer loop but unfortunately miss the bright core of density
structure, where three-part structure was observed in COR1 and COR2. This might be due to the simple CME
model used here. In the third row, we compare synthetic images of the CME in the heliosphere from the
point of view of STA/STB with real images. We can see that there is a good agreement between the overall
shape and position of the CME in real and synthetic images of the CME observed. In particular, the concave
outward density structure is well reproduced. However, the size of CME in the synthetic image is larger than
the real one. This might be due to an overexpansion of the simulated CME owing to its initiation setup.

5.2. Properties of the CME at 1 AU
Figure 5 shows the 3-D structure of the distorted flux rope and its interaction with the solar wind at t = 43 h,
when the front of the CME reaches 1 AU. Here the front of the CME is shown as an isosurface of 𝜌 = 2𝜌wind,
and false color representations of velocity magnitude cover the isosurface. The yellow sphere is positioned
at the Earth and has a radius of 5 Rs. It is clear that the front of the CME already arrives at Earth at this
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Figure 4. Comparison of (first and third columns) synthetic image and (second and fourth columns) real STEREO images. The three rows show images from COR1,
COR2, and HI1, respectively. The first and third columns display images from STA and STB, respectively.

Figure 5. A 3-D representation of the CME is shown at 43 h after
initiation. The color code represents the velocity magnitude. A 3-D
colored isosurface of 𝜌 = 2𝜌wind is drawn. The blue sphere shows the
position of the Earth and has a radius of 5 Rs .

time from the figure. The solar wind mag-
netic field is shown in color to illustrate
the velocity magnitude. These lines fully
characterize field line topology near 1 AU.
From the figure, we find that the magnetic
field structure evolves to a crescent shape
near 1 AU.

Figure 6 gives plasma parameters of the
simulation results as a function of time at
1 AU (solid lines) and makes a comparison
with in situ measurements of Wind obser-
vation between 4 and 9 April (dashed
lines). From this figure, we find that our
simulation successfully reproduces the
main features of ICME, for example, the
similar curves of the plasma density and
velocity, the behaviors of magnetic field:
in particular an increase in the magnetic
field magnitude, Bx and southward Bz ,
and the large-scale smooth magnetic
field rotation.

From Figure 6, we find that the IP shock
arrives at Wind on 5 April at 07:58 UT. Our
model predicts the shock arrival at Earth
at about 05:50 UT on 5 April, with an error
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Figure 6. Comparison between the in situ data obtained by the Wind spacecraft and our simulation during the 3 April
2010 event. (top to bottom) Flow velocity, number density, magnetic field, and three components of magnetic field
in geocentric solar ecliptic coordinates. The vertical solid line indicates the time of the ICME-driven shock. The vertical
dashed line indicates the starting and ending time of the magnetic cloud. The simulation results at the Earth are shown
by the solid lines. The Wind observations are shown by the dotted lines.

of 2 h compared to the Wind shock arrival time (SAT). So the model provides a good prediction of the SAT

for this event. The shock is followed by an ICME from 5 April at 12:00 UT to 6 April at 17:00 UT. The observed

ICME has the low proton temperature, smooth and strong magnetic field, and declining speed profile. For

the magnetic field, we find that the simulated and measured profiles at 1 AU are very similar, in particular,

for Bx and Bz components and the large-scale smooth magnetic field rotation. From the computed Bz at

1 AU shown in Figure 6, we find that the field turns northward at ∼ 10:00 UT on 5 April 2010 for 17.5 h, reach-

ing a maximum 8 nT. Then the magnetic field smoothly rotates southward reaching a minimum −3.3 nT,

lasting more than 11 h. The north-south rotation of this magnetic field is mainly due to the passage through

the helical field of the CME suggested by Wu et al. [1999]. The magnetic field shown in Figure 6 has a pro-

longed negative (southward) component spanning the ICME. A southward magnetic field can reconnect

with geomagnetic fields and thus is a key factor in producing geomagnetic storms [Dungey, 1961; Gosling et

al., 1991]. But the simulated magnetic field at 1 AU is smaller than that of the observed magnetic cloud. This

may be attributed to the small background magnetic field caused by the imperfectness of potential field

source surface model and the coarse grid resolution in IP space.
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Figure 7. Propagation trajectory of PATHCME’s latitude (black solid line)
and longitude (red solid line). The dotted line shows the position angles
of HCS at different heights.

5.3. Characteristics of the CME
The interplanetary observations sug-
gest that the ICME encountered the
Earth, while it missed the STEREO A
and B spacecraft. In the following, we
will study several factors that affect the
probability of the CME’s encounter with
the spacecraft, such as the speed, span
angle, and the deflection. This is also an
interesting topic in predicting whether
a CME will encounter the Earth.
5.3.1. Analysis of the Evolution Path
With the help of simulation results, we
can derive the CME trajectory from near
the Sun all the way to 1 AU during its
outward propagation. In order to quan-

titatively study the propagation trajectory of CME, we define the 3-D centroid of CME as PATHCME (including
CME central distance from the Sun, CME central latitude, and CME central longitude) by the relative mass:

PATHCME(r, 𝜃, 𝜙) =

∑
ijk
�̄�ijk(ri, 𝜃j, 𝜙k)ri sin 𝜃jdrid𝜃jd𝜙k

∑
ijk
�̄�ijkri sin 𝜃jdrid𝜃jd𝜙k

where 𝜌 denotes the relative density (identified by the 20% enhancement of the density, i.e.,
𝜌=1.2𝜌wind), and the indices i, j, and k run over all grid points in the radial, meridional, and azimuthal
directions, respectively.

Figure 7 shows the propagation trajectory of PATHCME’s latitude and longitude with its distance. The dot-
ted line in the figure shows the position angles of HCS at different heights. The black and red solid lines
show the variation of PATHCME’s latitude and longitude away from the Sun-Earth line, respectively. From the
figure, we find that the CME shows a deflection of about 5◦ toward the solar equator during its outward
propagation from the corona to about 20 Rs, this is due to the effect of the magnetic density gradient. The
equatorward deflection propagation of the CME event during its outward propagation has been studied by
many researchers [e.g., Cremades and Bothmer, 2004; Kilpua et al., 2009b; Gui et al., 2011; Kay et al., 2013].
Then the CME almost propagates along the HCS in the latitudinal direction in interplanetary space. And the
result also displays that the CME does not deflect in longitudinal direction, since the PATHCME’s longitude
away from the Sun-Earth line only shows about 2◦ variation during its outward propagation from the corona
to about 1 AU.

Figure 5.3.1 shows the simulated global view of the relative density in the equatorial plane at different
instants. The red circle in the figure shows the position of the Earth. From this figure, we find that the CME
almost propagates along the Sun-Earth line. There is almost no pronounced westward or eastward deflec-
tion of the CME during its outward propagation because of the little speed difference between the CME and
the solar wind background. This is consistent with the observational analysis of the deflection of CMEs’ prop-
agation in interplanetary space by Wang et al. [2004]. The angle between the initial CME radial direction and
the IMF at 1 AU calculated from the simulated solar wind background results is 36◦; the Sun rotates about
33◦ from the east to west when the magnetic cloud center arrives at the Earth. This means that the CME
almost moves outward along the Parker spiral interplanetary magnetic field. An asymmetry structure of the
CME is clearly seen in heliolongitude as it passes into nonuniform solar wind ambient, and the asymmetry
of the CME in heliolatitude can also be clearly seen from Figure 5.3.1.
5.3.2. The Spread Angle
In the following, we will study the evolution of the spread angle of the corresponding CME on the Sun-Earth
meridional plane. Because the wing of the CME can encounter the spacecraft, even if the center of the
CME misses it. If the Earth is near the spacecraft, this means that the wing of the CME can interact with the
magnetosphere and may create a severe geomagnetic storm. We define the spread angle by means of the
relative density plots on which we determine the contour where the relative density 𝜌 is 1 (i.e., 𝜌 = 2𝜌wind).
The spread angle of this contour measured from the solar center is defined as the spread angle of the CME.
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Figure 8. The simulated profiles of the relative density in the x-y azimuthal plane at (a) 5 h, (b) 10 h, (c) 15 h, (d) 20 h, (e) 30 h, and (f ) 40 h. The red circle shows
the position of the Earth, and the yellow and green circles show the position of STEREO A and B, respectively.

Though this definition is rather simple, at least it is based on mathematics and can reflect the propagation
characteristics of the CME to some extent. Figure 9 shows the evolution of the spread angle (black line) and
meridional width (red line) in time. The spread angle quickly evolves to 150◦ just 1.5 h after the CME ini-
tiation, at which time the CME center is at a distance of 10 Rs. The quick increase of spread angle during
the first 1.5 h of the CME’s propagation is clearly correlated with the rapid expansion due to the initial high
speed, pressure, and plasma density plasmoid imposed on the solar wind ambient. During the same time,
the CME’s velocity rapidly decelerates (see Figure 11a). From the evolution of the meridional width (red line)
in Figure 9, we find that CME keeps constantly expanding when going outward. However, the CME’s spread
angle varies slightly from 150◦ to 135◦ between 1.5 and 5 h. This may be due to the combined interaction

Figure 9. The evolution of the spread angle (black) and meridional width
(red) of the CME in time.

of the CME with the background solar
wind. As the CME propagates beyond
10 Rs (after 1.5 h), the solar wind
becomes dominant, and magnetic
fields decrease quickly. The ambient
solar wind may largely distort the shock
front. The dense plasma in the HCS
recess the center of the CME, and the
extremities of the CME at high latitude
are swept radially forward by the fast
solar wind—thus resulting in a con-
cave outward in the shock front and the
variety of the CME spread angle. After
7 h, the spread angle remains almost
around 140◦. This means that the CME
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Figure 10. Time-velocity profile along the Sun-Earth line; the cross marks
the Wind observation data.

continues to expand during its propa-
gating outward in IP space. The CME’s
expansion should continue even if
it passes the spacecraft until a pres-
sure equilibrium is established. This
dynamic behavior has been found in
previous works [e.g., Gosling et al., 1998;
Wang et al., 2005]. By studying the evo-
lution of the radial width of the ICMEs
(up to ∼ 5 AU), these authors found
that ICMEs expanded and the average
width of ICMEs increased as traveling
outward, since the internal pressure
was generally larger than that of the
surrounding wind.

5.3.3. Velocity
One of the central points of space weather forecasting is the prediction of ICME arrival at Earth. We know
that the CME velocity is a key factor affecting its arrival time. Figure 10 shows the CME’s velocity along the
Sun-Earth line versus time. From the figure, we find that the CME rapidly accelerates to about 1200 km/s just
0.5 h after the CME initiation, then the speed begins to decelerate to about 800 km/s until the CME arrives
at the Earth. By comparison with the Wind observation data (marked by the cross in Figure 10), we find that
the simulation result and observation result are almost the same. Xie et al. [2012] gave three approxima-
tions of the velocity along the Sun-Earth line by observation data and approved that the Harmonic Mean
method gave the smallest error, and our result is similar to that by the Harmonic Mean method. This implies
the effectiveness of the numerical result.

In the following, we see the velocity of the CME’s center (Figure 11a). From the figure, we find that the speed
of the CME’s center rapidly accelerates to about 1600 km/s just several minutes after the CME initiation due
to the imposed initial pressure imbalance. Then the speed quickly begins to decelerate to about 936 km/s
at 4 h after the CME initiation, when the CME center already reaches 24 Rs in interplanetary space. The rapid
deceleration with a relatively short time is associated with the interactions with the solar wind ambient due
to the large drag by the background medium and the quick expansion of the CME (see Figure 9). Figure 11b
shows the velocity of the center as a function of distance as a solid line. We find that the variety of the veloc-
ity along heliocentric distance within 24 Rs is similar to the empirical relationship (dashed line in Figure 11b)
put forth by Sheeley et al. [1999] and simulated by Manchester et al. [2004b]. Sheeley et al. [1999] described
the deceleration of fast halo CMEs observed with LASCO, by giving the following empirical relationship:

r(t) = r0 + v1t + (1 − e−t∕𝜏 )(v0 − v1)𝜏 (5)

v(t) = v1 + (v0 − v1)e−t∕𝜏 (6)

For our CME modeled, we find r0 = 3.0 Rs, v0 = 1503 km/s, and v1 = 936 km/s and 𝜏 = 1.0 h gives a
close fit to our numerical simulation. After 4 h, the speed keeps on slowly decreasing to 658 km/s through

Figure 11. (a) Time-velocity profile, (b) velocity-distance profile, and (c) time-acceleration profile along the center of CME. The dashed line in Figure 11b shows an
empirical relationship expressed by an exponential decay in velocity that closely approximate the evolution of the model CME [Sheeley et al., 1999].
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the interaction with the solar wind background till the IP shock arrives at 1 AU. The result verifies that the
velocity profile of the CME’s center includes three phases: an impulsive acceleration near the corona, a faster
deceleration phase, and then a more gradual deceleration phase during the fast CME event propagation.
In order to better demonstrate the variety of the velocity, the corresponding acceleration along the CME’s
center from 1 h to 50 h is shown in Figure 11c. We can find that the acceleration along the CME’s center is
about −55 m/s2 at 1 h; this value is very similar to that obtained by the acceleration a(t) = −(v0 − v1)∕𝜏e−t∕𝜏

for the fast CME event in Sheeley et al. [1999]. Then it rapidly rises to −10 m/s2 at 4 h after the CME initiation
and slowly rises to about −0.5 m/s2 when the shock arrives at 1 AU. During the time, the speed dropped
from 936 km/s to 658 km/s in about 39.5 h, the corresponding acceleration is −1.95 m/s2, which is consistent
with the IP acceleration a = 2.193 − 0.0054u from Gopalswamy et al. [2005] empirical shock arrival (ESA)
model, where u is the CME speed. For u = 750 km/s; a = −1.857 m/s2.

6. Conclusions

In this paper, by using a three-dimensional numerical MHD simulation, we have investigated the corona
and heliospheric evolution of 3 April 2010 CME. The CME event (observed by both STEREO A and B through-
out the whole Sun-Earth space) with the largest, fastest ICME at 1 AU since the 13 December 2006 event
provides us a good opportunity to study its propagation and evolution from the Sun up to 1 AU.

Using the 3-D simulation results of the CME in the solar corona and in the heliosphere, we produce the
synthetic coronagraphic images, which are compared with the real observed images. We find that the
results can successfully reproduce the observations in the STEREO A and B field of view. Then we follow
the propagation of the CME from the corona to 1 AU and examine the time evolution of plasma proper-
ties. By comparing the simulation results with the Wind-measured data, we find that the simulation results
can successfully generate many basic structures of the in situ measurement: such as the similar curves of
the plasma density and velocity, an increase in the magnetic field magnitude, the large-scale smooth mag-
netic field rotation, and prolonged southward IMF (a well-known source of magnetic storms). Finally, we
analyze in detail the propagation velocity, the spread angle, the trajectory of CME. The speed of the CME
rapidly increases from near the Sun, then decreases due to interaction with the solar wind ambient. The
spread angle of the CME quickly increases due to lateral material expansion by the pressure gradients within
the solar wind background, then the expansion decreases with distance and ends until a pressure equilib-
rium is established. We also study the CME deflection and find that the CME shows a deflection of about
5◦ toward the solar equator during its outward propagation from the corona to about 20 Rs, then the CME
almost propagates along the HCS in the latitudinal direction in interplanetary space. The CME almost does
not deflects in the longitudinal direction during its propagation from the Sun to 1 AU. In addition to the
CME’s propagation characteristics, such as its propagation velocity, shape, and trajectory, we will analyze its
energy transfer and mass and study more typical CME events in detail. The study of these topics will help us
to further understand CME’s propagation process and enhance our future space weather forecasts.
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