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[1] The projection effect is one of the biggest obstacles in learning the real properties of
coronal mass ejections (CMEs) and forecasting their geoeffectiveness. To evaluate the
projection effect, 86 full halo CMEs (FHCMEs) listed in the Coordinated Data Analysis
Workshop CME catalog from 1 March 2007 to 31 May 2012 are investigated. By
applying the Graduated Cylindrical Shell model, we obtain the deprojected values of the
propagation velocity, direction, and angular width of these FHCMEs and compare them
with the projected values measured in the plane-of-sky. Although these CMEs look full
halo in the view angle of SOHO, it is found that their propagation directions and angular
widths could vary in a large range, implying projection effect is a major reason causing a
CME being halo, but not the only one. Furthermore, the comparison of the deprojected
and projected velocities reveals that most FHCMEs originating within 45ı of the
Sun-Earth line with a projected speed slower than 900 km s–1 suffer from large projection
effect, while the FHCMEs originating far from the vicinity of solar disk center or moving
faster than 900 km s–1 have small projection effect. Thus, for the latter class of FHCMEs,
it is not necessary to correct the measured velocities.
Citation: Shen, C., Y. Wang, Z. Pan, M. Zhang, P. Ye, and S. Wang (2013), Full halo coronal mass ejections: Do we need to
correct the projection effect in terms of velocity?, J. Geophys. Res. Space Physics, 118, doi:10.1002/2013JA018872.

1. Introduction
[2] Halo coronal mass ejections (CMEs), which appear

to surround the occulting disk of coronagraphs, were first
reported by Howard et al. [1982] based on observations
from Solwind or P78-1. Since then, the properties and geo-
effectiveness of halo CMEs have been widely studied and
discussed [e.g., St. Cyr et al., 2000; Wang et al., 2002;
Yashiro et al., 2004; Burkepile et al., 2004; Schwenn et al.,
2005; Lara et al., 2006; Gopalswamy, 2009; Gopalswamy et
al., 2007, 2010b; Temmer et al., 2008; Wang et al., 2011; Cid
et al., 2012, and reference therein].

[3] Most aforementioned studies were based on the
analyses of the observations from single-point observations,
such as Solar Maximum Mission, Solar and Heliospheric
Observatory (SOHO), etc. However, the projection effect,
unavoidable in single-point observations, would signifi-
cantly distort the real geometric and kinematic parameters
of CMEs, especially for full halo CMEs (FHCMEs) which
are thought to originate from the vicinity of the solar disk
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center [e.g., Howard et al., 1985; Hundhausen, 1993; Webb
and Howard, 1994; Sheeley et al., 1999; Vršnak et al., 2007;
Howard et al., 2008; Gao et al., 2009; Temmer et al., 2009;
Wang et al., 2011]. Various models, such as cone models
[e.g., Zhao et al., 2002; Xie et al., 2004; Xue et al., 2005;
Michalek, 2006; Zhao, 2008], and some simple deprojection
models [e.g., Shen et al., 2007; Howard et al., 2007, 2008]
have been developed to obtain the real parameters of CMEs.
Based on a deprojection method, for example, Howard et
al. [2008] discussed the projection effect on the kinematic
properties of CMEs. They found that the corrected values
of CME parameters can significantly differ from the pro-
jected measurements, and the angular widths of CMEs are
correlated with their speeds.

[4] The successful launch of the Solar Terrestrial Rela-
tions Observatory (STEREO) [Kaiser et al., 2008] first
provided multiple-point observations of CMEs. Based on
different assumptions, various models, such as Graduated
Cylindrical Shell (GCS) model [Thernisien et al., 2006,
2009; Thernisien, 2011], triangulation methods [e.g.,
Temmer et al., 2009; Lugaz et al., 2009, 2010; Liu et al.,
2010; Lugaz, 2010; Liu et al., 2012], mask fitting meth-
ods [Feng et al., 2012, 2013], Geometric Localisation [de
Koning et al., 2009], and Local Correlation Tracking Plus
Triangulation [Mierla et al., 2009], were developed. The
accuracy and the difference of some models have been
compared and discussed by Lugaz [2010] and Feng et al.
[2013]. Since then, the geometric and kinematic parameters
of CMEs could be determined in a more reliable way.
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Figure 1. The GCS model’s fitting result for 15 February 2011 CME. (a1–c1) the imaging observations
of this CME. (a2–c2) the images with the GCS wireframe (green symbols) overlaid on top. From left to
right, they are STEREO B, SOHO, and STEREO A observations, respectively.

[5] Since STEREO data will not be available forever, the
space weather forecasting will have to rely on single-point
observations, from which projected values can be measured.
Thus, it is time to reevaluate how significantly the pro-
jection effect can influence the CMEs’ parameters. Here
we are particularly interested in the projection effect in
terms of velocity, which is the most important parameter in
space weather forecasting. FHCMEs, the most likely Earth-
directed ones, are selected for this study. The Coordinated
Data Analysis Workshop (CDAW) CME catalog [Yashiro et
al., 2004] is used to select events, and the time period is
from 1 March 2007 to 31 May 2012, during which STEREO
and SOHO observations are all available, and the separa-
tion angle between the twin spacecraft of STEREO varied
from 1ı to 233ı. It results in a sample of 86 FHCMEs.
In section 2, we will briefly introduce the GCS model and
its application to the FHCMEs. The deprojected properties
of FHCMEs will be presented in section 3. In section 4,
we will show the significance of the projection effect and
try to answer the question of which kind of FHCMEs need
correction. A summary and conclusions are given in the
last section.

2. Method
[6] GCS model is an empirical and forward fitting method

to represent the structure of flux rope-like CMEs [Thernisien
et al., 2006, 2009; Thernisien, 2011] and has proved to
be one of the best models to derive real parameters from
projected images [e.g., Liu et al., 2010; Poomvises et al.,
2010; Vourlidas et al., 2011; Shen et al., 2012, 2013]. The
GCS model has six free geometric parameters, which are the

propagation longitude � and latitude � , aspect ratio �, tilt
angle � with respect to the equator, the half-angle ˛ between
the legs, and finally, the height h of the CME leading edge
[see Thernisien et al., 2006, Figure 1]. To derive the depro-
jected parameters of CME, we adjust these six parameters
manually to get the best match between the modeled CME
and the observed CME in all STEREO and SOHO coro-
nagraphs, i.e., STEREO/COR2 A and B and SOHO/Large
Angle and Spectrometric Coronagraph (LASCO). In this
procedure, the contrast of images is carefully adjusted to dis-
tinguish the main body of CMEs and the associated shock
fronts. The STEREO/Sun Earth Connection Coronal and
Heliospheric Investigation (SECCHI) COR1 data are not
used due to its poor quality.

[7] Figure 1 shows an example of the GCS model’s fitting
result. We find that there are 80% (69 out of 86) FHCMEs
could be well fitted by the GCS model. For a well-fitted
CME, a time series of its direction, angular width, and height
could be obtained. The CME real speed, vGCS, is derived by
the linear fitting of the height-time points. To get a more
reliable result, we calculate vGCS only for the CMEs recorded
in at least three frames. In our sample, there are three CMEs,
which appeared in only one or two frames, and therefore the
speed cannot be estimated. Table 1 shows the numbers of
CMEs in different groups.

[8] Why the 17 CMEs in group III cannot be fitted by
the GCS model? We find that there are two reasons: First,
the CME pattern is contaminated by other transient struc-
tures, which makes the boundary of the CME unclear. Such
a phenomenon could be found in 12 events. As an example,
Figure 2a shows the 30 July 2007 event. At 06:06 UT,
there are probably three CMEs recorded by coronagraphs
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Table 1. CME Numbers in Different Groupsa

Group I Group II Group III Total

66 (59) 3 17 86

aGroup I: CME is well fitted by GCS model and linear fitting speed vGCA
could be obtained. The number in the parentheses is the number of CMEs
in which the vCDAW could not be calculated. Group II: CME is well fitted by
GCS model, but no speed is available. Group III: CME cannot be fitted by
GCS model.

simultaneously. Second, the CME is away from a flux rope-
like shape. The other five events are in this case. Figure 2b
shows an example which occurred on 31 August 2010.
One can see that one part of the CME is much brighter
than the other part, especially in the SOHO image. Such
a phenomenon is probably due to the presence of ambient
streamers or other preexisting CMEs/shocks. Thus, it cannot
be the evidence that the CME is not a flux rope-like structure.

[9] An online list is compiled to show the deprojected
parameters of these FHCMEs, which could be found at
http://space.ustc.edu.cn/dreams/fhcmes/. This list is being
continuously updated for new events. It should not be sur-
prising if some most recent events in the online list are not
in the sample of this study. In this list, the propagation direc-
tion (given by longitude and latitude), the deviation angle
(�) between the direction and the Sun-Earth line, the face-on
angular width (!, which is 2(˛ + ı), in which ı = sin–1� is
the half-angle of the cone), and the velocity (vGCS) derived
from the GCS model are given. The projected speed, vCDAW,
is also given for comparison. It should be noted that vCDAW is
not simply adapted from the CDAW CME catalog, because
the speed it provides is from the measurements of the CME

main front in the C2 and C3 field of view (FOV), which is
much larger than STEREO COR2’s FOV where vGCS is
derived. Thus, to make a reasonable comparison between
the projected and deprojected speed, we recalculate the
projected speed by fitting the height-time measurements pro-
vided by the CDAW CME catalog in the FOV of COR2.
Note that there are seven events having no vCDAW due to the
data points are less than 3.

[10] It should be noted that we only studied the kine-
matic parameters of the CMEs during their propagation in
the field of view of STEREO/COR2. The COR2 instrument
observed the corona from 2 to 15 Rˇ. Previous results indi-
cated that the acceleration (deceleration) [Zhang and Dere,
2006] of CMEs mainly happened in the lower corona region.
Thus, we use the constant speed assumption and the discus-
sion about the real acceleration of these CMEs, similar as
Howard et al. [2008] did, is ignored in this work. In addi-
tion, by examining the fitting results for the FHCME events
we studied in this paper carefully, we found that almost all
the deprojected height-time profiles could be well fitted by
straight lines.

3. Deprojected Properties of FHCMEs
[11] Figure 3a shows the distribution of the deviation

angle, �, of FHCMEs. It could vary in the full range from
about 0ı to nearly 90ı with an average angle of 35ı. Most of
them, occupying a fraction of 86% (59 out of 69), are smaller
than 50ı, and a few of them could be very large. It suggests
that the projection effect is indeed the main reason for CMEs
being halo, but not always. On the other hand, about 14%
(10 out of 69) of FHCMEs are very wide with angular width
> 140ı. This could be also seen in Figure 3b. Although the

Figure 2. Two examples of the CMEs which could not fitted by the GCS model. (a) the observations for
the 30 July 2007 04:54 UT CME and (b) the observations for the 31 August 2010 21:27 UT CME.
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Figure 3. The distribution of the deprojected parameters of
the FHCMEs. (a–c) The distribution of the deviation angle
(�), angular width (!), and the deprojected speed (vGCS),
respectively.

projected angular width of all the CMEs in SOHO/LASCO
FOV is all 360ı, their real angular width varies in a wide
range from as narrow as 44ı to as wide as 193ı. The aver-
age value of the angular width is about 103ı, much larger
than that of a normal CME, which is about 60ı [Wang et al.,
2011]. It is found that 45% of FHCMEs are wider than 100ı.
This fact does imply that FHCMEs consist of a significant
number of fast and wide CMEs.

[12] A wider CME tends to be faster. This phenomenon
was revealed in previous works by, e.g., Gopalswamy et al.
[2001], Yashiro et al. [2004], Burkepile et al. [2004], Vrš-
nak et al. [2007], and Howard et al. [2008] and also could
be seen in Figure 4, which shows the scatterplot between the
angular width and vGCS. It is found that there is a weak but
positive correlation. The correlation coefficient is 0.48 Rˇ.
A similar correlation can be found in Vršnak et al. [2007,
Figure 1a] where the projected plane-of-sky velocity and
angular width of nonhalo CMEs are compared. Besides,
Figure 3c shows the distribution of vGCS. The real speeds of
these CMEs vary from 274 km s–1 to 2016 km s–1 with an
average speed of 985 km s–1. The difference between the real
speeds and projected speeds will be detailedly studied in the
next section.

4. Projection Effect of FHCMEs
[13] Projection effect undoubtedly exists for FHCMEs. In

terms of space weather forecasting, two parameters, veloc-
ity and direction, are the most important. Direction is at
secondary place for FHCMEs because most of them may
encounter the Earth. The influence of the projection effect
of the direction will be briefly discussed in the last section.
Here we focus on the first priority parameter, the velocity.

[14] First, we define a parameter to measure the sig-
nificance of the projection effect in velocity, which is
Rv = vGCS

vCDAW
. In principle, one could expect that Rv should

attain a value equal to or larger than unity. Rv = 1 means
there is no projection effect, while Rv > 1 indicates the pres-
ence of projection effect. The larger the value of Rv is, the
more significant the projection effect is. Figure 5 shows the
distribution of Rv, which locates in a range from 0.78 to 2.21.

[15] In this work, the uncertainty of the vGCS comes from
the errors of the GCS model’s heights and the linear fitting
process. Thernisien et al. [2009] found that the mean uncer-
tainty in the GCS model’s heights is about 0.48 Rˇ. By taken
this uncertainty into the linear fitting process, we found that
the mean relative error of the vGCS is about 12% for these
events. It is worth noting that the SOHO/LASCO observa-
tions in our study provide an additional constrain on the free
parameters. Thus, we believe that the uncertainties of vGCS
should be even smaller. For simplicity, a 10% uncertainty is
finally applied. The uncertainty of the VCDAW comes from
the error in measurements of height of CME’s leading edge.
Assuming that the error is 0.2 Rˇ (about 4 pixel uncertainty
in SOHO/LASCO C3 images), the mean value of the rela-
tive error of the vCDAW for these events is 10%. Thus, we
use 10% as the uncertainty for both vCDAW and vGCS for all
the events in the statistical analysis. We may consider that
a value of Rv roughly between 0.8 and 1.2 indicates there is
no projection effect. It is found that there are 22 out of 59
events showing obvious projection effect. The velocities of
these FHCMEs need to be corrected.

[16] Why do some FHCMEs show significant projec-
tion effect and the others not? To answer this question, we
investigate the dependence of Rv on the deviation angle �
and the projected speed vCDAW, which has been shown in

Figure 4. The angular widths of CMEs shown as a function
of vGCS.
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Figure 5. The distribution of the parameter Rv

�
= vGCS

vCDAW

�
.

Figure 6. Seen from this figure, a weak correlation between
the projected speed and the deviation angle � could be found.
A similar correlation was shown in Vršnak et al. [2007,
Figure 2] in which the location of the CME-related flare
(treated as the source region of the CMEs) and the plane-
of-sky speeds of these CMEs for nonhalo CMEs were used.
In Figure 6, large dots, small dots, and open circles indicate
the events with Rv larger than 1.2, between 0.8 and 1.2, and
smaller than 0.8, respectively. In addition, the gray scale of
the symbols is used to indicate the value of Rv. It can be seen
readily that the events with a significant projection effect
concentrate in the lower-left corner of the plot. For the events
with � larger than 45ı or vCDAW larger than 900 km s–1, the
values of Rv are all close to unity, except one smaller than
0.8. Thus, we tentatively conclude that all the FFHCMEs
which show obvious projection effect (Rv > 1.2) are originat-
ing within 45ı of the Sun-Earth line and moving slower than
900 km s–1 in the plane-of-sky. On the other hand, there are
total 30 events in the region � < 45ı and vCDAW < 900 km s–1,
and 73% (22 out of 30) of them have a large value of
Rv. These results clearly suggests that, although the projec-
tion effect reaches the maximum for FHCMEs, not all of
the FHCMEs need to be corrected for the effect in terms
of velocity. If assuming CMEs propagate almost radially

Figure 6. Projected speed shown as a function of the angle
�. The gray scale of the symbol indicate the difference value
of the Rv.

Figure 7. The distribution of the vdiff = vGCS – vCDAW.

(though the fact is that CMEs may be deflected during prop-
agation [e.g., Wang et al., 2004, 2006; Gopalswamy et al.,
2010a; Gui et al., 2011; Shen et al., 2011; Zuccarello et
al., 2012]), the angle � approximately indicates the CME’s
source location. Then we suggest that the projection effect
of FHCMEs originating from the vicinity of solar disk center
and not propagating too fast needs to be carefully checked.

[17] The above analysis focuses on the relative difference
between vGCS and vCDAW. It should be noted that for a CME
with vCDAW larger than 1000 km s–1, 10% uncertainty will
lead to an absolute difference larger than 200 km s–1 between
them. Thus, we further look into the absolute difference
between the two velocities, which is vdiff = vGCS – vCDAW.
Figure 7 shows the distribution of vdiff. Here we assume
a restrict uncertainty of 100 km s–1 between the vGCS and
vCDAW caused by projection effect. For a CME moving with
speed of 1000 km s–1, the 100 km s–1 uncertainty leads to
an acceptable uncertainty (about 4.6 h) in the CME transit
time from the Sun to 1 AU. It is found that there are 26
out of 59 events with |vdiff | < 100 km s–1, 25 events with
vGCS obviously larger than vCDAW, and 8 events with vGCS
obviously smaller than vCDAW.

[18] Similarly, the dependence of vdiff on � and vCDAW is
shown in Figure 8. It could be seen that most (88% or 22 out

Figure 8. The projected speed varied with the angle �.
The gray scale of the symbol indicates the difference value
of vdiff.
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of 25) events with vdiff > 100 km s–1 locate in the lower left
corner. If the same thresholds were selected as we have done
in Figure 6, i.e., � � 45ı and vCDAW � 900 km s–1, we find
that 73% (22 out of 30) of the events in the region have sig-
nificant projection effect, and on the other hand, 90% (26 out
of 29) of the events outside the region do not show obvious
projection effect. These results are quite similar to those
by using Rv, and further confirm that the velocities of the
FHCMEs originating from the vicinity of solar disk center
and not propagating too fast are probably influenced by the
projection effect.

[19] For the events with vGCS < vCDAW, there are several
reasons. First, the errors in the measurements and fitting
procedures are large. Second, vGCS is derived by fitting
CME’s outline, while vCDAW comes from the measurements
of CME’s leading edge along a certain direction. The latter
may probably be a shock rather than the CME body. We
notice that all the CMEs with vdiff < –100 km s–1 are
faster than 850 km s–1 (particularly, 7 out of 8 CMEs are
faster than 1200 km s–1). Such fast CMEs probably drive a
shock and can be only recorded in a few frames by corona-
graphs. Third, the overexpansion [e.g., MacQueen and Cole,
1985; Moore et al., 2007; Patsourakos et al., 2010] and the
effect of aerodynamic drag [e.g., Chen, 1996; Cargill, 2004;
Vršnak and Žic, 2007; Vršnak et al., 2008; Lugaz and
Kintner, 2012; Vršnak et al., 2012] might also play a sig-
nificant role. Schwenn et al. [2005] found that the lateral
expansion speed may larger than the radial speed with a
factor of 1.2. In the projected image, it is hard to distinguish
the expansion speed and the propagation speed of a CME.
It is possible that the velocity determined in the projected
observations might be combined with the real expansion
speed and the projected propagation speed. Thus, in cases
where the expansion speeds are larger than their radial prop-
agation speeds, their projected speeds might be larger than
their real propagation speeds. In addition, different values of
the background solar-wind speed at different latitudes might
also cause the velocities of some parts of a CME to be faster
than the propagation velocity of its front due to the solar-
wind drag. Thus, the apparent velocity which measured the
fastest part of a CME on the plane-of-sky might be faster
than the real propagation velocity.

5. Summary and Conclusion
[20] With the aids of GCS model, we investigate the

deprojected parameters of the 69 FHCMEs from 1 March
2007 to 31 May 2012 based on the STEREO/COR2 and
SOHO/LASCO observations. It is found that

[21] 1. A large fraction (� 80%) of the FHCMEs could
be fitted by the CGS model which assumes a flux rope
geometry of a CME. Those FHCMEs that cannot be well
fitted are probably due to the contamination/distortion by
other structures. This result suggests that most CMEs are
a flux rope-like structure. It consists with recent studies
which argued that all (or large fraction of) CMEs are flux
rope structures based on remote or in situ observations [e.g.,
Vourlidas et al., 2013; Xie et al., 2013; Yashiro et al., 2013;
Zhang et al., 2013, and reference therein]. Thus, models
which treat the CME as a flux rope [e.g., Chen, 1996; Hu et
al., 2013; Hu and Dasgupta, 2006; Wang et al., 2009] are
appropriate to study CMEs.

[22] 2. Although the CMEs we chosen are all full halo
CMEs in the view angle of SOHO, the deprojected angular
width varies in a large range from 44ı to 193ı. Moreover,
about 30% of front-side FHCMEs have � > 45ı, suggest-
ing they are not Earth-directed. For those CMEs with large
� and small angular width, it is hard to expect that they
would arrive at the Earth. Thus, if we simply use the front
side and full halo as criterion to determine Earth-directed
CMEs, some wrong alerts will be made. In addition, the
ratio of the Earth-direct CMEs arrival to the Earth might be
underestimated if we simply use this criterion to determine
the Earth-direct CME. However, some questions are still
remained for these CMEs: (1) Whether all these Earth-direct
FHCMEs arrived at the Earth? (2) Can the “limb” front-side
FHCMEs arrive at the Earth? (3) Is there any criterion that
could be used to forecast whether a CME will arrive at the
Earth or not? Such questions have been widely discussed in
the frame of projection parameters [e.g., Gopalswamy et al.,
2007; Zhang et al., 2007], and our study represents a step
forward in answering these questions.

[23] 3. Not all the FHCMEs show obvious projection
effect on the speed. Our results show that the FHCMEs orig-
inating within � = 45ı of the Sun-Earth line and moving
with a projected speed slower than 900 km s–1 probably
have obvious projection effect on the speed. Although the
twin STEREO spacecraft allow us to obtain the deprojected
parameters, they will not always be there and it is quite
possible that CMEs can be only observed from one point.
Thus, the criterion obtained above is particularly useful for
us to determine whether or not a CME needs to correct pro-
jection effect, as the two parameters � and vCDAW applied
in this criterion could be easily estimated from a single-
point observations. Why is the projection effect small for
not on-disk (� > 45ı) or fast (vCDAW > 900 km s–1) CMEs?
A possible reason is that, these CMEs are usually wide
enough to intersect with the plane of the sky. In this case, the
measured velocity of the FHCMEs based on the projected
coronagraph images may be close to their real propagation
velocity because the fronts of CMEs are nearly circular.
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