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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. However, 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 phenomenon 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 interplanetary 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 statistical 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 triangulation 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 propagation 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 presented 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 Heliospheric 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 Investigation [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
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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.

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.

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.

WANG ET AL.

©2014. American Geophysical Union. All Rights Reserved.

5119

Journal of Geophysical Research: Space Physics

10.1002/2013JA019537

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] deﬁnition. 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 velocity, (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 , suggesting 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
WANG ET AL.

©2014. American Geophysical Union. All Rights Reserved.

5120

Journal of Geophysical Research: Space Physics

10.1002/2013JA019537

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 previously 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, declining 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 interval, 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 leading 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
WANG ET AL.
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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
,
and
−11
±
22
,
respectively.
The
errors
are
estimated
following
the
method
by
Thernisien
et
al.
−5◦
[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.
WANG ET AL.
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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.

WANG ET AL.
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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 constructed 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 positive 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 corresponds 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
5123

Journal of Geophysical Research: Space Physics

10.1002/2013JA019537

elongation angle for the measurements. 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 propagation direction of the CME with some
assumptions. Here two widely used triangulation 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
Figure 8. J-map of ecliptic plane generated from COR2, HI1, and HI2
same plasma element [Liu et al., 2010].
imaging data from STA. Blue diamonds with error bars indicate the
The other one is called harmonic mean
track of the CME’s leading edge viewed by STA.
(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 interplanetary 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, corresponding 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 triangulation 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
probably too large to make the recorded
tracks in both J-maps being the same
part of the CME.

Figure 9. J-map from STB.
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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 deﬂection 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 longitude 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 deﬂection 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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4. Conclusions

Figure 12. A diagram illustrates the time delay of CME arrival due
to its circular-like front.

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 September 2008 CME from the corona to 1 AU.
The analysis deﬁnitely reveals that the CME
experienced a westward deﬂection throughout the heliosphere. The deﬂection angle
reaches as large as about 30◦ , among which
a 20◦ deﬂection occurred in interplanetary space. During the period of interest,
there was no other ejection with a similar
direction before or after the CME, suggesting 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 interest, 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
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 Mechanism of the CME Deﬂection

Figure 13. Extradistance the CME propagating through due to its curved
trajectory. It is derived based on the deﬂection angle shown in Figure 11.
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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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2012; Zuccarello et al., 2012 Kay et al.,
2013]. Generally, the magnetic energy
density reaches the minimum at heliospheric current sheet, which locates
near-ecliptic plane during solar minima. 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 interplanetary 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
0
60
120
180
240
300
MHD numerical method, in which a
Carrington Longitude (deg)
corona-interplanetary total variation
Figure 14. Carrington maps of radial component of magnetic ﬁeld at
diminishing scheme is adopted [Feng et
(top) 20 RS and (bottom) 1 AU, respectively, which are constructed by
al., 2003, 2005]. Starting from Parker’s
a 3-D MHD simulation. Dashed lines indicate the location of heliocensolar wind solution and the potential
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
magnetic ﬁeld extrapolated from magSeptember, when the CME arrived at 20 RS and 1AU, respectively.
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 magnetic 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 numerical 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
1
−
vr 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 superimposed. 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 trajectory 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 predicted longitudes by considering ±15% error in the CME velocity. Refer to
section 5 for details.
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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 factors/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 interplanetary 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 dominant 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 = vsw t

(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 = vr t

(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
r
=
𝜑0 − 𝜑i
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
Ωt
vsw

(A6)

or
vsw − vr
Ωr
v v
( sw r )
1
1
−
r
=
a a0

Δ𝜙(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 = vsw dt
(A8)
d𝜑0 = −Ωdt
{

dr = vr dt
d𝜑 = −Ωdt + d𝜙(t)

(A9)

Then we can get the deﬂection angle
vsw − vr
Ωdt
v
( sw
)
1
1
=
−
Ωdr
vr vsw

d𝜙 =

(A10)

as well as the angular velocity of the CME
𝜔=
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v − vr
d𝜙
= sw
Ω
dt
vsw

(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.
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