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Abstract. On 15–17 February 2008, a CME with an approx-
imately circular cross section was tracked through succes-
sive images obtained by the Heliospheric Imager (HI) instru-
ment onboard the STEREO-A spacecraft. Reasoning that
an idealised flux rope is cylindrical in shape with a circu-
lar cross-section, best fit circles are used to determine the
radial width of the CME. As part of the process the radial
velocity and longitude of propagation are determined by fits
to elongation-time maps as 252±5 km/s and 70±5◦ respec-
tively. With the longitude known, the radial size is calculated
from the images, taking projection effects into account. The
radial width of the CME, S (AU), obeys a power law with
heliocentric distance,R, as the CME travels between 0.1 and
0.4 AU, such that S=0.26R0.6±0.1. The exponent value ob-
tained is compared to published studies based on statistical
surveys of in situ spacecraft observations of ICMEs between
0.3 and 1.0 AU, and general agreement is found. This paper
demonstrates the new opportunities provided by HI to track
the radial width of CMEs through the previously unobserv-
able zone between the LASCO field of view and Helios in
situ measurements.

Keywords. Interplanetary physics (Solar wind plasma) –
Solar physics, astrophysics, and astronomy (Flares and mass
ejections)

1 Introduction

Coronal mass ejections (CMEs) are large scale eruptions of
plasma and magnetic fields from the solar atmosphere which
propagate out into the heliosphere. Most present models pos-
tulate CMEs are initiated by a loss of equilibrium within
the solar magnetic field (Forbes et al., 2006; MacNeice et
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al., 2004). Coronagraph observations of CMEs events have
uncovered a large variability in their speed, size, and struc-
ture (St Cyr et al., 2000). Their speeds and other properties,
as measured in situ by heliospheric spacecraft, also exhibit
large event-to-event variability (Cane and Richardson, 2003;
Richardson and Cane, 2004). Using both types of observa-
tions, CME properties have been investigated at different dis-
tances as they evolve through the heliosphere (e.g. Sheeley et
al., 1985; Bothmer and Schwenn, 1996).

Various attempts have been made to classify CMEs. On
the basis of their speed and acceleration profiles in coron-
agraph observations, CMEs have been categorized into two
principle types – broadly speaking, fast CMEs typically as-
sociated with flares and type II bursts, and slow CMEs typ-
ically associated with the streamer belt and eruptive promi-
nences (Sheeley et al., 1999). While these studies were in-
dicative, they are by no means conclusive. This paper will
concentrate on a single CME with the latter behaviour. Until
recently remote observations of CMEs (and associated mod-
elling) were limited to a maximum plane of the sky distance
of 30RS , the field of view of the LASCO instrument on the
SOHO spacecraft (Brueckner et al., 1995). CMEs are of-
ten observed to contain a typical “three part structure” con-
sisting of an outer bright curved front, followed by a darker
(less dense) inner cavity, and in turn followed by a bright
core (Hundhausen, 1993). The sensitivity of the LASCO
coronagraphs (Brueckner et al., 1995) is such that detailed
circular striations have been observed within the cavity, sug-
gesting the presence of a helical magnetic flux-rope structure
(Dere et al., 1999). This underlying geometry has been used
to identify several CMEs as “flux-rope CMEs” (Chen et al.,
1997; Krall and St Cyr, 2001, 2006). Observations of mag-
netic flux for these structured CMEs near Earth have been
used to infer that these flux-rope CMEs near the Sun are
magnetically driven (Vourlidas et al., 2000). Further work
has been carried out to show CMEs propagating and expand-
ing in a self-similar manner (Cremades and Bothmer, 2004;
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Cremades et al., 2006), lending itself to be modelled with a
flux rope of circular cross section (Thernisien et al., 2006;
Wang and Sheeley, 2006).

An abundance of observational information about CMEs
is available both from coronagraph instruments, out to 30RS ,
and in situ data from various spacecraft which have explored
the heliosphere beyond 0.3 AU. However there is a key ob-
servational gap in our understanding of CME evolution and
propagation into interplanetary space between these two dis-
tances (Forsyth et al., 2006). Interplanetary Scintillation
(IPS) (Watanabe and Schwenn, 1989) is another technique
which can provide remote sensing of CMEs in this intermedi-
ary distance range. IPS provides indirect information within
a wide range of distances, but there are difficulties in analysis
and interpretation arising from integration along the line-of-
sight. While 3-D modelling techniques for IPS have been
used to deduce the density structure and velocity profiles of
CMEs (Jackson et al., 2007), more detailed analysis of CME
size remains problematic.

Previous in situ observational studies of the expan-
sion properties of the interplanetary counterpart of CMEs
(ICMEs) at 1 AU showed not only that radial expansion was
a common feature of these transients (Klein and Burlaga,
1982; Bothmer and Schwenn, 1998; Hidalgo, 2003, 2005),
but indeed, a large percentage of magnetic clouds (a subset of
ICMEs identified by a specific in situ magnetic field profile)
were seen to be expanding (Lepping et al., 2008). This ex-
pansion can result from a number of processes or some com-
bination thereof. For example, an ICME may expand simply
because the leading edge was ejected from the Sun at a speed
greater than the trailing edge (Gosling et al., 1998; Tripathi
et al., 2006). The expansion of ICMEs in the anti-sunward
direction has previously been quantified using statistical sur-
veys from multiple spacecraft over a distance range of 0.3 to
5.4 AU from the Sun (Bothmer and Schwenn, 1994; Liu et
al., 2004; Wang et al., 2005). These studies have estimated
the radial expansion in the form of a power law variation
of CME radial width as a function of heliocentric distance.
This approach does not, however, track the radial expansion
of a single event, instead inferring expansion from average
ICME radial extents at differing heliocentric distances. As
transients have a wide range of different sizes and speeds,
this leads to a large scatter in the inferred expansion. This pa-
per takes an alternative approach by exploiting the STEREO
Heliospheric Imagers to study the radial expansion of a sin-
gle CME as it propagates through the field of view of the
cameras. We measure the radial size of this CME between
0.14–0.41 AU, thereby filling the observational gap between
coronagraph images and the closest in situ measurements to
the Sun, provided by the Helios spacecraft (Schwenn, 1990).

2 Instrumentation

On 26 October 2006 (UT) the twin Solar Terrestrial Rela-
tions Observatory (STEREO) spacecraft were launched with
a principle scientific objective of characterising the propaga-
tion of CMEs through the heliosphere. Both spacecraft are
on Earth like orbits with one (STEREO-A) slightly closer to
the Sun and thus moving ahead of Earth with a faster orbital
period, and the other (STEREO-B) slightly further from the
Sun and thus falling behind the Earth. Hence each spacecraft
separates from the Earth at an angular rate of 22.5◦ per year
(Russell, 2008). From 15 to 17 February 2008, the interval of
interest in this paper, the two spacecraft were separated from
each other by about 45.7◦.

The two spacecraft carry identical instrumentation which
includes the Sun-Earth Connection Coronal and Heliospheric
Investigation (SECCHI) package (Howard et al., 2008). This
package includes an Extreme Ultraviolet Imager (EUVI),
two coronagraphs (COR1 and COR2) and the Heliospheric
Imagers (HI) (Eyles et al., 2009). The HI instrument ob-
serves in visible light and contains two wide angle cameras
on each STEREO spacecraft, HI-1 and HI-2; both are set
to view the heliosphere from the edge of the corona with
a band-pass of 630–730 nm and 400–1000 nm respectively
(Harrison et al., 2005; Eyles et al., 2009). The fields of view
centred at 13.7◦ and 53.4◦ elongation from the Sun and have
an angular extent of 20◦ and 70◦, respectively (elongation is
the angle between the line-of-sight and the line to the Sun-
centre). The HI package allows continuous tracking of solar
transients from 4 degrees elongation out to Earth. The ca-
dence of the HI-1 and 2 images are 40 min and 2 h, respec-
tively (Eyles et al., 2009).

The HI instruments observe K-coronal electron density
features from Thomson scattered sunlight. Vourlidas and
Howard (2006) showed that electrons on the so-called
“Thomson sphere” would contribute most effectively to the
image brightness; the Sun-spacecraft line defines the diame-
ter of this sphere. For specific solar transients to be observed
from the Sun out to the Earth, the transient must spend the
majority of its time travelling within the Thomson sphere cre-
ated by the Sun and the spacecraft (Howard et al., 2008). The
reason for this range is because a balance must be reached
between the scattering angle of 90◦ from the Thomson af-
fect and the inverse square drop-off rate of the scattered light
intensity with increasing distance.

The typical intensity of photospheric light scattered from
free electrons in the K-corona is greatly exceeded by the
intensity of light scattered by the dust of the F-corona and
indeed by some brighter stars (Eyles et al., 2009). In or-
der to isolate the weak K-coronal signal a running differ-
ence technique is often used (Sheeley et al., 1997); this in-
volves subtracting the previous image from the current one.
This technique virtually eliminates the dominant F-corona
signal, as the F-corona is stable over the image cadence
of both cameras (Davies et al., 2009). This technique is
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Fig. 1. The trajectories of all the spacecraft that were local to the
February 2008 CME path, projected into the x-y plane in the HGI
coordinate system (see main text). The orbit of Venus is displayed
but the planet was positioned in another quadrant. The red lines
demark the field of view of the HI cameras onboard STEREO-A,
with the shaded region encompassing the field of view of HI-1.

therefore able to both highlight the K-corona which is illu-
minated via Thomson scattering, and expose the density en-
hancement/depletion regions created by transients moving on
a short time scale. Running difference images show regions
of enhanced/depleted electron density relative to the previous
frame as light/dark areas. As this technique may also amplify
artificial changes in pixel intensity, care must be taken when
considering the boundaries of “real” physical structures. This
is because, for example, an observed white/ black boundary
may not be exactly the trailing edge but in fact the ramping
down of density within the rear boundary.

3 Observations and method

Using archived data from the STEREO HI instruments (UK
solar system data centre, UKSSDC), found online atwww.
ukssdc.ac.uk, we carried out an initial survey of CMEs over
the period of 2007–2008, seeking candidate events suitable
for this study. From these results only one CME was ob-
served to possess an approximately circular cross section,
suggestive of a flux rope with an axis nearly perpendicular to
the sky plane. This event entered the field of view of the HI-1
camera on STEREO-A (HI-1A) at 17:29 UT on 15 February
2008, and became too dim to track by the time it had reached
the middle of the HI-2 field of view by 02:09 UT on 19
February 2008. Figure 1 shows the position of the STEREO
spacecraft in the x-y plane of the heliographic inertial, HGI,
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Fig. 2. A composite running difference image from the HI-1A and
HI-2A cameras both taken at 08:09 UT on 17 February 2008. The
transit of the CME can be observed to be passing through both cam-
eras. These images are shown in Helioprojective Cartesian coordi-
nates (Thompson, 2006), with a line of constant PA=90◦. S marks
the location of the Sun.

coordinate system on the 17 February 2008 when the CME
was observed in the centre of the HI-1 camera. The HGI co-
ordinates are Sun-centred and inertially fixed with respect to
an X-axis directed along the intersection line of the ecliptic
and solar equatorial planes; the Z-axis is directed perpendic-
ular to and northward of the solar equator, and the Y-axis
completes the right-handed set (Hapgood, 1992; Thompson,
2006). During our investigation we also sought in situ ob-
servations of the CME to further constrain our assumptions.
Although none were present, for the reasons of completeness
the Messenger spacecraft is also displayed in Fig. 1. The es-
timated longitude of the CME trajectory is also shown; a full
explanation on this calculation is discussed later with Fig. 3.

Figure 2 shows a typical difference image taken at
08:09 UT the 17 February 2008. The image presents the
Sun at the origin, and covers the heliosphere out from the
east limb of the Sun as viewed from the STEREO-A, centred
about the ecliptic plane. The HI-1 camera field of view corre-
sponds to the smaller square image closer to the Sun. At the
time of this image the rear of the CME is observed in HI-1
while the front edge is beginning to enter the field of view of
HI-2.

Transients observed by the HI cameras do not necessar-
ily propagate in the plane of the sky and thus their longi-
tude of propagation relative to the observing spacecraft must
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Fig. 3. (a)An elongation-time map constructed from running difference images along the equatorial line, PA=90◦. (b) The elongation-time
map converted to a binary black and white image to emphasise the tracks.(c) Same as b except that the additional red line is the best fit
boundary of the CME. The two optimised variables from Eq. (1), longitude (β) and radial velocity (Vr ), are displayed.

be inferred in order to accurately determine the distance the
CME has travelled away from the Sun and to determine the
true size of the CME within the image. As any solar transient
moves through the HI field of view, its elongation variation
exhibits an apparent acceleration/ deceleration. The form
of the elongation variation depends uniquely on the radial
velocity, Vr , of the transient and the observer-Sun-transient
longitude,β. Sheeley et al. (2008, 2008) and Rouillard et
al. (2009) have shown that the elongation variation is given
by:

α(t) = tan−1
[

Vr tsin(β)

rA(t)−Vr tcos(β)

]
(1)

whereα(t) is the time varying elongation angle for a spe-
cific ’feature’ in the images; andrA(t) is the heliocentric ra-
dial distance of the observer, in this case STEREO-A. Both
the radial velocity and observer-Sun-transient longitude are
treated as free parameters to be determined from a fit of
Eq. (1) to the variation of elongation angle with time as de-
scribed below.

Figure 3a shows an elongation-time map constructed from
the HI-1A and HI-2A difference images during the time pe-
riod of the CME, created by taking a thin slice along the
equatorial plane (PA of 90◦) for each image. Each slice in
time is then stacked side by side such that a figure is created
with time along the x-axis and elongationα on the y-axis

(Davies et al., 2009). Figure 3a shows the elongation-time
plots from HI-1 and 2 aligned with each other, so that con-
tinual tracking of transients could in principle be achieved to
an elongation of 88◦. In this format, a solar transient moving
anti-sunward through the heliosphere will increase in elon-
gation with time and thus create a sloping track that follows
the density enhancement through the two fields of view.

In order to track the feature that is identified with the
CME, Fig. 3a was converted from an intensity map to a bi-
nary black and white image (see Fig. 3b), by setting an ar-
bitrary fixed value of intensity as a threshold value such that
any pixel brighter than this value changed to white and any
pixel darker went black. This better highlights the passage
of the CME. An automated procedure was then used to trace
the black/white boundary associated with the rear edge of an
inner core of the CME (see Fig. 3c) to determine the elon-
gation as a function of time. The free parameters of Eq. (1)
that were a best fit to the observed elongation/time variation
were calculated using an unconstrained nonlinear optimiza-
tion routine based on the Nelder-Mead method (Nelder and
Mead, 1965).

In order to determine the uncertainty associated with the
two free parameters a second procedure was used. This was
an iterative process, whereby, as one variable was kept con-
stant at the optimal result the other was changed in small
steps centred on the latter’s optimal result. A profile of the
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Fig. 4. (a)Left Column: Three Images from HI-1A showing the transit of the CME through the field of view.(b) Second Column: running
difference images at the same times as those in the left column.(c) Third Column: the difference images converted to binary black/white.
A green track is shown following the rear end of the CME, and the optimal circle shown as a red dotted line. The centre of the circle is
presented as a red cross.(d) Right Column: displays the optimal red circle back onto the running difference images.

root mean square of the residual, obtained by taking the dif-
ference between the theoretical and observed elongation, was
then generated. The full width half max (FWHM) was then
calculated from this profile, from which the standard devia-
tion, σ , was determined using Eq. (2).

FWHM = 2
√

2ln(2)σ (2)

The best fit for this track was found to beVr=252±5 km/s
andβ=70±5◦. Different lengths of the observed track were
also tested to determine the impact on the optimised result;
it was found that only including data from the HI-1 camera
introduced large uncertainties due to lack of variation of the
track shape over a wide range ofVr andβ. Using the largest
data set for the track led to the least uncertainty, thus this was
the approach taken.

A clear limitation of this approach is the assumption of
constant radial velocity of the CME in deriving Eq. (1).
Gradual streamer CMEs tend to accelerate as they propa-
gate out into the heliosphere (Sheeley et al., 1997; Sheeley et
al., 2007). Most tracks derived from LASCO Coronagraph 3
(C3) observations fit fairly well for a constantly accelerating
CME (Yashiro et al., 2004). However, most approach a con-
stant velocity towards the outer edges of C3 located at 30 so-
lar radii, ∼0.14 AU (Sheeley et al., 1999), which represents

the position of the innermost result for this study. Analysing
the velocity of a CME below 0.14 AU can also be problem-
atic if the expansion velocity is comparable to the bulk ve-
locity; thus we assume the core of a gradually accelerating
CME achieves essentially the same speed profile as the de-
tached transients from the tops of streamers (Sheeley et al.,
1997).

The left-hand column of Fig. 4 shows HI-1 images at three
different times. There is a clear density enhancement at the
rear of the CME propagating out into the heliosphere. The
first two also show a fainter front edge density enhancement.
To analyse the orientation and shape of this concave outward
structure we must consider two observational effects: firstly,
the relative position of the object to the Thomson sphere and,
secondly, an integration of light intensity along the line of
sight.

A similar structure to that observed here has been demon-
strated by simulations that scatter light from the surface of
a curved, hollow tube whose ends are anchored back to the
Sun. A model, cylindrical in shape with a circular cross sec-
tion and plasma uniformly distributed over its surface, has
been used to deduce the resulting line of sight distribution
(Wang and Sheeley, 2006; Thernisien et al., 2006). It shows
that if the CME propagates and expands anti-sunward with

www.ann-geophys.net/27/4349/2009/ Ann. Geophys., 27, 4349–4358, 2009
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an axis perpendicular to the sky plane, a simulated image
would display a faint circular shell, a U-shaped structure to
the rear followed by an enhanced cone whose vertex remains
attached to the Sun. Observationally, the CME seen in Fig. 4
appears to posses similar properties to these which lead us to
consider measuring the radial width of the CME by fitting a
circular profile. The elongation angle is close to the plane of
sky allowing better estimation of the projection effects and
justifying a simple circular representation.

The methodology used to determine the radial size of the
CME as it travels anti-sunward thus consists of superimpos-
ing circular shapes onto different images at different times.
For this CME the curved shape of its rear end was more
clearly defined than its front. Therefore the rear of the CME
was mainly used to define the circular model used. The first
step in the procedure was to convert a grey scale image into
a black and white image by the same method used in Fig. 3b;
examples of this can be seen in Fig. 4b. The same boundary
determination method used in Fig. 3c was again used to map
the rear edge of the CME, shown in green in Fig. 4c. This
contour was then fitted to a circle and the result overplotted
in red. Figure 4d shows the circumference and the centre of
the circle plotted once again on the original difference im-
age. This method was used for nine separate images during
the transit of the CME. Using the observer-Sun-transient lon-
gitude,β obtained previously, the radial size (S, measured
in AU) and the heliocentric distance (R, also in AU) to the
centre of the model CME were calculated (these results are
displayed for the three example images in Fig. 4c).

For the boundary mapping algorithm to successfully func-
tion a clear divide between the ambient solar wind and the
density enhancement must be present. Due to the effect of
line of sight integration this divide is often blurred by the
presence of other ejecta at possibly different longitudes. This
limits the number of images that can be analysed, especially
when the CME propagation is at an early stage and the am-
bient solar wind is more dense.

Throughout the analysed interval the circle-fitting method
gives results which remain approximately consistent with the
density enhancements found at the front and rear of the CME,
at least for the limited period when the front edge was ob-
servable. Assuming the front edge density enhancement cor-
responds to the sheath region in front of a possible cylindri-
cal flux rope (Cremades and Bothmer, 2004), then we would
expect the inner edge of this density enhancement to repre-
sent the outer edge of the CME which we are trying to fit.
We note that the earlier frames fit the circular shape better
than the later ones, where the leading edge of the model be-
gins to extend into the sheath region. This leads to a pos-
sible systematic error with this method. Also assuming the
propagation longitude is indeed 70◦, we have not included a
correction for the inclination to the plane of sky which would
make a circular cross section appear elliptical in the HI field
of view. The error in our radial width calculation due to this
effect is estimated as 9%, and is also the dominant source of
uncertainty in our analysis. When comparing the radial width
of a CME against the heliocentric distance travelled using a
power law, the correction would change the size of the CME
at each image but does not affect the exponent of the power
law created.

As an alternative method for estimating the CME width,
independent of the circular model, the positions of the front
and rear edges were determined for nine separate images
where both sides were visible. This was carried out at a
PA=90◦. The rear edge was defined by the density enhance-
ment boundary and the front was defined as inside the density
feature propagating out ahead of the CME.

Figure 5 displays the resulting radial widths of the CME as
a function of heliospheric distance; red for the circle method;
and green for the front and rear edge method. As the CME
travels anti-sunward it clearly expands in the radial direc-
tion, but the rate of expansion decreases with heliocentric
distance. This is evident from the systematic difference of the
individual data points from a straight line fit through the data
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Fig. 6. A log-log plot showing the relationship between CME radial size, S, and heliocentric distance, R. The circle and front-rear edge
method are compared to published statistical results in the literature from in situ observations. The grey shaded regions include the errors of
the best fit curve.

generated by the circle method. Also, this best fit straight
line does not pass through the origin, unrealistically imply-
ing that the CME width is 8 solar radii in the low corona.
The best fit equation of this line is given by S=0.28 R+0.037,
shown in black on Fig. 5.

Figure 6 compares our result from both methods to the in
situ statistical surveys produced by Bothmer and Schwenn
(1994) and Liu et al. (2004). The data is displayed in a log-
log plot to produce a linear best fit curve. As CME radial
sizes predominantly increase with increasing distance albeit
at a slower rate as they progress through the heliosphere,
a power law has commonly been used to depict the rela-
tionship determined from in situ observations (Bothmer and
Schwenn, 1994; Wang et al., 2005). Applying power laws to
our results presented in Fig. 5, both our methods give consis-
tent results of S=0.26R0.6±0.1 within errors. This exponent
value is consistent within 2 standard deviations of previous
results (shown in Fig. 6) produced from statistical surveys
from multiple spacecraft over 0.3–5 AU carried out by Both-
mer et al. (1998) and later by Liu et al. (2004) and Wang
et al. (2005) with a larger data set. A theoretical calculation
was also carried out by Chen (1996) that yielded a power law
with an exponent of 0.88. Our results suggest that expansion
occurs at a slower rate than from previous statistical surveys,
at least for this one example of a gradual streamer belt CME.

It would be prudent to consider the potential uncertainties
arising from using different methods of measuring the CME
size. In the statistical surveys of in situ CME observations
the boundaries were determined by magnetic field data and
the size was determined by multiplying the average CME ve-
locity with the time taken for the CME to pass over the ob-
serving spacecraft. This method therefore does not take into
account the effect of expansion occurring while the space-
craft is within the CME, or effects due to the axis orientation
of the CME flux rope relative to the propagation direction,

leading possibly to a systematic overestimate of size. Our
method of directly measuring images at a fixed time is not
affected by this problem. In an attempt to quantify this effect
an estimate of bulk velocity and expansion speed was cal-
culated between consecutive images. These were then used
to simulate an effective radial size that would have been ob-
tained if measured with in situ instruments on a spacecraft. It
was found that the resulting power law fit made an insignifi-
cant difference within errors.

The analysis carried out in this paper is a case study of
only one CME. It provides a possible new method for deter-
mining the radial expansion of CMEs, which is now avail-
able through the HI cameras on STEREO. Uncertainty in our
method is compounded by using only a single CME and not
having in situ data from the same CME available for compar-
ison. It is hoped that as the archive of CMEs observed by HI
builds up, a more detailed statistical approach will become
possible.

4 Summary and discussion

An important target of solar and heliospheric physics has
been to detect and characterise CMEs propagating through
interplanetary space along the Sun-Earth line (Harrison et
al., 2008). The recent launch of the STEREO spacecraft has
reinvigorated the study of CMEs not least through the oppor-
tunities provided by the HI instruments. During the period of
2008 and 2009 the spacecraft have separated to optimal dis-
tances for observations where features from coronagraph im-
ages may be directly related to in situ measurements (Rouil-
lard et al., 2008). This paper supports this goal by studying
the evolution of a solar transient between 0.1–0.4 AU using
the HI instruments. The main conclusions of this study can
be summarised as follows:
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1. The near-circular shape of this CME provided the best
opportunity so far to track the radial size of a single
CME beyond LASCO field of view, where the geometry
allows us to better estimate possible projection effects.

2. These measurements have been taken between 0.1 and
0.4 AU. Prior to the availability of HI observations this
was, apart from interplanetary scintillation techniques,
an unobservable zone between coronagraphs and the
closest to the Sun in situ measurements previously ob-
tained by the Helios mission.

3. The CME studied was an example of a relatively slow,
streamer belt CME during solar minimum. Its ra-
dial evolution was found to follow the power laws:
S=0.25R0.65 and S=0.27R0.55 using a circular fitting
and a front-rear edge separation method, respectively,
with both R and S measured in AU.

4. These results indicate a possible slower expansion than
indicated by in situ studies for which there are a number
of possible explanations. Streamer belt CMEs may ra-
dially expand more slowly than previously indicated by
in situ statistical surveys (Bothmer, 1994; Liu, 2005); or
the overall speed with respect to ambient solar wind, or
internal pressure of the CME may affect expansion. Per-
haps if unusual solar wind conditions at the end of solar
cycle 23 persist, expansion rates of CMEs may be re-
duced, although these conclusions have to be tempered
by the fact that they are based on observations of a sin-
gle event.

Although the exponent from the power law result is compara-
ble to in-situ statistical surveys within 2 standard deviations,
it nevertheless indicates that the expansion for streamer belt
CMEs may be slower than the statistical surveys may sug-
gest. This may be due to the fact that each CME has dif-
ferent properties such that a statistical survey may include
extreme events that skew the results; or, on a larger scale, the
unusual solar wind conditions for the end of solar cycle 23
(McComas et al., 2008) means the dynamic pressure and low
plasma densities have noticeably reduced CMEs expansion
rate. The reliability of our comparison to in situ data would
be improved if our method of analysis was expanded to more
CMEs.

Furthermore, the limitation of using only remote sensing
observations introduces a potential systematic error. With-
out in situ data to confirm the start and end points of the
magnetic field flux rope structure with relation to density
enhancements on the images, we may have systematically
over or under-estimated the CME radial width. Identifying
an event that is able to combine our technique with in situ
data would minimise the uncertainty and better constrain our
results; as also commented by Owens (2008). Rouillard et
al. (2009) have taken the first steps towards addressing this
obstacle by measuring a CME from the HI cameras out to

the Venus Express spacecraft; but further work is needed as
a greater database of HI CME observations builds up further
opportunities.

Our circular model, similar to the cross section of an ide-
alised force free constant alpha flux rope, is a first step in
monitoring radial expansion of CMEs as they propagate out
from the Sun. This study may be improved by experiment-
ing with an elliptical geometry, leading to possible under-
standing of the tension forces and magnetic pressure within
the transient. The use of a geometrically distorted flux rope
whose original shape started off as force free constant alpha
cylinder (Owens et al., 2006; Owens, 2006), can potentially
be used to understand these features.
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