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[1] In this paper, we analyze and quantitatively study the deflection of coronal mass
ejection (CME) in the latitudinal direction during its propagation from the Corona to
interplanetary (IP) space using a three-dimensional (3-D) numerical
magnetohydrodynamics (MHD) simulation. To this end, 12 May 1997 CME event during
the Carrington rotation 1922 is selected. First, we try to reproduce the physical properties
for this halo CME event observed by the WIND spacecraft. Then, we study the deflection
of CME, and quantify the effect of the background magnetic field and the initiation
parameters (such as the initial magnetic polarity and the parameters of the CME model)
on the latitudinal deflection of CMEs. The simulations show that the initial magnetic
polarity substantially affects the evolution of CMEs. The “parallel” CMEs (with the
CME’s initial magnetic field parallel to that of the ambient field) originating from high
latitude show a clear Equatorward deflection at the beginning and then propagate almost
parallel to heliospheric current sheet and the “antiparallel” CMEs (with the CME’s initial
magnetic field opposite to that of the ambient field) deflect toward the pole. Our results
demonstrate that the latitudinal deflection extent of the “parallel” CMEs is mainly
controlled not only by the background magnetic field strength but also by the initial
magnetic field strength of the CMEs. There is an anticorrelation between the latitudinal
deflection extent and the CME average transit speed and the energy ratio Ecme/Esw.
Citation: Zhou, Y. F., and X. S. Feng (2013), MHD numerical study of the latitudinal deflection of coronal mass ejection,
J. Geophys. Res. Space Physics, 118, 6007–6018, doi:10.1002/2013JA018976.

1. Introduction
[2] Coronal mass ejections (CMEs) are the most spec-

tacular form of solar magnetic activity, during a typical
CME 1011–13 kg of plasma are suddenly ejected toward the
interplanetary (IP) space with velocities on the order of 100–
1000 km s–1, which can cause significant changes in coronal
structure. It is well known that CMEs play an important role
in space weather. They are responsible for nonrecurrent dis-
turbances in the IP space, and their interactions with Earth’s
magnetosphere cause severe geoeffective storms.

[3] An understanding of the effects of CMEs on geospace
is essential for forecasting the geospace weather. The Earth
directed CMEs are the major cause for the severe geo-
magnetic storms, thus an important topic for space weather
forecast is to predict whether or not a CME can be geo-
effective. To understand the propagation trajectory of the
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CME, it is very important for us to predict whether or not
a CME will hit the Earth and finally result in a geoeffec-
tive event. In fact, previous researchers have shown that
CMEs may not propagate radially when they propagate from
the corona to the IP space [e.g., Cremades and Bothmer,
2004; Cremades et al., 2006; Chané et al., 2005; Jacobs
et al., 2005; van der Holst et al., 2005; Wang et al., 2011;
Zuccarello et al., 2012]. MacQueen et al. [1986] found that
29 CMEs observed during the Skylab epoch undergo an
average 2.2ı equatorward deflection. They suggested that
the equatorward deflections were due to the nonradial forces
from the background large-scale bipolar magnetic field. Wei
and Dryer [1991] found that all of the flare-associated shock
waves tended to propagate toward the low-latitude region
near the solar equator, and the fastest propagation direc-
tions tended toward the heliospheric current sheet (HCS) by
statistically studying 149 flare-shock events based on inter-
planetary scintillation (IPS) observations. They suggested
that this tendency is caused by the dynamic action of near-
Sun forces and the HCS might have great influence on the
propagation of solar transient disturbances in IP space. Also,
the effect of the HCS on the shock propagation was stud-
ied by numerical simulations [e.g., Odstrčil et al., 1996;
Smith et al., 1998]. Jacobs et al. [2005] and van der Holst
et al. [2005] studied the influence of the background solar
wind on the evolution properties of CMEs and the corre-
sponding shocks by means of a 2.5-D (axisymmetric) ideal
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magnetohydrodynamics (MHD) model. Chané et al. [2005,
2006] quantified the effect of the initial magnetic polarity of
CMEs on the evolution properties and geoeffectiveness of
CMEs by using a 2.5-D MHD simulation. They found that
the CME from high latitude deflected toward the equator and
hit the Earth when its initial CME magnetic field and the
background wind magnetic field had the same polarity, while
the same CME with an opposite polarity missed the Earth.
In fact, the equatorward deflection propagation of the CME
event during its outward propagation has been reported by
Cremades and Bothmer [2004]. They statistically study 124
structured CME events observed by the Large Angle and
Spectrometric Coronagraph (LASCO) during 1996–2002
and found that CMEs in activity-minimum years (1996–
1998) systematically deflected 20ı to lower latitudes. Wang
et al. [2011] further confirmed the result by examining all the
LASCO CMEs during 1997–1998. Cremades et al. [2006]
found that the deflection of CMEs depended on the location
and total area of coronal holes.

[4] CME deflections have become a very popular research
topic since the NASA Solar Terrestrial Relations Obser-
vatory (STEREO) mission was successfully launched. For
example, Kilpua et al. [2009] studied two high-latitude
CMEs on 2 November 2008 using observations from
STEREO and WIND spacecraft. They showed that the first
CME was strongly deflected to the equator and suggested
that the relative contribution of deflecting CMEs to the near
ecliptic CME rate could be significant at solar minimum
conditions. Byrne et al. [2010] quantified the deflection tra-
jectory of 12 December 2008 CME event from high latitudes
along the ecliptic by the 3-D reconstruction of CME front
with the help of an elliptical tie-pointing technique. By intro-
ducing a theoretical method, Shen et al. [2011] analyzed the
obvious deflection of the 8 October 2007 CME and found
that the deflection of this CME might be caused by a nonuni-
form distribution of the background magnetic field energy
density. Bemporad et al. [2012] and Zuccarello et al. [2012]
found that the 21 September 2009 CME showed a deflection
toward the HCS during its propagation due to an imbalance
in the magnetic pressure and tension forces. Based on the
SOHO and STEREO observations, the longitudinal deflec-
tions of CMEs were also suggested by some researchers
[e.g., Wang et al., 2004, 2006; Liu et al., 2010a, 2010b;
Lugaz et al., 2010; Gui et al., 2011].

[5] The main aim of this paper is focusing in particular
on the deflection of CME in the latitudinal direction during
its outward propagation. We will show the whole process
of the CME propagation using a 3-D MHD simulation and
quantitatively study the CME latitudinal deflection (LD) and
the factors (the initial magnetic polarity, the parameters of
CME model, and the background magnetic field) influencing
it. In order to study the LD of the CME, we employ solar
wind configurations at solar minimum, because the corona
has a relatively simple configuration, and the current sheet is
usually located near the Equator. To this end, we choose the
background solar wind during Carrington rotation 1922, in
which the well-studied halo CME event on 12 May 1997 was
observed; the magnetic field on the Sun’s surface used in our
calculation is obtained from the Wilcox Solar Observatory
at Stanford University (WSO).

[6] In the present paper, first, we will use a spherical
plasmoid model to simulate the propagation of the 12 May

1997 CME eruption to 1 AU. Then we analyze the propaga-
tion trajectory of CME during its outward propagation. The
paper is organized as follows. A brief description of simu-
lation model is presented in section 2. Section 3 gives the
simulation of the halo CME event that occurred on 12 May
1997. The analysis of the propagation trajectory of CMEs
is given in section 4. Finally, we summarize the results
in section 5.

2. Description of the Simulation Model
[7] In the present paper, the solar wind model is per-

formed using the 3-D SIP-CESE MHD model described by
Zhou et al. [2012]. 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)

where the constant value Q0 = 1.0 � 10–6 J m–3 s–1, and the
decay length of heating LQ is set to be 0.9Rs. The expansion
factor fs =

�Rs
r

�2 BRs
Br

where BRs is a magnetic field at the solar
surface, and r is the distance from the solar center. For the
specific heat ratio � , similar to that of Jacobs and Poedts
[2011], a variable polytropic index is used:

� =

8̂
<
:̂

�0 if r < r1,

�0 + (�1 – �0) sin2
�
�
2

r–r1
r2–r1

�
if r1 � r � r2,

�1 if r > r2,

(2)

where the value of � is smoothly varying between the value
�0 close to the Sun, where �0 = 1.2 and its value, �1 = 1.46,
near 1 AU. The variation in � takes place between the radial
distances r1 and r2, where r1 and r2 are taken to be 1Rs and
20Rs, respectively. The temperature and plasma density at
the inner boundary are typically taken to be 1.5 � 106 K and
1.67�10–13 kg m–3, respectively. The computational domain
covers –90ı � � � 90ı, 0ı � � � 360ı, and 1Rs � r �
235Rs.

[8] Here we simulate the steady state solar wind with the
observed photospheric magnetic field and Parker’s 1-D solar
wind solution [Parker, 1963] as the initial values. The details
of computing the steady state solar wind were given in Feng
et al. [2007, 2010] and thus are omitted here. Figure 1a
depicts a 2-D cut of magnetic structure and velocity for the
steady state solar wind in the solar corona (SC) domain in
the meridional plane. Figure 1b shows the three-dimensional
heliospheric current sheet in the inner heliospheric (IH)
domain. The color contours indicate the radial speed, while
the magnetic field is represented by solid black lines. From
the figures, we can see that the coronal field structure has a
typical characteristic at solar minimum when the corona has
a relatively simple configuration. The coronal magnetic field
is dominated by a dipole pattern, and the HCS is nearly in
the heliospheric equatorial plane, and the latitudinal excur-
sion of HCS is very limited. A helmet streamer is formed at
low latitude around the equator with low radial speed. An
open configuration of the magnetic field is achieved at high
latitudes with high radial speed. We can see that the steady
state solar wind reveals an approximate bimodal outflow pat-
tern, slow-speed wind leaves the Sun around 350 km s–1 near
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Figure 1. (a) Magnetic field and radial speed for the steady state solar wind solution in the SC domain
in the solar-terrestrial meridian plane. (b) Steady state current sheet in the IH domain. The color contours
represent the radial speed.

the current sheet region, and high-speed wind leaves above
600 km s–1 in the high-latitude region.

[9] To initiate a CME, some researchers have proposed
a lot of theoretical models, for example, 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]. However, so far, there
is no general consensus yet on the triggering mechanism.
In this paper, we superpose a very simple spherical plas-
moid model on the background solar wind to initiate the
CME. This simple model gives us an easy way to investigate
the propagation of the CME from the corona to IP space,
although it does not have complicated features. We briefly
describe the CME initiation model, while more detail is dis-
cussed in our previous paper [Zhou et al., 2012], in which
we have successfully simulated some important features of
4 Nov 1997 CME event observed by WIND spacecraft.

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

� = �0 + �max
�
1 – a2/a2

cme
�

T = T0 + Tmax
�
1 – a2/a2

cme
�

(3)

vr = vr0 + vmax
�
1 – a2/a2

cme
�

where acme is the radius of the plasmoid, a denotes the
distance from the center of the plasmoid, and �0, vr0, and T0
are the density, radial velocity, and temperature of the back-
ground solar wind, respectively. �max, vmax, and Tmax are the
maximum density, radial velocity, and temperature added on
the ambient solar wind, respectively.

[11] The initial magnetic field of the spherical plasmoid
is assumed to take the form as that in Zhou et al. [2012] in
local spherical coordinates (r`, �`,�`):

Br` = (2B0/˛r`) j1(˛r`) cos �`

B�` = –(B0/˛r`)[sin(˛r`) – j1(˛r`)] sin �`

B�` = ˙B0 j1(˛r`) sin �`
(4)

where B0 is a constant, and ˛ = 4.493409458a–1
cme is the con-

stant derived from the force-free condition of r � B = ˛B
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.
If the parameter ˛ is negative, then the initial magnetic field
assumes a left-handed configuration. The spherical plasmoid
superposed on the solar wind is initially not in equilibrium
with its external environment, so it will rapidly expand as it
is expelled from the corona.

3. Comparison Between Simulated
and In Situ Data

[12] The 12 May 1997 famous halo CME event began
at approximately 04:35 UT, when an eruptive event was
observed by EIT in the lower corona. The eruptive event
observed in EIT was centered on active region AR8038
at N21W07 [Thompson et al., 1998]. The halo CME was
first seen by SOHO/LASCO’s C2 coronagraph at 05:30 UT,
and it was first visible in C3 image in a frame recorded at
08:06 UT, respectively. The shock produced by the inter-
planetary coronal mass ejection (ICME) arrived at WIND
spacecraft at about 01:00 UT on 15 May 1997 followed by
a magnetic cloud. The transit time of the disturbance from
the Sun to Earth was approximately 75 h. This is close to
the average transit time of 80 h derived from a statistical
study of all Earth-directed events observed during 1996–
1997 [Brueckner et al., 1998]. The corresponding average
speed of the disturbance over a distance of 1 AU is about
550 km s–1. More details on the solar observations are given
in Thompson et al. [1998] and Plunkett et al. [1998].

[13] Here we empirically choose the parameters in the
CME model to try to match the WIND data. The CME’s
center is placed at 2.0Rs, and the radius of the initial CME,
acme, is 0.8Rs. The value of vmax is set to be 600 km s–1.
�max and Tmax are set to be five times and three times the
ambient solar wind value at the center of the CME, respec-
tively. The maximal magnetic field strength B0 is 5.0 G.
The CME is initially centered at N21W07 to conform to
the location of the observed flare/CME. For a better agree-
ment with the IMF observed by spacecraft, the polar axis
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Figure 2. 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.

of the ejected spheromak is rotated toward the negative y
axis direction to make it incline about 5ı from the negative
y axis. The initial plasma plasmoid has added to the corona
8.22 � 1024 J of magnetic energy, 3.89 � 1023 J of kinetic,
and 1.76 � 1024 J of thermal energy. The increase in total
energy (magnetic + kinetic + thermal energy) is 1.04�1025 J.
Here we estimate the energy injected into the computation
domain by 4E = E1 – E0, where E1 (E0) is the energy
after (before) CME initiation. The magnetic, kinetic, and
thermal energy values are calculated using the expressions:
Em =

R
A

B2

2 dA, Ek =
R
A

1
2�V2dA, Et =

R
A

p
�–1 dA, respectively.

In the simulation, we take 04:35 UT on 12 May 1997,
when EIT first observed the CME in the lower corona, to
be the initial time of the eruption. The 3-D schematic pic-
ture of the initial coronal magnetic field at t = 0 is shown
in Figure 2.

[14] Figure 3 displays the comparison of our numerical
results at 1 AU and the WIND spacecraft data. As seen
from this figure, although using a simple CME model, our
simulation successfully reproduces many basic structures of
the in situ measurement, such as the similar curves of the
plasma density, an increase in the magnetic field magnitude,
in particular the behaviors of magnetic field component:
By and southward Bz, and the large-scale smooth magnetic
field rotation. In order to better compare our results and
the WIND observation, we shift 6 h ahead to the time axis
of simulated profiles. This is probably related to the wind
density: the magnetic cloud is slowed down by the high
density of the background wind. The computed magnetic
field is multiplied by 2, because it is nearly half of that
observed. This may be due to the small background mag-
netic field, which is caused by the imperfectness of potential
field source surface model and the coarse grid resolution in
IP space. And there are some differences between the sim-
ulated x component of the magnetic field and the observed
data. Despite its shortcomings, our simulation gives the main
features of the CME to fit the in situ data at 1 AU.

[15] From the figure, we can see that the shape of the
density curve at 1 AU is well reproduced in this simula-
tion, but the simulated values are higher than that observed.
This is because the density of the simulated background
solar wind is higher than that observed. Meanwhile, from
this figure, the simulated background velocity is greater than
that observed. 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]. For the
y and z components of the magnetic field, we find that the
simulated and measured profiles at 1 AU are very similar.
From the computed Bz at 1 AU shown in Figure 3, we find
that the field turns southward at � 10:00 UT on 15 May
1997 for 19 h, reaching a minimum –10 nT. Then the mag-
netic field smoothly rotates northward reaching a maximum
3.5 nT, lasting more than 20 h. The south-north rotation of
this magnetic field component is mainly due to the passage
through the helical field of the CME mentioned by Wu et
al. [1999]. The strong south-north rotation of the IMF and
prolonged southward IMF shown is responsible for a strong
magnetospheric response.
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Figure 3. Comparison between the in situ data obtained by
the WIND spacecraft and our simulation during the 12 May
1997 event. (top to bottom) Flow velocity, number density,
magnetic field, and three components of magnetic field in
geocentric solar ecliptic (GSE) coordinates. The vertical
solid line indicates the time of the ICME-driven shock. The
vertical dashed line indicates the starting time of the mag-
netic cloud. The simulated results at the Earth are shown by
the solid lines. The WIND observations are shown by the
dotted lines.
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Figure 4. Contour plots of the relative density distribution for the CME on the solar-terrestrial meridian
plane after 1.0, 2.0, 5.0 and 10.0 h. The black lines represent the magnetic field. The relative density is
defined as follows: � = (� – �wind)/�wind.

4. Analysis of the Propagation Trajectory
of CMEs

[16] In what follows, we will study the propagation
trajectory of CMEs and analyze the factors that influence
the propagation trajectory of the corresponding CME, in
particular the LD of CME during its outward propagation
up to IP space. Figure 4 shows the evolution of CME on
the solar-terrestrial meridian plane at four different instants
(t = 1.0, 2.0, 5.0and 10.0 h) after adding the force-free con-
figuration, traveling from the corona to IP space. The red
lines in the panels show the position angle of 12 May 1997
CME event observed, which is at the northern hemisphere
21ı. The yellows lines are 60ı north and south away from
the observed position angle of CME. From the figure, we
find that this CME shows an equatorward deflection.

[17] Why does the CME deflect toward the low-latitude
region near the solar equator (roughly symmetrical to the

heliospheric current sheet)? We can explain the reason by
applying the theoretical method proposed by Shen et al.
[2011] to the CME, in which the direction and magnitude
of the deflection are well consistent with the gradient (with
the conventional minus sign in front) of magnetic energy
density, < –r! >, where ! = B2

2�0
is the magnetic energy

density. The magnetic energy density distribution of the sim-
ulated steady state solar wind at 3Rs is shown in Figure 5a.
The asterisk sign in the figure denotes the associated source
location of the halo CME. From this figure, we find that
the distribution of the background magnetic energy density
is nonuniform. The black dashed line in the figure shows
the corresponding position of the HCS, which separates
regions of the solar wind where the magnetic field points
toward or away from the Sun. We can see that the mag-
netic energy density increases gradually above and below
the HCS, and the direction of the magnetic energy density
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Figure 5. (a) Distribution of the magnetic energy density ! at the height of 3Rs. The dashed line shows
the neutral line at this height. The red asterisk sign shows the position of this CME at the height. The
regions enclosed by the red dotted line and the solid line show the selected upper and lower parts,
respectively. (b) The variation of ı! of the CME (red triangles) and the background magnetic energy
density (black squares) with the height.
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Figure 6. Schematic picture of the initial magnetic field configuration in the y = 0 plane in (a) Case
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Figure 8. The propagation trajectory of Case A (red diamonds), Case B (blue diamonds), and
Case C (red crosses). The squares indicate position angles of HCS. (a) The latitude-time and (b)
latitude-height plots.

gradient is toward the HCS, where the magnetic energy
density is lowest. The magnetic energy density gradient
makes the CME deflect to the region with lower magnetic-
energy density. The figure mainly reflects the influence of
this background magnetic energy density on CME deflec-
tion in the latitudinal direction. This magnetic configuration,
due to the nonradial magnetic energy density gradient, will
supply a force compelling the ejecta to move toward the
low-latitude region.

[18] We also analyze the variation of ı! in the corona near
the associated source location of the halo CME in Figure 5b,
where ı! = !U – !L and !U and !L are the average energy
density in the upper and the lower part of the simulated
CME, respectively. The CME-perturbed magnetic field will
act an Equatorward force on the CME if ı! is positive, while
a polarward force would act on the CME when ı! is neg-
ative. The regions enclosed by the red dotted line and the
red solid line in Figure 5a show the selected upper part and
lower part in a 15ı angle range. The squares in Figure 5b
show the variation of ı! of the simulated background mag-
netic energy density, and the red triangles show the variation
of ı! after CME initiation. From the figure, we find that ı!
of the CME and the background magnetic energy density are
positive. ı! of the CME reaches maximum at 2Rs, then it
gradually decreases along the distance. The result means that
an equatorward force is acting on the CME and could deflect
the CME to a lower latitude.

[19] In the following, we study the factors influencing the
deflection propagation of the CME. We first analyze and
quantify the effect of the initial flux rope magnetic field
polarity on the evolutionary features of the CMEs in IP
space. Depending on the parameter ˛, we carry out two
different cases of CMEs simulations. In the above simu-
lation, ˛ > 0, the magnetic field direction of the CME
on the solar-terrestrial meridian plane is parallel to that of
the background solar wind, which is referred as “parallel”
CME. When ˛ < 0, the magnetic field direction of the
CME on the solar-terrestrial meridian plane is antiparallel to
that of the background magnetic field, which is referred as
“antiparallel” CME. In order to better study the characteris-
tics of the CME propagation, in particular the LD of CME,
the “parallel” CME and “antiparallel” CME are launched at
higher latitude and the same longitude of the halo CME sim-
ulated above: such as N41W07. The two CMEs are labeled
as Cases A and B, respectively. Figure 6 shows schematic

pictures of the initial magnetic field on the meridional plane
through the center for Case A (Figure 6a) and Case B
(Figure 6b). In the numerical simulations, the CMEs have
the same initial density, temperature, velocity, and magnetic
field strength.

[20] Figure 7 shows the evolution of the CMEs on the
solar-terrestrial meridian plane at four different instants
(t = 1.0, 2.0, 5.0 and 10.0 h) for Cases A and B, respec-
tively, traveling from the corona to IP space. The top row
shows the result of Case A, the bottom row displays the
result of Case B. The red lines in the figures show the
position angle of CMEs which are launched at N41. From
the figure, it is clear that the “parallel” CME shows an
equatorward deflection. Because the HCS is located near
the solar equator during this period, the “parallel” CME
deflects to the HCS. The “anti-parallel” CME veers toward
the pole, because the direction of the background magnetic
field is opposite to the magnetic field of the CME, and
a strong magnetic reconnection occurs. From the bottom
row of Figure 7, we find that the magnetic flux of the flux
rope is peeling off due to the reconnection with the back-
ground field as CME propagates outward. Finally, the flux
rope no longer exists after most of the magnetic flux
is reconnected.

[21] In order to quantitatively study the evolution path
and LD of CME, we define the 2-D center and CME central

1.6 1.8 2.0 2.2 2.4
10

100

1000

10000

Figure 9. The variation of ı! of the background magnetic
energy density (squares). The variation of ı! for Case A (red
triangle). The variation of ı! with the minus sign for Case B
(blue triangles).
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Table 1. Physical Characteristics of the Perturbations and Their Corresponding Energy Contents for All 11 Cases of the Numerical
Experiments

Magnetic Kinetic Thermal Total
Case ıB ı� ıT ıV Energy (J) Energy (J) Energy (J) Energy (J)

1 5.0 5 3 600 8.13� 1024 2.78� 1023 1.06� 1024 9.47� 1024

2 5.0 10 3 600 8.13� 1024 4.77� 1023 1.85� 1024 1.05� 1025

3 5.0 5 6 600 8.13� 1024 2.78� 1023 1.79� 1024 1.01� 1025

4 5.0 5 3 300 8.13� 1024 8.72� 1022 1.06� 1024 9.28� 1024

5 3.0 5 3 600 2.94� 1024 2.78� 1023 1.06� 1024 4.28� 1024

6 3.0 10 3 600 2.94� 1024 4.77� 1023 1.85� 1024 5.27� 1024

7 3.0 5 6 600 2.94� 1024 2.78� 1023 1.79� 1024 5.01� 1024

8 3.0 5 3 300 2.94� 1024 8.72� 1022 1.06� 1024 4.09� 1024

9 5.0 10 3 600 8.13� 1024 3.11� 1023 1.15� 1024 9.58� 1024

10 5.0 10 3 600 8.13� 1024 4.05� 1023 1.81� 1024 1.03� 1025

11 5.0 10 3 600 8.13� 1024 2.50� 1023 8.93� 1023 9.21� 1024

latitude on the solar-terrestrial meridian plane by the relative
mass:

CORM(r) =

P
ij
N�ijr2

i drid�j

P
ij
N�ijridrid�j

, CORM(� ) =

P
ij
N�ij�jridrid�j

P
ij
N�ijridrid�j

where � denotes the relative density (identified by the 20%
enhancement of the density, that is, � = 1.2�wind), and the
indices i and j run over all grid points in the radial and
azimuthal directions on the solar-terrestrial meridian plane,
respectively.

[22] Figure 8 shows the propagation trajectory of CME
central latitude on the solar-terrestrial meridian plane after
10 h for Cases A and B, respectively. Figure 8a shows
the latitude-time profiles, and Figure 8b shows the latitude-
distance profiles. Here we record once every 20 min. The
squares in the figure show the position angles of HCS at
different heights. The red diamonds show the propagation
trajectory of the CME central latitude for Case A, and the
blue diamonds show the result of Case B. We can see that
the “parallel” CME deflects to the HCS and the “antiparal-
lel” CME deflects toward the polar region at the beginning,
then the CMEs propagate almost along the radial direction
in IP space. This is similar to the scenario of Chané et al.
[2005]. From the figure, we find that the “parallel” CME
shows a deflection of about 8.5ı toward the HCS during its
outward propagation from the corona to IP space, and the

“anti-parallel” CME shows a deflection of about 18ı toward
the pole.

[23] The reason of these different configurations between
Cases A and B is shown in Figure 9, which shows the vari-
ation of ı! in the corona near the center of the CMEs.
The squares in the figure show the variation of ı! of the
background magnetic energy density, the red triangles in the
figure show the variation of ı! after CME initiation for Case
A, and the blue triangles show the result of Case B with
the minus sign in front. From the figure, we find that ı!
of the background magnetic energy density at N41W07 is
larger than that of the background magnetic energy density at
N21W07 (compare with Figure 5). ı! of coronal magnetic
energy density after CME initiation is positive for the “par-
allel” CME but is negative for the “anti-parallel” CME. This
indicates that an equatorward force is acting on the “paral-
lel” CME, and it could be deflected to a lower latitude. A
polarward force is acting on the “anti-parallel” CME, and it
could be deflected to a higher latitude.

[24] We simultaneously simulate the CME from higher
latitude, which is launched at N61W07 and has the same
polarity as that of Case A; the CME is labeled as Case C.
We show the propagation trajectory of CME central latitude
on the solar-terrestrial meridian plane after 10 h for Case C
in Figure 8 using the red crosses. From the figure, we find
that Case C shows a deflection of about 18ı toward the HCS.
The deflection extent is larger than that of Case A, because
the magnetic density gradient at higher latitudes is stronger.
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Figure 10. The propagation trajectory for the eight cases. (a) The latitude-time plot and (b) latitude-
height plot.
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Figure 11. The propagation trajectory for Case 1, Case 9, and Case 10. (a) The latitude-time plot and
(b) latitude-height plot.

This result indicates that during solar minimum, even CMEs
that are originated from high latitude can be easily deflected
toward the Equator and eventually result in geoeffective
events. From the results of Figure 8 above, we find that
the CME deflection almost occurs within the corona. In the
corona, the magnetic field is dominant, the magnetic energy
density gradient makes the CME deflect to the low magnetic-
energy density region. The magnetic energy density gradient
decreases quickly when a CME propagates outward. When
the CME propagates into the interplanetary space, a weak
magnetic energy density gradient is not sufficient to make
the CME deflect.

[25] In fact, we are most interested in the CME that
deflects toward the Equator. In the following, we will study
the effect of the four parameters of the CME model on
the equatorward deflection of CME. So we perform a total
of eight cases of numerical experiments by adjusting the
four parameters of the CME model: decreasing the magnetic
field, increasing the density and temperature, and decreasing
the velocity, based on Case A (referred as Case 1 hereafter).
Wherein Cases 2–5 are performed by adjusting the four
parameters based on Case 1, and Cases 6–8 are performed
by adjusting the other three parameters except the magnetic
field parameter based on Case 5. To obtain these results,
the amplitudes of the four perturbations (B, �, T, and V)
are scaled by ıB, ı�, ıT, and ıV, respectively. Quantita-
tively, the values ıB = 5 and ıB = 3 mean that the maximal
magnetic field strength B0 is 5.0 G and 3.0 G, respectively.

Similarly, ıV = 300 (600) means that the value of vmax is
set to be 300 (600) km s–1. ı� = 5 (10) corresponds to
a density rise of a factor of 5 (10) from the background
solar wind at the center of the CME; and ıT = 3 (6) cor-
responds to a temperature rise of a factor of 3 (6). The
experiments are carried out by using these various perturba-
tions with the corresponding energy inputs shown in Table 1.
Figure 10 shows the propagation trajectory of CME central
latitude on the meridian plane after 10 h for the eight cases
in Table 1.

[26] From the figure, we find that Case 5 shows a deflec-
tion of about 15.5ı toward the HCS; the deflection extent
of Case 5 is clearly larger than that of Case 1. But the
deflection extent of Cases 2–4 is almost the same as that
of Case 1, and the difference between the deflection extent
of Cases 6–8 and that of Case 5 is also very small. So
it results that the magnetic field parameter of CME model
has the greatest impact on the propagation trajectory of the
CME, and that the smaller the magnetic field strength is,
the larger the deflection extent is. The reason is that the
magnetic field freezing-in effect can restrain the ejecta to
move toward the low-latitude region, and the magnetic field
freezing-in effect is weaker when magnetic field param-
eter is smaller. However, the other three parameters do
not have significant effect on the propagation trajectory of
the CME.

[27] We also study the effect of the background mag-
netic field on the propagation trajectory of the equatorward
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Figure 12. Distribution of the magnetic-energy density ! at the height of 3Rs for Case 9 and 10,
respectively. The dashed lines show the neutral lines at this height.
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(a) (b) (c) (d)

Figure 13. The evolution of the CMEs on the solar-terrestrial meridian plane at four different instants
(t = (a) 1.0, (b) 2.0, (c) 5.0, and (d) 10.0 h) for Case 9. The black lines represent the magnetic field.

deflection of CME. For example, we compute the back-
ground solar wind with two times (Case 9) and four times
(Case 10) the observed photospheric magnetic field. Based
on the two types of background wind, we study the propaga-
tion trajectory of the CME, which has the same initial con-
ditions as that of Case A, including the polarity. Figure 11
shows the propagation trajectory of the CME central latitude
of the Cases 9–10 on the solar-terrestrial meridian plane.
From the figure, we find that Case 9 shows a deflection
of about 17ı toward the HCS, and the deflection extent of
Case 10 is about 18ı. By comparing the result of Case 1,
we find that the background magnetic field substantially
affects the propagation trajectory of the CMEs. It is clear
that the larger the background magnetic field strength is, the
larger deflection extent is. The magnetic field energy density
gradient of Cases 9–10 is clearly much larger than that of
Case 1 (compare Figure 12 with Figure 5a). Similarly, Gui
et al. [2011] provided that there was a positive correlation
between the deflection rate and the strength of the magnetic
energy density gradient. Figure 13 shows the evolution of the
CME on the solar-terrestrial meridian plane at four different
instants (t = 1.0, 2.0, 5.0, and 10.0 h) for Case 9. From the
figure, we can see that the flux rope deflects toward the HCS
and finally gets into the streamer, and then propagates almost
along it.

[28] Finally, we study the deflection of all of the above
cases except Case B, which is only one example that deflects
toward the polar region. We show the correlation between
the LD extent and average transit velocity for the 11 cases in
Figure 14a. Here Case C is labeled as Case 11. The average
transit velocity is calculated by simply employing the ratio
of the distance between the simulated 2-D CME center (say
at R2) at 10 h and its beginning (say at R1) to 10 h, that is
(R2 –R1)/(10�3600). Wherein, the green plus marks the data
of Case 11. The correlation coefficient is only –0.355795 for
Cases 1–11. From the figure, we find that Cases 9–11 are far
away from the majority of points. Without Cases 9–11, we
find that there is a clear anticorrelation between the deflec-
tion extent and the CME average transit speed for Cases 1–8,
which are based on the same background magnetic field and
originated from the same source region. And the correla-
tion coefficient increases to –0.987874 without Cases 9–11.
We recall that Gui et al. [2011] found a weak anticorrela-
tion between the deflection rate and the speed. Figure 14b
shows the relation between the LD extent and the energy
ratio Ecme/Esw within the perturbed source region, where E
is the total energy. In Table 1, we show the corresponding
energy of the 11 cases. Thus, this sample shows an anticor-
relation between the deflection extent and the energy ratio.
The correlation coefficient is about –0.914621.
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Figure 14. The plots between the LD extent versus (a) average transit velocity and (b) energy ratio.
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5. Conclusion
[29] In this paper, we analyze and study the LD of CME

during its outward propagation using a 3-D MHD simu-
lation. We find that the initial magnetic polarity of CME
substantially affects the evolution of the CMEs. During the
solar minimum, the “parallel” CME originating from high
latitude shows a clear equatorward deflection at the begin-
ning and then propagates almost parallel to HCS. Our results
show that not only the background magnetic field substan-
tially affects the LD of CME but also initial magnetic field
strength of CME is a key factor.

[30] In order to study the deflection of CME in the lat-
itudinal direction, we choose the steady state solar wind
during Carrington rotation 1922 as the background solar
wind. First, we compute the steady state background solar
wind by 3-D SIP-CESE MHD model, and try to mimic the
12 May 1997 halo CME event in the period using a sim-
ple spherical plasmoid model. Then we study the LD of
CME and the factors influencing it based on the same back-
ground field configuration. We find that the initial magnetic
polarity has the substantial effect on the propagation trajec-
tory of CMEs. The “anti-parallel” CME from high latitude
shows a clear polarward deflection, and the “parallel” CME
clearly deflects toward the HCS. The HCS is located along
the solar equator during this period, so this “parallel” CME
shows an equatorward deflection. This study shows that
during solar minimum, the CME can be easily deflected
toward the low latitude region, even if it is originated from
high latitude, which is in agreement with the observational
study for flare-induced IP shocks [Wei and Dryer, 1991], it
could eventually result in geoeffective events. We also quan-
tify the effect of the initial parameters of CME model on
the LD of CME. The results show that the magnetic field
strength of CME substantially affects the CME’s LD, and
the other three parameters do have small significant effect
on it. Finally, we study the influence of the background
magnetic field strength on the LD of CME. Our results sug-
gest that the stronger the background magnetic field is, the
larger the LD extent is. There is an antirelation between
the LD extent and the CME average transit speed and the
energy ratio Ecme/Esw. Of course, there should be other fac-
tors influencing the deflection of CME, such as coronal holes
and magnetic field structure, which will be analyzed in a
future paper.
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