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[1] A three-dimensional time-dependent, numerical magnetohydrodynamic (MHD)
model is used to investigate the propagation of coronal mass ejections (CMEs) in the
nonhomogenous background solar wind flow. On the basis of the observations of the solar
magnetic field and K-coronal brightness, the self-consistent structure on the source surface
of 2.5 Rs is established with the help of MHD equations. Using the self-consistent
source surface structures as initial-boundary conditions, we develop a three-dimensional
MHD regional combination numerical model code to obtain the background solar wind
from the source surface of 2.5 Rs to the Earth’s orbit (215 Rs) and beyond. This
model considers solar rotation and volumetric heating. Time-dependent variations of the
pressure and velocity configured from a CME model at the inner boundary are applied
to generate transient structures. The dynamical interaction of a CME with the
background solar wind flow between 2.5 and 215 Rs (1 AU) is then investigated. We have
chosen the well-defined halo-CME event of 6–12 January 1997 as a test case. Because
detailed observations of this disturbance at 1 AU (by WIND spacecraft) are available, this
event gives us an excellent opportunity to verify our MHD methodology and to learn
about the physical processes of the Sun-Earth connection. In this study, we find that this
three-dimensional MHD model, with the self-consistent structures on the source surface
as input, provides a relatively satisfactory comparison with the WIND spacecraft
observations.
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1. Introduction

[2] Space weather research is of growing importance to
the scientific community and can affect human activities.
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]. In order to realistically reflect
the properties of three-dimensional CME propagation, the
numerical research of three-dimensional background solar
wind has become one of key problems that have to be
solved for modeling space weather events.

[3] CMEs and their interplanetary consequences (ICMEs)
represent different aspects of the same phenomenon res-
ponsible for large geomagnetic storms [Gosling, 1990].
Because of the great complexity, each aspect has typically
been investigated separately. This approach is useful for
revealing the basic underlying physics; however, a complete
picture requires a comprehensive model of all of the
processes considered together. Successful merging of two-
dimensional and three-dimensional magnetohydrodynamic
(MHD) coronal and heliospheric models has been reviewed
and performed by Dryer [1974, 1975, 1982, 1994], Dryer
[1998], Usmanov and Dryer [1995], Wu et al. [1997, 1999],
Odstrcil et al. [2002a, 2004a], and Manchester et al. [2005].
The coronal simulation conducted by Odstrcil et al. [2002a]
started from an initial potential magnetic field and spheri-
cally symmetric Parker solar wind. The plasma density and
the temperature at the boundary were given as constants,
and the radial velocity was determined at each time step by
solving the gas characteristic equations. In the work by
Odstrcil et al. [2002b], the coronal model, whose domain
extends from the photosphere up to 30 Rs, was based on the
three-dimensional resistive MHD equations that were
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solved by a semi-implicit finite difference scheme using
staggered values, while the heliospheric model, whose
domain extends from 30 to 275 Rs, was based on the
three-dimensional ideal MHD equations that were solved by
an explicit finite difference Total Variation Diminishing/
Lax-Friedrichs (TVD/LF) scheme using cell-centered values.
The output from the coronal model consisted of a temporal
sequence of MHD flow parameters, which were used as a
boundary condition for the heliospheric model. An alternative
procedure that included a three-dimensional kinematic ap-
proach for shock arrival prediction procedures was described
by Fry et al. [2001, 2003].
[4] Usmanov et al. [2000] also used a global axisym-

metric MHD solar wind model with WKB Alfvén waves,
which were simulated by combining a time relaxation
numerical technique in the two-dimensional solar corona
region (1–22 Rs) with a marching-along-radius method in
the outer region (22 Rs-10 AU). In the coronal region,
they assumed the initial state of the magnetic field as a
dipole, and the hydrodynamic variables were given by a
Parker-type solution of the one-dimensional HD equations
[Parker, 1963]. Once a steady state solution in the inner
region was obtained, a slice of the solution at the interface
between the two regions interface (22 Rs) was used as the
inner boundary condition to start integration throughout the
outer region [Usmanov, 1993; Usmanov and Dryer, 1995;
Usmanov et al., 2000]. Their global steady state axisym-
metric MHD model successfully reproduced quantitatively
the observations made by Ulysses during its first fast latitude
traversal in 1994–1995 [Usmanov andDryer, 1995;Usmanov
et al., 2000].
[5] The large-scale structure of solar wind observed

by Ulysses near solar minimum was also simulated
by Feng et al. [2005] by using the three-dimensional
numerical MHD model. Their model combined the TVD
Lax-Friedrich scheme and MacCormack II scheme and
divided the computational domain into two regions as
follows: one from 1 to 22 Rs and the other from 18 Rs to
1 AU. On the basis of the observations of the solar photo-
spheric magnetic field and an addition of the volumetric
heating [Suess et al., 1996; Wang et al., 1998] to MHD
equations, the large-scale bimodal solar wind (i.e., fast and
slow wind) structure mentioned above was reproduced by
using the three-dimensional MHD model, and their numer-
ical results were roughly consistent with Ulysses’ observa-
tions. Their simulation showed that the initial magnetic field
topology and the addition of volume heating could govern the
bimodal structure of solar wind observed by Ulysses and also
demonstrated that the three-dimensional MHD numerical
model used by them was efficient in modeling the large-scale
solar wind structure.
[6] Riley et al. [2001; see also Linker et al., 1999]

proposed an empirically driven global MHD model of
the solar corona and inner heliosphere. They used the output
of the coronal solution directly to provide the inner boundary
condition of the heliospheric model. In modeling the solar
corona they specified at the lower boundary the radial
component of the magnetic field Br based on the observed
line-of-sight measurements of the photospheric magnetic
field. Uniform characteristic values were used for the plasma
density and temperature. Initial estimates of the field and
plasma parameters were found from a potential field model

and a Parker transonic solar wind solution [Parker, 1963],
respectively. Their results showed that the simulations repro-
duced the overall large-scale features of the observations
during the ‘‘whole Sun month’’ (August/September 1996),
although the specified lower boundary conditions were very
approximate.
[7] The self-consistent, time-dependent initial and

boundary conditions with solar rotation, on the basis of
observation results, will play a very important role in
three-dimensional background solar wind numerical mod-
el, and the work devoted to this aspect is still at its initial
stage. In this paper, on the basis of the observation of the
solar magnetic field and K-coronal brightness, the self-
consistent structures on the source surface are established
with the help of MHD equations at 2.5 Rs according to the
global distribution of coronal mass output’s flux Fm

(density r � speed v) by Wei et al. [2003]. By using
the self-consistent source surface structures as initial and
boundary conditions, we have successfully developed a
three-dimensional magnetohydrodynamic (MHD) regional
combination numerical model [Feng et al., 2005] of back-
ground solar wind, from the source surface of 2.5 Rs to near
the Earth’s orbit (215 Rs) and beyond. This model includes
solar rotation and volumetric heating. Once a steady state
solar wind is produced, we use a CMEmodel as input into the
inner boundary of 2.5 Rs. The dynamical interaction of a
CME with the background solar wind flow between 2.5 and
215 Rs (1 AU) is investigated. Observations of the 6–12
January 1997 Sun-Earth connection event are used as a test
for our numerical simulation. A brief description of the
observations is given in section 2. The three-dimensional
MHD regional combination numerical model of back-
ground solar wind, which includes self-consistent initial
and boundary conditions, is described in section 3. The
three-dimensional numerical simulation of CMEs is given
in section 4. Numerical results and comparisons with the
observations are presented in section 5. Finally, the con-
cluding remarks are given in section 6.

2. Observation of the 6–12 January 1997
Halo-CME

[8] Many CMEs observed near the solar limb maintain
angular widths that are nearly constant as a function of
height [Webb et al., 1997] and propagate almost radially
beyond the first few solar radii [Plunkett et al., 1997]. On
the basis of these properties of limb CMEs, the empirical
cone descriptive assumption for halo-CMEs was devel-
oped by Zhao et al. [2002] with free parameters that
characterize the angular width of the cone and the orien-
tation of the central axis of the cone. The free parameters
can be determined by matching the cross section of the
cone at a specified radial distance projected on the sky
plane with the observed bright ring of the halo-CME at a
specified time. The cone model was also used in the
numerical simulation by Odstrcil et al. [2004b, 2005].
The reader is reminded that the approach of Zhao et al.
[2002] is an empirical one, whereas the present model is a
physics-based three-dimensional MHD one that starts
‘‘cone-like’’ but expands because of the anisotropic wave
dynamics.
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[9] Detailed descriptions of the 6–12 January 1997 event
have been reported by a number of authors [Burlaga et al.,
1998; Webb et al., 1998; Fox et al., 1998; Wu et al., 1999,
2002; Michalek et al., 2003; Cane and Richardson, 2003].
For completeness we will summarize some of the highlights
in this section.
[10] The CME was observed first in the C2 coronagraph

on 6 January 1997 at 17:34 UT and later in the C3
coronagraph before 19:50 UT [Webb et al., 1998] and
appeared as a partial arc moving at �20�S and �3�W of
the central meridian [Michalek et al., 2003]. These obser-
vations were followed on 10 and 11 January 1997 by a
well-observed magnetic cloud that passed the WIND
spacecraft located in the solar wind upstream of Earth
[Burlaga et al., 1998]. According to Webb et al. [1998], it
was halo-like and the traveltime to Earth was about
85 hours which was right for a CME with a typical speed
of 450 km/s. It had a large angular span bigger than 140�,
greatly exceeding those of most CMEs. Measurements of
the expansion speed of the front by a height/time diagram
yield a speed of about 100–150 km/s [Wu et al., 2002]. As
reported by Wu et al. [1999] the source of this CME event
is related to the disappearance of a filament located at
�20�S and �4�W of the central meridian according to
ground-based H-a observation.
[11] The central axis of the CME model pointed to 20�S,

03�W while its half angular width is about 52.5� [Michalek
et al., 2003]. We assume that the leading edge of the CME
reached a radial height of 2.5 Rs with a speed of 160 km/s.
This speed is almost consistent with the projection-corrected
speed by using SOHO observations and the formula derived
by Hundhausen et al. [1994].

3. Background Solar Wind

3.1. Computational Mesh

[12] To obtain the proper spatial and temporal resolu-
tions, the computational domain is divided into two
regions as follows: 2.5 Rs � r � 22 Rs (region I) and
18 Rs � r � 215 Rs (region II) (radial direction), �75� �
q � 75� (meridional direction, both regions), and 0� � 8
� 360� (azimuthal direction, both regions). The direction
8 = 180�, q = 0� corresponds to the Earth’s position shown
in Figure 1.
[13] The grid network for region I is chosen to be 84(r) �

55(q) � 90(8). The grid size is uniform in azimuth, with
D8 = 4�. The radial grid (ri) and meridional grid (qj) are
not uniform. In order to obtain proper computational
resolution, we choose for the radial grid as follows: r(1) =

2.5 Rs, Dr(1) = step � r(1), r(i) = r(i � 1) + Dr(i � 1),
Dr(i) = step � r(i � 1), step = p/54 (p = 3.1415926). For
the meridional grid we choose Dq(0�) = 1.0�, Dq(�75�) =
Dq(75�) = 5.0�, with a constant increase in Dq from q = 0�
to q = ± 75�.
[14] The grid network of q and 8 for region II is the

same as that for region I, but with Dr = 0.075 Rs. In fact,
the radial coordinate r can be treated as a time-like
coordinate, and a three-dimensional steady MHD flow
can be solved by a two-dimensional (q and 8), ‘‘time’’
(r)-dependent formulation, which is prescribed in detail in
section 3.4.

3.2. Region I (2.5�22 Rs)

3.2.1. Physical Modeling
[15] In the transonic, trans-Alfvénic inner region, three-

dimensional ideal MHD equations, which include solar
rotation to generate spiral configuration of the magnetic
field in the heliosphere and volumetric heating to produce
bimodal solar wind structure seen by Ulysses, are used to
describe the dynamic behavior of the coronal and solar
wind plasma for this study. Conventionally, it is advanta-
geous to solve the equations in the inertial (nonrotating)
reference frame because of the computational difficulties
associated with the monotonic growth of the azimuthal
component of the velocity v8 at large radii [Pizzo, 1982].
Transformation from the rotating frame is affected by
substituting

~n ¼ ~u� Wr sin q~8 ð1Þ

where (r, q, 8) denotes the spherical coordinate system
with its origin at the Sun’s center. The velocity ~u and ~n
denote, respectively, the velocities in the inertial frame
and in the reference frame rotating with the Sun. W is the
angular velocity of the Sun. Equation (1) can be rewritten
as

nr ¼ ur; nq ¼ uq; n8 ¼ u8 � Wr sin q ð2Þ

[16] These inertial frame equations can be written in a
spherical-component form as follows:

@U

@t
þ 1

r2
@r2F

@r
þ 1

r sin q
@ sin qG

@q
þ 1

r sin q
@H

@8
¼ S ð3Þ

where

U ¼

r
rur
ruq
rn8
Br

Bq

B8

p

0
BBBBBBBBBB@

1
CCCCCCCCCCA
;F ¼

rur
rur2

ruruq
rurn8
0

urBq � uqBr

urB8 � n8Br

pur

0
BBBBBBBBBB@

1
CCCCCCCCCCA
;G ¼

ruq
ruruq
ruq2

ruqn8
uqBr � urBq

0

uqB8 � n8Bq

puq

0
BBBBBBBBBB@

1
CCCCCCCCCCA
;H ¼

rn8
rurn8
ruqn8
rn82

n8Br � urB8

n8Bq � uqB8

0

pn8

0
BBBBBBBBBB@

1
CCCCCCCCCCA
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0
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1
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA

ð4Þ

with
p ¼ rRT ð5Þ

fr ¼ rW sin q 2n8 þ Wr sin q
	 


fq ¼ rW cos q 2n8 þ Wr sin q
	 


f8 ¼ �rW
�

4ur sin qþ 3nq cos qð Þ

þ r sin q
@ur
@r

þ sin q
@uq
@q

þ @n8
@8

� �� ð6Þ

where r is the bulk plasma density, T is the bulk plasma
temperature, B = (Br, Bq, B8) is the magnetic field, m0 is the
magnetic permeability, R is the gas constant (1.653 �
10�2 km2 s�2 K�1), g is the specific heat ratio, Ms is the
solar mass, G is the gravity constant. fr, fq, f8 are inertial
centrifugal forces in the r, q, 8 directions; Q is the
volumetric heating function. The latter is used to para-
meterize the effects of coronal heating processes, heat, and
radiation transfer effects [Groth et al., 2000]. As the
physical understanding of coronal heating processes
remains limited, there is some freedom in choosing this
source function. A function that includes both local energy
deposition and losses is adopted herein. Furthermore, the
heat source is taken to decrease exponentially [Wang et al.,
1998] with radial distance from the Sun. Specially, the
volumetric heating function Q is assumed to have the form

Q ¼ �rq0 T � T0ð Þ exp � r � Rsð Þ2

s0
2

" #
ð7Þ

where T0 and q0 have the same meaning with that in the
work of Groth et al. [2000]. T0(q = 0�) = 1.5 � 106 K,
T0(q = ±75�) = 2.6 � 106 K, s0 4.5 Rs.
3.2.2. Self-Consistent Initial-Boundary Conditions
[17] In recent years, because of the development of the inter-

planetary scintillation (IPS) technique [Wei and Dryer, 1991;
Manoharan et al., 1995; Janardhan et al., 1996; Asai et al.,

1998; Jackson et al., 1998] and the improvement of observa-
tion and computational methods of the photospheric magnetic
fields and theK-coronal brightness [Hoeksema, 1992; Zhao and
Hoeksema, 1996;Wei et al., 2003;Rickett andColes, 1991], one
can obtain large-scale structures of solar wind plasma and their
evolution with various solar activities and study the relation-
ship among the coronal density, solar wind speed, andmagnetic
field [Kojima et al., 2001; Wei and Dryer, 1991; Wei et al.,
2003].
[18] Wei et al. [2003] analyzed the global distribution of

coronal mass output’s flux Fm (density r � speed v) at
2.5 Rs and its relation to solar magnetic field structures by
using observational data from K-coronal brightness, photo-
spheric magnetic field, and interplanetary scintillation. We
need these parameters to close our equations, thus we start
from 2.5 Rs instead of 1 Rs. If we can obtain such a mass
flux distribution at 1 Rs, we will be able to begin from 1 Rs.
[19] Using the observational data from K-coronal bright-

ness and photospheric magnetic field for Carrington rotation
(CR) 1917–1918, the distribution of density and magnetic
field can be deduced from 2.5 to 22 Rs. Figure 2 shows the
distribution of the radial magnetic field and proton number
density at 2.5 Rs from the observation for CR 1917–1918 at
the source surface (2.5 Rs). Then, a numerical study of the
global distributions at 2.5 Rs for the CR 1917–1918 was
made by solving a self-consistent MHD system based on the
observational data of K-coronal brightness and the photo-
spheric magnetic fields [Wei et al., 2003]. The ideal MHD
equations are used for a qualitative study of Fm on the
source surface in which the assumption of the radial flow
and magnetic field on the source surface at 2.5 Rs is adopted
as many authors used to do in making data analyses and
numerical studies [e.g.,Wang and Sheeley, 1990; Riley et al.,
1997; Smith, 2001; Liewer et al., 2001; Wei et al., 2003; Fry
et al., 2003, 2005; Detman et al., 2006; McKenna-Lawlor
et al., 2006]. The equations consist of the sixMHD equations
plus the additional equations specifying pressure equilibrium
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Figure 1. Merged numerical grids at r � q plane and r � 8 plane of the coronal model (a1 and a2) and
heliospheric model (b1 and b2).
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under the assumption of the radial flow and that of the
statistic result for Fm. There are 10 parameters in the eight
governing equations. In the case investigated, the radial
magnetic field and density are two known inputs on the
source surface at 2.5 Rs, thus the equations can be solved for
the other eight unknown parameters [Wei et al., 2003].
[20] The initial conditions of density (r) and magnetic

field (Br, Bq, B8) from 2.5–22 Rs can be deduced from the
observation of K-coronal brightness and photospheric mag-
netic field for CR 1917–1918 according to an observation-
based model of solar wind background [Xiang and Feng,
2006]. On the basis of the self-consistent boundary con-
ditions at 2.5 Rs, the initial radial distribution of vr(r,q, 8)
can be found from the conservation of mass flux:

nr r; q;8ð Þr2r r; q;8ð Þð Þjr¼2:5Rs
¼ nr r; q;8ð Þr2r r; q;8ð Þð Þj2:5Rs<r�22Rs

Then, ignoring the electric field in the initial state, the
magnetic field and flow are rigorously aligned in the
rotating frame [Pizzo, 1982]. Accordingly, vq = vr

Bq
Br
, v8 =

vr
B8

Br
. The temperatures are mapped from the source surface

(2.5 Rs) to any position between 2.5 and 22 Rs by a simple
empirical radial relation of solar wind temperature, T(r,q,8)
/ r�125 [Wei et al., 2003].

[21] At the outer boundary of 22 Rs, linear extrapolations
are used to specify the plasma parameters.

3.3. Region II (18�215 Rs)

3.3.1. Physical Modeling
[22] Region II is a supersonic and super-Alfvénic region.

Here the nonconservative inertial frame form of the steady
state three-dimensional MHD equations in spherical coor-
dinates can be written as follows:

A
@U

@r
þ B

@U

@q
þ C

@U

@f
¼ S þ S0 ð8Þ

where U ¼ r; ur; uq; n8; p;Br;Bq;B8

	 
T
, A, B, and C are 8

� 8 matrices, and S is a vector containing eight components
which were all given by Han et al. [1988]. One must also
pay attention to the fact that the fifth component is replaced
by the divergence-free condition of the magnetic field [Han
et al., 1988], i.e.,

@Br

@r
þ 1

r

@Bq

@q
þ 1

r sin q
@B8

@f
¼ � 2Br

r
� ctgq

r
Bq ð9Þ

Figure 2. (a) Distribution of the radial magnetic field (104 nT) and (b) proton number density
(105 cm�3) at 2.5 Rs from observation for CR 1917-1918.
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S 0 is the vector related with solar rotation:

S0 ¼

0

rW sin q 2n8 þ Wr sin q
	 


rW cos q 2n8 þ Wr sin q
	 


�2W ur sin qþ uq cos qð Þ
0

0

0

0

0

0
BBBBBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCCCCA

ð10Þ

where W and the relationship between (ur,uq,u8) and
(vr,vq,v8) are given by equations (1) and (2).
3.3.2. Boundary Condition
[23] The inner boundary parameters are given by the

coronal solution at 18 Rs from the region I model.

3.4. Three-Dimensional MHD Regional Combinational
Numerical Simulation

[24] The coronal model of region I, described in
section 3.2.1 and on the basis of the time-dependent three-
dimensional ideal MHD equations, is solved by a modified
Total Variation Diminishing/Lax-Friedrichs (TVD/LF)
scheme [Feng et al., 2003a, 2003b, 2005] with the electric
field modification method [Tóth, 2000]. This numerical
model satisfiesr .~B = 0 to round-off error. This is achieved
by the field-interpolated central difference approach for
solving the magnetic field [Tóth, 2000] in the coronal model.
[25] For the supersonic and super-Alfvénic MHD flow in

the heliospheric model of region II, which expands along
the radial direction, the flow conditions at a given radial
position are not influenced by the downstream flow con-
ditions. In this respect, the radial coordinate can be treated
as a time-like coordinate, and a three-dimensional steady
MHD flow can be solved by a two-dimensional (q and 8),

‘‘time’’ (r)-dependent formulation. We treat the radial coor-
dinate as a time-like coordinate and apply the MacCormack
II scheme as done by Feng et al. [2005] to equation (8). The
numerical stability requirements dictate the size of radial
increment Dr at each marching step. The usual Courant-
Friedrichs-Levy (CFL) condition is used to determine the
maximum permissible increment:

Dr � min
Dq

max jxj ;
D8

max jzj

� �
ð11Þ

where x and z are the characteristic speeds along the meri-
dional and azimuthal directions [Han et al., 1988; Feng et al.,
2005].
[26] The ratio of specific heats is given as g = 1.05 at the

coronal model of region I and g = 1.2 at the heliospheric
model of region II.

3.5. Numerical Result of Background Solar Wind

[27] Figures 3 and 4 show the calculated steady state
magnetic field topology in the meridional plane at 8 = 180�
(left) and equatorial plane (right) in the corona and helio-
sphere at 80 hours, respectively. The famous Archimedes’
spiral lines appear in the right panels of Figures 3 and 4.
[28] Figure 5 shows the ambient state in the corona at

80 hours after the time-dependent solution is obtained,
using the well-known relaxation procedure, prior to impo-
sition of the pulses that are described in section 4. Profiles
of the radial magnetic field, proton number density, tem-
perature, and the radial velocity at q = 10� (radial profiles)
and r = 18 Rs (meridional profiles at 8 = 180�) are shown in
the left and right panels, respectively.
[29] The heliospheric simulation of the solar wind is

driven by flow parameters of the solar corona at 18 Rs.
Figure 6 shows the ambient state in the heliosphere at
80 hours. Profiles of the radial magnetic field, proton
number density, temperature, and the radial velocity at q =
10� (radial profiles) and r = 215 Rs (meridional profiles at 8 =
180�) are shown in the left and right panels, respectively.

Figure 3. The calculated steady state solution for magnetic field in region I at 80 hours.
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Both the configurations of corona and heliosphere consist of
a dense and slow flow near the current sheet. The range of
latitude is about ±25�. The absolute value of the radial
magnetic field almost remains constant, independent with
latitude, which is consistent with the Ulysses observation.
[30] Figure 7 shows the combined radial plasma param-

eter profiles for regions I and II at q = 10� and 8 = 180�.
The density, radial velocity, and radial magnetic field show
smooth transitions between coronal and heliospheric mod-
els corresponding to the expanding plasma. The tempera-
ture has a sharp change in the slope of its radial profile
that is caused by the jump in the ratio of specific heats
between coronal and heliospheric models (g = 1.05 and
1.2, respectively).

4. Numerical Simulation of CMEs Propagation

[31] The CME is introduced near the inner boundary of
2.5 Rs at the location where the disappearance of a filament
occurred (i.e., �20�S and 3�W) as a time-dependent pulse.
This pulse consists of pressure and momentum pulses to
simulate the effects of the disappearance of a filament, as
done for mimicking flare input by Han et al. [1988], Smith
and Dryer [1990], Odstrcil et al. [1996a, 1996b], Odstrcil
and Pizzo [1999], and Groth et al. [2000] in the two-
dimensional and three-dimensional MHD context. Up to
now, the approximate solar observations to use for ‘‘mimic-
king’’ solar flare/filament and CME imitation are challeng-
ing problems.
[32] Once a steady state solar wind is obtained, we input a

filament disappearance-induced CME into the inner bound-
ary. We model a CME as follows:

nCME t; xð Þ ¼ VmaxA xð ÞB tð Þ

rCME t; xð Þ ¼ rmaxA xð ÞB tð Þ

TCME t; xð Þ ¼ TmaxA xð ÞB tð Þ:

8>>>><
>>>>:

ð12Þ

where

A xð Þ ¼ cos
px
2x0

� �
; 0 � x � x0 ð13Þ

B tð Þ ¼

t

t1
0 � t < t1ð Þ

1 t1 � t < t1 þ tmð Þ

t1 þ tm þ t2 � t

t2
t1 þ tm � t � t1 þ tm þ t2ð Þ:

8>>>>>><
>>>>>>:

ð14Þ

[33] Here x and x0 are, respectively, the angles relative to
the central axis of the CME and the initial angular width
radius of the CME (here x0 = 52.5�). The axis of the initial
simulated CME is at 20�S, 03�W (i.e., q = �20�, 8 = 183�)
to conform to the location of the filament disappearance
(see section 2). Also, t = 0 hour in the simulation is taken to
be at 17:34 UT on 6 January 1997, when the CME is first
observed in the C2 coronagraph of SOHO/LASCO. t1 and
t2 are, respectively, the ramp-up and ramp-down times
(linear transition between the background and constant
perturbation values), and tm is the duration of the pertur-
bation at maximum value. This form of input-perturbation
enhances a spherical wedge of solar surface since it has no
latitudinal dependence. Vmax, rmax, and Tmax represent,
respectively, the amplitude of the perturbation of the radial
velocity, density, and temperature.
[34] This perturbation will be started by the following

relation:
nr ¼ nr0 þ nCME t; xð Þ

r ¼ r0 þ rCME t; xð Þ

T ¼ T0 þ TCME t; xð Þ:

8>>>><
>>>>:

ð15Þ

where vr0, r0, and T0 are the background values of the radial
velocity, density, and temperature.
[35] In our simulation of the January 1997 event, we use

the following values: perturbation ramp duration t1 = t2 =

Figure 4. The calculated steady state solution for magnetic field in region II at 80 hours.

A06109 SHEN ET AL.: NUMERICAL STUDY OF JANUARY 1997 CME

8 of 17

A06109



Figure 5. Ambient state of region I at 80 hours. Profiles of the radial magnetic field, proton number
density, temperature, and the radial velocity at q = 10� and 8 = 180� (radial profiles) are shown in the left
column. The right hand column shows the same parameters at r = 18 Rs and 8 = 180� (meridional
profiles).
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Figure 6. Ambient state of region II at 80 hours. Profiles of the radial magnetic field, proton number
density, temperature, and the radial velocity at q = 10� and 8 = 180� (radial profiles) are shown in the left
column. The right hand column shows the same parameters at r = 215 Rs and 8 = 180� (meridional
profiles).
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0.5 hour; the perturbation duration at maximum value tm =
1 hour and maximum values of the radial velocity, density,
and temperature are Vmax = 160 km/s, rmax = 9 � 107 cm�3,
Tmax = 1.5 � 106 K.

5. Results and Discussion

[36] Figures 8a and 8b show the positions of CME fronts
at 8 = 180� and at q = 0�, q = 20�, and q = 45� in the corona
and heliosphere. From this figure we can clearly see the
evolution of the CME propagation at three different lati-
tudes of the Northern Hemisphere. In particular, they show
that, at the equator or almost along the current sheet, the
CME propagates faster at the equator than at other locations.
This behavior is consistent with the observational result that
the transient disturbances caused by solar activities would
deflect toward the heliospheric current sheet as they travel
to the Earth [Wei and Dryer, 1991; Feng and Zhao, 2006].
During the period of this event, the heliospheric current
sheet lies almost on the solar equator. Note that the
characteristics of the CME propagation show nonuniform
acceleration and deceleration.
[37] The relative density ((r � r0)/r0), where r is the total

density and r0 the density of the background wind, is
shown in Figure 9 at six consecutive times (pairs of plots,
Figures 9a–9f). Each pair shows the projection in the
meridional plane (left panel) and equatorial plane (right
panel). The radial scales on Figures 9 and 9b are from 2.5
to 22 Rs and from 2.5 to 215 Rs in Figures 9c to 9f. The

meridional directions are 8 = 180� in the left panels of
Figures 9a, 9b, and 9c, 8 = 150� in left panel of Figure 9d,
and 8 = 135� in the left panels of Figures 9e and 9f.
[38] Figure 10 shows the evolution of the velocity-distance

profile in the direction q = 0� and the meridional directions
selected for each panel in Figure 9. Figures 9a–9f and 10a–
10f separately show the CME interaction with the back-
ground solar wind flow at 2 hours, 5 hours, 20 hours, 40 hours,
60 hours, and 80 hours after its launch from the inner boun-
dary of 2.5 Rs. Note that the density maxima of Figure 9
and the slope changes in all trajectories of Figure 10 are
consistent with the location of the ICME’s shock front in
Figure 8. Note also that the sharp shock (Figure 9a) decays
rapidly with both time and heliographic longitudinal position.
[39] Note that the CME was centered at q = �20�, 8 =

183�. We notice from Figure 9, that the initially elliptical
ejecta becomes circular and then develops into a ‘‘pancake’’
structure both in the meridional plane and equatorial plane.
This structural development is a consequence of the com-
bined effects of (1) kinematic expansion, as the ejecta
moves into an ever larger spherical volume, (2) dynamic
evolution, as the ejecta plows into slower ambient solar
wind ahead, and (3) radial flow collision, lateral material
expansion, and interactions with the background velocity and
density structures [Odstrcil et al., 1996a, 1996b;Odstrcil and
Pizzo, 1999; Dryer et al., 2001, 2004; Riley et al., 2004].
[40] From Figure 10, we can see how ICME propagation

influences the bulk velocity. At 2 hours, influenced by the
CME which was introduced near the inner boundary of

Figure 7. Plasma parameters in the corona (region I) with merging to the heliosphere (region II) at q =
10� and 8 = 180� as a function of heliocentric distance for the ambient state at 80 hours. The interface
between coronal and heliospheric models (at 22 Rs) is identified by the vertical black line.
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2.5 Rs as a time-dependent pulse, the plasma velocity at
�6 Rs sharply increased to�500 km/s, which is significantly
greater than the background solar wind speed at this location
(see Figure 5). After 5 hours, when the ICME has reached
�17 Rs, the bulk speed is �550 km/s, while the radial
background solar wind speed at this location is �380 km/s.
Gradually, through these interactions, the bulk velocity will
finally return to its background speed of�550 km/s shown in
Figures 10a and 10b. At 20, 40, 60, and 80 hours, as the solar
wind speed increases while the influence of the ICME
decays, the slope changes in these curves from Figures 10c
to 10f become less sharp. We can still find the peak of the
ICME, within our computational domain, in these three
panels, �50, �90, and �130 Rs at 20, 40, and 60 hours,
respectively; the ICME location is much more clearly seen in
the density plots of Figure 9. At 80 hours, the CME front has
propagated out beyond the Earth’s orbit, and the bulk velocity
increases to �640 km/s at this location.
[41] Figure 11 shows the comparison of the computed

plasma and field parameters at 215 Rs in Figure 11b with
the observed magnetic cloud of January 1997 shown in
Figure 11a. This figure clearly indicates a qualitative
resemblance (magnetic field maximum of |B|, Bx, By, Bz,
field rotation, low temperature, and increasing |B|, Bx, By, Bz,
density, velocity). One of the reasons why quantitative
agreement is not expected is that the present model, like
many others already mentioned, is only a single-fluid
model. More importantly, there exist other two extremely
important and still unsolved reasons as pointed out by Dryer
[1998] and now recognized by many other modelers [Fry
et al., 2001; Odstrcil et al., 2004a, 2004b]. These two
reasons are as follows: (1) uncertainty of the initial realistic
solar wind and IMF background conditions and (2) uncer-
tainty of the appropriate solar observations to use for
‘‘mimicking’’ solar flare filament and CME initiation input
pulse conditions. In the ambient pre-CME state, the simu-

lated velocity is �550 km/s shown in Figures 7c and 10
and, at the ICME maximum, it is �650 km/s shown in
Figure 11. In fact, these values are a little higher than the
observation. The reason for this may be from our volumetric
heating. The heating process is unclear up to now. The
choice of such heating may give some favorable results but
not all. It is usually believed [Wu et al., 2006] that IP shock
travels faster in fast solar wind, which may be another
plausible reason for our high-speed ICME. To some extent,
our establishment of using more observational data such as
magnetic fields and the density by constraining the model is
to try to avoid the uncertainty of the initial realistic solar
wind. But, the approximate solar observations to use for
‘‘mimicking’’ solar flare/filament and CME imitation are
challenging problems. It can be believed that more solar and
interplanetary observations will clarify these uncertainties.
[42] By examining the computed total, x coordinate, y

coordinate, z coordinate magnetic field profile, density
profile, temperature profile, and velocity profile results
given in Figure 11b we notice that the fast-mode shock
arrived at 1 AU and �82 hours after the initiation of
the CME, since we use 17:34 UT on 6 January 1997 as
the onset time (vertical dotted line in Figure 11a) (see
section 2). These computed results are quite in accord with
the interplanetary shock observed by the WIND spacecraft
located in the solar wind upstream of Earth at 01:04 UT on
10 January 1997 (vertical dashed line in Figure 11a) and
also with the magnetic cloud that passed the WIND space-
craft at 04:00 UT on 10 January 1997 (vertical solid line in
Figure 11a) [Cane and Richardson, 2003]. We believe that
the lack of a sharp shock jump in the simulated physical
parameters is a consequence of the two reasons mentioned
above. From the computed Bz field shown in Figure 11b, we
find that the field turns southward at �69 hours and then
northward at �78 hours. This magnetic field south-north
rotations are mainly due to passing through the helical field

Figure 8. Evolution of the position of CME front in the corona (1–20 Rs) and heliosphere (20–215 Rs)
at q = 0� (equator, solid lines), q = 20� (dashed lines), and q = 45� (dotted lines), respectively, for
8 = 180�.
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of the CME mentioned by Wu et al. [1999]. By examining
simultaneously the computed density, temperature, and
velocity profiles shown in Figure 11b, we can see that the
largest density enhancement (in the first part of day 11) can
be identified with the plasma compressed in the helmet
dome and the additional plasma swept up by the system
in the undisturbed corona during the initial CME propa-
gation. This plasma is hot, as seen in the temperature profile
(Figure 11b), because this represents the shocked, compressed
plasma. These results is also in agreement with those of
the asymmetric (2.5D) MHD model given by Wu et al.
[1999]. We again stress again that our one-fluid (proton)

model can not account for the high temperature in a
magnetic cloud and the anticorrelation between the electron
temperature and density. The fact that our results (neglect-
ing an initial flux rope configuration at the Sun) appear to
be in accord with some of the results given by Wu et al.
[1999], who used an initial flux rope to simulate CME
initiation processes due to the filament eruption for this
6–11 January 1997 simulation exercise. The difference and
similarity between the present study and the work of
Wu et al. [1999] require further investigation. For example,
it is possible that the IMF can move in a variety of ways
behind a shock wave as demonstrated in two dimensions

Figure 9. Evolution of the density contours ((r � r0)/(r0)) at six consecutive times (pairs of plots,
Figures 9a–9f). Each pair shows the projection in the meridional plane (left panel) and equatorial plane
(right panel). Figures 9a and 9b are from 2.5 to 22 Rs at, respectively, t = 2 hours and at t = 5 hours in
region I (coronal model). Figures 9c to 9f are from 2.5 to 215 Rs in both regions I and II at, respectively,
t = 20, 40, 60, and 80 hours. The meridional planes are as follows: 8 = 180� in the left panels of
Figures 9a, 9b, and 9c; 8 = 150� in the left panel (Figure 9d), and 8 = 135� in the left panels of
Figures 9e and 9f. Note how the ambient high density (Figure 2) south and east of the Earth dominates
the ICME’s response in those directions. Earth is at the top of each equatorial panel.
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Figure 10. (a, b, and c) Evolution of the bulk velocity versus heliocentric distance from 2.5 to 215 Rs
along the lines of q = 0� and 8 = 180�, (d) 8 = 150�, (e and f) and 8 = 135�.
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by Dryer et al. [1984, p. 205], via the classical circular
IMF hodogram, and in three dimensions byWu et al. [1996].
One must, therefore, question the need for extensive consid-
erations of flux ropes as a major part of most ICMEs. In
fact, it has been demonstrated [Richardson and Cane, 2005]
that only 15% of all ICMEs intercepted at Earth have the
features of a flux rope (magnetic cloud).

6. Conclusion

[43] We have used a three-dimensional time-dependent,
numerical MHDmodel based on a code by Feng et al. [2005]
to investigate large-scale background solar wind structures
and the propagation of a specific ICME and its shock wave in
a nonuniform background solar wind flow derived from
observed magnetic field and density at the source surface.
[44] To establish the self-consistent structures on the

source surface of 2.5 Rs for background solar wind, we
have used the observational data of the solar magnetic field,
K-coronal brightness (density) (Figure 2), and the first
principle of MHD. By using the self-consistent source

surface structures as initial and boundary conditions, we
have successfully developed a three-dimensional MHD
regional combination numerical model of the background
solar wind whose domain extends from source surface of
2.5 Rs to near the Earth’s orbit (215 Rs) with considera-
tion of solar rotation and volumetric heating. The three-
dimensional MHD equations are solved by combining a
time relaxation numerical technique in the corona with a
marching-along-radius method in the heliosphere as used by
Feng et al. [2005]. The ratio of specific heats is given as g =
1.05 at the coronal model and g = 1.2 at the heliospheric
model. Our numerical results of background solar wind
(Figures 3, 4, 5, 6, and 7) show that (1) we have reproduced
a typical Archimedes’ spiral lines ofmagnetic field topology in
the equatorial plane by including the solar rotation, (2) the
configurations of both corona and heliosphere consist of a
dense and slow flow near the current sheet (the range of
latitude is about ±25�), as well as high-speed wind in high
latitude, and (3) the absolute value of the radial magnetic field
remains almost constant outside of the current sheet, indepen-
dent of latitude, which is consistent with Ulysses observations.

Figure 11. (a) Measured (WIND spacecraft) magnetic field and solar wind parameters from 6–
13 January 1997 are as follows (top to bottom): the magnetic field strength |B|, Bx, By, Bz, the proton
temperature T, the proton density Np, and the magnitude of the bulk velocity V. The vertical short dashed
line denotes the flare time (see section 2). The vertical long dashed line shows the time of the actual
ICME’s shock arrival at WIND. The vertical solid line is the estimated (Cane and Richardson, 2003)
ICME’s arrival time. (b) MHD simulation of magnetic field and plasma parameters corresponds to the
measurement at 1 AU from 6–11 January 1997 as follows (top to bottom): the magnetic field strength |B|,
Bx, By, Bz, the plasma temperature T, the number density n, and the magnitude of the bulk velocity V. The
vertical solid line and short dashed line, respectively, correspond to DOY 10 and 11.
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[45] We then investigated the dynamical interaction of a
CME with the background solar wind flow between 2.5 and
215 Rs. The CME is introduced at the inner boundary of
2.5 Rs as a time-dependent pulse to mimic the effects of a
filament eruption. We chose the well-defined halo-CME
event of 6–12 January 1997 for our first test because of all
the data available from the SOHO/LASCO and WIND
spacecraft. The numerical results of the CME propagation
are shown in Figures 8, 9 and 10. The density peaks of
Figure 9 and the slope changes in all curves of Figure 10 are
consistent with the location of the CME front in Figure 8.
Figures 8, 9, and 10 also show that, (1) at the equator, the
CME propagates faster than that at other location, (2) the
initially elliptical ejecta becomes circular and then develops
into a ‘‘pancake’’ structure, (3) the CME propagation is
influenced by the bulk velocity.
[46] When the ejecta reached 1 AU, its physical param-

eters (Figure 11) resembled qualitatively the observations of
the magnetic cloud recorded by the WIND spacecraft
[Burlaga et al., 1998]. This demonstrates that a CME,
initiated by CME model, may evolve into an interplanetary
ejecta or magnetic cloud. However, the fact that our model
did not incorporate a modeled flux rope configuration (as
was done by Wu et al. [1999]) suggests, as discussed above,
that it may not be necessary to use such assumptions in
three-dimensional MHD simulations to explain the flux
rope-type hodogram discussed by Burlaga et al. [1998,
and references therein]. In front of the ejecta, the density
enhancement exhibited the characteristics of the observed
CME to some degree; however, further studies should
consider other forms of the input pulse to mimic the CME
as well as the form of nonuniform background solar wind in
three dimensions.
[47] In summary, in this study, we find that this three-

dimensional MHD model, with the self-consistent structures
on the source surface as input, provides a relatively satis-
factory comparison with the observations. While this model
still needs improvement, there exist many other factors that
should be studied, such as, heating and acceleration mech-
anism of solar wind and better understanding of CME
initiation.
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