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Abstract We conclude the heliospheric image series with this third and final instalment,
where we consider the physical implications of our reconstruction of interplanetary coronal
mass ejections from heliospheric imagers. In Paper 1 a review of the theoretical framework for the appearance of ICMEs in the heliosphere was presented and in Paper 2 a model
was developed that extracted the three-dimensional structure and kinematics of interplanetary coronal mass ejections directly from SMEI images. Here we extend the model to include STEREO Heliospheric Imager data and reproduce the three-dimensional structure and
kinematic evolution of a single Earth-directed interplanetary coronal mass ejection that was
observed in November 2007. These measurements were made with each spacecraft independently using leading edge measurements obtained from each instrument. We found that
when data from the three instruments was treated as a single collective, we were able to
reproduce an estimate of the ICME structure and trajectory. There were some disparities
between the modelled ICME and the in situ data, and we interpret this as a combination of
a slightly more than spherically curved ICME structure and a corotating interaction region
brought about by the creation of a coronal hole from the CME eruption. This is the first time
evidence for such a structure has been presented and we believe that it is likely that many
ICMEs are of this nature.
Keywords Coronal mass ejections · Solar-terrestrial relations · Interplanetary medium ·
Corotating interaction regions

1 Introduction
Coronal mass ejections (CMEs) and their interplanetary counterparts (ICMEs) are large
eruptions of magnetic field and solar plasma, with a likely source in the lower solar corona.
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They are the mechanism by which the Sun removes large amounts of energy and magnetic
helicity and their occasional impact with the Earth may result in large space weather effects. Their sizes may span several tens of degrees of heliospheric latitude, their masses may
exceed 1013 kg and early in their evolution they may achieve speeds greater than 3000 km/s.
Until recently, the study of the three-dimensional (3-D) structure and evolution of CMEs
has been limited primarily to modelling efforts and in situ data measurements (e.g. Lepping et al. 1990; Chen 1996; Xie et al. 2004). Using CME images alone, 3-D measurements
were not possible because of sky-plane projection effects and only estimates of 3-D structure could be made using known associations of CMEs with solar surface phenomena such
as flares (e.g. Howard et al. 2008b), prominences/filaments (e.g. Howard et al. 2007) and
post-eruptive arcades (Tripathi et al. 2004). The first attempt at producing 3-D structures
comparing CMEs and ICMEs using data alone was published in 2007 (Howard et al. 2007),
but was based on solar surface associations. A further attempt at 3-D reconstruction using
coronagraph data alone was performed by Howard and Tappin (2008).
Existing models that are able to produce simulated images of ICMEs couple two separate
physical problems:
1. The physics responsible for the appearance of the ICME. This is a combination of the
Thomson scattering physics responsible for the observed intensity and polarisation and
of the relative geometry of the large structure, which includes integrated lines of sight
and the overall 3-D structure. The theory behind this is outlined in Howard and Tappin
(2009).
2. The physics responsible for the evolution of the ICME. This may include, for example,
a possible Lorentz driving force (e.g. Chen 1996), aerodynamic drag effects (e.g. Cargill
2004; Tappin 2006) or dynamic interaction with the surrounding solar wind (e.g. Hakamada and Akasofu 1982; Fry et al. 2001).
With such models, an assumption is made about the physical evolution mechanism which
is then coupled with the physics responsible for the appearance of the ICME to produce
an image sequence relative to any arbitrary observer such as at the Earth or normal to the
ecliptic plane. Boundary conditions are then modified in an often ad hoc fashion in order
to match the modelled images with those observed in the data. The coupling of these two
problems, we believe, is the primary reason for why existing ICME models are inadequate
at predicting ICME evolution, particularly the timing of their arrival at 1 AU.
In the current series of papers we attempt to decouple the two problems by extracting
the 3-D structure and kinematics from the ICME images without considering the physics
responsible for the evolution of the ICME. In the first part of the series (Howard and Tappin
2009, hereafter referred to as Paper 1), a review of the theory responsible for the appearance
of ICMEs was presented. This built up the picture of the ICME from the Thomson scattering
physics from a single election, to an integrated line of sight, and finally with a consideration
of the ICME as a large 3-D structure. The variation of the leading edge of this structure
relative to a fixed observer was considered as the ICME expanded through the heliosphere.
This theoretical consideration laid the foundations for the development of the model now
known as the TH Model, which was developed and discussed in the second part of the series
(Tappin and Howard 2009, hereafter referred to as Paper 2). The TH Model begins with a
sequence of leading edge measurements of ICMEs observed with heliospheric imagers and
compares them with a hypercube of simulated ICME leading edges. The result is a series of a
matching parameter combination describing the 3-D structure and kinematic evolution of the
ICME. Hence using leading edge measurements from heliospheric image data alone, the TH
Model reproduces the 3-D structure of the ICME, and identifies its direction of propagation,
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and distance, speed and acceleration properties. The model was tested using two events
observed by the Solar Mass Ejection Imager in 2004 which were compared with associated
CME coronagraph data and in situ near-Earth spacecraft data. The Model identified both
the timing of the associated LASCO CME and the arrival time at 1 AU with remarkable
precision.
The present paper concludes the heliospheric image series with a consideration of the
physical implications of the TH Model. We consider a single event observed in November
2007 and extend the Model to accommodate for the Heliospheric Imagers on board the
STEREO spacecraft. This modification treats measurements from the three spacecraft as
a single collective and the 3-D structure and kinematic properties for the same event are
extracted. An accurate reconstruction of this event was produced by first using the TH model
3-D reconstruction as a starting point, and the structure was then refined using the in situ data
as a guide. We find that the best description of this model is a combination of a “standard”
ICME coupled with a corotating interaction region structure extending from the western
flank. To match the in situ data accurately it was required that the ICME component be
slightly more curved than the spherical shell used in the Model.

2 Data
The selected event was detected by a variety of imaging and in situ instruments, and those
which were used in the present study are listed below.
1. The Large Angle Spectroscopic COronagraph (LASCO) imaging instrument on board
SOHO (Brueckner et al. 1995). LASCO currently has two functioning coronagraphs, C2
which has a field of view (FOV) of 1.5–6 R and a cadence of around 30 minutes, and C3
with a FOV of 3.7–30 R and cadence of around 50 minutes. LASCO has observed well
over 104 CMEs over its 14 year lifetime and its observations have been well documented
(e.g. St. Cyr et al. 2000; Yashiro et al. 2004).
2. The COR coronagraphs on board the twin STEREO spacecraft (Kaiser et al. 2008). These
spacecraft orbit the Sun with a similar orbit to that of the Earth, except that one spacecraft
(STEREO-A) leads while the other (STEREO-B) lags. The angular separation between
each spacecraft and the Sun-Earth line grows by ∼22.5° per year, so by the time of our
selected event they were each ∼20° away from the Earth (and ∼40° from each other).
There are two coronagraphs aboard each spacecraft, COR1 (Thompson and Reginald
2008) which has a FOV of 1.1–3.0 R and cadence of 5 minutes, and COR2 (e.g. Howard
et al. 2008a) with a FOV of 2–15 R and cadence 30 minutes. CME observations using
the STEREO CORs have been reported by Mierla et al. (2008) and Howard and Tappin
(2008). The present event was only observed with COR2.
3. The Solar Mass Ejection Imager (SMEI) instrument on board Coriolis (Eyles et al. 2003;
Jackson et al. 2004). SMEI images the entire sky in white light beyond 20° elongation,
and each all-sky image is acquired during the spacecraft’s 102 minute polar orbit. Reports
of ICME observations using SMEI include Tappin et al. (2004), Howard et al. (2006) and
Webb et al. (2006).
4. The Heliospheric Imager (HI) imaging instruments on board STEREO (Eyles et al.
2009). There are two HI instruments aboard each spacecraft, HI-1 has a FOV of around
4.4–20.4° elongation and cadence of 40 minutes while HI-2 has a FOV around 18.7–
88.7° elongation and cadence of 120 minutes. The HI cameras are not Sun-centred, but
rather are centred to allow a continuous FOV from the Sun to near 90° elongation, by
combining the HIs and CORs. The HIs have a circular FOV, and as such do not observe
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the high-latitude regions of the heliosphere. They also effectively only observe the Earthward side of the Sun. Observations of ICMEs observed using the HIs include Harrison et
al. (2008) and Webb et al. (2009).
5. The MAG magnetometer (Smith et al. 1998) and Solar Wind Electron Proton Alpha
Monitor (SWEPAM) (McComas et al. 1998) particle detector on board the in situ ACE
spacecraft. Reports using measurements of ICMEs using these instruments include Lynch
et al. (2003), Dal Lago et al. (2004) and Reinard (2008).
6. The MAG magnetometer (Acuña et al. 2008), and Solar Wind Electron Analyzer
(SWEA) particle detector (Sauvaud et al. 2008), part of the in situ IMPACT and PLASTIC instrument suite (Acuña et al. 2008; Galvin et al. 2008) aboard STEREO. The magnetometer provides triaxial measurements with an intrinsic sample rate of 32 samples/s,
sensitive to 0.015 nT. SWEA measures the distribution function of the solar wind core,
halo and strahl electrons from 1 to around 3000 eV. Measurements of ICMEs using IMPACT have been presented by Marubashi et al. (2008) and Möstl et al. (2008).
Along with direct observation, other phenomena associated with the CME/ICME were
also observed. These include:
1. Associated solar “surface” activity, observed by the Extreme-ultraviolet Imaging Telescope (EIT) (Delaboudinière et al. 1995). EIT obtains whole-disk images of the Sun
roughly every 12 minutes. The wavelength most frequently observed by this instrument
is the 195 Å Fe XII line, which is common at temperatures of around 1.5 × 106 K.
2. Increased geomagnetic activity recorded by the ground-based magnetometers used to
determine the 3-hourly Kp and the hourly Dst indices. Disturbed geomagnetic activity is
indicated roughly by a Kp value >4 and Dst <−30 nT.
Other solar observatory data were also inspected, such as the GOES X-ray monitors and
the ground-based Hα telescope network, but these revealed no substantial activity on the
solar surface around the launch time of this event.

3 The Event
The event was observed by each of the above instruments at various times during its passage from 0 to 1 AU and beyond, during the time period from 15–20 November 2007. The
associated geomagnetic storm occurred 20–21 November.
3.1 Coronagraph and HI-1 Observations
The CME was first observed by COR2-B on 15 November around 18:10 UT, then by COR2A around 18:40 UT, and in LASCO C2 around 18:50 UT. It was detected as a faint, slowmoving CME predominantly in the north-northwest quadrant of the sky in LASCO, northwest in COR2-A and west in COR2-B. It appears as a partial halo CME (i.e. a CME with
a component directed along the Sun-observer line) in all three instruments, but it is most
easily observed in COR2-B. Sky-plane-projected speeds for the CME are roughly 150 km/s
from LASCO, 140 km/s from COR2-A and 155 km/s from COR2-B, but an acceleration
is observed by all three (refer to Fig. 7b). A separate (but possibly related) narrow structure
extends to the east in LASCO and COR2-A, but it does not appear in COR2-B. Figure 1
shows images of the CME from each coronagraph and the inner HI camera (HI-1), with
panel (a) showing LASCO C2, (c) showing COR2-A and (d) showing COR2-B. These have
been selected to represent the appearance of the CME at the same time in each coronagraph
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Fig. 1 Coronagraph and HI-1 images for the event. Each image was obtained on 16 November. (a) LASCO
C2, (c) COR2-A and (d) COR2-B images around 00:06 UT, (b) LASCO C3 image at 03:42 UT, (e) HI-1A
image at 12:24 UT, and (f) HI-1B image at 21:44 UT. The solar disk is indicated by the white circle in panels
(a)–(d) and the filled circle at the centre represents the coronagraph occulting disk. For the HI images the Sun
is not in the images, but rather is located to the right of panel (e) and to the left of panel (f). For each image
the instrument, date and time are labelled
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(16 November around 00:06 UT). Further from the Sun projection affects play a role in the
timing of the transit of the CME across the relative FOV of each camera. So Figs. 1b, 1e and
1f show LASCO C3, HI-1A and HI-1B images at different times (03:42, 12:24 and 21:44
UT respectively), although each on 16 November.
Two other significant CMEs were observed in coronagraphs around the time of this event,
both directed towards the southwest with no Earth-directed component. The first was observed the day before the present event, on 14 November while the second the day after
on 16 November. These have been studied in detail by Howard and Tappin (2008) and the
earlier event appears in the HI-2B image toward the bottom right in Fig. 1f. It is possible
that a common magnetic structure may be partially responsible for all three events, although
for the present event to be Earth-directed there would need to be a contribution from the
western hemisphere of the Sun (relative to the Earth), a component not believed to be part
of the other two events.
3.2 SMEI and HI-2 Observations
Further into the heliosphere, the ICME counterpart was observed by SMEI and both HI-2
instruments. Images from each are shown in Fig. 2. It should be noted that for the purposes
of the TH Model only the events observed in the heliospheric images are relevant. While
helpful for independent comparison purposes, the Model does not use coronagraph data
directly.
The event first appeared in Camera 2 of SMEI on 19 November in the image from 01:44
to 03:26 UT. It was brightest in the south-southeast quadrant and later extended toward the
southwest. It was last observed leaving the Camera 2 FOV in the southwest around 12:00 UT
on 20 November. At this time SMEI became saturated with aurora and particle precipitation
most likely caused by the geomagnetic storm. In other words, SMEI observed the transient
until it impacted the Earth, after which it was blinded by the effects of increased geomagnetic
activity. Figures 2a show two selected zenithal equidistant (“fisheye”) images of the ICME
observed in SMEI.
It was first observed in HI-2A early on 19 November immediately after a 24-hour data
gap. The ICME was visible as a faint band moving through the northern (upper) region of the
outer (left) part of the FOV. It was observed until it moved beyond the FOV by 12:09 UT on
20 November. At larger elongations there appeared to be two bands present, both of which
appeared to become convex-inward (i.e. with their peaks pointing towards the Sun) beyond
elongations around 50°. It is unclear whether these are due to two separate structures or
whether these are the effects of projection or the optics of the instrument. Figures 2b show
two selected HI-2A images of the ICME.
Figures 2c show three images of the event as observed by HI-2B. Here the ICME appeared at 18 November around 12:09 UT following the previous brighter “limb” CME reported by Howard and Tappin (2008). At smaller elongations (towards the left of the FOV)
the event was visible throughout the entire PA range of this camera, and later was more
easily detectable in the northern (upper) region. A faint structure was apparent in the southern region, but this appeared to catch up with the earlier “limb” event and the two became
indistinguishable. For the purposes of the TH Model we regard this interaction as a region
of missing data, that is a region that may contain ICME structure but we were unable to
measure it. As with the HI-2A event there were two features observed at larger elongations
which became convex-inward towards the edge of the camera. Unlike in HI-2A, the ICME
faded from view before it reached the edge of the camera, at around 16:09 UT on 20 November. We believe this is due to the impact of the ICME with STEREO-B.
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Fig. 2 SMEI and HI-2 images of the ICME counterpart of the November event. (a) The zenithal-equidistant
(“fisheye”) images from SMEI, obtained from 13:36–15:18 and 16:59–18:40 UT on 19 November. The location of the Sun is given by the “+” symbol. (b) HI-2A images at 10:58 UT and 20:58 UT on 19 November.
The noisy region in the upper right of the HI-2A images are residuals from the galactic plane. (c) HI-2B
images at 06:59 and 18:59 UT on 19 November, and 02:59 UT on 20 November. For HI-2B the white circles
towards the right of the left and centre images, and the black circle in the same area in the right image are the
Earth. The arrows indicate the location of the ICME(s) and the instrument and times are labelled on each

3.3 In Situ Observations
When it reached distances near 1 AU the ICME passed the STEREO spacecraft themselves,
allowing direct measurements using their in situ instruments. Near the Earth at the L1 Lagrange point, the ICME was also detected by the ACE spacecraft. Figure 3 shows the magnetometer and plasma data from each of the three spacecraft. Note that we measure the arrival
of the ICME by the forward shock signature in each instrument, i.e. the simultaneous jump
in B field, density and bulk speed (e.g. Howard and Tappin 2005). This signature is clearly
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Fig. 3 Magnetic field (top),
solar wind density (middle) and
solar wind bulk speed (bottom)
measurements from the in situ
instruments aboard
(a) STEREO-B, (b) ACE and
(c) STEREO-A. The time range
for each plot is 19–20 November
2007 (12–12 UT) for panels (a)
and (b), and 20–21 November
2007 (12–12 UT) for panel (c).
The estimated duration of the
ICME is shown in each case

visible in STEREO-B and ACE and are shown in Figs. 3a and 3b. With this signature we can
deduce that the ICME arrives first at STEREO-B on 19 November around 13:50 UT then at
ACE around 17:15 on the same day. Note that STEREO-B is around 0.04 AU further from
the Sun than ACE, so this timing is opposite to what may be expected for an ICME with a
spherical shell structure. This is discussed later.
The arrival of the ICME at STEREO-A is somewhat more complicated, as shown in the
bottom panels of Fig. 3c. There are no clear forward shock signatures, rather two increases
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in B field around 21:30 and 23:45 UT on 20 November. These are accompanied by increases
in density and solar wind speed, but at a more gradual rate than is expected for a forward
shock. Later, at around 03:30 UT on 21 November there is a relatively strong reverse shock
signature (a decrease in B-field and density but an increase in solar wind speed). A much
weaker reverse shock also appears in ACE around 12:00 UT on 20 November, and while
there is no reverse shock apparent in STEREO-B, we believe the ICME signature ceases
around 07:00 UT on 20 November. Thus, the ICME duration is 17 hours 10 minutes in
STEREO-B, 18 hours 45 minutes in ACE and only either 4 or 6 hours in STEREO-A. The
clear difference in structure between ACE and STEREO-A implies that a different component is observed, suggesting a possible discovery of a new combined structure. This is also
discussed later.
3.4 Associated Activity
Other information on this event may be obtained by investigating associated activity. This
includes solar “surface” associations and the response of the Earth’s magnetic field upon
the arrival of the ICME. Figure 4a shows an EIT image around the time of the CME onset
(14:00 UT on 15 November). There was a small region of activity in the western hemisphere
just south of the equator (indicated by the circle in Fig. 4a). This was not a flare or erupting prominence, but appeared to be a slight brightening and reorganisation of the magnetic
structure near this region. While not significant by solar eruptive standards at this wavelength, it was the only activity present on the solar surface during this day. Investigation of
X-ray and Hα data (not shown) also reveal no significant activity on this day. In soft X-rays
the flux did not exceed 10−8 W m−2 (i.e. below the A class flare level) all day.
Also indicated in Fig. 4a is a coronal hole to the northeast and southwest of the region of
activity. Despite the already-existing presence of a long-duration coronal hole in the vicinity of the region of activity, a smaller new coronal hole opened near the solar equator at
around the onset time of the CME. Coronal holes are generally regarded as sources of highspeed solar wind material (e.g. Krieger et al. 1973) and as such are good candidates for
the source of corotating interaction regions further from the Sun. Corotating interaction regions, or CIRs (Smith and Wolfe 1976) occur when fast solar wind, typically from coronal
holes, interacts with slow solar wind due to corotation at low latitudes, causing a region of
compression. CIRs have been investigated for many years, some examples including Pizzo
(1978, 1980, 1982), and Tappin et al. (1984). It is possible that some CIR activity may be
present during this event. We believe the smaller, newly created coronal hole plays a major
role in the overall structure of this event. This is discussed further in later sections.
Given the low speed, absence of flare association and low intensity nature of this CME,
one would not expect this event to be geoeffective. Indeed, no space weather alert was issued
by the authorities at NOAA (http://www.swpc.noaa.gov/alerts/archive/alerts_Nov2007.html)
between 4–19 November (until the Sudden Impulse was detected late on the 19th). Nonetheless, when this event arrived at the Earth, it was the cause of significant geomagnetic activity.
Figures 4b and 4c show plots of the Kp and Dst indices for 19–21 November. These indicate that a sudden storm commencement occurred at 18:11 UT on 19 November followed
by a geomagnetic storm reaching a maximum Kp of 5+ and minimum Dst of −71 on
20 November.
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Fig. 4 (a) (Left) EIT 195 Å image obtained on 14:00 UT on 15 November. (Right) The same image with
regions of interest indicated. The area enclosed by the circle indicates the location of the region where a small
amount of activity occurred around the onset time of this CME and the area enclosed by the white border
indicates a coronal hole. (b) Plot of Kp index against time on 19–21 November. (c) Plot of Dst index against
time on 19–21 November. Regions of high Kp and low Dst indicate the occurrence of a geomagnetic storm.
The time of the related sudden storm commencement at 18:11 on 19 November is indicated by the arrow
(arrowhead) in both plots

4 Reconstructing the 3-D ICME
4.1 The TH Model
To reconstruct the 3-D structure of this ICME, we use the SMEI, HI-1B and HI-2 images
and apply what has become known as the TH Model. This model compares leading edge
measurements from heliospheric images with apparent leading edges from simulated ICMEs
and determines the optimum parameters describing the observed ICME. These leading edges
are based on measurements from the ICME observed in heliospheric images (SMEI and
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HI) only, and do not use measurements from coronagraphs or other instruments. This is
achieved by comparing a data cube containing over 300 000 simulated ICME images with a
sequence of leading edge measurements. The simulated leading edges are constructed using
unique combinations of parameters describing the ICME structure, direction of propagation
and 3-D kinematic properties. The result is a 3-D reconstruction of the ICME from the
parameters describing its structure and kinematic evolution. It was constructed using the
theory described in Paper 1 and its development and usage are discussed in Paper 2. Paper 2
describes the utility of this model applied to two events observed by SMEI in 2004.
4.2 Modification of the TH Model
To accommodate for the different viewpoints of STEREO, it was necessary to make some
extensions to the TH Model. This was because of the relative radial and longitude locations
of each spacecraft.
The different radial distances of the two STEREO spacecraft are sufficient to alter the
perspective, and significantly different results are obtained if it is ignored (this was tested,
but the results are not shown here). To account for this we generated new databases of edge
locations calculated for observers at 0.95 and 1.05 AU from the Sun as well as the existing
databases at 1.0 AU. This is one grid point in the Model, and corresponds approximately to
the heliocentric distances of STEREO-A and STEREO-B respectively. The actual distances
of STEREO-A, B and Earth at the time of the event were 0.97, 1.04 and 0.99 AU.
Since all three spacecraft are close to the ecliptic plane, and our grid is heliocentric
ecliptic, the longitude differences can be addressed by a simple shift of the central longitude
of the ICME.
Because it is necessary to include the complete ICME position angle coverage in order
to run the TH Model, the HI data alone did not provide adequate coverage of this event. Nor
in this case could the SMEI data alone, as it had large sections of the sky obscured by noise.
So it was necessary to combine the three instruments HI-A, HI-B and SMEI.
Thus the fitting is handled by taking all the data together and tagging each measurement
with the identity of the spacecraft making it. Then when we determine the mismatch of
each point, we can use the appropriate edge database for the spacecraft, and shift the central
longitude of the simulated ICME by the appropriate amount before calculating its edge.
For the Stage 2 fitting, we have the option of fitting all the spacecraft simultaneously, or
of selecting one spacecraft.

5 Results
Table 1 shows the Stage 1 converging parameters for the ICME using 10 runs in the same
manner as for Paper 2. To summarise, the best fitting ICME was a spherical shell of central
location 3°N 17°E, latitude width of 74° and longitude width of 94°. Hence, the central axis
is closest to the physical location of STEREO-B and the ICME easily passes through the
Earth and STEREO-B, and grazes STEREO-A.
Contour plots showing the constraints of the parameters are shown in Fig. 5. The layout
for these is identical to those in Paper 2. It is immediately clear that unlike the corresponding
plots in Paper 2, we do not see the abrupt discontinuities in the mismatch parameter. We
believe this is because the slope changes that occur at the grid points in the database do
not occur at the same places for the different viewpoints, and as a result these effects are
smeared out.
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Table 1 Stage 1 fitting results for the ICME. The bold row is the “best” fit, the parameters of which were
used to feed Stage 2. The average (Avg) and standard deviation (σ ) of the 10 runs are also shown. The starting
heights were determined at 04:28 on 17 November 2007
Run

Start

Average

Central

Central

Longitude

Latitude

#

height

speed

latitude

longitude

size

size

Mismatch

(AU)

(km s−1 )

(°)

(°)

(°)

(°)

(°)

0

0.36

458.08

0.00

−12.00

34.20

28.11

3.43

1

0.34

474.16

10.08

−17.28

44.76

53.53

3.46

2

0.34

469.47

3.06

−18.00

43.87

36.00

3.42

3

0.33

477.57

1.91

−12.00

42.11

35.83

3.43

4

0.33

478.35

1.49

−24.00

55.52

37.08

3.42

5

0.33

484.23

3.52

−5.16

38.55

35.58

3.45

6

0.36

458.26

0.01

−29.94

52.66

31.60

3.42

7

0.36

460.24

0.06

−24.00

47.99

30.51

3.42

8

0.31

501.76

12.06

−2.44

60.00

47.47

3.45

9

0.34

475.06

1.90

−24.96

55.17

36,00

3.42

Avg

0.34

473.72

3.41

−16.98

47.48

37.17

σ

0.02

13.41

4.24

9.02

8.25

7.73

It is also evident that the minima are very shallow, compared with those we obtained in
Paper 2. This is most likely because the simple geometrical shapes we use do not perfectly
fit the real structure, and as a result the best parameters for each spacecraft are somewhat
different, thus spreading the minimum. It should however be noted that when we attempted
to fit the spacecraft individually, the results were wildly unstable. This is almost certainly
because in this case we had rather limited coverage in position angle in all 3 spacecraft (not
even SMEI had 180° of usable coverage) and so with no defined position angle edges to the
structure, anything from the size of the observable region to a full halo could be fitted.
Figure 6 shows the kinematic properties of the ICME derived from the Stage 2 fitting
of the TH Model. Three plots are shown, the 3-D heliospheric distance in AU, speed, and
the distance plot with associated CME height-time and in situ data (times of forward shock
arrival) overlayed. Two columns of the plots of the same parameters are shown. The first
column shows the collective data from all three imagers (SMEI, HI-A and HI-B) while the
second shows only the HI-B data, which due to the relatively larger number of measurements
by far dominated the outcome of the Model convergence. With the exception of a small
number of early data points (obtained from the HI-1A measurements), it appears the ICME
accelerates for over a day before it undergoes a sharp deceleration. The rate of acceleration
varies depending on the selected data set (either from 300–1000 or 300–600 km s−1 ) but a
clear sudden change to its acceleration occurs just before noon on 19 November, four days
after launch and when the ICME is near 0.9 AU. This may or may not be physical, and
required an additional survey of numerous events, beyond the scope of the present study.
For comparison with external data from which the Model was not derived (including
coronagraph data), Fig. 6c shows the same 3-D data from Fig. 6a, but extended to allow
for the inclusion of both the associated CME height-time data and the times of the shock
arrival at each spacecraft. In order to improve clarity, Fig. 7 shows the regions of the plots
where confusion from overlap from the three spacecraft dominates. Figure 7a shows the
latter section of the heliospheric image data, while Fig. 7b shows the coronagraph height-
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Fig. 5 A demonstration of how well each parameter is constrained for the Stage 1 convergence: error contours of selected parameter combinations. (a) Average speed vs starting height, (b) central latitude vs central
longitude, (c) latitude size vs longitude size, (d) latitude size vs central latitude, (e) longitude size vs central
longitude and (f) central longitude vs average speed. In each case the actual converged parameter is indicated
by the filled circle. Contour values represent the mismatch parameter described in Paper 2
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Fig. 6 Kinematic plots against time for the parameters derived from the Stage 2 processing of the Model.
The left column shows the results from all three spacecraft while the right column shows only results from
HI-B, measurements from which dominated the convergence of the model. (a) Modelled 3-D heliocentric
distance for the heliospheric images alone, plotted as a function of time. (b) Derived speed at each point vs
time. The solid horizontal line indicates the Stage 1 fit, and the dashed line is the average of the Stage 2 fits.
(c) The same heliospheric image results from (a) extended to the full range from 0–1.2 AU. This allows (and
includes) height-time data from the coronagraphs for the associated CME as well as the times and locations
of the shocks at each spacecraft
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Fig. 7 Close-up views of the sections of Fig. 6c (left) which are difficult to view due to multiple spacecraft
measurements. (a) Distance-time plot of the latter part of the ICME evolution including data from each
individual instrument. The linear plot for the constant speed Stage 1 fit. (b) Coronagraph height-time data
showing plots from each spacecraft. Distances here are given in solar radii (1 AU ∼215 R )

time plots. The coronagraph data show an acceleration early in the evolution of the CME,
which we believe continues to large distances from the Sun. The SMEI data appear to be
at larger distances than those from both STEREOs at the same times. We believe this may
be because of the smearing of the edges of the structure caused by the long exposure in the
STEREOs. This may have caused us to mark the leading edge lower in the structure that we
did with the sharper edges in SMEI. This long exposure effect of ICMEs observed in the
HIs is significant, and one we believe to be a drawback in the design of the HI-2 instrument.

6 Discussion
6.1 Structure
Figure 8 shows the 3-D reconstruction from the Model from three perspectives. Figure 8a
shows a selected SMEI image (the same as from Fig. 2a) with the measured ICME leading
edge and ε-PA grid superimposed. The projected image of the modelled ICME is shown in
Fig. 8b with its leading edge at 0.91 AU shown. Finally, the actual 3-D reconstruction from
the perspective of the Ulysses spacecraft (to remain consistent with similar plots in Paper 2)
is shown in Fig. 8c. Here, the ICME structure is at 0.9 AU and the locations of the Earth (and
SMEI), STEREO-A and STEREO-B are shown. The Model shows the ICME easily impacts
the Earth and STEREO-B and just grazes STEREO-A. Using the Stage 1 constant speed assumption we predict the arrival time of this ICME at STEREO-B, ACE and STEREO-A is
01:36 UT on 20 November, and 20:13 and 18:12 UT on 19 November, respectively. As noted
in Sect. 3.3 the shock arrival times at each spacecraft are 13:50 and 17:15 UT on 19 November, and 21:30 or 23:45 UT on 20 November respectively. As with the results in Stage 2, the
model performs well in predicting the arrival time at ACE (3 hours, 28 minutes early), but
its prediction is less accurate for STEREO-B and significantly different for STEREO-A.
In order to accurately describe the structure of this event, it is necessary to describe the
appearance of the event in all of the instruments that have been used in its observation. While
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Fig. 8 The three-dimensional reconstruction of the ICME as determined by the TH Model convergence.
(a) SMEI “fisheye” image on 19 November (13:36–15:18 UT) with the measured leading edge and ε-PA grid
superimposed. (b) The modelled leading edge at 14:00 UT (0.91 AU) overlayed on a “fisheye” projection of
the modelled ICME at a distance of 0.9 AU. (c) The 3-D reconstruction of the modelled ICME at a distance
of 0.91 AU. The location of the Earth (and SMEI), STEREO-A and STEREO-B are shown. As with the same
plot in Paper 2, we have chosen to show the appearance from the direction of the Ulysses spacecraft, which
was 57°N and 56°E (ecliptic coordinates) at the time of this event

Interplanetary Coronal Mass Ejections Observed in the Heliosphere: 3

105

a good first-order estimate of the structure may be produced using heliospheric image data
alone, we may refine this structure using our knowledge of the passage of the event through
each spacecraft.
We first present a summary of the clues from the large variety of datasets associated with
this event:
1. The CME component appears as a partial halo by all three spacecraft. A separate, but possibly related component appears to the east of LASCO and STEREO-A (predominantly
the latter), but only the single westward component is observed by STEREO-B.
2. To the west of the active region associated with the CME launch is a low-latitude coronal
hole. This appears to be enlarged or a new coronal hole is created to the south of the
active region following the launch of the CME.
3. 3-D reconstruction using the heliospheric images and the TH Model results in a central
axis at 17°E, i.e. with its centre much closer to STEREO-B than the Earth.
4. The in situ data appear very similar in STEREO-B and ACE (led by a strong forward
shock, followed by a weak reverse shock and lasting around 18 hours) but very different
in STEREO-A (weak, if any, forward shock, strong reverse shock and only 5 hours in
duration). Furthermore the in situ event observed in STEREO-A appears very much like
a “classical” corotating interaction region signature (e.g. Smith and Wolfe 1976; Burlaga
1995), while the signature in STEREO-B and ACE resemble a standard ICME much
more closely.
5. The ICME impacted STEREO-B first, then ACE 3 12 hours later, but it did not arrive at
STEREO-A until 28 hours after its impact with ACE.
6. The associated geomagnetic storm, caused by the arrival of this event at the Earth, began around 18:00 UT on 19 November and hence was well underway when the ICME
arrived at STEREO-A (which is closer to the Sun than the Earth is) towards the end of
20 November.
This combination of evidence leads us to the firm conclusion that this event is a combination two structures:
1. A fairly typical CME/ICME which passes STEREO-B and ACE;
2. A CIR structure which passes STEREO-A.
The merger between these two structures occurs somewhere between the Earth and
STEREO-A, probably closer to STEREO-A. This means the Modelled longitude extent
would be shortened at its western flank. Also, the CME/ICME component can be made
to intercept STEREO-B before the Earth if we allow the curvature of the shell to be slightly
greater than the sphere assumed by the TH Model.
Figure 9 shows two ecliptic slices of the likely structure of this event, around the time of
impact with (a) STEREO-B and ACE on 19 November and (b) STEREO-A on 20 November.
Note that the distortion of the spherical shell structure need not be large for the event to
pass STEREO-B before passing the Earth (for comparison, Modelled ecliptic slice of the
spherical shell is included). This is because the central longitude of the ICME structure is
much closer to STEREO-B. Also note that when the CIR component arrives at STEREO-A,
the CME component has long passed the Earth and STEREO-B. This is indicated by the
onset time of the geomagnetic storm shown in Fig. 4 and explains the large time difference
between the arrival of the event at ACE and at STEREO-A.
Physically, it is likely the CIR component is the result of a fast-flowing column of solar
wind material brought about by the creation of a new smaller coronal hole by the launch of
the original CME. In much the same way as many CMEs move through a region of slower
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Fig. 9 Ecliptic plane projection (looking from the north) of the 3-D reconstruction of the event in the present
study, along with the locations of the Earth (E) and both STEREO spacecraft (A and B). This comprises of
a CME component that passes STEREO-B and the Earth and a CIR component to the west that intersects
STEREO-A. This event is shown at two times: (a) When the event was near STEREO-B and the Earth on
19 November; and (b) when the event was near STEREO-A towards the end 20 November. The results of the
TH Model at each time is shown as the dashed arc and the dotted arc represent the orbit of the Earth

solar wind, so too will this fast-flowing column, which corotates with the Sun and creates
the commonly-recognised CIR structure. Hence the overall ICME structure is a combination
of the two. With the exception of a mention of this possibility (Tappin 1984; Hewish et al.
1985), we believe that this is the first time sufficient evidence to support the existence of
such a structure has appeared in the literature.
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6.2 Kinematic Evolution
Assuming the Stage 2 results apply to the CME component only (the likely evolution and
nature of the CIR component is well documented) we may also discuss the kinematic evolution of this event. Figure 6 shows what appears to be a three-part evolution for this ICME.
Early in the evolution the speed appears to be much higher than in the coronagraphs. This
is followed by a period of deceleration followed by a gradual acceleration until around
12:00 UT on 19 November, and then a sudden deceleration follows. The first high speed
component may be questionable as it is derived from the HI-1 measurements in a regime
where the geometry in Paper 1 is less certain. The sudden deceleration may be physically
questionable as well, and further study is required on a large number of events to resolve
this. Whether these components are regarded or not, it is clear that there is a sustained acceleration that continues until the CME is at a distance of around 0.9 AU from the Sun. It is
unclear whether the acceleration is a continuation of or secondary to the initial acceleration
observed in the coronagraphs, but the transition between the acceleration and deceleration
regimes is relatively sudden, if it turns out to be physical.
This long-duration acceleration has been identified in interplanetary scintillation ICME
observations by Manoharan et al. (2001) and Manoharan (2006) and in SMEI data by Tappin
(2006) and Howard et al. (2007). Such an acceleration was also apparent in the first event
of Paper 2. Physically its source has been suggested as one of two likely possibilities by
Howard et al. (2007):
1. A Lorentz force, brought about by the interaction between the internal toroidal current
within the CME and the surrounding poloidal interplanetary magnetic field;
2. Internal pressure by the fast solar wind flowing from the coronal hole produced by the
slower CME.
The former has been modelled to large distances by Chen (1996) and is the generally
accepted description for this driving force (e.g. Vršnak 1990, 1992 and references therein).
The distance beyond which the Lorentz force becomes insignificant, however, is believed to
be much closer to the Sun than that for the present event.
The latter is described as a fast flowing plasma in the wake of the CME exerting a force
on the slower moving CME shock front (Steinitz and Eyni 1980; Hewish et al. 1985). The
result is a necessary increase in the overall speed of the CME as required by the conservation
of momentum flux. As the present event originated from the Sun with a relatively low speed,
the ambient flow of the solar wind is likely to also contribute to an increase in solar wind.
Additionally, the connected CIR structure lends evidence to support the creation of a fast
flowing stream in the wake of the CME eruption.

7 Conclusions
The purposes of the present study are fourfold:
1. To demonstrate the versatility of the TH Model by its accommodation of STEREO HI
data;
2. To improve the accuracy of the Model by applying it to an event which required all
three spacecraft combined to produce sufficient 3-D information (each imager alone was
insufficient for such a reconstruction);
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3. To combine the heliospheric image results with external associated data (in situ, surface
associations, coronagraph counterparts) to produce an accurate 3-D reconstruction of the
ICME for the first time;
4. To present evidence of a new class of ICME; that of a combination of a “standard” with
a CIR structure extending from its western flank.
Physically, the ICME structure we have suggested lends evidence to the possibility that
this ICME may be driven by a column of fast-flowing solar wind in its wake, brought about
by the launch of the initial CME itself. We believe that this structure is quite common among
(particularly initially slow) CMEs and that this may be an alternative driving force to the
commonly accepted Lorentz force. It is not until now that sufficient details can be extracted
from the combination of image and in situ data from a variety of sources that such a reconstruction was possible.
It was found that the ICME component of the structure could be more accurately depicted
if we allowed a small increase in curvature beyond the simple spherical shell allowed for by
the Model. It seems clear that the Model could be made more accurate if it could accommodate such distortions to the curvature of the shell. We are in the process of modifying
the Model for just such an accommodation, removing the need for a distorted bubble, and
instead introducing a distortion factor to the shell alone. Results from the next version of the
TH Model will be presented in a later report.
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