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Innovative techniques have been developed to extract three-dimensional (3-D) information on coronal

mass ejections. Some techniques have only been available since the launch of the STEREO spacecraft,

where geometry can be applied to white light observations from three different viewpoints. Another

technique not necessarily requiring the multiple-viewpoint capabilities of STEREO involves heliospheric

imaging. With heliospheric imagers, we may take advantage of the breakdown in geometrical and

Thomson scattering linearity and, with careful analysis of the data, extract 3-D parameters from CME

images. In this review we discuss the various techniques that are being developed and used to

reconstruct the 3-D structure and kinematic evolution of CMEs, with a particular emphasis on the work

of the author and colleagues. Following a brief review of multiple-viewpoint coronagraph analysis, we

focus on techniques involving heliospheric images, which can be used to achieve the reconstruction

with a good degree of accuracy without the need for auxiliary data.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Coronal mass ejections (CMEs) are large eruptions of plasma
and magnetic field from the Sun. They may contain masses in
excess of 1013 kg and early in their evolution they can achieve
speeds in excess of 3000 km/s. CMEs are believed to be
responsible for the removal of large quantities of magnetic energy
and plasma from the solar atmosphere (Low, 1996), and a single
CME contains more energy than all of the other solar eruptive
phenomena (e.g. flares, solar energetic particles) combined
(Emslie et al., 2004). They are hence an important mechanism in
solar cycle evolution. Upon their occasional impact with the Earth
they compress the magnetosphere and may inject large quantities
of energetic particles resulting in large disturbances known as
(geo)magnetic storms (e.g. Dungey, 1961, 1963). Magnetic storms
are responsible for a variety of damage to technological
infrastructure on and near the Earth, including power station
damage, communications disruption, spacecraft damage and
destruction and increased radiation dosage to aircraft passengers
and astronauts. The NRC report by Baker et al. (2009) provides a
review of the status quo regarding space weather. Improving our
understanding of CMEs is hence of great significance to both
scientific and technological objectives.
ll rights reserved.
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CMEs are very faint relative to the brightness of the Sun, and so
they have traditionally been observed using white light corona-
graphs that block out the photospheric light using an occulting
disk, revealing the faint surrounding corona. These coronagraphs
detect the Thomson scattered light off free electrons in the CME,
and the most successful coronagraphs for CME detection have all
been on spacecraft. This includes those on board OSO-7 (Tousey,
1973) and Skylab (Gosling et al., 1974), the later Solwind (Michels
et al., 1980) and C/P on board SMM (MacQueen et al., 1980), and
the more recent LASCO on SOHO (Brueckner et al., 1995) and the
CORs on STEREO (Howard et al., 2008). Statistical studies on CMEs
have been reported by many workers, including Hundhausen
et al. (1994), St. Cyr et al. (2000), and Yashiro et al. (2004).

1.1. Kinematic measurements of CMEs

From the early days of CME observations, measurements of
height, speed and acceleration were obtained by measuring the
location of the leading edge of the structure in the coronagraph
relative to the center of the Sun. They provide a reasonable
approximation of the location of the CME as it moves through the
field of view of the coronagraph but are limited due to the physics
by which the CME is observed in white light. Firstly the images
are sky plane projections, and so measurements of distance do not
represent the actual three-dimensional (3-D) distance of the
structure, but rather this distance projected into the sky plane.
That is,

dmeasured ¼ dactualcosY, ð1Þ
truction of coronal mass ejections using heliospheric imager....
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where Y is the angle the central axis of the CME makes with the
sky plane.

The other limitation of white light images is due to the
Thomson scattering physics that enable us to detect them. These
bias CME intensities to near the plane of the sky because at small
angles from the Sun the scattered light is maximized (e.g.
Andrews et al., 1998). Combining geometry and the scattering
physics we may convert the angular separation into a physical
distance by applying some simple, yet unavoidable approxima-
tions. These allow a simplified conversion to distance units but at
the cost of removing 3-D information about the CME from the
coronagraph images. Further from the Sun this linearity breaks
down which increases the complexity of the required analysis, but
enables the extraction of 3-D information.

This review discusses recent developments in the extraction of
3-D information on CMEs using coronagraph and heliospheric
imager data alone. Such developments represent a great advance
in the study of CMEs as the reliance on auxiliary data to identify
3-D information has led to misunderstanding and misinterpreta-
tion of CME data. We discuss the various techniques that are
being developed and used to reconstruct the 3-D structure and
kinematic evolution of CMEs, with a particular emphasis on the
work of the author and colleagues. We begin with a brief review
of techniques used to identify 3-D information about CMEs
followed by a discussion of the utility of the stereoscopic
capabilities of the STEREO coronagraphs to attempt 3-D recon-
struction. We then move on to a discussion of heliospheric
imagers and how they may be used to identify 3-D CME
parameters by taking advantage of the breakdown of the linearity
that occurs when CMEs are far from the Sun. We demonstrate that
heliospheric image data alone may be utilized for fast, reliable and
potentially accurate 3-D CME reconstruction without the need for
auxiliary data or a stereoscopic viewpoint, and conclude that a
replacement next generation heliospheric imager is urgently
needed before the current imagers lose their capability for space
weather forecasting.
2. Extracting three-dimensional information from
coronagraphs

Workers in the past have attempted to identify 3-D properties
of coronagraph CMEs using auxiliary data (i.e. solar ‘‘surface’’
features) as indicators. Such indicators take many forms, includ-
ing active regions (e.g. Falconer et al., 2002), X-ray and Ha flares
(e.g. Howard et al., 2008), disappearing filaments (erupting
Fig. 1. Two STEREO/COR2 coronagraph images of a single CME obtained from two differ

time of these images, both STEREO were approximately 201 from the Sun–Earth line (and

(COR2-B, right) behind. The solid disk in the center is the occulting disk and the white

Please cite this article as: Howard, T.A., Three-dimensional recons
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prominences) (e.g. Li and Luhmann, 2006) and post-eruptive
arcades (Tripathi et al., 2004). These indicators are often labeled
as the source or origin of the CME (e.g. Owens and Cargill, 2004;
Gopalswamy, 2004, 2009; Wang et al., 2006; Gopalswamy et al.,
2007), although this is incorrect. Solar flares, for example, have
long been known to be associated with CMEs at only the
secondary or tertiary level (Kahler, 1992; Gosling, 1993), with
the timing of the flare not coincident with the onset of the CME
(Harrison et al., 1985) and the location of the flare associated with
just a single footpoint of the CME (Simnett and Harrison, 1984).
Solar surface indicators are also limited because they do not
provide information on changes to the CME during its evolution
through the heliosphere (e.g. change of direction). Hence, the
extraction of 3-D CME information using solar surface indicators
have been met with limited success.

STEREO coronagraph data have for the first time provided a
means to identify 3-D information from coronagraph data alone.
This is because of the angular separation between both STEREO
spacecraft and the Sun–Earth line, enabling the geometrical
perspective to be recognized. When observed with coronagraphs,
the CME is close enough to the Sun to enable the safe assumption
that geometrical features commonly observed from different
viewpoints are at the same location in 3-D space. Relative
differences in the apparent structure of the CME can then be
assumed to be entirely due to projection effects. Hence, by
measuring the relative location of a number of common features
observed on the CME from the CORs and LASCO we may apply
simple geometrical triangulation to identify the 3-D location of
each feature. Such a technique was performed by Howard and
Tappin (2008) who identified the 3-D location of two CMEs
observed by LASCO and the CORs in November 2007. Fig. 1 shows
their Fig. 2c, showing the effects of projection on the same CME
observed from two viewpoints. The CME in the COR2-A image on
the left is narrower and further from the Sun than the CME in the
COR2-B image on the right even though both images were
obtained at the same time. This is because the location of this CME
is closer to the plane of the sky of STEREO-A than STEREO-B.

Fig. 2 shows the location of both CMEs on the solar surface and
in the ecliptic plane as determined by Howard and Tappin (2008)
(their Fig. 5). The three traces on each solar image indicate the
locations relative to LASCO (L) and COR2-A and B (A and B) at
three locations, the northern and southern flanks, and the central
point. The largest deviation between the three instruments was at
the northern flank because there is a greater relative uncertainty
when the measured point is closest to the same plane as the
observers. The difference in longitude of the two events between
ent viewpoints. Both images were taken on November 16, 2007 at 14:07 UT. At the

therefore 401 from each other), with STEREO-A (COR2-A, left) ahead and STEREO-B

circle in both images represents the solar disk (Howard and Tappin, 2008).
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Fig. 2. The 3-D reconstruction of two CMEs reported by Howard and Tappin (2008). (a) Location on the solar surface of each event relative to LASCO (L), COR2-A (A) and

COR2-A (B). (b) Ecliptic plane projection of both events at two different times. Event 2 is the event shown in Fig. 1. The Sun is at the center and the relative directions to the

Earth and both STEREO are shown. The angular separation between Events 1 and 2 is 761 which is the separation between the two southern flanks.
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the northern flank, central point and southern flank was 421, 151,
and 761, respectively, and the location of the southern flanks are
shown in Fig. 2b. The difference in onset time between the two
events was 40 h, during which time the Sun would have rotated
around 231.

Based on this, Howard and Tappin (2008) concluded that the
CMEs probably originated from the same magnetic structure in
the corona. A number of studies involving other techniques that
take advantage of the stereoscopic capabilities of STEREO for CME
reconstruction have since emerged and continue to do so,
Please cite this article as: Howard, T.A., Three-dimensional recons
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including forward modeling (e.g. Thernisien et al., 2006; Wood
et al., 2009), tie-pointing (e.g. Mierla et al., 2009), inverse
reconstruction (Antunes et al., 2009) and polarization ratio
(Moran et al., 2010). Other triangulation efforts have also been
made by (for example) de Koning et al. (2009), Liewer et al. (2009)
and Temmer et al. (2009). Finally, efforts to more accurately
define the masses of CMEs when observed in stereoscopic
coronagraphs have developed, most notably by Colaninno and
Vourlidas (2009). The review by Mierla et al. (2010) discusses
many of these new and emerging techniques.
truction of coronal mass ejections using heliospheric imager....
1016/j.jastp.2010.08.009

dx.doi.org/10.1016/j.jastp.2010.08.009


T.A. Howard / Journal of Atmospheric and Solar-Terrestrial Physics ] (]]]]) ]]]–]]]4
3. Heliospheric imagers

The need for stereoscopic views of CMEs in order to extract
their 3-D properties can be overcome by imaging CMEs when they
are at large distances from the Sun. This is because the linearity
imposed on CMEs when they are close to the Sun breaks down
when they are further away. One consequence of this breakdown
is that we may no longer assume that we are observing the same
point on a CME when measured from different viewpoints or even
at different locations in the heliosphere.

While the linearity breakdown causes an increase in the
complexity of the required CME analysis, it has the advantage that
3-D information can now be extracted from the images. Hence
with a careful and detailed analysis of the geometry and
scattering physics of the CME images we may extract some 3-D
information from the images alone, without the need for auxiliary
data or multiple viewpoints. To achieve this, we require an
instrument capable of imaging CMEs when they are at large
distances from the Sun and able to track them across very large
distances through the heliosphere. Such an instrument is the
heliospheric imager.

Heliospheric imagers work on a similar principal to corona-
graphs, in that they observe CMEs in white light but at much
further angular separations from the Sun. They are much more
sensitive than coronagraphs, as they must observe CMEs to
brightnesses down to 10�14 that of the Sun, but must also cover
an intensity range spanning four orders of magnitude in order to
accommodate the large change in apparent intensity of the CME
(at a rate proportional to around r�4 where r is the distance from
the Sun) as it evolves (Eyles et al., 2003). The first white light
imager capable of observing CMEs at large distances was the E9
zodiacal light experiment on board the Helios spacecraft (Leinert
et al., 1975), but the instrument had an extremely limited field of
view. The first (almost) all-sky heliospheric imager was the Solar
Mass Ejection Imager (SMEI), launched on board the Coriolis
spacecraft in 2003 (Eyles et al., 2003). SMEI continues to operate
to date and has detected and tracked well over 300 CMEs during
its seven year lifespan. Studies of CMEs using SMEI include Tappin
et al. (2004), Howard et al. (2006), Webb et al. (2006), Jackson
et al. (2006, 2008), Howard and Simnett (2008), and Tappin and
Howard (2009). The STEREO spacecraft, launched in 2006, carry
the Heliospheric Imagers (HIs) that provide cleaner images of the
heliosphere than SMEI, but with a field of view limited to around
the ecliptic plane (Eyles et al., 2009). Studies of CMEs using the
HIs include Harrison et al. (2008), Wood and Howard (2009),
Davis et al. (2009) and Wang et al. (2009). Studies using both
SMEI and the HIs include Webb et al. (2009) and Howard and
Tappin (2009b, 2010).
4. Using heliospheric imagers to extract 3-D CME properties

Theoretically, the appearance of a CME in heliospheric imagers
is a derivative of two coupled physical problems. These are the
physics that enable us to observe the CME and the geometry of
the structure as it moves relative to a fixed observer. The former
involves the Thomson scattering of white light on the free
electrons comprising the CME plasma while the latter requires
knowledge of the overall structure of the CME and the application
of physically and geometrically reasonable assumptions.
4.1. Thomson scattering: a brief review

The physics of Thomson scattering has been well established
with theoretical investigations predating the discovery of the
Please cite this article as: Howard, T.A., Three-dimensional recons
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electron (Schuster, 1879). Further developments were made by
Minnaert (1930) and a more rigorous treatment was applied by
Billings (1966). The Billings treatment is the one that is commonly
used for the analysis of CME densities today. A brief review of the
theory of Thomson scattering, accommodating for large-distance
scattering, follows.

When a plane electromagnetic wave of intensity I0 is incident
on a free electron, that electron will re-radiate in a pattern
symmetrical about the direction of the incident wave. Following
the treatment by Billings (1966) with modifications by Howard
and Tappin (2009a), the total intensity of the scattered light ITOT is
given by

ITOT ¼ 2IT�IP , ð2Þ

where

IT ¼ I0
pse

2z2
½ð1�uÞCþuD�, ð3Þ

and

IP ¼ I0
pse

2z2
sin2 w½ð1�uÞAþuB�: ð4Þ

Here, se is the differential cross section for perpendicular
scattering,

e4

ð4pe0Þ
2m2

e c4
ð5Þ

with e, me, e0 and c are the electron charge and mass, permittivity
of free space and speed of light, respectively, z is the distance from
the electron to the observer, u is the limb darkening coefficient
and w is the angle between the line of sight and the vector from
the Sun through the scattering point. The parameters A, B, C and D

are the so-called van de Hulst coefficients (named after van de
Hulst, 1950 although they were actually formulated by Minnaert,
1930) and have the following form:

A¼ cosO sin2 O, ð6Þ

B¼�
1

8
1�3 sin2 O�

cos2 O
sinO

ð1þ3sin2 OÞln
1þsinO

cosO

� �� �
, ð7Þ

C ¼
4

3
�cosO�

cos3 O
3

, ð8Þ

D¼
1

8
5þsin2 O�

cos2 O
sinO

ð5�sin2 OÞln
1þsinO

cosO

� �� �
: ð9Þ

The van de Hulst coefficients are hence governed by a single
independent variable O, where 2O is the apparent angular width
of the Sun (i.e. the angular size of the Sun relative to the scattering
point).

At large distances the Sun tends toward a point source, O
becomes small and the van de Hulst coefficients tend towards
1/r2. The point of maximum scattering remains the point along
each line of sight that is closest to the Sun, i.e. when w¼ 903. Close
to the Sun this occurs in the plane of the sky but further away this
is not the case. Vourlidas and Howard (2006) demonstrated that
the locus of points satisfying w¼ 903 forms a sphere with the Sun-
observer line as a diameter. They called it the ‘‘Thomson surface’’
and assuming that the CME was a single electron found that the
distance of the electron from the Thomson surface dominated the
determination of relative brightness of the CME. Howard and
Tappin (2009a) showed that this is not because of the Thomson
scattering itself (the scattering efficiency is actually minimized on
the Thomson surface), but rather because the incident light and
density along any line of sight are maximized here, and these
parameters by far exceed the scattering efficiency. The combina-
tion of the three parameters results in a de-emphasis of the
truction of coronal mass ejections using heliospheric imager....
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Fig. 3. Elongation vs. time plots for a single point moving through the heliosphere

at 1000 km/s. In each case the point is in the ecliptic plane, the observer is at the

Earth, and each plot represents the elongation–time plot for cases when the point

is moving at different longitudes. The convention is such that 01 longitude

represents a trajectory directly at the observer, so 901 indicates that the point is

moving in the plane of the sky. Note that the elongation scale has a maximum of

1801, which is the point directly behind the observer when looking at the Sun

(modified from Howard and Simnett, 2008).
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importance of the Thomson surface, resulting in a spread of
observed intensity to larger distances from the surface which is
greater at larger distances from the Sun. This results in an
increased reliability in mass calculations but at the cost of greater
uncertainty in identification of the location of the observed
electron(s). Mass calculations of CMEs using heliospheric imagers
have been attempted by Jackson et al. (2006, 2007, 2008), and Bisi
et al. (2008).

4.2. Geometry

Distances of points from the center of the Sun are actually in
units of elongation e, which is the angle between the Sun-
observer line and the line of sight. In order to extract distance
measurements from elongation, a number of assumptions must
be applied. We have found that as elongation increases the
required assumptions change. The next few sections review these
assumptions and the elongation regions across which they are
valid.

4.3. Elongations within 301

The simplest conversion from elongation to distance applies
when we are close to the Sun, i.e. within angles of around 151
(� 0:25 AU or 55 R�). Combining the Thomson scattering physics
and geometry the following assumptions are applied:
1.
P
Jo
The Point P approximation, which assumes the observed
segment of the CME is a spherical arc, centered on the Sun
(e.g. Houminer and Hewish, 1972; Howard et al., 2006). Point P
requires r¼ sine, where r is the distance from the Sun to the
measured point.
2.
 Small angular separation from the Sun, so sine� e.

Hence, when CMEs are observed close to the Sun we may easily
convert elongation to distance via the simple equation r (AU) ¼ e
(rad). This approach, while significantly simplifying the conver-
sion problem has the disadvantage of removing 3-D information
from the image. Hence the necessary linearization of the
geometry and scattering physics results in the exclusion of the
ability to extract 3-D properties directly from white light CME
images.

Beyond elongations of around 151, the small angle assumption
no longer applies but we may still apply the Point P approxima-
tion (r¼ sine) to convert elongation to distance. Such a conversion
was performed on measurements made in the early days of SMEI
(e.g. Howard et al., 2006; Webb et al., 2006) and we have found
that Point P is appropriate out to elongations of around 301. This is
equivalent to a distance of around 0.5 AU from the Sun.

4.4. Elongations between 301 and 451

When CMEs are observed at elongations greater than around
301 Point P becomes less reliable. This is because the 3-D
geometry of elongation as it relates to relative distance begins
to become significant. Fig. 3 shows a range of elongation–time
plots for a single point traveling at 1000 km/s and observed from
the Earth (from Howard and Simnett, 2008, their Fig. 1a). In all
cases the point is traveling in the ecliptic plane but the longitude
of its direction of propagation is different. The differences in the
elongation profiles are due to the motion of the point relative to
the observer in each case. Taking the two extreme cases a point
traveling at a longitude of 901 (i.e. in the plane of the sky) will take
a very long time to reach the plane of the observer (at e¼ 903), so
its elongation–time profile has a low gradient, reaching only 601
lease cite this article as: Howard, T.A., Three-dimensional recons
urnal of Atmospheric and Solar-Terrestrial Physics (2010), doi:10.
after 72 h. The Earth-directed point, on the other hand, is not
observed to change very much in elongation and then there is a
sudden change as it passes the observer. We may visualise how a
single point would appear to change in our field of view as it
headed almost directly towards us. Note that in this case the point
reaches the plane of the observer in just under 42 h after launch.
This corresponds to the time a particle traveling at 1000 km/s
would take to reach 1 AU (41 h, 40 min). This demonstrates the
importance in the direction of propagation of the CME when
converting elongation to distance. Also note that with the
exception of those trajectories that are almost directly toward
the observer (longitudes less than around 151), there is a little
difference between the elongation profiles within 301.

The above consideration requires a 3-D geometrical treatment
of CMEs when converting elongation to distance r. Howard et al.
(2007) derived the following expression for this conversion, based
on the geometry shown in Fig. 4 (modified from their Fig. 3):

1

r
¼ sina cot eþcosa, ð10Þ

where a is the angle subtended by Q at the Sun. It can readily be
shown that

cosa¼ siny cosf, ð11Þ

where y and f are the co-latitude and longitude.
This results in the following expressions for the 3-D speed and

acceleration (Howard et al., 2008):

v3D ¼
dr

dt
¼ r2sina cosec2 e de

dt
, ð12Þ

and

a3D ¼
d2r

dt2
¼

v3D

de=dt

d2e
dt2

� �
þ2v3D

v3D

r
�cote de

dt

� �� �
, ð13Þ

where

de
dt
¼ v0sece, ð14Þ

and

d2e
dt2
¼ a0sec eþV2

0 tan e sec2 e: ð15Þ
truction of coronal mass ejections using heliospheric imager....
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Here v0 and a0 are the sky-plane projected speed and acceleration,
respectively.

This method of conversion of elongation to distance is now
known as the Fixed-Phi Method (Sheeley et al., 1999; Kahler and
Webb, 2007) and requires information on the direction of the CME
(i.e. y and f) for utility. Previous studies using this technique have
obtained these from auxiliary datasets (Howard et al., 2007;
Kahler and Webb, 2007; Webb et al., 2009). Howard and Simnett
(2008) attempted to extract them using a data cube of simulated
elongation–time curves which were compared with those
measured directly from SMEI CME datasets. This was met with
mixed success, probably because Fixed-Phi only seems to be
appropriate out to elongations around 451 (� 0:7 AU).
4.5. Elongations beyond 451

Once the CME moves beyond elongations around 451 not only
does the direction of propagation play a role but also the structure
of the CME itself. This is because distances are generally
determined using the leading edge of the CME, which is the point
on the structure that makes a tangent with the line of sight. Close
to the Sun it may be safely assumed that leading edge
measurements of a CME in successive images are at the same
point on the CME structure, but far from the Sun this assumption
is no longer valid.

Variations in distance calculations derived from the Fixed-Phi
method have appeared in measurements derived from SMEI
images at large elongations but these have not been published.
We found that at large elongations there is a sudden apparent
increase in the speed of the CME. This is not a real effect, but
rather the result of the changing location of the apparent leading
edge. A demonstration of this effect is shown in Fig. 5, which is for
the oversimplified case of an expanding spherical bubble. Panel a
shows the location of the CME when the original measurement is
made, with the circle and cross overlaying. As the CME expands in
Please cite this article as: Howard, T.A., Three-dimensional recons
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panels b and c the actual measured leading edge is indicated by
the crosses while the circles indicate the location of the original
measured point on the CME. This demonstrates that if we were to
assume that the same location is observed each time, then
distance derivations from the leading edge would appear to be
further from the Sun than it actually was, with the difference
between apparent and actual locations increasing as the CME
expands (Howard and Tappin, 2009a).

This simple demonstration shows how the relative geometry
of the CME plays an important role when it is at large distances
from the Sun. To overcome this problem we must combine the
structure of the CME with the physics that allow us to observe it.
Complex treatments of these two problems have been performed
by a number of workers, including Odstrcil et al. (2003) and
Jackson et al. (2008), but much can be achieved with basic
assumptions of CME leading edge structure without requiring
assumptions of the physics of CME evolution. One popular base
structure is known as the cone model (Zhao et al., 2002; Zhao,
2008) which assumes the CME is a spherical shell with the Sun at
the center, while other workers (e.g. Lugaz et al., 2009) have
assumed the CME takes the form of a spherical bubble with the
Sun at one point on the circumference. Howard and Tappin
(2009a) showed that the spherical bubble case may be described
in terms of the distance of the assumed point from the Sun r, the
difference between the assumed and actual distance dr and the
angle between the Sun–Earth line and the diameter of the CME
sphere l:

rþdr¼
r

2
ð1þcosecðlþeÞÞ, ð16Þ

or

r¼
2R0sine cosecðlþeÞ

1þcosecðlþeÞ , ð17Þ

where R0 is the distance from the observer to the Sun. It should be
obvious that rþdr is the actual distance of the measured point
truction of coronal mass ejections using heliospheric imager....
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the true location of the CME. This separation becomes greatly exaggerated when the CME is close to the observer (c).
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from the Sun. For the spherical shell, Howard and Tappin (2009a)
found that there were three geometrical cases to consider since
the shell was not continuous across all space. Hence the three
cases were those where the line of sight was tangent to the shell,
and the two cases when it passed through the two edges of the
shell, denoted E1 and E2. The conversion of e to r may be achieved
by considering each case separately. That is,

r¼ R0sin e when the LOS is a tangent to the front;

i:e: 903
�ðlþdlÞoeo903

�ðl�dlÞ,

r¼ R0sin e : cosecðeþðl�dlÞÞ when the LOS contacts at E1,

i:e: e4903
�ðl�dlÞ,

r¼ R0sin e cosecðeþðlþdlÞÞ when the LOS contacts at E2,

i:e: eo903
�ðlþdlÞ, ð18Þ

where dl is half the angular width of the shell or the angle from
the central axis to its edge. E1 and E2 represent the inner and outer
edges of the shell relative to the observer (refer to Fig. 10e of
Howard and Tappin, 2009a).

4.6. Extracting 3-D parameters

The above analysis shows that when the CME is at sufficiently
large distances from the Sun, then 3-D information about its
direction of propagation (when e4303) and structure (when
e4453) may be extracted from white light images alone. Tappin
and Howard (2009) demonstrated one method by which this may
be achieved by comparing apparent leading edges simulated from
the two basic structures with actual leading edges measured from
heliospheric images of CMEs. This technique, that we call the
Tappin–Howard (TH) Model, constructs the leading edges from a
combination of parameters describing the structure and kine-
matics of the simulated CME. These parameters are central
latitude and longitude, latitude and longitude width, distance,
speed and distortion, and each parameter is allowed to vary to
construct a unique leading edge in each case. When the collective
of leading edges is compared with those actually measured from
the heliospheric dataset the combination of parameters best
matching the measured leading edges is determined, along with a
Please cite this article as: Howard, T.A., Three-dimensional recons
Journal of Atmospheric and Solar-Terrestrial Physics (2010), doi:10.
measurement of the ‘‘goodness’’ of fit of each parameter. Those
parameters can then be used to estimate the structure and
kinematic evolution of the CME.

The purpose of the TH Model is to provide a high-speed
estimate of the leading edge of the CME. It does not attempt to
reproduce the density structure and cannot extract finer struc-
tures within the leading edge. It is designed to convert elongation
to distance and provide an estimate of the overall structure of the
leading edge of the CME, and so can estimate kinematic evolution
and arrival time, speed and impact probability at the Earth. It is
limited by the base structure and gradient of the converging
parameters, and so can be regarded as a high-speed reconstruc-
tion tool. We have found that certain parameters converge more
reliably than others depending on the CME being measured. For
example, a limb CME has a poorly constrained longitude width
parameter because a large range of longitude widths can be
assigned to a CME without significantly changing the structure
of its apparent leading edge. To provide a measurement of
the reliability of convergence of parameters we provide error
plots such as those in Tappin and Howard (2009, Figures 7, 9, 11,
13, 15).

The reliability of TH has been tested on a number of case
studies (Tappin and Howard, 2009; Howard and Tappin, 2009b,
2010) with regard to impact probability and arrival time and
speed, with results we regard as a promising improvement to
existing forecasting techniques. Further studies of the model are
required before a proper evaluation of its performance can be
conducted, and a validation and statistical survey of a large
number of CMEs is currently underway.
5. The results from one method of 3-D parameter extraction

There are a number of advantages of using heliospheric image
data to identify 3-D parameters of CMEs. The strongest is the
dependence on a single dataset—the heliospheric imager itself.
Leading edge comparison techniques such as the TH Model have
the added advantage of high speed of operation. They also do not
require any assumptions of the evolutionary nature of the CME,
thus removing a potential source of uncertainty. The potential
accuracy of the model has been demonstrated in a number of
papers, including Tappin and Howard (2009) and Howard and
truction of coronal mass ejections using heliospheric imager....
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Tappin (2009b, 2010). Here we discuss the results from a single
event discussed by Tappin and Howard (2009).
5.1. The event

The CME was Earth-directed and detected by the LASCO
coronagraph (Brueckner et al., 1995), the SMEI heliospheric
imager (Eyles et al., 2003) and the in situ ACE and WIND
spacecraft. It was part of a group of four events that were
observed over the same time period. Careful evaluation of these
has revealed that they are four separate structures and not part of
the same CME. Converged parameters using TH were very
different for each event, which would seem to agree with this
assessment (note that we have identified other multiple struc-
tures in other events that have produced very similar parameters
in TH which has led us to believe they were parts of the same
CME). The event we present here was the earliest and brightest of
the four events. Associated phenomena were also detected by
solar X-ray and EUV imagers and by ground-based magnet-
ometers. It first appeared in LASCO at 00:26 UT on 3 December
2004 and in SMEI at around 06:00 UT on 4 December. There was
an associated X-ray flare at 00:00 UT on 3 December and a post-
eruptive arcade and coronal dimming were observed by the EIT
EUV solar imager. ACE at the L1 lagrange point detected a shock at
06:56 UT on 5 December, WIND near the Earth detected it at
07:04 UT, and a small geomagnetic storm occurred at Earth on 6
December. Fig. 6 shows the EIT, LASCO and SMEI images of the
event and Fig. 7 shows the ACE and WIND magnetic field and solar
wind plasma data. Note that there was an earlier enhancement
(probably a weak shock) at 04:10 UT (ACE) and 04:31 UT (WIND)
Fig. 6. (a) EIT, (b) LASCO, and (c) SMEI images of the Earth-directed CME first observed a

the LASCO C2 image at 00:50 UT on 3 December (obtained from the CDAW CME Catalog)

LASCO image the white circle indicates the solar disk while the Sun is located by the w

observed during this time period, and the brightest event (labeled ‘‘Event’’) to the nor

Please cite this article as: Howard, T.A., Three-dimensional recons
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on the same day, but this is probably associated with one of the
other three events. In Fig. 6 three of the four events can be seen,
indicated by the arrows. The event closest to the Sun to the north
of the image is the event we present here.
5.2. Three-dimensional parameters

Table 1 shows the converging parameters for the entire data
set, i.e. with the combination of leading edges measured in the
SMEI data for the duration of the event. Tappin and Howard
(2009) performed separate TH model convergences on each of the
four structures observed in the SMEI dataset, and we show here
the fitting for the selected event. This describes the direction, size,
speed and structure of the leading edge of the CME, as determined
by TH, and Fig. 8 shows one image of the 3-D structure from these
parameters at 16:48 UT on 4 December, from Fig. 10f of Tappin
and Howard (2009).

The TH Model also operates in a second stage where any
parameter can be made to vary while others remain fixed in their
Stage One values. We vary speed, but could choose to vary
direction, size, or in the later version of the model, base structure
(Howard and Tappin, 2010). Varying speed enables a description
of the kinematic evolution of the CME as it moves through the
heliosphere, but fixes the size and direction parameters. This is
therefore based on the assumption that the angular size, structure
and direction of the CME do not change in transit, with all the
disadvantages incurred with such an assumption. Fig. 9 shows the
resulting 3-D height-time plot of the CME derived from the model
(Fig. 10c of Tappin and Howard, 2009). For comparison, the LASCO
height-time data and the time of the arrival of the interplanetary
round 00:00 UT on 3 December 2004. The EIT image was obtained at 00:00 UT and

. The SMEI image was obtained between 15:57 and 17:39 UT on 4 December. In the

hite cross in the SMEI image. The arrows indicate three of the four separate events

th is the one we present here.
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Fig. 7. In situ ACE (solid) and WIND (dashed) magnetic field (blue), solar wind density (red) and solar wind speed (green) plots for a 6 h time period from 03:00 to 09:00 UT

on 5 December 2004. ACE/SWEPAM density data are missing up until 06:57 and WIND/MFI data are missing for the entire time period. This shows the arrival of a strong

forward shock at ACE at 06:56 UT and at WIND at 07:04 UT, and a likely weak shock at ACE at 04:10 UT and at WIND at 04:31 UT. We believe the event observed here is

associated with the strong shock. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

SunEarth

Fig. 8. Three-dimensional reconstruction of the event from the parameters

derived in the TH Model at 16:48 UT on 4 December 2004 (Tappin and Howard,

2009). The location of the Sun and Earth are indicated and the perspective is from

the direction of the Ulysses spacecraft at this time. Note that the Earth lies to one

flank of this 3-D structure.
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Fig. 9. Three-dimensional height-time plot of the TH Model reconstruction of the

event. The LASCO height-time data and the time of the arrival of the shock at ACE

have also been included. The SMEI data are projected backward to estimate its

launch time (line), and forward to predict its arrival time at the Earth (modified

from Tappin and Howard, 2009). The triangles represent the LASCO data, the black

circle is the arrival time of the shock at ACE, and the pluses indicate the 3-D

distance as determined by TH.

Table 1
Converging parameters for the TH Model run on the brightest component of the

event.

Parameter Value

Base structure Shell

Starting height 0.57 AU

Speed 657 km/s

Central latitude 391N

Central longitude 61E

Latitude width 271

Longitude width 391

It was found that a spherical shell best fit the dataset.
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shock as detected by the ACE spacecraft have been included. As
shown in this plot the speed for this particular CME is relatively
constant, and we may project its trajectory both backward to
identify the timing of the launch and forward to predict the arrival
time at ACE. It is not difficult to match the dataset with the LASCO
halo CME if we assume that a deceleration has occurred between
LASCO and SMEI. This is reasonable given that the LASCO event
has a speed of around 1100 km/s but in SMEI the speed is around
660 km/s. We note that the bulk plasma speed as shown in Fig. 7
truction of coronal mass ejections using heliospheric imager....
1016/j.jastp.2010.08.009
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is around 450 km/s, while TH predicts a speed of 660 km/s. While
one may expect the shock to travel faster than the bulk speed (e.g.
Howard and Tappin, 2005) we would not expect an increase by
this quantity. Even if we assume the material observed by SMEI is
built-up shocked material rather than the CME itself, the speed of
that shock is only around 500 km/s. Hence the TH Model has over-
estimated the speed of this CME by around 150 km/s.

When we project the height-time dataset forward we predict
an arrival time at ACE of 07:15 UT on 5 December, which in this
case is 19 min later than its actual arrival. It is therefore possible
to achieve arrival time predictions with a high degree of accuracy
by simply analyzing heliospheric images and applying geometry
and Thomson scattering principles.
5.3. Evolving accuracy

In order to monitor the accuracy of the TH Model, Howard and
Tappin (2010) conducted mock space weather forecasts, where
they ran the TH Model and predicted the time of arrival as each
new SMEI image became available. The results for the event
discussed here are shown in Fig. 10 (Howard and Tappin, 2010,
their Fig 6b). As the Model could be run a number of times during
the latency of SMEI we show the median predicted arrival times as
well as the largest and smallest times. The horizontal line
represents the time of arrival at ACE as does the asterisk, so the
closer the data points are to the asterisk in the x-direction the later
the time at which the prediction was made, and the closer the
points are to the horizontal line in the y-direction the more
accurate the prediction.

As shown in Fig. 10, for this event the early predictions were
relatively inaccurate (off by around 10 h) but this accuracy
improved with passing time. Accuracies within an hour were
obtained 5 h before impact and the last forecast, made 2 h before
impact, was 19 min off. Further studies on other events have been
conducted with varying, yet encouraging, degrees of accuracy. A
validation and statistical survey is currently underway.
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Fig. 10. Predicted arrival time vs. time of forecast for the event reported by

Howard and Tappin (2010) and obtained by running the TH Model a number of

times. The middle plot represents the median forecast arrival time while the upper

and lower plots are the maximum and minimum forecast times, respectively. The
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6. Summary and conclusions

Extraction of three-dimensional properties from CMEs have
been elusive since their discovery in the 1970s. This is because of
the linear nature of the geometry combined with the Thomson
scattering physics that allow us to observe the CME in white light.
This results in coronagraph images that are projected into the sky
plane.

The STEREO spacecraft provide an unprecented ability to
obtain a 3-D picture of CMEs from the coronagraph data alone.
This is by means of geometrical triangulation assuming that a
measured point from multiple viewpoints is the same physical
point in 3-D space—a safe assumption when observing relatively
close to the Sun. Such a practice has been conducted by many
workers and has achieved great success at obtaining 3-D CME
parameters. This represents a major milestone in CME study and
in coronagraph analysis.

It has been demonstrated that another white light instrument
is available that can be used to obtain 3-D CME properties without
the need for multiple viewpoints or auxiliary data. This is the
heliospheric imager that observes CMEs at very large distances
from the Sun. It has been shown that as the CME is imaged at
larger distances the linearity simplifying (and restricting) the
analysis of CMEs close to the Sun breaks down. This requires a
more complex treatment but enables the extraction of 3-D
properties.

The level of complexity in CME analysis in heliospheric
imagers varies, but it has been shown that relatively simple
analyses can describe the structure and kinematic evolution of
CMEs with a reasonable degree of accuracy. The potential for
scientific advancement of our understanding of CMEs and for
space weather forecasting has been demonstrated.
6.1. Concluding remarks

The author hopes that the importance of heliosperic imaging
for CME and space weather study has been made clear in this
review of the most recent advances in these areas carried out by
the author and colleagues. With this in mind, it is important to
note that the heliospheric imagers currently operating will soon
be reaching the end of their usable life, or more specifically the
end of their useful life for space weather study and forecasting.

The current heliospheric imagers are SMEI on board Coriolis
and the Heliospheric Imagers (HIs) on STEREO. SMEI has been in
operation since early 2003 and its innermost camera (Camera 3)
has been suffering an accumulative hot pixel degradation during
its lifetime. This has reached the point where Camera 3 is virtually
useless for CME detection and will be completely so in the next
year or two. Without Camera 3, CMEs will not be observed by
SMEI until they arrive in its Camera 2, when they are around
0.7 AU from the Sun. The STEREO spacecraft continue to increase
their angular separation on their orbit about the Sun and will
reach the solar plane towards the end of 2011. Beyond this point
CMEs directed toward the Earth will be backsided relative to
STEREO and no heliospheric imager has ever observed a backsided
CME (because of the large distance of backsided CMEs from the
observer and its Thomson surface).

Hence by around the end of 2011 no heliospheric imager will
be available that can observe Earth-directed CMEs for almost all of
their journey to the Earth, and no replacement imager is currently
underway. This means that we risk losing the advancements
made with heliospheric imagers in the areas of space weather
study and forecasting. It is the author’s hope that support in the
community will lead to the development of a next generation
heliospheric imager, so that further advancements can be
truction of coronal mass ejections using heliospheric imager....
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accomplished and the full capability of this unique class of
instrument realized.
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