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[1] We present the time-dependent propagation of a Sun-Earth connection event that
occurred on 4 November 1997 using a three-dimensional (3-D) numerical
magnetohydrodynamics (MHD) simulation. A global steady state solar wind for this event
is obtained by a 3-D SIP-CESE MHD model with Parker’s 1-D solar wind solution and
measured photospheric magnetic fields as the initial values. Then, superposed on the quiet
background solar wind, a spherical plasmoid is used to mimic the 4 November 1997
coronal mass ejection (CME) event. The CME is assumed to arise from the evolution of a
spheromak magnetic structure with high-speed, high-pressure, and high-plasma-density
plasmoid near the Sun. Moreover, the axis of the initial simulated CME is put at
S14W34 to conform to the observed location of this flare/CME event. The result has
provided us with a relatively satisfactory comparison with the Wind spacecraft
observations, such as southward interplanetary magnetic field and large-scale smooth
rotation of the magnetic field associated with the CME.
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1. Introduction

[2] Coronal mass ejection (CME) is one of the most fre-
quently eruptive phenomena in the solar atmosphere, which
causes significant changes in coronal structure accompanied
by observable mass outflow. CMEs, their interplanetary man-
ifestations (Interplanetary coronal mass ejections (ICMEs),
including their shocks) and vast structures of plasma and
magnetic fields that are expelled from the Sun outward through
the heliosphere are now known to be a key causal link between
solar eruptions and major interplanetary and geomagnetic
disturbances [Dryer, 1994]. The geoeffective magnetic field
associated with the CME may result from the distortion and
amplification of the ambient interplanetary magnetic field
(IMF), or the manifestation of coronal magnetic ejecta reach-
ing the Earth in the form of a magnetic cloud. Magnetic clouds
have the properties of a strong magnetic field (relative to the
ambient IMF), smooth magnetic field rotation and low tem-
perature [Burlaga et al., 1981]. In addition to the IMF factor,
non-recurrent goemagnetic storms may be caused by a pres-
sure increase associated with the CME-driven shocks, which
can significantly compress the magnetosphere and be as
geoeffective as strong sustained southward IMF.

[3] The problem of CME propagation from the Sun to
Earth or beyond is one component of space weather that
concerns the physical conditions and dynamics of the cou-
pled system comprising the Sun, solar wind, magnetosphere,
ionosphere and thermosphere. In order to realistically reflect
the 3D characteristics of CME propagation and its interaction
with the structured solar wind, as reviewed by Dryer [2007]
and Feng et al. [2011a], the numerical 3D MHD simulation
has become one of key problems in modeling space weather
events. A number of theoretical models have been proposed
to explain the eruption and evolution of CMEs near the Sun,
e.g., the photospheric converging 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 cancelation [Zhang et al., 2001],
although there is no general consensus yet on the triggering
mechanism. In practice of numerical study for space weather
events, several mechanisms have been proposed to simulate
the 3D propagation process of CME in interplanetary space
during the last decade, such as density(pressure) or velocity-
driven model [Odstrcil and Pizzo, 1999; Groth et al., 2000;
Odstrcil et al., 2004; Odstrcil and Pizzo, 2009; Hayashi
et al., 2006; Shen et al., 2007, 2009;Wu et al., 2007;
Zhou et al., 2008; Zhou and Feng, 2008], semi-circular flux
rope model [Manchester et al., 2004a, 2004b, 2006, 2008;
Cohen et al., 2008; Lugaz et al., 2005, 2007, 2010], magne-
tized plasma blob model [Detman et al., 1991; Chane et al.,
2006, 2008], and spheromak-type flux rope model [Vandas
et al., 1997, 1998; Kataoka et al., 2009]. Some of these
simulations computed the disturbance propagation from near
the Sun to 1 AU in the near realistic background solar wind
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[Shen et al., 2007, 2009; Wu et al., 2007; Manchester et al.,
2008; Cohen et al., 2008; Lugaz et al., 2007, 2010]. For a
comprehensive survey of theoretical models on the eruption
and evolution of CMEs near the Sun, and also 3D process
study of CMEs in the interplanetary medium, we can refer to
Feng et al. [2011a].
[4] It is well known that the solar wind ambient is

important in the propagation study of CMEs in interplane-
tary space. Therefore, we first simulate the solar wind
ambient by using 3D SIP-CESE MHD model with the
observation-based magnetic field and spherically symmetric
Parker solar wind as the initial condition [Feng et al., 2007,
2010; Zhou et al., 2008; Zhou and Feng, 2008]. In order to
produce the realistic fast and slow solar wind structure, an
additional coronal heating input is needed with general
agreement, although the entire scenario for the coronal
heating/solar wind acceleration is still unknown. The details
and history of this subject have been debated by scientists
for a long time [e.g., Barnes, 1992; Hollweg and Isenberg,
2002; Cranmer, 2002; Li et al., 2007; Aschwanden, 2008;
Lu and Chen, 2009]. Here, we simply add certain parametric
source functions in the energy equation to mimic the effects
of coronal heating/solar wind acceleration in order to tenta-
tively reproduce a realistic solar wind.
[5] In this paper, we numerically study the 4 November

1997 CME event by using our 3D SIP-CESE model [Feng
et al., 2007, 2010; Zhou et al., 2008; Zhou and Feng,
2008]. Since there is no general consensus yet on the trig-
gering mechanism of solar eruptions, we instead assume
that the CME has already been initiated. Here, we mimic a
CME by a 3D spherical plasmoid with high speed, high
pressure and high plasma density initially taken to be out of
equilibrium near the solar surface on the observed source
location of the flare/CME. As such, the model does not
address the question of how such an energetic CME is
initiated, but describes the three-dimensional propagation
and evolution of the CME event from the low corona to the
interplanetary space, by providing the time variation of
solar wind parameters and magnetic field, which generally
are vital to geospace space weather forecasting.
[6] The organization of the paper is as follows. We give a

brief description of observational properties of the CME
event in section 2. The MHD model is described in section 3.
The spherical plasmoid CMEmodel is displayed in section 4.
The simulation results of the background solar wind and the
CME event are shown in section 5, which includes a dis-
cussion of the CME’s propagation and interaction with the
background solar wind as well as the comparison of the
numerical results with Wind spacecraft observations. Finally,
we summarize the results and discuss the capabilities and
limitations of the MHD model.

2. Observational Properties of the 4 November
1997 CME Event

[7] The 4 November 1997 CME event was associated
with the active region NOAA 8100, where a flare of class
2B/X2.1 began at 0554 UT. The SOHO spacecraft recor-
ded the CME between 0552 and 0608 UT. Dulk et al.
[1999] and Eto et al. [2002] reported that the lift-off time
of the CME occurred within a few minutes of the peak time
of the impulsive X2/3B flare (S14W34). The CME was of

halo type, with a reported angular width of 360 degrees.
From the LASCO/SOHO observations, Dulk et al. [1999]
obtained a speed about 750 km/s in the plane of sky.
The CME-caused disturbance, having an average speed
646 km/s from 1 Rs to 1 AU, arrived at Earth and pro-
duced a strong shock at 2210 UT on 6 November, about
65 hours after the flare and CME lift-off. About several
hours later, the magnetic cloud arrived at 1 AU. In
Figure 10, we plot the solar wind bulk velocity, density,
proton temperature, magnetic field, and X-, Y-, and Z-
components of magnetic field (in geocentric solar ecliptic
[GSE] coordinates) by dots for a period of 4 days from
November 6 to 10. The shock front is indicated by the solid
vertical line. The magnetic cloud, indicated by the two dot-
ted vertical lines following the shock sheath, starts at
November 7, 0500 UT and ends at November 8, 1200 UT.
Figure 10 shows a typical magnetic cloud: the magnetic field
direction varies slowly, the magnetic field strength increases,
and density, plasma proton temperature and thermal pressure
decrease, i.e., the ejecta is a low-beta plasma. Moreover, the
solar wind speed decreases as the ejecta passes.

3. Model Description

[8] In order to simulate the propagation of a CME through
the interplanetary space, a representative MHD model of the
steady state background solar wind is required. Considering
the gravitational force and solar rotation we can write the
MHD system for the solar wind governing equations as

∂U1

∂t
þ r ⋅ F1ð Þ þ r ⋅Gð Þ ¼ S1 ð1Þ

where the conservative state vectors U1 is

U1 ¼ ðr; ru;E1;B1ÞT ð2Þ

F1 and G flux tensors having the following form

F1 ¼

ru

ruuþ pþ 1

2
B2
1

� �
I� B1B1

u E1 þ pþ 1

2
B2
1

� �
� u ⋅ B1ð Þ

uB1 � B1u

2
666664

3
777775

ð3Þ

G ¼
0

B0 ⋅B1ð ÞI� B0B1 þ B1B0ð Þ
B0 ⋅B1ð Þ u� u ⋅ B1ð ÞB0

uB0 � B0u

2
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3
775 ð4Þ

and the source S1 is given by

S1 ¼

0

r g�W� W� rð Þ½ � � 2rW� u

ru ⋅ g�W� W� rð Þ½ � þ SE
0

2
6664

3
7775�r ⋅B1

0

B

u ⋅B1

u

2
6664

3
7775 ð5Þ

where r, u, p, B are mass density, bulk velocity, thermal
pressure and magnetic field, respectively. A factor of 1/

ffiffiffiffiffim0
p

has been absorbed into the definition of B. The angular
velocity of solar rotation, W, is taken to be 2.8 � 10�6 rad/s,
the specific heat ratio g is assumed to be 1.2, and g =
�g(r/r3), where g is the gravitational force at the solar
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surface. Then, the variables r, u, p, B, r, t, g, and W can
been normalized by the characteristic values rs, a0, rsa0

2,ffiffiffiffiffiffiffiffiffi
rsa20

p
,Rs, Rs/a0, a0

2Rs, and a0/Rs where rs and a0 are the
initial values of density and sound speed at the solar surface.
[9] In this paper, we split the full magnetic field B into a

constant potential magnetic field B0 and a deviation B1, i.e.,
B = B0 + B1 [e.g., Oginio and Walker, 1984; Tanaka, 1994;
Powell et al., 1999; Nakamizo et al., 2009; Feng et al.,
2010]. Magnetic field B0 satisfies

∂B0

∂t
¼ 0;r ⋅B0 ¼ 0;r� B0 ¼ 0 ð6Þ

Gombosi et al. [2003] believed that the splitting is most
important when the equations are solved in a (near) con-
servation form, and the negative pressure can be effec-
tively avoided by rewriting the energy equation in terms of
the modified total energy density E1 = p/(g � 1) + 1

2ru ⋅ u +
1
2 B1 ⋅ B1. The source terms involving r ⋅ B may be added
to the momentum, induction and energy equations in order
to reduce the unphysical effects due to the nonzero diver-
gence of the magnetic field. Usually, in order to keep r ⋅ B
to an allowable numerical error, some special treatments,
such as the constrained transport (CT) approach, general-
ized Lagrange multiplier (GLM) method, and the projection
method, have been required in finite volume or finite dif-
ference schemes [e.g., Brackbill and Barnes, 1980; Evans
and Hawley, 1988; Toth, 2000; Toth et al., 2006; Dedner
et al., 2002; Balsara and Kim, 2004; Feng et al., 2006b,
2010; Stone and Gardiner, 2009; Kleimann et al., 2009;
Mignone and Tzeferacos, 2010; Yalim et al., 2011]. But the
CESE scheme can maintain r ⋅ B numerical error in a lim-
ited range and do a good work without any special treatment
[Zhang et al., 2006; Feng et al., 2006a, 2007; Qamar and
Mudasser, 2010].
[10] In order to consider the heating/acceleration of the

solar wind, we follow the work of [Nakamizo et al., 2009] to
define the source term SE as SE = Q exp(�r/LQ), where Q
and LQ are the intensity and decay length of heating
respectively. We take the heating intensity Q = Q0 ⋅ 1

fs
. The

constant value of Q0 is set to be 1.2 � 10�6 Jm�3 s�1, and
LQ is set to be 0.9 Rs. The expansion factor fs is defined as
fs = (Rs

r )
2BRs
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. In the simula-
tion, the expansion factor is time-invariant and same as the
value we used during calculating the background solar
wind. The involvement of expansion factor in the heating
source term is encouraged by the fact that the solar wind
speed is inversely correlated with the expansion rate of the
magnetic flux tube in the corona [Levine et al., 1977].
Feng et al. [2010] designed another kind of volumetric
heating and momentum heating method according to the
expansion factor and the angular separation between an
open field foot point and its nearest coronal hole bound-
ary. In this paper, the parametric source function is only
added to the energy equation by involving the topological
effect of the magnetic field expansion factor fs to repro-
duce the fast and slow solar wind structure.
[11] In this paper, we use the SIP-CESE MHD model

[Feng et al., 2007, 2010; Zhou et al., 2008; Zhou and Feng,

2008] to compute the quasi-steady solar wind with the
observed photospheric magnetic field and Parker’s 1D solar
wind solution [Parker, 1963] as the initial values. The tem-
perature and plasma density at the inner boundary are typi-
cally taken to be 1.7 � 106K and rs = 1.67 � 10�13 kgm�3

respectively. The initial B1 is set to be zero, and B0 is
obtained by the potential field source surface (PFSS) model
[e.g., Luhmann et al., 2002] based on the observed photo-
spheric magnetic field from the Wilcox Solar observatory at
Stanford University (WSO). The computational domain
covers 0° ≤ q 180°, 0° ≤ f ≤ 360°, and 1 Rs ≤ r ≤ 235 Rs. The
Sun is located at the center of the domain at the origin
(x, y, z) = (0, 0, 0)Rs. Here, for the analysis of computa-
tional results, the corresponding simulated data are trans-
formed to the inertial frame, in which the Earth is fixed at a
position (x, y, z) = (�215, 0, 0)Rs, i.e., r = 215 Rs, q = 90°,
f = 180°. The details of computing the background solar
wind were given by us [Feng et al., 2007, 2010; Zhou et al.,
2008; Zhou and Feng, 2008] and thus are omitted here.

4. CME Model

[12] In the present paper, a high speed, high density and
high pressure spherical plasmoid is employed to generate the
CME. This kind of model is far from being a state-of-the-art
CME initiation model with very complex features, but it
gives us an easy way to study the evolution and propagation
of the CME in the corona and heliospheric space. The den-
sity, temperature and radial velocity profile of the initial
perturbation are defined as follows:

r ¼ r0 þ rmax 1� a2=a2cme

� �
T ¼ T0 þ Tmax 1� a2=a2cme

� �
vr ¼ vr0 þ vmax 1� a2=a2cme

� � ð7Þ

where acme is the radius of the plasmoid, a denotes the distance
from the center of the plasmoid, and r0, vr0 and T0 are the
density, radial velocity, and temperature of the background
solar wind. rmax, vmax and Tmax are the maximum density,
radial velocity and temperature added on top of the back-
ground solar wind, respectively. In order to match the Wind
data as the best fit as possible, the choices of these parameters
are empirical. The value of vmax is set to be 300 km/s. rmax and
Tmax are assumed to be five and three that of the ambient solar
wind at the center of the CME, respectively.
[13] Gibson and Fan [2008] believed that the spheroidal

magnetic field may be a natural product of a plasmoid
ejected from a solar flare via reconnection, although the
actual existence in the solar wind is under debate [e.g.,
Vandas et al., 2002; Farrugia et al., 1995]. Whereas Wang
et al. [2010a, 2010b] described certain existence evidence
on plasmoid in the magnetotail. In the present paper, the
initial magnetic field of the spherical plasmoid is assumed
to take the spheromak-type magnetic field form as the
“classical” spheromak of Farrugia et al. [1995] in local
spherical coordinates (r‘, q‘, f‘):

Br‘ ¼ 2B0=ar‘
� �

j1 ar‘
� �

cosq‘

Bq‘ ¼ � B0=ar‘
� �

sin ar‘
� �� j1 ar‘

� �� �
sinq‘

Bf‘ ¼ �B0j1 ar‘
� �

sinq‘
ð8Þ

where B0 is a constant, and a = 4.493409458acme
�1 is the con-

stant derived from the force-free condition of r � B = aB
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with the boundary condition of Br
‘ = 0 at r‘ = acme. j1(x) is

the spherical Bessel function, j1(x) = x�2 sin x � x�1 cos x.
The parameter a becomes negative for left-handed polarity.
The center of the CME is initially placed at 1.8 Rs. The
radius of the initial CME, acme, is 0.6 Rs. The maximal
magnetic field strength B0 is 5.0 G. The CME is launched at
S14W34 (i.e., q = 104°, f = 214°) to conform to the location
of the flare/CME. In order to find a better agreement with the
in-situ 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 42 degree from the
negative y-axis. During the simulation of the CME event, we
have tested various angles, and found that the angle can best
match the observed magnetic field. The introduction of the
plasma plasmoid to the corona has added 5.77� 1031 ergs of
magnetic energy, 4.33 � 1030 ergs of kinetic and 5.55 �
1031 ergs of thermal energy. The total energy (magnetic +
kinetic + thermal energy) increase is 1.75 � 1032 ergs. In the
simulation, t=0 is taken to be at 0554 UT on 4 November
1997, when the flare associated with the halo CME was
observed from AR 8100. Figure 1 shows the 3D schematic
picture of the initial coronal magnetic field at t = 0.

5. Results and Discussion

[14] In this section, we will present the results of the 3D
MHD numerical simulation, which include the solar wind

ambient obtained from the method of time relaxation, the
morphology and propagation of the CME, and the compar-
ison between the numerical results and the in-situ data from
Wind.

5.1. The Solar Wind Ambient

[15] Figure 2 shows the background solar wind solution
for the experiment of the 4 November 1997 CME event at
a solar coronal meridional plane (Figure 2a) and an inner
heliosphere solar equatorial plane (Figure 2b) respectively.
The color image indicates the radial speed of the plasma
while the magnetic field is represented by solid black
lines. From Figure 2a, we can see that the magnetic field
and radial speed possess a typical characteristic of solar
minimum. At lower latitudes around the equator, a helmet
streamer with low radial speed is stretched by the solar
wind. At high latitudes, the magnetic field is carried out
with the solar wind to achieve an open configuration with
high radial speed. Figure 2b shows that the IMF lines are
stretched by the solar wind outward into Archimedean
spirals due to the solar rotation and the IMF freezing-in
effect.
[16] Figure 3 shows the steady state background solar

wind parameters at 1 AU. The results simultaneously
reproduce the high- and low-temperature regions, the fast
(low density) and slow(high density) solar wind structure in
interplanetary space. From Figure 3, we can found that the

Figure 1. Three dimensional view of the initial coronal magnetic field. Field lines of the CME are shown
in color to illustrate the magnetic field strength. The color contours represent the radial magnetic field
strength on the solar surface.
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radial speed profile is in agreement on the temperature pro-
file, and inverse against the density profile. Inspection of
Figure 3b reveals an approximate bimodal outflow pattern
with slow wind leaving the Sun around 350 km/s near the
current sheet region and high-speed wind above 600 km/s in
the high-latitude region. The variation in the background
solar wind in this model results from coronal heating and
flux expansion. But we find the radial speed is higher than
the observed speed near the Earth, which may be caused by

the low expansion factor owing to the contamination of six
impulsive solar events in November 1997.

5.2. The Morphology and Propagation of the CME

[17] In Figure 4, we compare the observed and synthetic
LASCO C2 and EIT images for the ejection. The top two
images are the C2 and EIT running-difference images for the
CME. The bottom two images show the corresponding
synthetic images. By comparing the simulation results and

Figure 2. Magnetic field and radial speed for the steady state solar wind solution. (a) Solar coronal
solution at f = 180°–0° from 1Rs to 15Rs and (b) inner heliosphere solution in the solar equatorial
plane from 15Rs to 215Rs. The color contours represent the radial speed and streamlines denote the
magnetic field lines.

Figure 3. The steady state solar wind parameters at 1 AU. (a) Number density (cm�3) and (b) radial
speed (km/s). (c) Radial magnetic field (nT) and (d) plasma temperature (105K).
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observations, we can see clearly that the simulated white
light image is in good agreement with the observed one, and
that the simulated density enhancement compares well with
the EIT intensity enhancement.
[18] Figure 5 shows a 3D view of the CME at t = 1.0, 3.0,

5.0, and 10 hours after the initiation. The false color image
shows the velocity magnitude in the x-y equatorial plane.
The magnetic field of the CME is colored to illustrate the
velocity magnitude. The evolution of the CME on the
meridional at f = 210° is shown in Figure 6 at four different
instants (t = 1.0, 3.0, 5.0 and 10.0 hours). Figure 6 depicts
the system in 2-D meridional slices (x-z plane) with false
color images of the plasma velocity magnitude upon which
solid black lines represent the magnetic field. From
Figures 5 and 6, we find that initially the magnetic field

evolves nearly in self-similar manner. The plasmoid rapidly
expands and is expelled from the corona since the injected
CME has higher plasma density, speed, and magnetic
pressure than the solar wind ambient. The radial and
angular sizes of the CME increase with time. The plasma
velocity magnitude shows that the evolution of the CME
begins with rapid acceleration to a speed over 780 km/s at
7 Rs which almost agrees with the speed in the plane of
sky from the LASCO observation, then undergoes a
gradual deceleration to a speed of 710 km/s at 42 Rs. In
our simulation, most of the magnetic field lines of CME
are connected to the inner boundary from the beginning,
as shown in Figure 6, since the magnetic field of the
spherical plasmoid is introduced by simple superposition
on the ambient field.

Figure 4. (top) C2 and EIT difference images. (bottom) Synthetic white light running ratio image
corresponding to C2 field-of-view (left), numerically simulated density-enhancement image on the
solar disk (right).
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[19] Figure 7 shows the time profiles for the relative
number density, velocity, relative temperature and magnetic
field at selected solar radii ri along q = 0°, f = 210°
(Figures 7a–7d) and f = 180° (Figures 7e–7h). We find that
the overall similarity (such as sharp rise and slow decay of
the velocity’s maxima, and the sharp jumps of the magnetic
field, density and temperature) of the computed time pro-
files in the inner heliospheric (ri = 10 Rs, 20 Rs). The for-
ward CME shock is well developed. It originates at the
leading edge of the CME due to the collision of high-speed
CME plasma with the background slow stream. The dis-
tribution of plasma parameters in Figure 7 shows a signif-
icant expansion of the CME. As the CME propagates
further into interplanetary space(ri = 50 Rs, 100 Rs), it

continues to expand due to the pressure gradients, the dif-
ference between the speeds at the leading and trailing edges
decreases, and velocity’s maxima also decrease. Simulta-
neously, we can find that the variation amplitude at f =
180° is smaller than that at f = 210°, especially the dif-
ference of the magnetic field is more obvious. The arrival
time of the disturbance at the same heliocentric distance at
f = 180° delays a few hours relative to that at f = 210°,
and that the farther away from the Sun the disturbance is,
the longer the time delay is.
[20] Figure 8 shows the simulated global view of the rel-

ative density ((r � r0)/r0) (Figures 8a–8f) and the velocity
(Figures 8g–8i) at 2.0° south, close to the Earth’s latitude at
different instants, where r is the density, and r0 the density

Figure 5. A 3D representation of the CME is shown at (a) 1 hour, (b) 3 hours, (c) 5 hours, and
(d) 10 hours 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 white
sphere.
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of the background solar wind. Figures 8a–8c show the
domain from 1 to 30 Rs within 5 hours after the initiation,
and Figures 8d–8i show views from 1 Rs to 1 AU after
20 hours. From Figure 8, we find that the CME almost
propagates along the Parker spiral. There is almost no pro-
nounced eastward deflection of the CME during its outward
propagation because of the little speed difference between
the CME and the background solar wind, which can be seen
in Figures 8g–8i. This is consistent with the observational

analyses of the deflection of CMEs’ propagation in inter-
planetary space by Wang et al. [2004]. Asymmetry of the
CME is clearly seen in heliolongitude as it passes into
non-uniform solar wind ambient, and the asymmetry of
the CME in heliolatitude can also be seen clearly from
Figures 9a, 9b, and 9c.
[21] The evolutions of the CME in interplanetary space at

f = 210° are displayed in Figure 9 at t=20, 30 and 50 hours
after the CME injection. The magnetic field is represented

Figure 6. Time evolution of the CME in the x-z meridional plane at (a) t = 1 hour, (b) t = 3 hours,
(c) t = 5 hours, and (d) t = 10 hours. Solid black lines display magnetic “streamlines” superimposed
upon a false color image of the velocity magnitude.
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by solid black lines. The false color images of Figures 9a,
9b, and 9c indicate the relative density, while the false color
image of Figure 9d indicates the magnetic field strength.
[22] The distribution of the relative density exhibits a

concave-outward shape possible stemming either from
intrinsic speed gradients within the CME or from the inter-
actions with the structured ambient solar wind. The CME
propagates slower near the streamer belt and faster in the

open field region. Near the streamer belt, the CME plows
most directly into the slow, dense streamer belt flow, its
excess momentum is quickly dissipated, a compression is
built up at its front, and the disturbance abruptly decelerates.
By contrast, the open-field extensions of the CME are pulled
rapidly outward by the fast flow toward the poles. Riley et al.
[1997] suggested that the observations were indicative
of a strong velocity shear between Ulysses and Geotail

Figure 8. The simulated profiles of the relative density (Figures 8a–8f) and the velocity (Figures 8g–8i)
in the x-y azimuthal plane at (a) t = 1 hour, (b) t = 3 hours, (c) t = 5 hours, (d and g) t = 20 hours, (e and
h) t = 40 hours, and (f and i) t = 60 hours.
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spacecraft, with the CME being launched such that one part
was in a high speed stream while the other part was in a
slow stream.
[23] The radial and meridional width of the CME increa-

ses with distance. But the rate of radial expansion slowly
decreases as the CME is expanding. The initially circular
magnetic field gradually distorts owing to its interaction with

a slower solar wind ambient. It expands latitudinally while
being squeezed radially. Thus the initial circular shape has
evolved into an elliptical, lentil-like one and that while the
leading edge is still curved, the trailing edge has been flat-
tened. Such shape changes have also been observed in other
numerical simulations [Odstrcil et al., 2002; Cargill and
Schmidt, 2000] due to the different hydrodynamic forces

Figure 9. Global view of the CME interaction with the background solar wind in interplanetary space at
f = 210° and different times: (a) t = 20 hours, (b) t = 30 hours, and (c and d) t = 50 hours. Solid black lines
display magnetic “streamlines”. Figures 9a, 9b, and 9c show the false color images of the relative density,
while Figure 9d shows the false color images of the magnetic field strength.
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acting on each side. At t = 50 hours, the numerical simula-
tion shows that the trailing part of the magnetic field begins
to flatten noticeably. As the CME expands, each part of its
surface pushes against different plasma conditions. Since the
pressure and density at the rear are higher than those at the
front, the expansion will be inhibited at the rear relative to
the front. This is also a feature of 1D models [Gosling et al.,
1998; Riley et al., 2001]. While moving around the bound-
ary from the rear to the sides, the expansion gradually
encounters the regions of lower external plasma pressure and
density so that the expansion becomes easier. Since the rear
part of the CME expands by different distances while going
around the boundary, this cumulative effect leads to the
flattened shape. The front of the CME expands more easily
than the side parts since it encounters a lower pressure and
density.

[24] The compression of the magnetic field is clearly seen
on the north in Figure 9d, which is most pronounced where
the magnetic field of the CME moves through the dense
plasma sheet, but it doesn’t penetrate the streamer belt.
However, the CME still moves southward until it reaches the
boundary of the open field with high speed. This may be
caused by the higher thermal and magnetic pressure at the
faster solar wind region.

5.3. Comparison With in Situ Data

[25] To make a comparison with in situ measurements,
Figure 10 simultaneously shows the computed plasma
parameters at the Earth and its 30 deg westward and Wind
observations for the same time interval. From Figure 10, we
find that the simulated solar wind parameters at 30 deg
westward of the Earth can better reproduce many basic

Figure 10. Evolution of solar wind parameters at the Earth during the 04 Nov 1997 event. Shown are
flow velocity, number density, temperature, magnetic field, and three components of magnetic field in
GSE coordinates. The simulated results at the Earth are shown by solid lines. The Wind observations
are shown by dots. The dashed lines show the solar wind profile computed at a position 30 deg westward
of the Earth.
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structures: such as an increase in the magnetic field magni-
tude, the behaviors of three components of magnetic field, in
particular southward Bz and the large-scale smooth magnetic
field rotation. The discrepancy may result from the follow-
ing factors such as the less accurate distribution of the initial
disturbancethe inadequate expansion owing to the less real-
istic solar wind ambient, and almost no deflection of the
CME due to the small speed difference between the CME
and the solar wind ambient. For a better comparison with the
Wind observation, we shift 4 hours ahead to the time axis of
simulated profiles and multiply the computed magnetic field
by 2 just because the computed magnetic field is nearly half
of that by observation.
[26] From Figure 10, we can see that the simulated back-

ground velocity and density at the Earth is higher, the
magnetic field is smaller than those by observation. The
simulated plasma density is 3–4 times large, and the simu-
lated velocity is almost 150 km s�1 greater than that by
observation. The reason for this may be due to the single
fluid model used, the volumetric heating assumption and
other reasons as pointed out by Feng et al. [2010]. In this
paper, the choice of such a heating may obtain a typical
background solar wind characteristic of solar minimum due
to the consideration of magnetic field topology. To further
understand this problem, more observations of multiple
spacecraft (such as SDO, STEREO, SOHO, ACE, Wind, or
other future missions) will probably help us develop the
ability of including physically realistic coronal heating
modules into 3D MHD codes, improve the determination of
the structure of the ambient solar wind, and further numeri-
cally characterize the 3D propagation of CMEs through the
heliosphere.
[27] From the computed Bz at 30 deg westward of the

Earth shown in Figure 10, we find that the field turns
southward at �1800 UT on 6 November 1997 for nineteen
hours, reaching a minimum -6 nT. The magnetic field then
smoothly rotates northward reaching a similar magnitude,
lasting more than twenty hours. This magnetic field south-
north rotation is mainly due to the passage through the
helical field of the CME mentioned by [Wu et al. [1999].
The strong southward to northward turning of the IMF and
prolonged southward IMF shown in this paper can produce a
strong magnetospheric response. But the magnetic field of
our model at 1 AU has nearly 50% magnetic magnitude of
the observed magnetic cloud. The reason for this may be
also due to the small background magnetic field caused by
the imperfectness of potential field source surface model and
the coarse grid resolution in interplanetary space.

6. Conclusions

[28] We have used our 3D SIP-CESE MHD model to
investigate the temporal and spatial evolution of 4 Novem-
ber 1997 CME event from near the Sun to 1 AU. Our results
show that early evolution of the CME is nearly self-similar,
but a consequence of the combined effects of radial flow
collision, lateral material expansion, velocity and pressure
gradients within the realistic background solar wind, and the
interaction with the background solar wind structure even-
tually distort the CME. We follow the propagation of the
CME to 1 AU and examine the time evolution of plasma
properties. We find that the simulated result at 30 deg

westward of the Earth is in better agreement with Wind
observation than that at the Earth, such as the large increase
in magnetic field strength, large-scale magnetic field rotation
and prolonged southward IMF.
[29] In our simulations, the CME event is launched at

S14W34 to conform to the observed location of the flare/
CME. Initially, the CME is out of equilibrium with its sur-
roundings with higher magnetic pressure and internal pres-
sure. The CME rapidly expands from near the Sun, and its
volume significantly increases with time. Then, after a short
distance from the inner boundary, the CME undergoes a
compression. This expansion decelerates with distance and
ends until a pressure equilibrium is established. Because of
fast outflow over the poles and slow outflow near the
streamer belt, the parts of the CME in the originally open-
field regions tend to travel faster than the near-streamer belt
part. As the CME pushes through the center of the slow,
dense streamer belt flow, a compression is built up at its
front to form a concave-outward shape, and the disturbance
abruptly decelerates.
[30] To sum up, our present study can match some

observations from Wind, although a very simple 3D spher-
ical plasmoid model is used to generate the CME. This
simulation represents an ongoing effort to develop global
space weather models that can track the initiation of CMEs,
follow their propagation in interplanetary space, and accu-
rately predict plasma properties at 1 AU that subsequently
impact on the Earth’s magnetosphere. Although the simu-
lation has reproduced some features of the CME, there is a
long way for the model to predict the specific Sun-Earth
connection events with an acceptable accuracy. The first
point under consideration to improve our model is to tune
the parameters of the perturbation more carefully. Our tests
have found that the perturbed amplitude of the plasma tem-
perature is the most sensitive factor of the CME’s speed and
that of magnetic field is the second most sensitive factor.
However, the CME’s speed is least sensitive to the pertur-
bation amplitudes of density and velocity. These conclusions
are similar to those made byWu et al. [2005], who gave very
detailed discussions about the difference between the simu-
lation results with different choices of parameters. Thus we
should seek the optimal choice of these parameters in order
to settle a compromise among different observations. The
second point is to make use of multiple observations to
determine the orientation of the polar axis and the location of
the ejected spheromak [e.g., Lynch et al. 2010], which are
also very important to make the simulation results closer to
interplanetary in-situ measurements. The third way is to
absorb the recent effort of our research group in investigat-
ing the more realistic solar wind background [Feng et al.,
2010, 2011b; Yang et al., 2011], which is achieved by
adjusting the empirical terms of coronal heating and solar
wind acceleration in the MHD equations and employing
other numerical techniques.
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