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Abstract Among various factors affecting the space weather effects of a coronal mass ejection (CME),
its propagation trajectory in the interplanetary space is an important one determining whether and when
the CME will hit the Earth. Many direct observations have revealed that a CME may not propagate along a
straight trajectory in the corona, but whether or not a CME also experiences a deflected propagation in the
interplanetary space is a question, which has never been fully answered. Here by investigating the
propagation process of an isolated CME from the corona to interplanetary space during 12–19 September
2008, we present solid evidence that the CME was deflected not only in the corona but also in the
interplanetary space. The deflection angle in the interplanetary space is more than 20◦ toward the west,
resulting a significant change in the probability the CME encounters the Earth. A further modeling and
simulation-based analysis suggests that the cause of the deflection in the interplanetary space is the
interaction between the CME and the solar wind, which is different from that happening in the corona.

1. Introduction

Coronal mass ejections (CMEs) that originate from solar source regions facing Earth are thought to be one of
the main drivers of hazardous space weather. Such CMEs usually appear like a halo in a coronagraph. How-
ever, not all of such halo CMEs hit the Earth. Only about 60%–70% of frontside halo CMEs are found to be
associated with an ejecta near the Earth, and the fraction is even smaller, ∼ 50%, for geoeffective frontside
CMEs [e.g., Webb et al., 1996, 2001; Cane et al., 1998; Plunkett et al., 2001; Wang et al., 2002; Berdichevsky et
al., 2002; Yermolaev et al., 2005]. On the other hand, CMEs originating from solar limb are possible to hit the
Earth [e.g., Webb et al., 2000; Zhang et al., 2003; Cid et al., 2012]. Such events might cause so-called “problem
storms,” which cannot be found any associated on-disk CMEs [Webb et al., 2000; Schwenn et al., 2005; Zhang
et al., 2007]. Statistical studies suggested that the association of ejecta to CMEs is about 60% [e.g., Lindsay et
al., 1999; Cane et al., 2000; Cane and Richardson, 2003].

For problem storms, there are several possible explanations. One of them is that such storms are caused
by CMEs with a large longitudinal extension, which could sweep through the Earth even if originating far
from the disk center [Webb et al., 2000; Zhang et al., 2003]. The existence of stealth CMEs, which have been
recently observed by the Solar Terrestrial Relations Observatory (STEREO) [Kaiser et al., 2008], is another
hypothesis. Such CMEs do not leave any footprints behind them in EUV observations [Robbrecht et al., 2009]
though they may face the observer. Statistical studies suggested that stealth CMEs are not a rare phe-
nomenon but may correspond to one third of all frontside CMEs [Ma et al., 2010; Wang et al., 2011]. Both of
the above explanations could explain the problem storms but cannot explain why some CMEs originating
from the solar disk center miss the Earth.

A promising explanation is that CMEs may be deflected during their propagation in the corona and inter-
planetary space. CME-CME interaction is a cause of CME deflection [Wang et al., 2011; Shen et al., 2012; Lugaz
et al., 2012]. The deflected propagation angle could be 10◦ or even larger. More interestingly, observations
imply that even if there was only one CME, it could be deflected by the background solar wind and magnetic
field. The deflection of isolated CMEs in the plane-of-sky in corona was reported since 1986 [MacQueen et al.,
1986] and has been studied by many researchers [e.g., Gopalswamy et al., 2003, 2004, 2009; Cremades and
Bothmer, 2004; Cremades et al., 2006; Wang et al., 2011; Lugaz et al., 2011; Kahler et al., 2012; Zuccarello et al.,
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2012; Yang et al., 2012; DeForest et al., 2013; Zhou and Feng, 2013]. By using STEREO data, it is found that the
CME deflection in corona could be more than 20◦ and appear to be controlled by the gradient of the corona
magnetic energy density [Shen et al., 2011a; Gui et al., 2011].

Whether or not an isolated CME could be also deflected in the interplanetary space is an open question,
because the state of interplanetary space in some sense is much different from that of the corona. In the
corona, the magnetic field is dominant, and the solar wind has not been well developed, whereas in the
interplanetary space, the solar wind becomes dominant, as magnetic fields decrease with distance and
the solar wind has fully accelerated.

The idea of CME deflection in interplanetary space was first proposed by Wang et al. [2002] through a sta-
tistical study and then developed in their follow-up works [Wang et al., 2004, 2006]. For a CME faster than
the ambient solar wind, the interplanetary magnetic field will be piled up ahead of the CME and cause an
eastward deflection, while for a CME slower than the solar wind, the magnetic field will accumulate behind
the CME and cause a westward deflection [see Wang et al., 2004, Figure 4]. The deflection angle could reach
several tens degrees. But the direct evidence of such a deflection has rarely been reported. Some recent case
studies linking remote sensing and in situ data indirectly suggested that CMEs are possible to be deflected
in interplanetary space [e.g., Kilpua et al., 2009; Rodriguez et al., 2011; Isavnin et al., 2013]. With the aid of tri-
angulation method, the propagation direction of CMEs in the heliosphere was investigated by Lugaz [2010]
based on STEREO observations. He found that six out of 13 CMEs perhaps experienced a deflected propa-
gation with the deflection angle larger than 20◦ and both eastward and westward deflections exist. That
previous work was focused on the development of new analysis techniques; therefore, the precise deflection
process and its possible cause were not analyzed.

In this study, we present the first detailed analysis of the deflection of an isolated CME during its heliospheric
propagation. We focus on a CME which occurred on 12 September 2008 and study its trajectory as well as
the physical causes and mechanisms for the observed deflection. The observations of this event will be pre-
sented in the next section. In section 3, by applying a variety of models, we will study the propagation of the
CME, including the evolution of its velocity and direction. We draw conclusions in section 4 and discuss our
results in terms of physical causes of CME deflection in section 5.

2. Observations
2.1. Instruments and Data
The imaging data used in the following analysis are from the Large Angle and Spectrometric Coronagraph
(LASCO) [Brueckner et al., 1995] on board SOHO spacecraft and the Sun Earth Connection Coronal and Helio-
spheric Investigation (SECCHI) suites [Howard et al., 2008] on board both STEREO-A (STA) and STEREO-B
(STB) spacecraft. The in situ data of interplanetary magnetic field and solar wind plasma at 1 AU are from
in situ measurements of particles and CME transients [Acuña et al., 2008] and plasma and suprathermal ion
composition [Galvin et al., 2008] instruments on board STA and STB spacecraft and Magnetic Fields Inves-
tigation [Lepping et al., 1995], SWE [Ogilvie et al., 1995] and Three-Dimensional Plasma analyzer [Lin et al.,
1995] instruments on board Wind Spacecraft. SOHO and Wind are located at the first Lagrange point of the
Sun-Earth system, and the STEREO twin spacecraft fly in Earth’s orbit with an increasing separation to the
Earth. The positions of STA and STB in HEE coordinates at the beginning of 13 September 2008 are plotted in
Figure 1. At that time, STA is separated away from the Earth by about 39◦ and STB by about 34◦. The LASCO
instrument carries two working cameras, C2 and C3, that cover the corona from 2.0 to 30 RS. In SECCHI suites,
there are cameras, COR1, COR2, HI1, and HI2, monitoring the corona and interplanetary space from 1.4 RS

to beyond 1 AU. These imagers provide seamless observations of the kinematic evolution of a CME from
multiple angles of views.

2.2. Imaging Observations
The CME is a slow one as observed by STEREO and SOHO spacecraft (see Figure 2 and associated movies in
the supporting information). It roughly traveled in the ecliptic plane. In both the views of STA and SOHO,
the CME looks like an east limb event. Due to data gap, its first appearance in the field of view (FOV) of
STA/COR1 is not clear but must be before 15:00 UT on 12 September, when the CME was already in the FOV
of COR2. SOHO/LASCO C2 camera also captured an eastward CME starting at 15:30 UT, and 8 h later, the CME
appeared in the FOV of LASCO C3. Differently, in the view of STB, the CME presented a halo shape with main
part expanding toward the west. It appeared in the FOV of STB/COR1 at about 19:38 UT on 12 September

WANG ET AL. ©2014. American Geophysical Union. All Rights Reserved. 5118



Journal of Geophysical Research: Space Physics 10.1002/2013JA019537

Figure 1. Positions of STA and STB relative to the Earth near which
SOHO locates at the beginning of 13 September. The red arrow
denotes the initial propagation direction of the CME derived by GCS
model. The blue circles indicate the propagation direction of the
CME from out corona to interplanetary space, which are inferred
from STEREO imaging data by HM triangulation method. The curved
path formed by the blue circles suggests that the CME experienced a
deflection process.

and emerged into the FOV of STB/COR2
about 9 h later. Since it is a very slow CME,
the CME fully developed into the FOVs
of all the three coronagraphs around the
beginning of 13 September. Thus, we just
focus on the dynamic evolution of the CME
since that time.

The CME appears as an east limb event
for both STA and SOHO. Considering the
positions of STA and SOHO (Figure 1), it
suggests that the initial CME direction of
propagation, i.e., within 15 RS, is on the
east side of the Sun-Earth line. For STB,
the CME obviously inclined to the west,
suggesting that the CME initial direction
must be on the west side of the Sun-STB
line. Furthermore, considering that the
CME looks more likely halo in the view
of STB than in the view of SOHO, we may
conclude that the initial propagation
direction of the CME is located between

Figure 2. Snapshots of the CME taken by (a) STB/COR, (b) SOHO/LASCO, and (c) STA/COR on 13 September. In both views
of SOHO and STA, the CME looks like a east limb event. But in the view of STB, it is a partial halo CME. Three movies
generated from different images have been attached in the supporting information to show the propagation of the CME
viewed by SOHO, STA, and STB, respectively.
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Figure 3. Interplanetary magnetic field and solar wind plasma data at 1 AU from in situ instruments on board STB. (top
to bottom) The magnetic field strength (< |B| >), elevation (𝜃) and azimuthal (𝜙) angles of the magnetic field direction,
the electron pitch angle (PA), the solar wind bulk speed (vsw), the proton temperature (Tp), number density (Np), and beta
(𝛽). The red curve in the sixth row is the ratio of proton temperature to the expected proton temperature (Texp), which is
calculated based on the empirical formula by Lopez and Freeman [1986].

the Sun-Earth line and the Sun-STB line and much closer to the latter. So far, we have the first impression
that the CME will encounter STB with its main body and sweep the Earth with its flank. To verify this, we
check in situ measurements from STA, STB, and Wind.

2.3. In Situ Observations
According to the coronagraph observations, we find that the initial speed of the CME is slower than
300 km s−1. Even if the acceleration by the solar wind is taken into account, its average transit speed will not
be larger than 500 km s−1, which is higher than the typical value for the background solar wind speed. Thus,
it is expected that the interplanetary counterpart of the CME should be observed at 1 AU at least 3 days later.
We examine the in situ data from STA, STB, and Wind spacecraft for 6 days starting from 16 September. The
parameters of interplanetary magnetic field and solar wind plasma during this period at three observational
points are presented in Figures 3–5.

In Wind data, we can identify one and only one interplanetary CME during 17–18 September (see the
shadow region in Figure 4), which is a magnetic cloud (MC) following, e.g., Burlaga et al.’s [1981] defini-
tion. Its front boundary is at about 04:20 UT on 17 September and the rear boundary at about 08:00 UT on
the next day. All the MC signatures are very clear, which basically include (1) the enhanced magnetic field
strength, (2) large and smooth rotation of magnetic field direction, (3) declining profile of solar wind veloc-
ity, (4) bidirectional streaming of suprathermal electrons, (5) low proton temperature, and (6) low proton
𝛽 (< 0.1 generally) [e.g., Burlaga et al., 1981; Gosling et al., 1987; Lepping et al., 1990; Farrugia et al., 1993;
Richardson and Cane, 1995]. The average speed of solar wind during the MC is about 415 km s−1, suggest-
ing the corresponding CME lifting off from the Sun around the beginning of 13 September. Particularly, the
STEREO imaging data show that there are no other CMEs directing to the Earth within 2 days before and
after the CME. Thus, it is conclusive that the MC observed by Wind is the interplanetary counterpart of the
CME of interest.

During the same period, STB did not capture any region with clear signatures of an MC, but it is possible
to identify several MC-like or non-MC ejecta, e.g., the intervals between 17 September 16:00 UT and 18
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Figure 4. Same as Figure 3 but from in situ instruments on board Wind. The shadow region indicates an MC.

September 08:00 UT, between 19 September 06:00 UT and 19:00 UT, and between 20 September 20:00 UT
and 21 September 04:00 UT (as indicated by vertical lines in Figure 3). None of them satisfies all the previ-
ously mentioned six signatures of a typical MC. In the first interval, there are only two signatures satisfied,
i.e., the magnetic field is stronger than that of ambient solar wind and solar wind speed is declined. The
second interval matches the most signatures, including smooth rotation of magnetic field vector, declin-
ing solar wind speed, bidirectional streaming of electrons, and low proton 𝛽 , but does not have significantly
enhanced magnetic field and low proton temperature. The third interval also satisfies only two signatures,
which are smooth rotation of magnetic field vector and low proton 𝛽 . Considering that there was no other
CME roughly toward STB in the week starting from 12 September, we choose the ejecta in the second inter-
val, which has the most signatures of an MC, as the counterpart of the CME of interest. This ejecta lost some
signature of an MC probably because the CME’s flank glanced over STB. The CME totally missed STA, as the
STA data show typical solar wind at all times except during the period from 16 September 14:00 UT to 17
September 12:00 UT, during which a corotating interaction region (CIR) was formed between a high-speed
solar wind stream and a low-speed solar wind stream (Figure 5).

One may notice that the CME’s arrival at STB is about 2 days later than that at Wind. Such a long delay could
be attributed to the curved front of the CME. A more detailed discussion on this issue will be given in section
4. The analysis of imaging data about the CME propagation in the corona has suggested that the CME’s main
body should pass over STB and its flank glanced over the Earth, but the in situ data from multiple points at
1 AU reveal that the fact is reversed, the CME’s main body passed through the Earth and its flank may have
glanced over STB. This result suggests that the CME be deflected during its journey from the corona to 1 AU.

3. Propagation Process
3.1. In Corona
CMEs are believed to have a flux rope topology [e.g., Vourlidas et al., 2013]. Thus, the kinematic process of
the CME is studied by applying a forwarding modeling with the aid of GCS model [Thernisien et al., 2009;
Thernisien, 2011], which assumes that a CME has a flux rope shape and expands self-similarly. It uses six
free parameters to shape the flux rope, which are equivalent to height or heliocentric distance of the lead-
ing edge, latitude and longitude of the propagation direction, face-on and edge-on angular widths, and
tilt angle of the main axis of the flux rope. We get these parameters of a CME by fitting the GCS model to
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Figure 5. Same as Figure 5 but from in situ instruments on board STA.

the observed outlines of a CME viewed from all the angles of views of SOHO, STA, and STB. This model has
been successfully applied to numerous CME events to study the deflected propagation of CMEs by Gui et al.
[2011]. One may refer to the above references and therein for more details.

Figure 6 shows the CME with modeled flux rope superposed. In our fitting procedure, the face-on and
edge-on widths and tilt angle are fitted as constants to reduce the degree of freedom. They are 78◦+34◦

−18◦ ,
17◦+8◦

−5◦ , and −11◦ ± 22◦, respectively. The errors are estimated following the method by Thernisien et al.
[2009], each of which will cause the 10% decrease of the best fit. With this configuration, the longitudinal
extent of the CME in the ecliptic plane is estimated to be about 60◦. The other three parameters are all time
or distance dependent as shown in Figure 7. The errors in the distance, latitude, and longitude are about
0.5 RS, 2◦, and 5◦, respectively.

Since the GCS model requires that the CME is clearly visible in both images from STA and STB, the first result
is obtained for time at 01:37 UT on 13 September, when the CME’s leading edge already reached 7.1 RS.
At that time, the propagation direction of the CME is about 0.5◦ in latitude and −32◦ in longitude in the
heliocentric coordinates, i.e., about 2◦ on the west of the Sun-STB line. The result is in agreement with our
previous estimate of the CME initial propagation direction in section 2.2. Furthermore, we have tested the
goodness of fit by assuming that the CME propagated along the Sun-Earth line, which means that the CME
was not deflected in interplanetary space. But the fitting result becomes much worse.

During the next 13 h, the CME traveled from 7.1 RS to 22 RS with an average velocity of about 213 km s−1. It
experienced an acceleration process. The acceleration is about 5.8 m s−2. During the period, the latitude of
the CME direction did not change, but the longitude monotonically increased from −32◦ to −25◦. The CME
was deflected toward the west by about 7◦ in the corona. At 15:00 UT when the CME was 22 RS away from
the Sun, the CME speed was accelerated to 353 km s−1, and its propagation direction was changed to 9◦ on
the west of the Sun-STB line or 25◦ on the east of the Sun-Earth line. The CME main body still tends to hit
STB rather than the Earth, which is inconsistent with the in situ observations presented in the last section.
Thus, the CME should be continuously deflected in interplanetary space.
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Figure 6. Coronagraph images showing the results of GCS model. The panels are the same as those in Figure 2 but with
flux rope meshes superimposed.

Figure 7. Deprojected position of the CME’s leading edge derived by
GCS model. The errors in distance, latitude, and longitude are about
0.5 RS , 2◦ , and 5◦ , respectively. A systematically westward deflection
is well revealed in the bottom row.

3.2. In Interplanetary Space
In order to track the CME in interplanetary
space, an elongation-time map, known
as J-map [Davies et al., 2009], is used.
Figures 8 and 9 show the J-maps con-
structed based on the imaging data from
COR2, HI1, and HI2 imagers on board STA
and STB by placing a slice along ecliptic
plane. They provide the information from
the corona to 1 AU. Any stripes with a pos-
itive slope in a J-map indicate a featured
element moving away from the Sun. By
comparing the stripes in the J-maps with
the CME features in the images from COR2
and HI1, we may locate which one corre-
sponds to the track of the CME’s leading
edge in the FOVs of COR2 and HI1 in both
J-maps and then follow the track into the
FOV of HI2 in the J-maps (as marked by
blue diamonds). Since the CME’s leading
edge appears weaker and more diffusive
with increasing elongation angle, we set a
reasonable error of about ± 5% of
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Figure 8. J-map of ecliptic plane generated from COR2, HI1, and HI2
imaging data from STA. Blue diamonds with error bars indicate the
track of the CME’s leading edge viewed by STA.

elongation angle for the measure-
ments. As seen in Figures 8 and 9, the
error bars can cover the width of the
diffusing tracks.

Knowing the positions of STA and STB
and the elongation angles of the CME’s
leading edge measured from the two
vantage points, we are able to derive
the heliocentric distance and propa-
gation direction of the CME with some
assumptions. Here two widely used tri-
angulation methods are employed. One
is the simplest triangulation, in which
it is assumed that the tracks in the two
J-maps describe the trajectory of the
same plasma element [Liu et al., 2010].
The other one is called harmonic mean
(HM) triangulation, and it assumes that
the CME is a sphere tangent to the solar

surface, and the tracks in both J-maps are on the circular front but are not the same part of the CME [Lugaz
et al., 2009].

Figure 10 shows the results from the two triangulation methods. The GCS model results are also plotted
for comparison. Both triangulations show an evident westward deflected propagation of the CME in inter-
planetary space even if the uncertainties are taken into account. The heliocentric distances derived by HM
triangulation are almost the same as those by GCS model for the last three measurements in COR2 FOV, cor-
responding to the period 13 September 12:00–15:00 UT. The distances derived by the simple triangulation
are systematically larger by 5–10 RS. The longitude of the propagation direction derived by HM triangula-
tion is about −31◦ at around 12:00 UT and quickly increased to about −25◦ before the CME escaped from
the FOV of COR2. The values are close to those given by GCS model. But the simple triangulation suggests
that the longitude of the CME direction is about −10◦ in the FOV of COR2. If this is true, the CME should look
more likely halo in the view from SOHO than in the view from STB, which is inconsistent with the imaging
data presented in section 2.2. Thus, for this case, HM triangulation gives more reasonable results. According
to the assumptions of the simple triangulation method, it is expected to be applicable for CMEs with small
extent in longitude. The longitudinal extent of the CME of interest is about 60◦ (see section 3.1), which is

Figure 9. J-map from STB.

probably too large to make the recorded
tracks in both J-maps being the same
part of the CME.

With the aid of the HM triangulation, it is
suggested that the CME is continuously
deflected in interplanetary space. The
propagation longitude changed from
−25◦ at around 15:00 UT to about −3◦

at 12:30 UT on 15 September when the
CME’s leading edge reached about 93 RS.
In other words, the CME was deflected
toward the west by about 22◦ in ∼ 46 h
or in 71 RS. Obviously, the amount of the
deflected angle in interplanetary space
is much larger than that in the corona,
suggesting that interplanetary space is a
major region where the CME deflection
takes place.
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Figure 10. Deprojected position of the CME’s leading edge derived by triangulation methods based on the J-maps,
showing the entire propagation process of the CME from the corona to interplanetary space. For completeness, the GCS
model results are also plotted.

The deflection rate gradually decreased from the corona to the interplanetary space. Figure 11 shows the
longitude of the propagation direction as a function of the heliocentric distance as well as the deflection
rate. Here before 15:00 UT on 13 September, we choose the data points from GCS model, and after then,
we choose the data points from HM triangulation. Meanwhile, we divide all the data points into five groups,
in each of which there are at least 10 data points, to calculate the deflection rate. The error of the deflec-
tion rate is derived from the linear fitting to the data points in each group (indicated by the error bars in
Figure 11). It is found that the deflection rate is close to 0.5◦∕RS before the CME arrived at 40 RS and then
gradually dropped below 0.3◦∕RS. Obeying this trend, the deflection rate will approach zero sooner or later.
Simply, we use a linear fitting to extrapolate the deflection rate and the resultant propagation longitude,
as indicated by the lines in Figure 11. The deflection will probably cease at around 140 RS, where the longi-
tude of the CME’s propagation direction is about 1◦. A similar deflection in the interplanetary space could be
found in the paper by Lugaz et al. [2010].

These results are highly consistent with the observations. Recall that the positions of STA and STB in the
ecliptic plane are +39◦ and −34◦ away from the Earth, respectively. The CME initially propagated along the
longitude of about −32◦ and was finally deflected to about 1◦, which made the CME being 38◦ away from
STA and 35◦ from STB. Thus, it is possible that STB observed the CME but STA did not.

Figure 11. Longitude of the CME’s leading edge as a function of heliocentric distance is shown as diamonds. The deflec-
tion rate, i.e., deflection angle per unit distance, which is calculated on every 10 data points and scaled by the vertical
axis on the right, is indicated by blue triangles. The blue dotted line is the linear fitting to the deflection rate, and dashed
line shows the expected longitudes derived based on the dotted line.
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Figure 12. A diagram illustrates the time delay of CME arrival due
to its circular-like front.

4. Conclusions

In summary, by combining the data from
multiple points, i.e., STA, STB, SOHO, and
Wind spacecraft, we studied in details the
propagation process of the 12 Septem-
ber 2008 CME from the corona to 1 AU.
The analysis definitely reveals that the CME
experienced a westward deflection through-
out the heliosphere. The deflection angle
reaches as large as about 30◦, among which
a 20◦ deflection occurred in interplane-
tary space. During the period of interest,
there was no other ejection with a similar
direction before or after the CME, sug-
gesting that a CME could be significantly
deflected by solar wind and interplanetary
magnetic field.

Deflection not only affects which target will be hit but also when a target will be hit. For the CME of inter-
est, we may further approximate its front in the ecliptic plane to be a circle. As derived in section 3.2 that
the propagation longitude of the CME at 1 AU almost coincides with the Sun-Earth line, and the CME flank
glanced over STB, we may have the configuration of the CME and spacecraft as shown in Figure 12. When
the CME’s flank arrives at STB, the Earth already dipped in the CME. The time difference between the arrivals
of STB and the Earth is from the length difference, Δl, between SE′ and SB. The angle 𝛼 between the two
lines is about 35◦, and thus, Δl is about 0.9 AU. Considering the propagation speed of the CME observed by
Wind is about 415 km s−1, the time delay will be as large as 3.7 days. Such delays were discussed in Möstl and
Davies [2013]. Actually, the CME cross section may not be a circle but an ellipse or in a “pancake” shape [e.g.,
Riley and Crooker, 2004; Owens et al., 2006], and the time delay will be smaller than that derived based on a
circle assumption. Generally, the time delay derived above is consistent with the in situ observations, which
suggest a 2 day delay.

Thus, in the prediction of CME arrival time, the deflections combined with the CME geometry are important
factors that need to be taken into account. Besides, as a consequence, the curved trajectory, along which a
deflected CME actually propagates, is a minor factor influencing the accuracy of a prediction. Obviously, the
length of a curved trajectory must be longer than a straight trajectory. Figure 13 shows the length difference
between the curved trajectory and the heliocentric distance of this event. The length difference, what we
call extradistance here, is about 4 RS. The average transit time of the CME is about 100 h, corresponding
to an average transit speed of about 400 km s−1. If the 4 RS extradistance was not taken into account, the
prediction of the CME arrival time based on some simple empirical model will have a 2 h error, which is less
than but on the same order of the typical error for CME arrival time prediction.

From the above analysis, some outstanding questions about space weather forecasting emerge. What is the

Figure 13. Extradistance the CME propagating through due to its curved
trajectory. It is derived based on the deflection angle shown in Figure 11.

cause of the CME deflection and how
to precisely predict the trajectory of
a CME? In the following section, we
will discuss the mechanism of CME
deflection in interplanetary space.

5. Discussion on the Mecha-
nism of the CME Deflection

It is well accepted that the deflection
of a CME in the corona, usually within
5–10 RS, is controlled by gradient of
magnetic energy density [Shen et al.,
2011a; Gui et al., 2011; Kahler et al.,
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Figure 14. Carrington maps of radial component of magnetic field at
(top) 20 RS and (bottom) 1 AU, respectively, which are constructed by
a 3-D MHD simulation. Dashed lines indicate the location of heliocen-
tric current sheet. The dots on the two maps show the positions of STA,
STB, and the Earth at 13:30 UT on 13 September and 04:40 UT on 17
September, when the CME arrived at 20 RS and 1AU, respectively.

2012; Zuccarello et al., 2012 Kay et al.,
2013]. Generally, the magnetic energy
density reaches the minimum at helio-
spheric current sheet, which locates
near-ecliptic plane during solar min-
ima. That is why CMEs in solar minima
tend to propagate toward the ecliptic
plane [Cremades and Bothmer, 2004;
Wang et al., 2011]. Is it also the cause
of the CME deflection in interplane-
tary space? To answer the question,
we investigate the magnetic field and
current sheet at 1 AU.

The magnetic field in interplanetary
space is obtained by utilizing a 3-D
MHD numerical method, in which a
corona-interplanetary total variation
diminishing scheme is adopted [Feng et
al., 2003, 2005]. Starting from Parker’s
solar wind solution and the potential
magnetic field extrapolated from mag-
netic field distribution at photosphere
observed by Wilcox Solar Observatory
during the Carrington rotation 2074

covering the period of the CME, we use this scheme to establish a steady state of background solar wind and
interplanetary magnetic field. A detailed description of the scheme and its application can be found in our
previous work [Shen et al., 2007, 2009, 2011b, 2013].

Figure 14 shows the distribution of radial component of magnetic field at 20 RS and 1 AU. The location of
current sheet is indicated by the dashed lines. The positions of STA, STB, and the Earth projected on the
maps are marked as dots. Note that the CME arrived at 20 RS and 1 AU around 13:00 UT on 13 September
and 04:30 UT on 17 September, respectively. Thus, the Carrington longitudes of these positions are different
between the two maps. It is clear that the CME should deflect toward the north rather than the west if it still
obeyed the deflection law in the corona. This opposite result suggests that there should be other causes of
the deflection in interplanetary space.

In the corona, magnetic field is dominant as solar wind has not fully developed. Thus, the magnetic energy
density gradient guides the trajectory of a CME in the corona. However, in interplanetary space, magnetic
field drops quickly, and solar wind becomes dominant. Thus, interaction between the CME and background
solar wind should be the cause of the CME deflection in interplanetary space. A decade ago, Wang et al.
[2004] proposed a kinematic model to describe the CME’s trajectory modulated by the interplanetary mag-
netic field carried by solar wind. In that model, the magnetic field is simply supposed to be strong enough to
ensure that a CME follows the Parker spiral. It predicts that a slow CME will be deflected toward the west due
to faster solar wind accumulating behind the CME and overtaking it from the east, while a fast CME will be
deflected toward the east due to slower solar wind being piled up ahead of the CME and overtaken from the
west [Wang et al., 2004, Figure 4]. The model is so far the only theoretical model (except those MHD numer-
ical simulation models) to describe the deflection of CMEs in the ecliptic plane. It is interesting to see how
well the model could reproduce the trajectory of the isolated CME launched on 12 September 2008.

The physical picture of the model is similar to the solar wind deflection within a CIR, that the preceding
slow solar wind has a deflection toward the west and the following fast solar wind toward the east [e.g.,
Siscoe et al., 1969; Gosling and Pizzo, 1999; Broiles et al., 2012]. An apparent difference between them is
that the deflection speed of the solar wind within CIRs is still significant at 1 AU [Broiles et al., 2012] but
that of the CME is not (Figure 11). This is because the CME speed approaches the solar wind speed at 1 AU.
Thus, we think that the velocity difference between two interacting system is the essential cause of the
two phenomena.
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Figure 15. (left) The solar wind velocity distribution in the ecliptic plane derived by 3-D MHD simulation. (right) The
average velocity of the solar wind within longitude of −32◦ and 1◦ versus the heliocentric distance. As comparison,
the CME speed is plotted as the blue diamonds and dashed line (see main text for details). The white lines in the left of
Figure 15 are the magnetic field lines.

The basic formula to describe the deflection of a CME is the second equation in equation (5) of Wang et
al. [2004]. Only the radial components of the CME velocity and background solar wind velocity, namely,
vr and vsw, are required. It should be noted that the equation was developed for constant CME speed and
constant solar wind speed. To accept varied speeds, we just need to slightly change the equation to the
following one:

d𝜙 = Ω
(

1
vr

− 1
vsw

)
dr (1)

in which 𝜙 is the longitude, r the heliocentric distance, and Ω the angular speed of the Sun’s rotation. For
completeness, a derivation of the above equation, different but much briefer than that in Wang et al. [2004],
is given in Appendix A. The total change of longitude of a CME is the integral of equation (1), which could be
numerically calculated once we know vsw and vr , which are both functions of heliocentric distance r.

To obtain the solar wind speed, vsw, we utilize the MHD numerical method again. Figure 15 (left) shows the
radial component of the solar wind velocity in ecliptic plane with interplanetary magnetic field lines super-
imposed. Since the previous analysis have suggested that the CME was deflected from −32◦ to 1◦, we use
the averaged solar wind speed between the two longitudes. The profile of the speed is shown in Figure 15
(right). Within the first 20 RS the background solar wind quickly accelerates to 300 km s−1 and then gradually
accelerates to more than 410 km s−1 at 1 AU.

For comparison, the CME bulk propagation speed, vr , is plotted as blue diamonds and a dashed line in
Figure 15 (right). The speed below 90 RS is derived from the height time plot of the CME leading edge in
Figure 10 with expansion speed deducted. Here we assume that the CME expanded with a constant angular
width. At 1 AU, Wind data suggest that the CME expansion speed is about 45 km s−1, the bulk propagation
speed is about 415 km s−1, and the radius is about 0.14 AU. It means that the bulk propagation speed of the
CME is 11% smaller than the speed of the CME leading edge and the heliocentric distance is 14% shorter
than that of the leading edge. The speed beyond 90 RS is simply obtained by a linear extrapolation.

By inputting vsw and vr into our model, we find that the propagation longitude of the CME changes about 8◦

from the initial value of −29◦ to −21◦, as shown by the solid line in Figure 16. The amount of the deflection
predicted by the model is much smaller than that derived from observations. Considering that deflection
in our model is substantially due to the difference between vr and vsw, we could expect that the error in
either velocity will cause the error in deflection angle. The two dashed lines show the different CME trajec-
tory if the CME velocity was 15% higher (the lower line, suggesting a smaller deflection) or lower (the upper
line, suggesting a larger deflection). The latter suggests a 20◦ deflection, closer to but still smaller than
the observations.

In summary, the deflection of a CME in interplanetary space has a different cause of that in the corona.
Although our kinematic model predicts a westward deflection of the CME originating on 12 September,
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Figure 16. Observed (blue diamonds with error bars) and model-predicted
(black lines) longitudes of the CME. The two dashed lines indicate the pre-
dicted longitudes by considering ±15% error in the CME velocity. Refer to
section 5 for details.

the modeled trajectory is not good
enough. The deviation between the
model-predicted and the observed
trajectory could be from the highly
ideal assumptions used in our
model and/or other unknown fac-
tors/processes that take place during
the solar wind-CME interaction. For
example, we only consider the Parker
spiral magnetic field lines shaped by
solar wind but do not fully take the
kinetic energy carried by the solar
wind into account. But in interplane-
tary space, the kinetic energy should
be stronger than magnetic energy.

Appendix A: Derivation of Kinematic Model of the CME Deflection

The model assumes that the background solar wind and interplanetary magnetic field (IMF) are domi-
nant and the CME is a fluid parcel so that the CME in the ecliptic plane tends to move following IMF lines.
Figure A1 illustrates the model. Dotted lines are Parker spiral magnetic field lines, and the solid line is the
unaffected field line connecting to the CME which moves radially with a speed slower than the background
solar wind. Since magnetic field lines cannot cross over each other, the slow CME should be deflected
toward the west to make the solid line coinciding with the spiral magnetic field line starting from the same
place on the Sun (or the IMF lines will be deformed if CME kinetic energy was dominant). Thus, the model is
more suitable for slow CMEs.

The detailed derivation of the model was given in Wang et al. [2004]. Here we present another approach
to derive the model. It is a 2-D model in the ecliptic plane. Let vsw be the solar wind speed, Ω the solar
rotation, 𝜑i the initial longitude, and t the time since the plasma element left the Sun, then the Parker spiral
IMF shown in Figure A1 is given by

r0 = vswt (A1)

𝜑0 = 𝜑i − Ωt (A2)

Assuming that the CME is a plasma parcel with a radial speed of vr , the magnetic field line drawn by the CME
is given by

r = vrt (A3)

𝜑 = 𝜑i − Ωt + Δ𝜙(t) (A4)

Figure A1. Illustration of the model.
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which should satisfy the following condition because the CME is assumed to follow the Parker spiral of
the IMF,

r0

𝜑0 − 𝜑i
= r

𝜑 − 𝜑i
(A5)

Here Δ𝜙 is the time-dependent or distance-dependent deflection angleof the CME. It is easy to derive that

Δ𝜙(t) =
vsw − vr

vsw
Ωt (A6)

or

Δ𝜙(r) =
vsw − vr

vswvr
Ωr

=
(

1
a
− 1

a0

)
r (A7)

in which a = vr∕Ω and a0 = vsw∕Ω. Equation (A7) is exactly the same as equation (5) in Wang et al. [2004].

The above derivation uses the constant velocity for both solar wind and the CME. To accept varied velocity,
we just convert equations (A1)–(A4) to the differential form{

dr0 = vswdt
d𝜑0 = −Ωdt

(A8)

{
dr = vrdt
d𝜑 = −Ωdt + d𝜙(t)

(A9)

Then we can get the deflection angle

d𝜙 =
vsw − vr

vsw
Ωdt

=
(

1
vr

− 1
vsw

)
Ωdr (A10)

as well as the angular velocity of the CME

𝜔 = d𝜙
dt

=
vsw − vr

vsw
Ω (A11)

The interaction between solar wind and CMEs will not only affect the angular motion but also the radial
motion, i.e., acceleration/deceleration, of the CME. The model can only predict the change of angular
motion. The change of the radial motion caused by the solar wind interaction has been taken into account
by adopting changing vr of the CME as derived from the heliospheric observations.

References
Acuña, M. H., D. Curtis, J. L. Scheifele, C. T. Russell, P. Schroeder, A. Szabo, and J. G. Luhmann (2008), The STEREO/IMPACT magnetic field

experiment, Space Sci. Rev., 136, 203–226.
Berdichevsky, D., C. Farrugia, B. Thompson, R. Lepping, D. Reames, M. Kaiser, J. Steinberg, S. Plunkett, and D. Michels (2002), Halo-coronal

mass ejections near the 23rd solar minimum: Lift-off, inner heliosphere, and in situ (1 AU) signatures, Ann. Geophys., 20, 891–916.
Broiles, T. W., M. I. Desai, and D. J. McComas (2012), Formation, shape, and evolution of magnetic structures in CIRs at 1 AU, J. Geophys.

Res., 117, A03102, doi:10.1029/2011JA017288.
Brueckner, G. E., et al. (1995), The Large Angle Spectroscopic Coronagraph (LASCO), Sol. Phys., 162, 357–402.
Burlaga, L., E. Sittler, F. Mariani, and R. Schwenn (1981), Magnetic loop behind an interplanetary shock: Voyager, Helios, and IMP 8

observations, J. Geophys. Res., 86, 6673–6684.
Cane, H. V., and I. G. Richardson (2003), Interplanetary coronal mass ejections in the near-earth solar wind during 1996–2002, J. Geophys.

Res., 108(A4), 1156, doi:10.1029/2002JA009817.
Cane, H. V., I. G. Richardson, and O. C. St Cyr (1998), The interplanetary events of January-May, 1997 as inferred from energetic particle

data, and their relationship with solar events, Geophys. Res. Lett., 25, 2517–2520.
Cane, H. V., I. G. Richardson, and O. C. St. Cyr (2000), Coronal mass ejections, interplanetary ejecta and geomagnetic storms, Geophys. Res.

Lett., 27, 3591–3594.
Cid, C., et al. (2012), Can a halo CME from the limb be geoeffective?, J. Geophys. Res., 117, A11102, doi:10.1029/2012JA017536.
Cremades, H., and V. Bothmer (2004), On the three-dimensional configuration of coronal mass ejections, Astron. Astrophys., 422, 307–322.
Cremades, H., V. Bothmer, and D. Tripathi (2006), Properties of structured coronal mass ejections in solar cycle 23, Adv. Space Res., 38,

461–465.

Acknowledgments
The data for this work are available at
the official websites of STEREO, SOHO,
and Wind spacecraft. We acknowl-
edge the use of them. STEREO is the
third mission in NASA’s Solar Terres-
trial Probes programme, and SOHO
is a mission of international coop-
eration between ESA and NASA. We
thank anonymous referees for valuable
comments and suggestions. This work
is supported by grants from MOST
973 key project (2011CB811403 and
2012CB825600), CAS (Key Research
Program KZZD-EW-01 and 100-Talent
Program), NSFC (41131065, 41121003,
41274173, 41074121, and 41174150),
MOEC (20113402110001) and the
fundamental research funds for the
central universities. N.L. was partially
supported by NSF grant AGS-1239704.

Michael Liemohn thanks Pascal
Demoulin and two other review-
ers for their assistance in evaluating
this paper.

WANG ET AL. ©2014. American Geophysical Union. All Rights Reserved. 5130

http://dx.doi.org/10.1029/2011JA017288
http://dx.doi.org/10.1029/2002JA009817
http://dx.doi.org/10.1029/2012JA017536


Journal of Geophysical Research: Space Physics 10.1002/2013JA019537

Davies, J. A., R. A. Harrison, A. P. Rouillard, N. R. Sheeley, C. H. Perry, D. Bewsher, C. J. Davis, C. J. Eyles, S. R. Crothers, and D. S. Brown
(2009), A synoptic view of solar transient evolution in the inner heliosphere using the heliospheric imagers on STEREO, Geophys. Res.
Lett., 36, L02102, doi:10.1029/2008GL036182.

DeForest, C. E., T. A. Howard, and D. J. McComas (2013), Tracking coronal features from the low corona to earth: A quantitative analysis
of the 2008 december 12 coronal mass ejection, Astrophys. J., 769, 43.

Farrugia, C. J., L. F. Burlaga, V. A. Osherovich, I. G. Richardson, M. P. Freeman, R. P. Lepping, and A. J. Lazarus (1993), A study of an expand-
ing interplanetary magnetic cloud and its interaction with the earth’s magnetosphere: The interplanetary aspect, J. Geophys. Res.,
98(A5), 7621–7632.

Feng, X., S. T. Wu, F. Wei, and Q. Fan (2003), A class of TVD type combined numerical scheme for MHD equations with a survey about
numerical methods in solar wind simulations, Space Sci. Rev., 107, 43–53.

Feng, X., C. Xiang, D. Zhong, and Q. Fan (2005), A comparative study on 3-D solar wind structure observed by Ulysses and MHD
simulation, Chin. Sci. Bull., 50, 672–678.

Galvin, A. B., et al. (2008), The plasma and suprathermal ion composition (PLASTIC) investigation on the STEREO observatories, Space Sci.
Rev., 136, 437–486.

Gopalswamy, N., M. Shimojo, W. Lu, S. Yashiro, K. Shibasaki, and R. A. Howard (2003), Prominence eruptions and coronal mass ejection:
A statistical study using microwave observations, Astrophys. J., 586, 562–578.

Gopalswamy, N., S. Yashiro, S. Krucker, G. Stenborg, and R. A. Howard (2004), Intensity variation of large solar energetic particle events
associated with coronal mass ejections, J. Geophys. Res., 109, A12105, doi:10.1029/2004JA010602.

Gopalswamy, N., P. Mäkelä, H. Xie, S. Akiyama, and S. Yashiro (2009), CME interactions with coronal holes and their interplanetary
consequences, J. Geophys. Res., 114, A00A22, doi:10.1029/2008JA013686.

Gosling, J. T., and V. J. Pizzo (1999), Formation and evolution of corotating interaction regions and their three dimensional structure,
Space Sci. Rev., 89, 21–52.

Gosling, J. T., D. N. Baker, S. J. Bame, W. C. Feldman, R. D. Zwickl, and E. J. Smith (1987), Bidirectional solar wind electron heat flux events,
J. Geophys. Res., 92, 8519–8535.

Gui, B., C. Shen, Y. Wang, P. Ye, J. Liu, S. Wang, and X. Zhao (2011), Quantitative analysis of CME deflections in the corona, Sol. Phys., 271,
111–139.

Howard, R. A., et al. (2008), Sun Earth connection coronal and heliospheric investigation (SECCHI), Space Sci. Rev., 136, 67–115.
Isavnin, A., A. Vourlidas, and E. Kilpua (2013), Three-dimensional evolution of erupted flux ropes from the Sun (2–20 r⊙) to 1 AU, Sol.

Phys., 284, 203–215.
Kahler, S. W., S. Akiyama, and N. Gopalswamy (2012), Deflections of fast coronal mass ejections and the properties of associated solar

energetic particle events, Astrophys. J., 754, 100.
Kaiser, M. L., T. A. Kucera, J. M. Davila, O. C. St. Cyr, M. Guhathakurta, and E. Christian (2008), The STEREO mission: An introduction, Space

Sci. Rev., 136, 5–16.
Kay, C., M. Opher, and R. M. Evans (2013), Forecasting a coronal mass ejection’s altered trajectory: ForeCAT, Astrophys. J., 775, 5.
Kilpua, E. K. J., J. Pomoell, A. Vourlidas, R. Vainio, J. Luhmann, Y. Li, P. Schroeder, A. B. Galvin, and K. Simunac (2009), STEREO observations

of interplanetary coronal mass ejections and prominence deflection during solar minimum period, Ann. Geophys., 27, 4491–4503.
Lepping, R. P., J. A. Jones, and L. F. Burlaga (1990), Magnetic field structure of interplanetary magnetic clouds at 1 AU, J. Geophys. Res., 95,

11,957–11,965.
Lepping, R. P., et al. (1995), The Wind magnetic field investigation, Space Sci. Rev., 71, 207–229.
Lin, R. P., et al. (1995), A three-dimensional plasma and energetic particle investigation for the Wind spacecraft, Space Sci. Rev., 71,

125–153.
Lindsay, G. M., J. G. Luhmann, C. T. Russell, and J. T. Gosling (1999), Relationships between coronal mass ejection speeds from coro-

nagraph images and interplanetary characteristics of associated interplanetary coronal mass ejections, J. Geophys. Res., 104,
12,515–12,523.

Liu, Y., J. A. Davies, J. G. Luhmann, A. Vourlidas, S. D. Bale, and R. P. Lin (2010), Geometric triangulation of imaging observations to track
coronal mass ejections continuously out to 1 AU, Astrophys. J., 710, L82–L87.

Lopez, R. E., and J. W. Freeman (1986), Solar wind proton temperature-velocity relationship, J. Geophys. Res., 91, 1701–1705.
Lugaz, N. (2010), Accuracy and limitations of fitting and stereoscopic methods to determine the direction of coronal mass ejections from

heliospheric imagers observations, Sol. Phys., 267, 411–429.
Lugaz, N., A. Vourlidas, and I. I. Roussev (2009), Deriving the radial distances of wide coronal mass ejections from elongation

measurements in the heliosphere application to CME-CME interaction, Ann. Geophys., 27, 3479–3488.
Lugaz, N., J. N. Hernandez-Charpak, I. I. Roussev, C. J. Davis, A. Vourlidas, and J. A. Davies (2010), Determining the azimuthal properties of

coronal mass ejections from multi-spacecraft remote-sensing observations with STEREO SECCHI, Astrophys. J., 715, 493–499.
Lugaz, N., C. Downs, K. Shibata, I. I. Roussev, A. Asai, and T. I. Gombosi (2011), Numerical investigation of a coronal mass ejection from an

anemone active region: Reconnection and deflection of the 2005 August 22 eruption, Astrophys. J., 738, 127.
Lugaz, N., C. J. Farrugia, J. A. Davies, C. Mostl, C. J. Davis, I. I. Roussev, and M. Temmer (2012), The deflection of the two interacting coronal

mass ejections of 2010 May 23–24 as revealed by combined in site measurements and heliospheric imaging, Astrophys. J., 759, 68.
Ma, S., G. D. R. Attrill, L. Golub, and J. Lin (2010), Statistical study of coronal mass ejections with and without distinct low coronal

signatures, Astrophys. J., 722, 289–301.
MacQueen, R. M., A. J. Hundhausen, and C. W. Conover (1986), The propagation of coronal mass ejection transients, J. Geophys. Res., 91,

31–38.
Möstl, C., and J. A. Davies (2013), Speeds and arrival times of solar transients approximated by self-similar expanding circular fronts, Sol.

Phys., 285, 411–423.
Ogilvie, K. W., et al. (1995), SWE, a comprehensive plasma instrument for the Wind spacecraft, Space Sci. Rev., 71, 55–77.
Owens, M. J., V. G. Merkin, and P. Riley (2006), A kinematically distorted flux rope model for magnetic clouds, J. Geophys. Res., 111,

A03104, doi:10.1029/2005JA011460.
Plunkett, S. P., B. J. Thompson, O. C. St. Cyr, and R. A. Howard (2001), Solar source regions of coronal mass ejections and their

geomagnetic effects, J. Atmos. Sol. Terr. Phys., 63, 389–402.
Richardson, I. G., and H. V. Cane (1995), Regions of abnormally low proton temperature in the solar wind (1965–1991) and their

association with ejecta, J. Geophys. Res., 100(A12), 23,397–23,412.
Riley, P., and N. U. Crooker (2004), Kinematic treatment of coronal mass ejection evolution in the solar wind, Astrophys. J., 600, 1035–1042.
Robbrecht, E., S. Patsourakos, and A. Vourlidas (2009), No trace left behind: STEREO observation of a coronal mass ejection without low

coronal signatures, Astrophys. J., 701, 283–291.

WANG ET AL. ©2014. American Geophysical Union. All Rights Reserved. 5131

http://dx.doi.org/10.1029/2008GL036182
http://dx.doi.org/10.1029/2004JA010602
http://dx.doi.org/10.1029/2008JA013686
http://dx.doi.org/10.1029/2005JA011460


Journal of Geophysical Research: Space Physics 10.1002/2013JA019537

Rodriguez, L., M. Mierla, A. Zhukov, M. West, and E. Kilpua (2011), Linking remote-sensing and in situ observations of coronal mass
ejections using STEREO, Sol. Phys., 270, 561–573.

Schwenn, R., A. Dal Lago, E. Huttunen, and W. D. Gonzalez (2005), The association of coronal mass ejections with their effects near the
Earth, Ann. Geophys., 23(3), 1033–1059.

Shen, C., Y. Wang, B. Gui, P. Ye, and S. Wang (2011a), Kinematic evolution of a slow CME in near solar space viewed by STEREO-B in
October 8, 2007, Sol. Phys., 269, 389–400.

Shen, C., Y. Wang, S. Wang, Y. Liu, R. Liu, A. Vourlidas, B. Miao, P. Ye, J. Liu, and Z. Zhou (2012), Super-elastic collision of large-scale
magnetized plasmoids in the heliosphere, Nat. Phys., 8, 923–928.

Shen, F., X. Feng, S. T. Wu, and C. Xiang (2007), Three-dimensional MHD simulation of CMEs in three-dimensional background solar wind
with the self-consistent structure on the source surface as input: Numerical simulation of the January 1997 Sun-Earth connection
event, J. Geophys. Res., 112, A06109, doi:10.1029/2006JA012164.

Shen, F., X. Feng, and W. B. Song (2009), An asynchronous and parallel time-marching method: Application to the three-dimensional
MHD simulation of the solar wind, Sci. China Ser. E: Technol. Sci., 52, 2895–2902.

Shen, F., X. S. Feng, Y. Wang, S. T. Wu, W. B. Song, J. P. Guo, and Y. F. Zhou (2011b), Three-dimensional MHD simulation of two coro-
nal mass ejections’ propagation and interaction using a successive magnetized plasma blobs model, J. Geophys. Res., 116, A09103,
doi:10.1029/2011JA016584.

Shen, F., C. Shen, Y. Wang, X. Feng, and C. Xiang (2013), Could the collision of CMEs in the heliosphere be super-elastic? Validation
through three-dimensional simulations, Geophys. Res. Lett., 40, 1457–1461, doi:10.1002/grl.50336.

Siscoe, G. L., B. Goldstein, and A. J. Lazarus (1969), An east-west asymmetry in the solar wind velocity, J. Geophys. Res., 74, 1759–1762.
Thernisien, A. (2011), Implementation of the graduated cylindrical shell model for the three-dimensional reconstruction of coronal mass

ejections, Astrophys. J. Suppl. Ser., 194, 33.
Thernisien, A., A. Vourlidas, and R. Howard (2009), Forward modeling of coronal mass ejections using STEREO/SECCHI data, Sol. Phys.,

256, 111–130.
Vourlidas, A., B. J. Lynch, R. A. Howard, and Y. Li (2013), How many CMEs have flux ropes? Deciphering the signatures of shocks, flux

ropes, and prominences in coronagraph observations of CMEs, Sol. Phys., 284, 179–201.
Wang, Y., C. Shen, P. Ye, and S. Wang (2004), Deflection of coronal mass ejection in the interplanetary medium, Sol. Phys., 222, 329–343.
Wang, Y., X. Xue, C. Shen, P. Ye, S. Wang, and J. Zhang (2006), Impact of the major coronal mass ejections on geospace during September

7–13, 2005, Astrophys. J., 646, 625–633.
Wang, Y., C. Chen, B. Gui, C. Shen, P. Ye, and S. Wang (2011), Statistical study of coronal mass ejection source locations: Understanding

CMEs viewed in coronagraphs, J. Geophys. Res., 116, A04104, doi:10.1029/2010JA016101.
Wang, Y. M., P. Z. Ye, S. Wang, G. P. Zhou, and J. X. Wang (2002), A statistical study on the geoeffectiveness of Earth-directed coronal mass

ejections from March 1997 to December 2000, J. Geophys. Res., 107(A11), 1340, doi:10.1029/2002JA009244.
Webb, D., B. Jackson, and P. Hick (1996), Geomagnetic storms and heliospheric CMEs as viewed from HELIOS, in Solar Drivers of

Interplanetary and Terrestrial Disturbances, vol. 95, pp. 167–170, ASP Conference Series, Astronomical Society of the Pacific, USA.
Webb, D. F., E. W. Cliver, N. U. Crooker, O. C. St. Cyr, and B. J. Thompson (2000), Relationship of halo coronal mass ejections, magnetic

clouds, and magnetic storms, J. Geophys. Res., 105(A4), 7491–7508.
Webb, D. F., N. U. Crooker, S. P. Plunkett, and O. C. St. Cyr (2001), The solar sources of geoeffective structures, in Space Weather, Geophys.

Monogr. Ser., vol. 125, edited by S. Paul, J. S. Howard, and L. S. George, pp. 123–142, AGU, Washington, D. C.
Yang, J., Y. Jiang, R. Zheng, Y. Bi, J. Hong, and B. Yang (2012), Sympathetic filament eruptions from a bipolar helmet streamer in the Sun,

Astrophys. J., 745, 9.
Yermolaev, Y. I., M. Yermolaev, G. Zastenker, L. Zelenyi, A. Petrukovich, and J.-A. Sauvaud (2005), Statistical studies of geomagnetic storm

dependencies on solar and interplanetary events: A review, Planet. Space Sci., 53, 189–196.
Zhang, J., K. P. Dere, R. A. Howard, and V. Bothmer (2003), Identification of solar sources of major geomagnetic storms between 1996 and

2000, Astrophys. J., 582, 520–533.
Zhang, J., et al. (2007), Solar and interplanetary sources of major geomagnetic storms (Dst ≤ -100 nT) during 1996–2005, J. Geophys. Res.,

112, A10102, doi:10.1029/2007JA012321.
Zhou, Y., 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.
Zuccarello, F. P., A. Bemporad, C. Jacobs, M. Mierla, S. Poedts, and F. Zuccarello (2012), The role of streamers in the deflection of coronal

mass ejections: Comparison between STEREO three-dimensional reconstructions and numerical simulations, Astrophys. J., 744, 66.

WANG ET AL. ©2014. American Geophysical Union. All Rights Reserved. 5132

http://dx.doi.org/10.1029/2006JA012164
http://dx.doi.org/10.1029/2011JA016584
http://dx.doi.org/10.1002/grl.50336
http://dx.doi.org/10.1029/2010JA016101
http://dx.doi.org/10.1029/2002JA009244
http://dx.doi.org/10.1029/2007JA012321
http://dx.doi.org/10.1002/2013JA018976

	Deflected propagation of a coronal mass ejection from the corona to interplanetary space
	Abstract
	Introduction
	Observations
	Instruments and Data
	Imaging Observations
	In Situ Observations

	Propagation Process
	In Corona
	In Interplanetary Space

	Conclusions
	Discussion on the Mechanism of the CME Deflection
	Appendix A: Derivation of Kinematic Model of the CME Deflection
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


