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ABSTRACT
Two coronal mass ejections (CMEs) are presented which were tracked through the LASCO field of view (FOV )
within 30 R and later as interplanetary CMEs (ICMEs) through the SMEI FOV from 80 to 150 R . They were also
associated with erupting filaments observed by EIT, providing information on trajectory of propagation. This allowed
three-dimensional reconstructions of CME /ICME geometry, along with corrected (not sky plane projected) measurements of distance-time (DT) plots for each event to 0.5 AU. An investigation of morphology was conducted. The
results suggest that fine structures of the CMEs are eroded by the solar wind, and curvature becomes more sharply
convex outward, suggesting that ICME footpoints remain fixed to the Sun even at 0.5 AU. We also present two
models describing the evolution of CMEs/ICMEs at large distances from the Sun (far from the launch mechanism
and effects of gravity and solar pressure) and consider two drag models: aerodynamic drag and snowplow. There was
little difference between these, and their DT profiles matched well with the SMEI data for event 1. Event 2 showed a
net acceleration between the LASCO and SMEI FOVs and we could match the data for this event well by introducing
a driving Lorentz force. ICME mass almost doubled as a result of swept-up solar wind material from the snowplow
model. Finally, we compared the geometry and kinematics of the ICME with that produced by the HAFv2 model and
found that the model reasonably matched the geometry, but overestimated the ICME speed.
Subject headingg
s: interplanetary medium — solar-terrestrial relations — solar wind —
Sun: coronal mass ejections (CMEs)

1. INTRODUCTION

(Gosling et al. 1987). If the direction of the interplanetary magnetic field is southward ( Dungey 1961), then a further signature
at the Earth may be identified by the occurrence of a geomagnetic storm.
Until recently, modeling was largely the only method available to try to physically approximate the evolution of a CME into
the interplanetary medium. Such models use input parameters
obtained at the Sun in coronagraphs and X-ray, EUV, H, and
radio data to predict the arrival of the CME at 1 AU. These are
today utilized by the space physics community for space weather
forecasting (e.g., Hakamada & Akasofu 1982; Luhmann et al.
2004; Poedts & Arge 2006 and references therein). Complexities
in the interaction of the interplanetary medium and the ICME are
generally ignored due to the lack of data on the propagation of
the ICME between the Sun and the Earth. Until recently, with
the exception of data from the Helios twin photometer missions
(Jackson 1985) and some work using interplanetary scintillation
(IPS; Hewish et al. 1964, 1985; Readhead et al. 1978; Manoharan
2006), observations of ICMEs between 30 R and 0.99 AU have
not been available. The Solar Mass Ejection Imager (SMEI; Eyles
et al. 2003; Jackson et al. 2004) now provides us with measurements of ICMEs in this region, and to date has observed well
over 200 transients since its data became available in 2003 February. References on observations of ICMEs by SMEI include
Tappin et al. (2004), Howard et al. (2006), and Webb et al.
(2006).

Coronal mass ejections (CMEs) are believed to be responsible
for the removal of helicity and large quantities of mass from the
solar corona and may be described as clouds of plasma which
originate from the Sun. They can span several tens of degrees
of heliospheric latitude and have masses typically of the order of
1012 Y1013 kg. It is generally accepted that CMEs are primarily
responsible for large geomagnetic disturbances at the Earth, known
as geomagnetic storms (e.g., Burlaga et al. 1981; Zhang & Burlaga
1988; Kahler 1992; Gosling 1993; Schwenn et al. 2005 and references therein).
CMEs are believed to be created when large closed magnetic
structures in the solar corona erupt, carrying away the local magnetic field and embedded plasma. The structure moves into the
solar wind, where it is known as an interplanetary CME (ICME;
Zhao 1992; Dryer 1994), and typically maintains a higher speed
and magnetic field than the surrounding solar wind for at least
1 AU. Their passage can be detected in situ by spacecraft located
in the solar wind (e.g., ACE, WIND, Ulysses) via easily recognized
signatures, such as those of forward shocks and bidirectional
and counterstreaming electrons (Gosling et al. 1987; Cane &
Richardson 2003; Howard & Tappin 2005), and magnetic clouds
( Burlaga et al. 1990; Bothmer & Schwenn 1998; Dal Lago et al.
2004). Counterstreaming electrons are detected immediately after
the shock passage due to their reflection off the hard shock front
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One remarkable feature which has arisen in coronagraph and
SMEI data is the apparent constant increase of measured distance
with time. Yashiro et al. (2004) showed for over 2600 CMEs
with projected speeds below 900 km s1 that the majority had
projected accelerations close to zero (jaj < 5 m s2 ), with a tendency for those events slower than 250 km s1 to accelerate.
Early in the evolution of typical CMEs, it is known that the most
significant acceleration typically occurs below the occulting disk
of coronagraphs (e.g., MacQueen & Fisher 1983; St. Cyr et al.
1999), and so a near constant speed is expected, and generally observed, within 10Y30 R . However, such a constant speed would
not be expected at larger distances where drag effects from the
surrounding solar wind take a dominant role. Manoharan et al.
(2001), using coronagraph and IPS data on a single event in 2000
July, demonstrated a near constant speed out to around 100 R ,
while for each of the 20 halo CMEs identified in SMEI by Howard
et al. (2006) almost linear distance-time (DT) plots were identified, mostly within 130 R , but some out to 1 AU. This implies
that for many events an almost constant speed is achieved by
CMEs by the time they reach a few R in distance, and this constant speed is maintained out to at least 100 R . Given that CMEs
which are close to the Sun must oppose gravity and other Sunwarddirected forces such as pressure, and those far from the Sun must
overcome solar wind drag forces, it seems likely that an internal
driving force is present within the CME which becomes dominant at large distances from the Sun and sustains its constant speed
well into the interplanetary medium.
Tappin (2006) identified a single CME in 2003 April which was
detected by coronagraphs within 30 R , SMEI from 1 to 1.5 AU,
and Ulysses at 4.8 AU. He applied two deceleration models in an
attempt to estimate the distance and timing of the measurements
made on all three instruments. It was found that both models
largely overestimated the deceleration of the transient. He also
found that by delaying the start of the deceleration process until
the transient had reached 0.8 AU (170 R ) the modeled results
were matched well with the data. Using IPS data, Manoharan et al.
(2001) showed a two-level deceleration for a single CME, with
a rapid deceleration beginning at around 100 R . Manoharan
(2006), again using IPS data, also identified and tracked 30 ICMEs
out to 1 AU and demonstrated that the internal energy of the
ICME makes the dominant contribution to propagation out to
around 80 R . Chen (1996) modeled the evolution of an erupting
coronal loop for several days after launch and introduced a driving Lorentz force brought about by the toroidal current in the
loop and an encircling poloidal magnetic field. At large distances
from the Sun he demonstrated that the dominant forces were the
Lorentz and drag forces and that the driving Lorentz force was
overcome by the drag force after around 25 hr, or when the transient was 75 R from the Sun. These results lend evidence to
support the existence of a sustained driving force within the ICME
which is overcome by the drag force at around 80Y100 R . It is
also possible that this driving force may be a Lorentz force produced by the flux system comprising the CME.
In this paper we analyze the observational evidence describing
the evolution of CMEs into the interplanetary medium. We concentrate only on the transient evolution when the CMEs are some
distance from the Sun, well away from their source mechanism
and gravity and other near-Sun effects. We identify two transients
observed with coronagraphs and the SMEI cameras and compare
their geometry, distance, speed, and acceleration. We also compare these parameters with results produced using three models
describing CME evolution. We have deliberately chosen two
models with physically contradictory natures to determine
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whether either could match the data more accurately. One model
assumes the CME is a flux rope and that all the dynamics associated with it are due to the physics behind its magnetic and
physical structure. The second assumes there is no flux rope and
that the associated physics is driven by shock dynamics. Finally,
we consider whether the inclusion of a driving force is required
to sustain the ICMEs, and the possible nature of that driving
force.
2. OBSERVATIONS
2.1. Instruments Used
The two events presented were detected by both the Large
Angle Spectroscopic Coronagraph (LASCO; Brueckner et al.
1995) instrument aboard SOHO and SMEI aboard Coriolis.
LASCO has two functioning coronagraphs at present, C2, which
has a field of view ( FOV ) of 1.5Y6 R and a cadence of around
30 minutes, and C3, with a FOV of 3.7Y30 R and cadence of
around 50 minutes. SMEI images the entire sky in white light
beyond 20 elongation, and most of the events to date have been
detected within 1 AU. Each all-sky image is acquired during the
spacecraft’s 102 minute polar orbit.
Measurements obtained with LASCO and SMEI are limited
by their projection effects in the plane of the sky, so it was necessary to identify a ‘‘source region’’ using activity on the solar
surface associated with the onset of the CME. In the case of the
two events presented here, these were erupting filaments followed by posteruptive arcades ( Tripathi et al. 2004), detected
in EUV by the EUV Imaging Telescope ( EIT; Delaboudinière
et al. 1995) aboard SOHO. The wavelength most frequently used
by this instrument is the 195 8 Fe xii line, with a cadence of
around 12 minutes.
2.2. The Events
Table 1 shows a summary of some characteristics of the two
events. Event 1 first appeared in LASCO C2 on 2003 February
18 at 03:32 UT and later in SMEI on February 19 at 05:12 UT. We
associate this CME with a very long filament observed in EIT,
which erupted around 02:00 UT on February 18. At the time
of eruption, this filament spanned N50 E17 to N23 W70 . A
posteruptive arcade followed the eruption and remained active
for several hours afterward. Event 2 first appeared in LASCO
on 2004 February 15 at 03:54 UT and then in SMEI on February
16 at 07:01 UT. It was associated with a prominence eruption
which occurred on the southeast limb, at around S25 . It was
also followed by a posteruptive arcade. These two events were
selected because a CME in LASCO matched well in timing
( DT plots are discussed in x 3.2) with a single, clear ICME in
SMEI, and also because of a well-defined associated signature
on the solar ‘‘surface.’’
Figures 1 and 2 show LASCO, SMEI, and EIT images for both
events. The SMEI images are Sun-centered Hammer /Aitoff projections (e.g., Leighly 1955), which are henceforth referred to as
Aitoff projections or Aitoff images. Both the LASCO and SMEI
images (and measurements made therein) are running-difference
images, i.e., each image in the sequence has its preceding image subtracted. This has the advantage of removing some of the
nonYtime-varying background and enhancing ICME leading
edges but the disadvantage that any material or structure behind
the bright leading edge may be obscured. The LASCO image of
event 1 (2003February) shows at least three CMEs which erupted
within an hour of each other, while a single transient appears in the
SMEI data for this event. It is possible that these eruptions merged
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TABLE 1
LASCO and SMEI First Appearance Times, Direction of Propagation, and Associated ‘‘Surface’’
Features for the Two Events Chosen for the Present Study
Parameter

Event 1

Event 2

Date and time ( LASCO) ....................
Date and time (SMEI)........................
Filament onset.....................................
Direction..............................................
Associated EIT feature .......................

2003 Feb 18, 03:32 UT
2003 Feb 19, 05:12 UT
2003 Feb 18, 02:00 UT
330 ( NW )
Cold filament eruption
Followed by PEA
None
None
N31 W69 : 01:25Y02:53 UT
( N45 W8 ) Y( N23 W68 )

2004 Feb 15, 03:54 UT
2004 Feb 16, 07:01 UT
2004 Feb 15, 02:12 UT
140 ( ESE)
Cold filament eruption
Followed by PEA
None
None
None
The SE limb

Associated X-ray flare ........................
Associated H flare ............................
Disappearing H filaments.................
Location of launch site .......................

Note.— PEA refers to a posteruptive arcade.

to form a single transient by the time it reached the FOVof SMEI.
However, it is also possible that SMEI does not have the spatial
resolution to resolve each separate ICME, or that Thomson scattering or other effects modify the visibility of ICMEs far from the
Sun. For instance, preliminary results suggest that there is not a
1:1 association between all SMEI transients and LASCO CMEs
(Simnett 2005).
There appeared to be a streamer blowout along the northernmost footprint of event 2. The dark filament in the EIT data for
event 1 covers a position angle (P.A.) range of 296 Y352 , which
matches well with the P.A. range of the two larger corresponding
CMEs observed in LASCO, or 210 Y359 . The prominence associated with event 2 does not cover the same range in P.A. as the

CME, implying that it has a longitudinal component which extends behind the solar disk, but it is clear that its main structure is
very close to the solar limb. The filament and prominence are dark
relative to the coronal background. This is likely due to absorption
by the cooler filament material of the higher temperature coronal
background emission.
3. GEOMETRY
3.1. Correcting for Projection Effects
As both LASCO and SMEI can only provide projected images
of the transients, it was necessary to attempt to reproduce these
images in three dimensions. We used the associated surface features as an indicator of the launch trajectory and heliospheric
direction in which the transients propagated. For the two cases
presented here, the posteruptive arcade had a similar orientation
to that of the filament preceding eruption. As there is a close association between the endpoints of posteruptive arcades and those
of the overlying CME (Tripathi et al. 2004), we assumed that the
pre-eruption filament approximates the surface projection of the
overlying CME.
Distances from the Sun measured with LASCO and SMEI are
in units of elongation angle , that is, the angle between the SunEarth line and between the line connecting the Earth (observer)
and the point P being measured. At small distances from the Sun,
such as within the FOVof LASCO, elongation angle is converted
to distance using the point P approximation (Howard et al. 2006),
or
p ¼ sin ;

Fig. 1.— LASCO and SMEI images associated with event 1 (left) and event 2
(right). (a) LASCO C3 images taken on 2003 February 18 at 05:54 UT and 2004
February 15 at 08:18, respectively. Upward indicates solar north in the LASCO
images and ecliptic north in the SMEI images. The white circles in (a) indicate
the location of the Sun, while the solid disk in (b) shows the inner limit of the
FOV of SMEI, at around 20 elongation. There are around three eruptions in
the LASCO image for event 1, but only one for event 2, along with the steamer
blowout along the northern edge of the CME. (b) SMEI Aitoff images taken at
2003 February 19 at 05:12 and 2004 February 16 at 07:01. The transient is shown
by the arrow in the image for event 1 and the grid lines cross in the right panel at
the Sun’s location.

ð1Þ

where p is the distance of P from the Sun in AU. For small values
of , sin    so measurements in R made using LASCO are
simply the elongation angle multiplied by 1 AU in units of R ,
or p  216. For large values of , we can no longer make this
assumption, and so a full three-dimensional treatment is required
for conversion from elongation to distance measured with SMEI.
Figure 3 shows P in a heliocentric Earth-ecliptic coordinate
system. The Sun, S, is at the center and the Earth, E, lies on the
x-axis 1 AU away. The z-axis is perpendicular to the plane of the
Earth’s orbit around the Sun (positive north). The measured point,
P, is arbitrarily located a distance R away from the Sun somewhere
on a sphere centered at S with radius R. Physically, this represents
a point within a CME/ICME observed by LASCO/SMEI. Q is the
projection of P onto the x-y plane and  and  are the colatitude
and longitude of the vector SP, relative to the Sun-Earth line. The
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Fig. 2.— EIT 195 8 images taken (a) on 2003 February 18 at 00:12 (top), 02:12 (middle), and 03:36 (bottom) UT for event 1 and (b) on 2004 February 15 at 00:48
(left), 03:48 (middle), and 06:12 (right) UT for event 2. The images are aligned such that solar north is directed upward. Each shows a sequence of three images: the
filament /prominence before eruption, during eruption, and the following posteruptive arcade. These are indicated by the arrows.

elongation, , is B SEP and  is the angle subtended by P at the
Sun, or B ESP. In terms of  and ,
cos  ¼ sin  cos :

ð2Þ

Both  and  are in the SEP plane. Using simple spherical trigonometry, we arrive at
1
¼ sin  cot  þ sin  cos ;
R

ð3Þ

or
sin  cos 
sin  cot  þ sin  cos 
sin  sin 
y¼
sin  cot  þ sin  cos 
cos 
;
z¼
sin  cot  þ sin  cos 
x¼

ð4Þ
ð5Þ
ð6Þ

where (x, y, z) are the Cartesian coordinates of P in units of AU.
Measurements made using LASCO and SMEI are in (P.A., )
coordinates, where P.A. is the position angle, or the angle of the
measured point from the z-axis projected into the sky ( y-z) plane.
When the event occurs on the limb, as is the case with event 2,
 ¼ /2 and equations (3)Y(6) become
R ¼ tan 

ð7Þ

x¼0

ð8Þ

y ¼ tan  sin (P:A:)
z ¼ þtan  cos ( P:A:):

Fig. 3.— Heliocentric Earth ecliptic coordinate system used in the present
paper. The Sun S is at the center with the Earth 1 AU away on the x-axis. The
z-axis is normal to the Sun-Earth plane. Point P represents a point on a LASCO/
SMEI image being measured, which is R AU from the Sun and lies on a sphere
of center S and radius R. The colatitude and longitude of P from S are  and ,
respectively, and the elongation  is shown as the angle between P and the Sun
relative to the Earth. Finally,  represents the angle subtended by P at S, relative
to E. Both  and  lie in the SEP plane.

ð9Þ
ð10Þ

On the solar disk, we can measure features in ( P.A., , ) coordinates. Assuming radial projection, we can match the P.A. measurements obtained using EIT with those from LASCO and SMEI,
and hence produce a complete set of (, , ) measurements
across a CME/ICME front. We may then employ equation (3) to
determine the distance of P from the Sun and equations (4)Y(6)
for a set of Cartesian coordinates in AU.
As the filament associated with event 1 has a thickness, i.e., a
width in the direction perpendicular to the filament, we produce
two traces for the CME, those associated with the northern and
southern edges of the filament, respectively. We acknowledge that
the assumption of a 1:1 correspondence between the filament and
the CME is overly simplistic, but we have regarded the filament
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shows an example of this three-dimensional reconstruction of two
LASCO C3 images on 2003 February 18, at 04:54 and 06:54 UT.
Such thickness measurements could not be obtained for event 2,
as this was a limb event.
3.2. Results

Fig. 4.— Results of the three-dimensional reconstruction of two LASCO C3
images using the technique outlined in the text. The coordinate system is such
that X is directed toward the Earth while Z is normal to the ecliptic plane ( positive north). The semicircles in each of the three planes (x-y, y-z, and x-z) represent the solar ‘‘surface’’ at 1 R and the edge of the occulting disk for LASCO
C3 at 3.7 R .

as more of a solar projection of the CME in order to translate the
latitude and longitude measurements from the filament into the
overlying CME structure. The thickness of the filament was used
as an indication of uncertainties to the CME measurements. This
is represented by the thickness of the CME in Figure 4, which

Figure 5a shows the three-dimensional plots obtained from
each CME/ICME image observed in LASCO/SMEI. These can
also be represented as R versus P.A. plots, as shown in Figure 5b,
where R for both LASCO and SMEI was calculated using equation (3). There are five transient images taken for event 1 with the
easternmost images taken before the westernmost ones. This creates
the illusion that the westernmost images have moved at a higher
speed than the eastern images. The effects of this illusion are reduced for event 2. As indicated by the arrows, some general features ( peaks and troughs) appear to be preserved while the finer
structures of the CMEs in LASCO appear to be lost in SMEI. This
may, however, be the result of the translation from the filament
measurements to the CME or to the differing spatial resolution between LASCO and SMEI.
In order to estimate the change of curvature as the transient
evolves from LASCO to SMEI, we have fitted a second-order,
minimizing  2 polynomial to each of the R versus P.A. plots
(shown as a dashed curve in Fig. 5b), and then determined their
second derivative. Plots of d 2 R/d(P:A:) 2 versus time are shown
in Figure 6a. Event 1 shows a gradual increase of curvature magnitude in the negative (outward) direction within LASCO’s FOV,
followed by a large increase in the FOV of SMEI. The curvature

Fig. 5.— (a) Three-dimensional representation of all LASCO and SMEI images superimposed onto a single plot for event 1 (left) and 2 (right). The times for each
trace are 2003 February 18 at 02:42, 03:08, 03:42, 03:54, 04:54, 05:54, and 06:54 UT ( LASCO), and 2003 February 19 at 05:07, 06:49, 16:59, 18:40, and 20:22 UT
(SMEI ) for event 1, and 2004 February 15 at 04:06, 04:30, 05:18, 05:30, 05:42, 06:18, 07:42, 08:42, 09:42, 07:37, 08:42, 09:42, 10:23 UT ( LASCO), and 2004
February 16 at 07:37, 09:19, 11:00, 14:23, 17:47. 19:28, 21:10, 22:51, and 2004 February 17 at 00:33 UT (SMEI ) for event 2. Note that there is no x ( Earthward)
component for event 2 because this is a limb event. (b) Three-dimensional distance R vs. position angle ( P.A.) plots for both events, with a second-order minimum  2
polynomial fitted to each (dashed lines). Features which appear to be preserved ( peaks and troughs) are traced by the arrows. P and T refer to possible locations of
corresponding peaks and troughs.
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Fig. 6.— (a) Measurement of the curvature evolution of both events: d 2 R/d(P:A:) 2 plotted against time. This is obtained from the second-order polynomial fits
shown as dashed curves in Fig. 5b. The points <20 UT represent those obtained with the LASCO data while the others are from the SMEI data. (b) Distance (R) vs. time
( DT) plots for both events, measured at a variety of P.A.s across the CME front. For each P.A., a linear, minimum  2 fit is shown (solid lines).

increases in magnitude by a factor of 300 between LASCO and
SMEI, while for event 2 the increase is smaller, by a factor of
only 2 between the edge of the LASCO FOV and that of SMEI.
In all but one point for each event, d 2 R/d(P:A:) 2 is negative, implying a convex outward ( pointing away from the Sun) structure
of increasing curvature.
The R versus time ( DT) plots are shown in Figure 6b. These
have been taken across a range of position angles. For event 1,
direct linear fits do not appear to match the data well at any P.A.,
but the measurements for all but one P.A. appear to be clustered
together. For event 2, the linear fits are more convincing, but
the SMEI data actually lie above the constant speed line. The
implications of these DT plots are discussed further in the next
section.
4. MODELING
4.1. Trajectory Modeling: Acceleration and Deceleration
In order to model the distance evolution of the CMEs we must
consider both acceleration and deceleration processes. In this
section we consider two deceleration models, both used by Tappin
(2006), and a driving Lorentz force suggested by Chen (1996).
The first deceleration model is of an aerodynamic drag force
proposed by Cargill (2004) and utilized by Tappin (2006) with
regard to SMEI data. This model describes the drag force in
terms of a relationship between the speed of the transient and the
ambient solar wind, and also introduces a drag coefficient CD ,
which varies slowly for dense ICMEs but is of order unity. The
aerodynamic drag model of the form of equation (11) in connection with the expansion of solar flux ropes was first used by Chen
(1989) for vsw ¼ 0 and by Chen & Garren (1993) for Vsw 6¼ 0.

Cargill et al. (1995, 1996) carried out an MHD simulation study
of this equation and estimated the value of CD . The evolution of
the ICME is described as a second-order differential equation,
which in terms of the units provided by Tappin (2006) is as
follows:
d 2R
¼ CD ðvc  vsw Þjvc  vsw j;
dt 2

ð11Þ

where R(t) is the distance of the transient from the Sun, vc (R) 
dR/dt is its speed, vsw (R) is the solar wind speed, and
¼


;
M þ a

ð12Þ

where  is the solar wind speed sector density (i.e., mass per unit
solid angle per unit radial distance ¼ R 2 ),  is the heliocentric
solid angle, M is the total mass of the transient (including the
mass of the solar wind within which the CME is enclosed), and
a is its minor radius. While this model indirectly allows for the
accumulation of mass as the transient propagates outward, the
value of M remains fixed throughout. The following values were
chosen /determined for our model (subscripts denote the event
number): CD ¼ 1:0, 1 ¼ 0:74, 2 ¼ 1:17, vc1 ¼ 835 km s1,
vc2 ¼ 560 km s1. Initial CME speeds vc were obtained from the
deprojected LASCO measurements.
The second deceleration model is the so-called snowplow
model, where the transient sweeps up material from the surrounding solar wind during its transit, and hence accumulates mass.
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Tappin (2006) described this evolution as a pair of coupled differential equations,
d 2R
dM vc  vsw
;
¼
dt 2
dt
M

ð13Þ

dM
¼  (vc  vsw );
dt

ð14Þ

where M ¼ M (t). In the present study, we have applied the aerodynamic drag and snowplow models, using sector density and
solar wind speed as used by Tappin (2006), which are based on a
fit of n ¼ 5R2:45 within 1 AU, i.e.,
(R) ¼ mp n1 R0:45 ;
0:45

vsw (R) ¼ v1 R

ð15Þ
ð16Þ

;

where mp is the proton mass, R < 1 AU, and n1 and v1 are the
solar wind number density and solar wind speed at 1 AU, respectively. Here we have taken values of n1 ¼ 5:0 cm3 and v1 ¼
500 and 450 km s1 for events 1 and 2, respectively. These values were obtained from the ACE SWEPAM instrument (McComas
et al. 1998) for the same time range. Although not a direct measurement of the transients themselves, this was regarded as a
reasonable first-order assumption. It should be noted that for
equations (15)Y(16) distances are expressed in units of AU.
We now consider one possible acceleration mechanism. This
model describes the dynamics of an initial equilibrium coronal
flux rope responding to an increase in the poloidal flux. It was
suggested that the flux rope is pre-formed below the photosphere, and the flux may be injected from there as well. Chen
(1989) produced a model of an evolving current loop emerging
from the Sun which was later specialized to the CME /EP (where
EP is the erupting prominence) parameter regime (Chen & Garren
1993). The loop contains a toroidal current It and is encircled by a
poloidal magnetic field Bp surrounded by a solar magnetic field
Bs . The total J and B give rise to a Lorentz force J < B driving the
loop away from the Sun. Figure 7 shows a diagram of this model.
Close to the Sun, the net force acting on the loop may be regarded
as a combination of the Lorentz force FL , gravity Fg , drag FD , and
pressure Fp , such that
F ¼ FL  (Fg þ FD þ Fp ) ¼ M

d 2R
:
dt 2

ð17Þ

Beyond a few R , gravity and pressure become negligible and
the Lorentz force may be described according to
  

‘It2
8R
Bt2
1þ ;

FL ¼ 2 ¼ ln
a
2
c R
2Bp a 2

ð18Þ

where Bt is the average toroidal magnetic field inside the loop,
Bpa is the poloidal field at a, i.e., Bpa ¼ 2It /ca, and is the internal inductance. R is the major radius of the loop and is related
to the distance of the transient in the z-direction, Z, by
R ¼ (Z 2 þ s02 )=2Z;

ð19Þ

where s0 is the separation of the footpoints, given by s0 ¼
2 R sin 0 . The value of ‘ is the length of the flux tube, and ‘ ¼
2 r(  0 ). The parameters in equations (17)Y(19) are in cgs

Fig. 7.— Model current loop, modified from Fig. 1 of Chen (1996). The subscripts t and p refer to toroidal and poloidal, respectively.

units. The variation of Bpa and Bt were estimated using the following model for B field variation in the solar wind,
B(R) ¼ B0 =R 2 ;

ð20Þ

where B0 ¼ 4:4 G when B ¼ Bpa and B0 ¼ 4:8 G when B ¼ Bt
(Chen 1996), and R is in units of solar radii. The thickness of the
CME was modeled using the results of Tappin (2006), where
2a ¼ 0:03 AU at R ¼ 20 R and 2a ¼ 0:2 AU at R ¼ 5 AU. The
thickness was assumed to increase at a constant rate, so that at
1 AU 2a ¼ 9:2 ; 106 km (0.06 AU ), which is similar to measurements of magnetic cloud thickness by various workers (e.g.,
Leamon et al. 2004; Lynch et al. 2005). Finally, we set ¼ 1:2
in accordance with Chen (1996).
The acceleration component of the model represents the secondary acceleration which drives the CME at large distances
from the Sun, and begins at the onset of the CME. The deceleration component begins later (Tappin 2006), once the CME is well
clear of the immediate solar environment. Since we have coronagraph observations of the Sun in this region we begin the acceleration component at 10 R (t ¼ 0) and introduce the deceleration
at 20 R , which is the time at which we begin the model. That is,
a(t ¼ t0 ) ¼ aL (t ¼ t0 ) þ aD (t ¼ 0);

ð21Þ

where a, aL , and aD are the total, Lorentz, and drag accelerations
at time t, and t0 > 0 is the starting time of the model. This also
helps to overcome the initial issues regarding the launch mechanism of the CME. For the two events in the present study, we
have chosen t0 ¼ 2 hr. The starting speeds for the two CMEs were
835 and 560 km s1. The second-order differential equation arises
from equation (17) with Fg ¼ Fp ¼ 0, and a solution can hence
be obtained using simple numerical analysis.
The initial excess mass of the CME was determined using the
theory of Thomson scattering (e.g., Billings 1966), but to determine the total mass of the CME we must also consider the mass
of the solar wind in which the CME is moving. The latter is a
function of the volume of the CME, its solid angle, and the solar
wind sector density, and for the snowplow model the total mass
M(t) can be derived by integrating equation (14). At each increment the modeled mass is a parameter for the distance of the
CME from the Sun. The initial excess mass of the two events
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Fig. 8.— DT plots for events 1 (left) and 2 (right), modeled with (a) drag force alone, and (b) a driving Lorentz force combined with drag forces. The dashed curve is
the model produced with the snowplow drag model and the solid curve is the model produced with the aerodynamic drag model. The data from LASCO and SMEI are
included with these plots. The straight dotted line represents the constant speed line, i.e., the trajectory of the transient if it maintained the same speed as it had in
LASCO’s FOV.

were 6:4 ; 1011 and 2:0 ; 1012 kg, and the total initial masses
were hence 2:8 ; 1012 and 4:9 ; 1012 kg for events 1 and 2, respectively. M is constant when FD results from aerodynamic
drag, and M ¼ M (t) when from the snowplow model. We did
not use the SMEI data to estimate mass.
4.2. Results
Figure 8a shows modeled DT plots of each event produced
with drag alone, with the LASCO and SMEI distances superimposed. The dotted line represents the trajectory if the transient
were to maintain a constant speed when it left the FOVof LASCO.
Note that for event 1, the SMEI data are below the constant speed
line, while they are slightly above the line for event 2. This implies that a net deceleration and acceleration has occurred for
each event, respectively. There is little difference between the snowplow and aerodynamic drag models for either event. These effects are more pronounced at larger distances (not shown; refer to
Tappin [2006] for an example). The models fit the data quite well
for event 1 but the modeled decelerations are overestimated for
event 2. Figure 8b shows the trajectories when we introduce the
driving Lorentz force into each model. Now the acceleration for
event 1 is overestimated while the combination of Lorentz force
acceleration and deceleration matches well with the SMEI data
for event 2.
Figures 9a and 9b show the speed and acceleration evolution
using the drag forces alone for event 1, and the drive/drag combination for event 2. At around 35 hr after launch, both events
have slowed to a constant speed that is somewhat lower than the
initial speed for event 1, and around the same as the initial speed
for event 2. For event 2 the Lorentz force is overcome by the drag

force and the transient begins to decelerate around 2.5 hr after the
start of the model (or around 30 R ) with both models. This is
sooner than the time of the overcoming of the driving force proposed by Chen (1996), but in the present model the Lorentz force
component dropped off more sharply than that of the modeled
event chosen by Chen. The magnitude of the deceleration after
this time is very low, never dropping below 2 cm s2.
Figure 9c shows the mass evolution of the CME with the
snowplow model alone for event 1 and the Lorentz /snowplow
combination for event 2. As the transient approaches the speed of
the solar wind, the mass begins to drop again due to the (vc  vsw )
term in equation (14). As this is physically unreasonable, we have
fixed the mass as constant once it reached the maximum mass.
This occurred after 10 (15) hours when the transient had reached
55 R (55 R ), and the mass had accumulated to around 1.8 (1.6)
times the original for event 1 (event 2).
4.3. The HAF Model
The model discussed in the previous section considers the
CME as an evolving flux rope. We now consider an alternative
mechanism which treats the CME as a shock with no contained
flux rope. These two evolution models have been deliberately
chosen because of their physically contradictory nature, so that
we may decide whether either physical model better represents
the data.
The Hakamada-Akasofu-Fry kinematic solar wind model,
version 2 ( HAFv2), predicts solar wind conditions (speed, density, dynamic pressure, and interplanetary magnetic field) at the
Earth and elsewhere in the solar system, days in advance, based
on observations at the Sun (Hakamada & Akasofu 1982; Fry et al.
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Fig. 9.— (a) Speed and (b) acceleration plots against time are shown for each of the two models. (c) Mass against time produced with the snowplow model. The mass
for the aerodynamic drag model remained constant and is also shown. As the drag force alone fits the data best for event 1 and the drive + drag forces combined fit best
for event 2, the results shown for each event are with their best force combination.

2001). These solar wind parameters are key inputs to numerical prediction models for forecasting space weather disturbances
(such as geomagnetic storms, energetic particle fluxes, and ionospheric disturbances) that impact space operations. The HAFv2
model is a single-fluid, Parker-like, modified kinematic model.
The model is kinematic in that it projects fluid parcels outward
from the rotating Sun along fixed radials at successive time steps,
in an inertial frame. The velocity is radial, and the speed distribution on the inner boundary is inhomogeneous. Therefore, parcels move outward with different speeds along fixed radials as
the Sun rotates beneath the radial grid. The frozen field condition mandates that, along each radial, the faster parcels do
not move through or pass slower parcels. Therefore, the kinematic flow is modified, in that the fluid parcel positions are
adjusted to account for the stream-stream interaction as fast
parcels (solar wind streams) overtake slower. This adjustment
is done by algorithms in the model that have been calibrated so
that HAFv2 output matches a one-dimensional MHD solution
(Sun et al. 1985). If the speed gradient along a radial is steep

enough, corotating interactions and interplanetary shocks are
formed.
The HAFv2 model uses two sets of inputs. The first set establishes the steady state boundary conditions for the ‘‘quiet’’ solar
wind, and the second set determines the time-dependent boundary conditions for the event-driven solar wind. When a solar
event occurs, HAFv2 is also driven by proxies for the energy
released, to model CMEs and interplanetary shock propagation.
This second set is determined from solar event reports. The
HAFv2 model uses source surface maps derived from synoptic
solar observations (Arge & Pizzo 2000; Arge et al. 2004) to establish the background solar wind conditions. It is also driven
by proxies for energy released during solar events, which are
obtained from solar event reports, to model CMEs and interplanetary shock propagation. This information is used to predict the timing and severity of space weather disturbances such
as interplanetary shocks and ICMEs following solar events, or
the passage of corotating interaction regions ( Fry et al. 2003).
The HAFv2 model maps the disturbed and the undisturbed solar

No. 1, 2007

CME EVOLUTION IN INTERPLANETARY SPACE

619

TABLE 2
Event Input Parameters for Running the HAFv2 Solar Wind Model

Event Number
1..................................
2..................................

Begin Date
( year month day)
2003 Feb 18
2004 Feb 15

Begin Time
( UT )
02:00
03:12

wind, so it is applicable to all phases of the solar cycle. In addition, HAFv2 produces chronological sequences of the eclipticplane IMF and other solar wind parameters.
In the present study we used HAFv2 to compute timedependent solar wind density in the inner heliosphere volume at
times corresponding to the center time of the SMEI image frames.
We computed synthetic skymaps of Thomson scattering brightness by integrating heliospheric density along lines of sight centered at the Earth, with the Sun at the center. Total brightness was
computed using algorithms provided by B. Jackson (2006, private
communication; Jackson et al. 2006; Billings 1966), and using a
technique developed by Sun et al. (2003). The result is a series of sky
plane, Aitoff-projected images of the modeled ICME taken at the
time of choice. These were converted into files in the same FITS format as those from SMEI, so that measurements of predicted ICME
morphology and propagation could be obtained in the same manner
using the SMEI analysis software. Thus for this analysis, HAFv2
images were treated in an identical manner to the SMEI images.
The HAFv2 model mimics the initiation of the CME by modulating the inner boundary velocity field. The solar wind velocity
on the inner boundary at 2.5 R is increased exponentially to
a maximum value and allowed to fall back exponentially to the
pre-event value at a slower rate. The maximum value at the center of the source is equal to Vs , and falls off as GCD2, where GCD
is the great circle distance from the source epicenter. The initial
shape of the CME is determined by this Gaussian distribution in
velocity, which is circularly symmetric on the source surface. As
the CME moves outward from the Sun, its shape is modified by
its interaction with the pre-established solar wind through which
it propagates. The time dependence in the velocity is characterized by an exponential increase in radial velocity and a subsequent,
more gradual, fall back to pre-event values. The rise and fall in
speed is determined by a time constant, . The net result is to introduce a transient high-speed solar wind stream of duration specified by . Of all of the input parameters required by the HAFv2
model, HAFv2 is least sensitive to . The value of is typically
derived from GOES X-ray flux during the event, set equal to the
width of the peak of the GOES X-ray flux at half-maximum measured on a semilog scale. However, for the two events in this
study, we could not identify an associated GOES X-ray flux enhancement. Therefore, we used a default value of 1 hr for event 1,
and 0.5 hr for event 2, determined from the empirically derived
function ¼ Vs /900 hr, where Vs is in km s1.
In order to simulate the first CME event, we selected proxy event
inputs. The time of the onset of the filament eruption, 02:00 UT
on 2003 Feb 18, determined the event start date and time. We
assumed that the location of the disturbance corresponded to the
location of the middle of the filament, at about N43 W28 just
prior to the eruption. After adjusting for viewing geometry and
GCD falloff in speed from the source location, we set the initial
launch speed of the CME, Vs , at 900 km s1. This value was obtained from the projected speed measured directly from LASCO
data for this event. This was around 800 km s1, but as the event
was close to the limb we adjusted the speed slightly to account
for projection effects.

Source Location




N43 W28
N30 E80

Vs
( km s1)

( hr)

Flare I /B

900
400

1.00
0.50

XX
XX

To model the second CME event, we used the onset time of the
east limb loop eruption at 03:12 UT, 2004 Feb 15, as seen in EIT
imagery. The source location (S30 E80 ) was set midway between the observed extremes in latitudinal extent of the LASCO
east limb event ( position angle 90 to 150 , or latitude range
N0 to S60 ). For this event we chose Vs ¼ 400 km s1, again
measured from the LASCO data. We neglected projection effects, as this event was on the limb.
The source surface used in modeling event 1 was derived from
Mount Wilson Observatory (MWO) synoptic magnetogram map
for CR :LLL ¼ 2000 : 328, produced on 2003 Feb 18. Here,
CR ¼ Carrington rotation number, and LLL ¼ degrees longitude
of the eastern edge of the map. The source surface used in modeling event 2 was derived from the MWO synoptic map for
CR : LLL ¼ 2013: 232, produced on 2004 Feb 15.
Table 2 lists the model inputs for events 1 and 2. The first column is the event number, followed by the date the event began
(year, month, day), the time the event began (hour, minute [UT]),
the estimated epicenter on the source surface, the peak speed, Vs ,
the duration or piston driving time of the CME ejection, , and
in the last column flare importance/brilliance. Lacking a significant GOES 1Y8 8 X-ray flux for either event, was estimated,
based on the value of Vs , to be 1.0 hr for event 1, and 0.5 hr for
event 2. In addition, we could not identify a coincident (within
1/2 hr) optical or X-ray flare, so flare I/B is XX for both events.
Figures 10 and 11 show a series of SMEI images for events 1
and 2 alongside their HAFv2 model image counterparts. HAFv2
images were chosen such that their times corresponded with the
median time of the SMEI image. The transients are difficult to
see in the SMEI data still images ( but easier with movies) and are
indicated by the arrows. Inspection of these data reveals that
the HAFv2 model overestimates the speed of the transient, with
distances at the same time greater by around a factor of 2. The
compared geometry, however, appears to be similar. Direct measurements of the HAFv2 data illustrate these comparisons. Figure 12 shows geometry and DT plots for both events comparing
the SMEI data with the HAFv2 data. The HAFv2 transients have
a similar geometry to their SMEI counterparts but the DT data
reveal the higher speed component of the HAFv2 data.
5. DISCUSSION
Two physical features of CME geometry evolution can be inferred from the results of the present paper. Some general features observed in LASCO appear to be preserved, but they are
not as pronounced in SMEI as they are in LASCO. Physically
this effect could be due to erosion of this structure by the surrounding solar wind or it could be an indication of the geometrical spreading and diffusion of the light within the transient at
large distances from the Sun. The overall curvature of the transient structure is also apparent in the d 2 R/d(P:A:) 2 calculations.
For both events, d 2 R/d( P:A:) 2 was negative in all but one measurement, implying a convex outward structure. There was also a
tendency for curvature to become more strongly negative (sharper
curvature) as the transient moved outward, with the magnitude
of the minimum d 2 R/d( P:A:) 2 an order of magnitude greater for
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Fig. 10.— Sequence of SMEI images (left) and their corresponding HAFv2 model images (right). The horizontal and vertical lines represent the lines of zero latitude
and longitude, respectively. The intersection of these lines represents the location of the Sun. The images are from 2003 February 19 and the times are 05:08, 06:50,
16:59, 18:41, and 20:22 UT.

event 1. This could be due to the footpoints of the ICME remaining connected with the Sun, even at these distances. There is also
evidence that there may be some angular expansion of perhaps
20 or 30 of the CME on transit. We cannot account for the discontinuity in the trend of the d 2 R/d(P:A:) 2 versus t plots in the
gap between the LASCO and SMEI observations for event 2.
The method employed to produce the three-dimensional plots
is based on the assumption that there is a 1:1 correspondence between the location of the associated filament /prominence and
that of the CME. Tripathi et al. (2004) found a 1:1 relationship
between the end points of CMEs and those of associated posteruptive arcades, and such arcades were associated with each of

our two events. We also assumed that there is radial expansion
from low in the corona into LASCO’s FOV. Nonradial expansion
of the solar wind and CMEs has been discussed by various authors (e.g., Cremades & Bothmer 2004). Furthermore, there is no
physical reason for connecting the width of the filament with that
of event 1, so here we have regarded the width in Figure 5 as an
uncertainty measurement, obtained by varying the location of the
filament at the Sun due to its thickness.
The validity of the deceleration models has been discussed by
Tappin (2006). The largest uncertainty from the introduction of
the Lorentz force arises from the selection of the time t0 at which
to begin the drag model. This has been chosen based on the CME
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Fig. 11.— SMEI and HAFv2 images in the same format as for Fig. 10, but for event 2. They are from 2004 February 16 and the times are 09:19, 11:01, 12:42, 16:06,
and 17:47 UT.

data observed in LASCO given the speed and distance, and these
parameters are reset at the time we initiate the drag models. The
Lorentz force is largely dominant at the early stages of the CME
launch, and this is not reflected in the LASCO data, which shows
a roughly uniform speed for both events. We offer the suggestion
that gravity and pressure forces are greater at low altitudes, and
these may dominate the drag force and help to counter any driving forces here, but we have not attempted to test this suggestion.
We also must allow for the possibility that the Lorentz force may
not be the dominant driving mechanism or there is a large, as
yet undiscovered drag force which overcomes the Lorentz force
at these early stages. We have deliberately begun our model at
a large distance from the Sun, to attempt to model the secondary

effects of CME evolution in a region where only the Lorentz
force (if present) and solar wind drag force are dominant.
If these assumptions are correct, we must consider the physical significance of the difference between the two events. Event 1
may involve the merger of multiple CMEs while event 2 is a
single eruption, and it is possible, but by no means certain, that
event 1 may be aligned along the heliospheric current sheet
( HCS) in the high-density, low-speed solar wind, while event 2
may not be. Figure 13 shows the projected current sheet at 2.5 R
according to the potential field model (e.g., Hoeksema & Scherrer
1986).1 The X in each figure indicates the location of the filament
1

Available online at http://sun.stanford.edu /synop.
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Fig. 12.— (a) Geometry (R vs. P.A.) and (b) DT (R-t) plots for the transients measured from the HAFv2 model, compared with those obtained from the SMEI data.
Results are shown for event 1 (left) and event 2 (right). (a) Measurements obtained by the SMEI data are represented by the solid curves and HAFv2 model results are
shown by the dashed curves. (b) DT plots from both the SMEI data and HAFv2 models. Data are shown only for P:A: ¼ 315 and 325 for event 1 and P:A: ¼ 114 and
134 for event 2. First-order minimum  2 fits have been applied to the SMEI data (solid lines) and the HAFv2 plots (dashed lines).

observed in EIT at the time and location of each event, and the
HCS neutral line contour is indicated. The estimated span of the
CME is also shown by the curves. It seems clear the HCS neutral
line follows the filament in Figure 1 in the east-west direction for
the most part, indicating that this event is likely to be enclosed
within the HCS. For event 2 the neutral line is roughly in a northsouth direction, but its association with the filament it is not so
clear, as it is located on the solar limb and the filament is only
partly visible. This suggests that the filament and its associated
CME probably extend behind the limb. Considering the streamer
blowout associated with the northern component of event 2 but
not the southern component, it is possible that only part of the
CME structure crosses the HCS.
The results suggest that event 1 is best modeled when considering only deceleration, while event 2 is best with a combination
of a driving Lorentz force coupled with an opposing drag force.
One possibility is that the merger of CMEs affects the total J < B
of the system, such as from a change in the total helicity of the
merged flux rope when compared with the individual CMEs, or
there is an exchange of force between interacting CMEs, resulting in a net deceleration of the combined transient. This seems to
be unlikely, as there is no evidence to date of driving (or antidriving) forces resulting from CME merging. It is also possible
that our selection of CD is incorrect and an adequate adjustment
of this parameter may yield a result more favorable with the
SMEI measurements. Tappin (2006) experimented with a variety
of CD values in an attempt to match his model with the SMEI and
Ulysses data for one event. We have not attempted such fine tuning in the present study.
An alternative possibility may lie in the hydrodynamics of the
plasma in the wake of the CME (Steinitz & Eyni 1980; Hewish

et al. 1985). Here we have the plasma within the CME ejected
from the Sun as the leading edge and the lower density plasma
‘‘cavity’’ trailing behind in the wake of the CME. Let the plasma
in front of the shock have density 0, pressure p0 , and traveling
with speed V0 , and let the plasma in the wake of the shock have
density 1, pressure p1 , and travel with speed V1 . The momentum
flux V 2 is constant in the solar wind (Steinitz & Eyni 1980;
Eyni & Steinitz 1981; Steinitz 1983) and across this interface, so
V1 > V0 , since 0 > 1 . Hence we have fast-flowing plasma in
the wake of the CME exerting a force on the slower moving shock
front. The result is a CME which travels at a speed that is faster
than the initial CME speed, but slower than the speed of the
plasma in the cavity. We denote this speed V > V0 . We may hence
derive V relative to V0 and V1 using the conservation of conservation of momentum flux, i.e.,
0 (V

 V0 ) 2 ¼

1 (V1

 V ) 2;

ð22Þ

or

V ¼2


0

0 V0

1 V1


:

ð23Þ

1

For example, consider an ICME with initial speed V0 ¼
500 km s1, density 0 ¼ 5cm3, and inner solar wind speed
V1 ¼ 1000 km s1. Thus, 1 ¼ 1:25 cm3 and V  670 km s1.
The ICME would hence travel with this speed until the coronal
hole created when the CME was launched is closed and the decelerating forces due to drag suddenly become the dominant forces.
This theory can also be tested by comparing the time of the driving force shutoff with observations of disappearing coronal holes
or reduction of coronal dimming (e.g., Howard & Harrison 2004;
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Fig. 13.— Projection of the heliospheric current sheet ( HCS) for (a) event 1 and (b) event 2 to 2.5 R , as obtained from the potential field model (e.g., Hoeksema &
Scherrer 1986; http://wso.stanford.edu /synsource.html). The HCS contour and the locations of the solar limb are indicated. The X marks the location of the filament
observed by EIT for both events, with the endpoints of the filament for event 1 indicated. The approximate range of the CME for each event is indicated by the curves.
For event 1, the HCS has a roughly east-west orientation and appears to be aligned with the filament on the solar disk. For event 2 it is roughly in the north-west
orientation but it is unclear as to whether it is aligned with the CME.

McIntosh et al. 2007 and references therein), or by comparing the
calculated speed of the ICME using equation (23) and the speed
measured by SMEI. This will be presented in a future paper.
One final alternative lies in the interaction of the HCS with the
events. While the effects of CMEs on the HCS have been well
documented (e.g., Crooker et al. 1993; Zhao & Hoeksema 1996;
Riley et al. 2002), little evidence has been presented for the reverse case, i.e., how the current sheet may affect the CMEs. Possible hydrodynamic consequences have been modeled by Odstrĉil
et al. (1996a, 1996b) and Smith et al. (1998), but nothing to date
considers the possible magnetic effects. We offer two possibilities:
1. A CME completely enclosed within the HCS undergoes a
higher deceleration due to the increased density and slower speed
of the medium in which it is traveling. This is based on the assumption that magnetic effects of the interaction of the CME and
HCS are negligible, either because the CME does not contain a
flux rope or because JHCS and BCME are parallel. It also implies that
a driving force is always present in the CME, but it is the increased
drag force which overcomes it in event 1, but not in event 2.

2. The interaction of the magnetic field within the CME interacts with the current in the HCS, inducing a driving Lorentz
force. This is based on the assumption that only part of the CME
crosses the HCS and the CME contains a magnetic field or flux
rope. We also must assume that a component of the B field within
the CME is perpendicular to J within the HCS. An oversimplified diagram is illustrated in Figure 14. Consider a current sheet
oriented such that B is toward the Sun in the north and away from
the Sun in the south, and J is eastward (into the page). Also assume the erupting CME contains a current loop with a BCME field
directed from north to south along the loop. When the CME interacts with the current sheet we have a component of BCME directed
southward, inducing a Lorentz force J < B acting away from the Sun.
This is a new and testable theory concerning CME evolution and
will be presented with a larger number of events in a future study.
Out to 1 AU there was little difference between the snowplow
and aerodynamic drag models for these events. To investigate
their differences further we must examine events which extend
well beyond 1 AU, such as that observed by Tappin (2006) using
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contradictory nature. The flux rope model assumes the dominant
forces at work are due to the magnetic field contained within the
flux rope, while the HAFv2 model assumes there is no flux rope
present at all. Each model seems to have its strengths and weaknesses. The flux rope model estimates the acceleration process of
event 2 very well, while HAFv2 appears to be able to estimate
the geometry of both events adequately. Perhaps the physical
process behind the driving of ICMEs is a combination of both
flux rope and shock dynamics.
6. CONCLUSIONS

Fig. 14.— Possible explanation for the production of the Lorentz force for
event 2. A current loop (CME/ ICME) crosses a current sheet with J directed
into the page and the B toward the Sun in the north and away from the Sun in the
south. The B field within the loop is directed along the loop from north to south.
The interaction of the southward component of B CME in the loop with the J HCS
vector in the sheet induces a Lorentz force J < B on the loop at the point of interaction. This force is directed away from the Sun.

Ulysses data. We note, however, that the modeled mass from the
snowplow effect increased the total mass of the CME by a factor
of 1.7 and it took only around 12 hr to accumulate this mass.
If the snowplow effect is the correct drag force acting on CMEs,
then this mass accumulation must be taken into consideration
when modeling CME evolution at large distances from the Sun.
The ICME shape that HAFv2 modeled was similar to the observed shape of the leading edge of the ICME observed by SMEI.
The modeled geometry is the result of a time-dependent velocity
component superimposed on a steady state velocity component,
and the subsequent interaction of the expelled plasma with the
pre-existing solar wind. The time-dependent component is the
laterally symmetric, exponentially increasing and decaying, radial velocity enhancement at the inner boundary. The steady state
component is the nonuniform velocity distribution at the model’s
inner boundary as specified by the source surface maps.
The ICME appearance in the synthetic Aitoff projections modeled by HAFv2 was determined by the interaction of the driver
plasma with the pre-existing solar wind structure that it moved
through. This is significant because the similarities between
modeled and observed ICME shape suggest that, for these two
events and to first order, the shape of the CME at the Sun can be
explained by a symmetrical, radial outflow of plasma and its interaction with the inhomogeneous background solar wind. Physically, the similarity in geometry between the SMEI data and the
transients modeled by HAFv2 implies that the snowplow effect
is the likely deceleration process, as HAFv2 is essentially a snowplow model.
The speed of the ICME modeled by HAFv2 is determined
primarily by the initial speed of the disturbance. Results indicate
that the ICME speeds modeled by HAFv2 were too high in both
the event 1 and 2 simulations. Possibilities for this discrepancy
may be that Vs was set too high or the modeled deceleration was
too low in both cases. ICME speed is also a function of the modeled shape of the velocity distribution on the source surface.
The two models chosen for CME evolution in the present
study have been deliberately chosen because of their physically

Three-dimensional geometry reconstructions presented for
both events in this study suggest that the footprints of the ICME
remain fixed to the Sun even at distances of 0.5 AU. We also note
that the fine structure of the CMEs observed in LASCO does not
appear in SMEI. This may be due to erosion by the solar wind or
a consequence of the resolution of the SMEI cameras. Usage of a
three-dimensional treatment of CMEs and ICMEs removes projection effects, so true measurements of distance, speed, and acceleration can be obtained.
The results also show that for one event there is a net acceleration between the LASCO and SMEI fields of view, lending evidence to support the claim that there is a sustained driving force
acting on some ICMEs which dominates the drag forces at large
distances from the Sun, and continues at least to a distance of
0.5 AU. This cannot be from the background solar wind which
was slower than both transients observed. Comparison with the
driving and drag models suggests that a Lorentz force may be
responsible for this driving force. The models also suggest that
mass accumulated by the snowplow model may become dominant at large distances, with almost double the original mass of
the CME achieved by the time it reached 0.5 AU. The absence of
a driving force in event 1 leads us to question the physical difference between the two events, i.e., what physical process can lead
to a driving force in one CME but not the other? While we have
made some suggestions in the present paper, this question is under investigation by the authors. Finally, the similarity in the
geometry of the SMEI transient and that modeled by HAFv2
suggests that the snowplow model is the likely deceleration mechanism for ICMEs.
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