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[1] This study is an attempt to find a coherent interpretation of the link between the
20 November 2003 magnetic cloud (MC) and its solar source. Most previous studies agree
on the orientation of the MC, but the orientation is nearly perpendicular to the axis of the
post-eruption arcade (PEA) or the orientation of the neutral line in the solar source region.
We first determine the geometry of this MC by fitting methods with both torus and
cylinder models. Three possible geometries are obtained, which can reproduce the
observed magnetic field variations associated with the MC, one from the cylinder fit and
two from the torus fit. The cylinder fit gives the MC orientation with a tilt of a large angle
(�60°) from the ecliptic plane and nearly perpendicular to the PEA axis, being similar to
those from previous studies. In contrast, two torus fit results give the MC axis with tilt
angles less than 20° from the ecliptic plane. The two torus results correspond to the
spacecraft encounter with the eastern flank of the flux rope loop (model A) and the western
flank of the loop (model B), respectively. In either case, the orientation of the loop around
the apex is nearly parallel to the PEA as observed by the SOHO/extreme ultraviolet
imaging telescope instrument in the most plausible solar source region of a halo coronal
mass ejection (CME), which appeared in the field of view of Large Angle and
Spectrometric Coronagraph (LASCO) C2 at 08:50 UT, 18 November 2003. The magnetic
helicity of the PEA region is positive in agreement with the helicity of the MC. The 3-D
reconstruction from the Solar Mass Ejection Imager data shows that the main part of the
ejected plasma expands mainly to the west of the Sun-Earth line. Thus, we reach the most
straightforward interpretation of the link between the MC and its solar source as follows.
The MC was created in association with the launch of the CME that was first observed by
the LASCO C2 at 08:50 UT, 18 November 2003, and propagated through interplanetary
space with its orientation almost unchanged. The spacecraft encountered the eastern
flank of the loop as described by model A.
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1. Introduction

[2] The magnetic cloud (MC) of 20 November 2003 has
been well studied [Gopalswamy et al., 2005; Yurchyshyn
et al., 2005; Wang et al., 2006; Möstl et al., 2008], because
it caused the largest geomagnetic storm of solar cycle 23 with
a minimum Dst value of �422 nT [Zhang et al., 2007]. The
central objective of these studies is to understand how the
MC was created in the solar corona and how the geometry of
the MC could be changed during the propagation from the
Sun to the Earth. They all conclude that the MC was created
in association with the coronal mass ejection (CME) from the
NOAA active region (AR) 10501 on 18 November 2003,
which first appeared in the field of view of the Large Angle

and Spectrometric Coronagraph (LASCO) C2 at 08:50 UT.
As for the detailed connection between theMC and the CME,
however, their conclusions are far from agreement, mainly
due to the complexity of AR 10501. In fact, this complexity
as well as its high activity during October through November
is one of the reasons why this active region has kept drawing
so much attention. The structure of the AR is characterized
by a large negative-polarity spot, surrounded by weaker
positive polarities, with a large U-shaped filament along the
polarity inversion line.
[3] In order to understand the relation between an MC and

its solar source event, it is crucial to compare the helicity sign
of the MC with the helicity sign of its solar source region and
to compare the orientation of the MC with the orientation of
the magnetic neutral line in the source region (see the review
by Démoulin [2008, and references therein]). It is generally
accepted that the MC has helical magnetic structure that
originates from the helical magnetic structure of the solar
source region. Therefore, the signs of the magnetic helicities
of the MCs and those of the solar source regions should
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generally agree, though some cases are reported in which the
helicity signs seem to disagree [Leamon et al., 2004]. The
helicity sign of the MC of 20 November 2003 was found to
be positive (right handed) in all of the above-cited studies. On
the other hand, it is not always simple to determine the heli-
city sign of the solar active region from observations. In fact,
Chandra et al. [2010] pointed out many morphological fea-
tures indicating that AR 10501 had a global negative helicity
as a whole. However, these authors succeeded to show the
existence of a region of positive helicity localized in the
southern part of AR 10501, by more detailed fitting applied
separately to specific groups of observed field lines. Thus,
they could finally identify the precise source region from
which the MC of 20 November erupted.
[4] Many foregoing studies suggested that the orientations

of MC axes are commonly nearly parallel (within �30°) to
the orientations of the magnetic inversion lines of their
associated solar sources [Marubashi, 1997; Bothmer and
Schwenn, 1998; Yurchyshyn et al., 2001; Marubashi et al.,
2009]. It should be noted here, however, that recent studies
pointed out the possibility of CME rotation both in the lower
corona and in interplanetary space [Yurchyshyn et al., 2009;
Shiota et al., 2010; Vourlidas et al., 2011]. The axis orien-
tation of the 20 November 2003 MC was estimated in the
previous studies with 2-D models with all conditions being
constant along a straight axis. Their results generally agree
on the orientation at 1 AU being largely tilted southward,
with the tilting angles ranging from �49° to �87°. When
the estimated orientation of the MC axis was compared
with the solar observations, difficulties arose because of the
U-shaped inversion line as indicated by the U-shaped fila-
ment. As a result, several different ideas were proposed for
the original orientation, which the MC might have had near
the time of eruption from the corona. They include the fol-
lowing suggestions: (1) that the orientation may have been

affected by the nearby coronal hole [Gopalswamy et al.,
2005], (2) that the original MC orientation might be parallel
to a line connecting two foot points of the erupted filament
[Yurchyshyn et al., 2005], and (3) that the MC orientation
may take any direction parallel to tangent at some point of the
U-shaped inversion line [Wang et al., 2006]. Among others,
the source region identified by Möstl et al. [2008] coincides
with the source region identified later by Chandra et al.
[2010]. Because the original orientation is different from the
MC axis near the Earth by about 90°, they invoke a possible
rotation of the axis during propagation through interplanetary
space so as to be more aligned to the heliospheric current
sheet (HCS) as suggested by Mulligan et al. [1998].
[5] Thus, the determination of MC axis orientation is an

important key to understanding the link of interplanetary
MC to the associated solar eruption event. So far, the axis
orientation of the 20 November 2003 MC was estimated by
using MC models that assume a 2-D structure. If we take the
global MC structure to be a loop of magnetic flux rope
extending from the Sun as commonly accepted, cylindrical
models are applicable only to those cases where the spacecraft
passed through the MC near the apex of the loop. For the
spacecraft encounter with the curved portion of the MC near
the flank of the loop, curvature of the MC must be taken into
account to explain the observed magnetic field variations
[Marubashi, 1997; Marubashi et al., 2009]. The 20 Novem-
ber 2003 MC provides one challenging example to test this
idea. The aim of this study is to find out possible geometries
of this particular MC that fit the observed solar wind varia-
tions by applying the torus model [Marubashi and Lepping,
2007] and to see what physical picture emerges about the
connection between the MC and the associated solar event.
[6] We start with the analyses of the 20 November 2003

MC with both torus and cylinder models in section 2. We
then compare the result from each analysis with other solar

Table 1. MC Parameters Determined by Torus Fitting
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ACE (20 Nov 2003 11:00 UT to 21 Nov 2003 00:30 UT)
A 0.214 0.019 �72.0 142.6 + �1.12 0.05 0.75 82.6 651 9.7 R 30 0.215
B 0.156 0.032 �58.8 34.2 � 0.94 0.17 0.76 79.0 641 8.1 R 23 0.165

ACE (20 November 2003 11:00 UT to 20 Nov 2003 19:20 UT)
C 0.200 0.014 �57.1 115.4 + �0.85 �0.38 0.83 78.7 646 10.3 R 124 0.213
D 0.176 0.017 �40.7 69.0 � 0.59 0.74 0.80 83.7 640 8.5 R 54 0.143

Wind (20 Nov 2003 12:00 UT to 21 Nov 2003 02:00 UT)
A′ 0.181 0.031 �68.7 170.4 + �1.16 0.35 0.66 66.8 677 12.3 R 31 0.176
B′ 0.191 0.023 �61.1 52.5 � 0.98 0.31 0.75 75.5 674 12.1 R 22 0.198

Wind (20 Nov 2003 12:10 UT to 20 Nov 2003 20:50 UT)
C′ 0.294 0.014 �56.3 112.8 + �0.86 �0.37 0.85 73.9 687 15.8 R 73 0.174
D′ 0.228 0.015 �46.6 69.3 � 0.71 0.62 0.85 75.6 672 12.9 R 51 0.191

aRM is the major radius of torus (constant), and rm0
is the minor radius of torus at the time of encounter. The minor radius at time t after the encounter is

given by rm = rm0
(1 + t/T0).

bHere qn and fn are the latitude and longitude angles of a vector normal to the torus plane defined by the axial magnetic field. The function sgn (Bx) is the
sign of the Bx component of the axial field, indicating on which side of the torus the spacecraft encountered.

cHere (py, pz) indicates the position of the spacecraft track from the torus axis in the Y-Z plane; p is the minimum distance from the torus axis to the
spacecraft; all in the unit of rm0

.
dBT is a parameter to determine the intensity of the toroidal magnetic field [see Marubashi and Lepping, 2007].
eUT0

is the bulk velocity of MC at the time of encounter, and the velocity changes afterward as UT(t) = UT0
–Df t.

fH is the handedness of the twist (R for right handed and L for left handed).
gT0 is a time constant describing a self-similar expansion (see footnote a).
hErms is the error-estimating figure defined by equation (1) in the text.
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and interplanetary observations and attempt to determine
which model provides more reasonable explanation in
section 3. Our conclusions are given in section 4.

2. Analysis of Solar Wind Data

2.1. Naming of Fitting Cases

[7] In this section, we attempt to find out all possible
geometries of flux ropes that can explain the observed
magnetic field variation in the MC. For this purpose, we
apply the least squares–fitting method with two different
flux rope models, a cylinder model and a torus model. We
need to select the start and end times of the MC from the
time variation of the solar wind data, and it is not always
easy to point the start and end times. Therefore, we tried two
possible intervals for our fitting analysis, which we call a
longer duration and a shorter duration, respectively.
[8] As a result of the analysis, we found three possible

geometries, two torus geometries and one cylinder geome-
try, for each of the selected durations. We also performed the
same analysis for data from ACE and data from Wind. Here
we summarize the cases of fitting and the corresponding
naming. Two torus geometries for the longer interval with
ACE data are indicated by A and B in Table 1, and the
corresponding cylinder case is designated as E in Table 2.
For the shorter interval, two torus cases are C and D in
Table 1, and the cylinder case is F in Table 2. We also
obtained similar results from the Wind data, and they are
correspondingly called A′, B′, and E′ for the longer interval
and C′, D′, and F′ for the shorter interval, respectively.
[9] It is worthwhile to mention the accuracy of the

parameter determination from the fitting. Although it is not
easy to estimate the accuracy, we can safely say that changes
of the axis direction of 10° do not cause for the calculated
magnetic fields to change very much (typically <10%). This
estimate should be taken as a rough one based on the
experimental calculations for several cases.

2.2. Fitting With a Torus Model

[10] Figure 1 shows the solar wind observations from
ACE for 2 days, 20–21 November 2003, together with the
results of torus-model fittings for the two possible selected
MC boundaries. Plotted are from the top, the magnetic field
intensity (B), the X, Y, and Z components of the field in the
GSE coordinate (Bx, By, Bz), the ratio of standard deviations
to the average intensities (Sb/B), the proton bulk speed (Vsw),
the proton number density (N), the number density ratio of
He++/H+, the proton temperature (T), and the plasma beta
based on protons, all from 64 s averages. A shock detected at
07:27 UT, 20 November, is indicated by the vertical dashed
line. The second panel is the plot of pitch angle distribution
of electrons in the 272 eV channel, showing 5 min averages
normalized to the maximum flux value in each time bin. The
third panel presents vector plots of 30 min averages of
magnetic field projected on the X-Y, X-Z, and Y-Z planes.
The dashed curve drawn along the proton temperature shows
the temperature statistically expected from the proton bulk
speed, Tex [Lopez, 1987] calculated with 30 min averages.
The low values of the Tex/T ratio are commonly used as an
indicator of interplanetary coronal mass ejections (ICME)
[Cane and Richardson, 2003].
[11] We selected the start time of the MC at 11:00 UT,

20 November (black solid line), and two possible end times
at (1) 00:30 UT, 21 November (red line), and (2) 19:20 UT,
20 November (blue line). The selection of the MC interval is
based on the following characteristics: the smooth magnetic
field rotation mainly in the Y-Z plane, the relatively small
fluctuation level (Sb/B), the relatively low values of Tex/T,
the low beta values, and the bidirectional flow of super-
thermal electrons. The shorter interval was taken to be a
possible limit of the MC because the magnetic field rotation
becomes weak at 19:20 UT, although other plasma and
magnetic field characteristics suggest that the MC interval
continues till 00:30 UT, 21 November.

Table 2. MC Parameters Determined by Cylinder Fitting

Model IDa
Start Day and
Time (UT)

End Day and
Time (UT) r0

b (AU) qa
c (deg) fa

c (deg) pd (r0) U0
e (km s�1) B0

f (nT) T0
g (h) Hh Erms

i

Present Results
E 20 Nov 2003 11:00 21 Nov 2003 00:30 0.073 �66.2 137.3 0.23 598 72.7 23 R 0.174
F 20 Nov 2003 11:00 20 Nov 2003 19:20 0.053 �42.8 135.9 0.42 610 69.6 58 R 0.151
E′ 20 Nov 2003 12:00 21 Nov 2003 02:00 0.077 �67.7 122.6 0.13 606 63.6 23 R 0.165
F′ 20 Nov 2003 12:10 20 Nov 2003 20:50 0.058 �51.1 58.5 �0.24 622 59.1 50 R 0.160

Previous Results
Ly 20 Nov 2003 10:00 21 Nov 2003 02:00 0.105 �86.8 172.1 0.00 584 42.9 – R –
Yu 20 Nov 2003 10:11 20 Nov 2003 19:43 – �46.8 112.2 – – – – R –
Wa 20 Nov 2003 10:06 21 Nov 2003 00:24 – �55 90 0.00 – 50.0 – R –
Mö 20 Nov 2003 11:16 20 Nov 2003 18:44 – �55 80 �0 615 – – R –
Lp 20 Nov 2003 10:48 21 Nov 2003 02:18 0.067 �76 217 0.03 599 38.3 – R 0.175

aThe model IDs are as follows. E, the longer interval ACE data; F, the shorter interval ACE data; E′, the longer interval Wind data; F′, the shorter interval
Wind data; Ly, Lynch et al. [2005]; Yu, Yurchyshyn et al. [2005]; Wa, Wang et al. [2006]; Mö, Möstl et al. [2008]; Lp, Lepping et al. [2006].

bHere r0 is the cylinder radius at the time of encounter. The radius at time t after encounter is given by r(t) = r0(1 + t/T0).
cHere qa and fa are the latitude and longitude angles of the cylinder axis field.
dHere p is the impact parameter in the unit of r0.
eU0 is the bulk speed of the MC cylinder.
fB0 is the magnetic field intensity at the cylinder axis.
gT0 is a time constant describing a self-similar expansion (see footnote a).
hH indicates the handedness of the twisting field (R for right handed and L for left handed).
iErms is the error-estimating figure defined by equation (1) in the text.
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[12] The results of fitting with a torus model [Marubashi
and Lepping, 2007; Romashets and Vandas, 2003] are pre-
sented by the red curve for the longer interval (case A) and
by the blue line for the shorter interval (case C). It is seen
that the fitting reproduces the observation pretty well for
both interval selections. The parameters obtained from the
fitting are summarized in Table 1, together with those from

other fittings (as summarized in section 2.1). The accuracy
of fitting can be estimated by

Erms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

�BO
i � �BM

i

� �2
=N=�BO

max

s
: ð1Þ

Figure 1. Results of the torus fitting for the two possible MC intervals superimposed on the data plots of
the observed solar wind parameters. The red line is for the longer interval (case A in Table 1, 20 November
11:00 UT to 21 November 00:30 UT), the blue line for the shorter interval (case C in Table 1, 20 Novem-
ber 11:00 UT to 19:20 UT). The vertical dashed line indicates the time of shock arrival. The magnetic field
vectors projected on the X-Y, X-Z, and Y-Z planes is shown at the bottom.
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Here �BO
i and �BM

i are the ith magnetic field vectors from

observation and model (i = 1, …, N), respectively, and �BO
max

is the maximum value of the observed field intensity in the
MC interval. The Erms values are 0.215 for the longer
interval and 0.213 for the shorter interval.
[13] Figure 2 depicts the geometry of the MC encounter

with the spacecraft for the case of longer interval. Figure 2a
is a 3-D presentation, in which three arrows indicate the
spacecraft path relative to the curved structure (arrow
annotated S/C), the direction of magnetic field on the MC
surface (arrow S), and the direction of magnetic field on the
MC axis (arrow A). It is seen that the main body of the MC
passed the westside relative to the Sun-Earth line and that
only its eastern flank swept the Earth. The greatest contri-
bution to the southward magnetic field of this particular MC
comes from the toroidal (perpendicular to the axis) field
component near its inside surface. In Figure 2b, the dashed
line shows the time variation of the radius (minor radius of
torus, rm) of the modeled MC, which increases due to
expansion assumed in our model, based on the theoretical
work by Farrugia et al. [1993] and later modification by
Shimazu and Vandas [2002]. The solid line shows the time
variation of distance from the axis to the spacecraft (Dsc). It
should be noted that the spacecraft stayed for a long time
near the inner side surface of the structure, particularly in the
later part of the MC, where the magnetic field does not
change greatly. The expansion of the torus contributes much
to the long-time stay of the spacecraft within the cloud. A
similar result is obtained for the encounter geometry for the
MC fitting with the shorter interval, although the tilt angle of
the torus plane is slightly different. (No figure is shown.
Details are presented in Table 1.)
[14] In the original idea of self-similar expansion

[Farrugia et al., 1993], the expansion parameter T0 physi-
cally corresponds to the time spent by the MC from the
generation to the encounter with the spacecraft. In this sense,
the value for case A (T0 = 30 hours) looks unrealistically
small, but this value is well within the range of T0 obtained
for many other cases. It can be said in this particular case
that the small T0 value is attributable to the compression of

the MC on the frontside. Such asymmetry in magnetic field
intensity causes to yield small T0 in our fitting routine.
[15] If we assume that the global MC loop is contained

nearly in a plane, the tilt angle of the plane (particularly near
the apex of the MC loop) can be estimated using the direc-
tion of a normal vector to the torus plane obtained from the
fitting. Figure 3a depicts the projection on the Y-Z plane of
the whole torus determined by the fitting for the longer
interval. (We are not arguing that the actual MC has a torus
shape. The torus is just a local approximation of the MC at
the portion where the spacecraft traversed the structure.) In
Figure 3a, the red dot indicates where the spacecraft
encounters the MC, and the two red arrows indicate the
directions of magnetic field along the axis and the surface
field. The normal vector is defined by the circle depicted
by the axis field. The local direction of the axis field at the
apex (farthest point from the Sun) projected on the Y-Z plane
is calculated as follows:

F ¼ tan�1 cos qn⋅ sin fn

� sin qn

� �
; ð2Þ

where F is the angle measured clockwise in this presentation
from y axis, and qn and fn are latitude and longitude angles of
the normal vector, respectively (from 0° to 360° depending
on the sign of cos qn ⋅ sin fn and�sin fn). This direction can
be taken as an approximate estimate of the MC direction
expected near the solar source when the observed MC is
traced back to the Sun with its direction maintained. The
corresponding flux rope cylinder is also depicted in
Figure 3a. The F values are 11.1° and 30.3° for the longer
and shorter intervals, respectively. These values are close to
the direction of the post-eruption arcade (PEA) formed in AR
10501 after the source event, as will be discussed later.
[16] One noteworthy feature of the spacecraft encounter

with the MC discussed above is that the spacecraft does not
penetrate deeply into the MC (see Figure 2b). In such cases,
the torus fitting sometimes returns another possible result. In
an effort to search for other possible geometries that can
explain the observation, we found another good fit, which is
shown in Figure 4. In Figure 4, only the magnetic fields and

Figure 2. The geometry of the spacecraft encounter with the MC determined for case A: (a) a 3-D pre-
sentation and (b) the time variation of the minor radius of the toroidal MC (dashed line) and the variation
of distance from the axis to the spacecraft (solid line).
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the proton speeds are plotted because other parts are the
same as Figure 1. Again, the red and blue curves present
the fitting results for the two intervals selected as the MC.
The Erms values are 0.165 for the longer interval and 0.143
for the shorter interval, the fitting accuracy being better in
these fittings.
[17] Figure 3b depicts the torus geometry that was

obtained for the longer interval in the same way as Figure 3a.

This result indicates that the main body of the MC passed the
eastside of the Sun-Earth line and that the western flank
encountered the Earth. The torus tilt angle in this case is such
that the frontside is on the southside compared with the rear
side, being opposite to the case of Figure 3a. However, the
magnetic field direction at the apex is similar to that in
Figure 3a as indicated by the schematic cylinder flux rope
approximating the structure near the apex. Here we note

Figure 4. Results of the torus fitting for the two possible MC intervals superposed on the plots of the
observed magnetic field variations. Note that the parameter sets obtained from the fitting are different from
those depicted in Figure 1. The red line is for the longer interval (case B in Table 1), and the blue line is for
the shorter interval (case D in Table 1).

Figure 3. The projection on the Y-Z plane of the whole torus corresponding to the two possible geome-
tries determined by the fitting for the longer interval: (a) case A in Table 1 and (b) case B in Table 1. In
Figures 3a and 3b, the red dot indicates the spacecraft pass (perpendicular to Figure 3), and the directions
of magnetic field along the axis and the surface field are indicated by two red arrows. Note that the space-
craft passes through the torus flank with a positive axial field in case A and through the torus flank with a
negative axial field in case B. The approximate MC orientation at the torus apex is schematically indicated
by a cylinder.
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another important difference between these two geometries
of spacecraft encounter. In the case of Figure 3a, the
spacecraft passed through the structure, where the axial field
has a positive X component, whereas the X component of the
axial field is negative in the case of Figure 3b. This differ-
ence is denoted by Sgn (Bx) in Table 1.
[18] In order to find out which fitting provides the most

appropriate geometry of the actual MC, we need to compare
the fitting results with other solar and interplanetary obser-
vations, which is the subject of the next section. We also
mention the possibility that a comparison of MC data from
two spacecraft might give us a clue for the selection of the
most realistic geometry. With this idea in mind, we per-
formed the same analysis with the solar wind data from
Wind. Unfortunately, the distance between ACE andWind in
the Y-Z plane is too small compared with the scale of the MC.
The average positions of the two spacecrafts are (240, 26, and
�9) RE for ACE and (�212, �38, and �13) RE in GSE. The
separation in the Y-Z plane is about 64 RE in the east-west
direction, whereas the minor radius of the torus MC is in the
range of 0.014–0.034 AU (330–800 RE). Thus, the fitting
results from the ACE and Wind spacecraft are very similar.
The parameters obtained by the torus fitting for all the cases
for both spacecraft are summarized in Table 1. It should be
noted here that the difference between two torus planes is
expressed by the angle between two vectors normal to two
torus planes. The difference in the axis’ direction between
models A and A′ is 9.8° and 9.5° between B and B′.

2.3. Fitting With a Cylinder Model

[19] We also tried the fitting with a cylinder model
[Marubashi and Lepping, 2007], and the results are shown
in Figure 5 for the two intervals: the longer interval in red

and the shorter interval in blue. We can see that the cylinder
fitting yields a good fit to the observation as does the torus
fitting. The parameters determined by the fitting are pre-
sented in Table 2, together with the results obtained from the
corresponding Wind data. We notice that the results for ACE
and Wind for the longer MC interval roughly coincide with
each other, whereas those for the shorter interval show a
significant difference in the MC axis direction. It should be
also noted here that the cylinder radius values are generally
much larger (by a factor of �3) compared with the values of
torus minor radius. The reason for this difference is that the
spacecraft traverses through the MC structure more in par-
allel to the axis in the case of the MC flank passage.
[20] There exist several model fitting results with 2-D

models with physical quantities being constant along the
straight axis for this MC as mentioned in section 1. Table 2
includes the MC axis directions and impact parameters
published in the literature for the purpose of mutual com-
parison. For other parameters, the direct comparison is not
appropriate because of the differences in the models and the
data that are used. Listed are the fitting with a cylindrical
model of force-free flux rope applied to the ACE data
[Lynch et al., 2005; Wang et al., 2006], fitting with a same
model but applied to the Wind data [Lepping et al., 2006],
fitting with a cylindrical model allowing a self-similar
expansion (present analysis); the Grad-Shafranov (GS)
reconstruction applied to the ACE data [Yurchyshyn et al.,
2005], and the GS reconstruction applied to the ACE and
Wind data simultaneously [Möstl et al., 2008]. Two different
MC boundaries were selected in the previous studies,
roughly, similar to our selection of two possible MC inter-
vals. The results generally indicate that the MC axis is highly
inclined southward from the ecliptic plane, though the

Figure 5. Results of the cylinder fitting for the two possible MC intervals superposed on the lots of the
observed magnetic field variations. The red line corresponds to the parameter sets of case E in Table 2, and
the blue line corresponds to case F in Table 2.
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resultant inclinations are smaller for the shorter chosen MC
intervals as noted by Möstl et al. [2008]. The impact param-
eter for the shorter interval obtained in this study (p = 0.42)
is significantly larger than the others, but this is consistent
with the observation that the rotation angle of the magnetic
field vector is appreciably smaller than 180°. It is rather
surprising that the direction of the MC axis obtained from
the fitting changes so much depending on the model.
[21] It is worthwhile to note one character of our model in

contrast with other models mentioned above. In our fitting
routine, the expansion ofMC is taken into consideration based
on a self-similar expansion model [Farrugia et al., 1993]. The
expansion affects the time variations of observed magnetic
field and solar wind speed within the MC. The dynamic
effects are described by one parameter T0 (seeMarubashi and
Lepping [2007] for details). In other words, the asymmetry
of magnetic field and the change in solar wind speed are
considered simultaneously. In contrast, all foregoing studies
are based on the model in which the MC structure is
assumed to be unchanged.
[22] In order to compare the MC direction with the mag-

netic field structure in the solar source region, we calculated
the MC axis direction projected onto the Y-Z plane using the
equation:

Fa ¼ tan�1 sin qa
cos qa � sin fa

� �
; ð3Þ

where Fa is measured from y axis, ranging from 0° to 360°
depending on the signs of sin qa and cos qa ⋅ sin fa. This
angle represents the direction of the flux rope structure near
the Sun at the time of eruption, if we assume that such a flux
rope propagates through interplanetary space with its axis

maintained and if the modeled cylinder is taken as an
approximation of the MC loop near its apex. In Figure 6, we
compare Fa values calculated from the axis parameters in
Table 2 and the corresponding F values from the torus
parameters (equation (2)). Here we emphasize again that the
2-D model and the torus model yield a big difference in the
estimated direction of the flux rope created near the Sun,
roughly being 90° for this particular MC.
[23] Finally, we calculate the normal vector of the shock at

07:27 UT preceding the MC, because it is expected that the
direction of shock normal provides constraint about the
geometry of a shock driver. We used the expression given by
Berdichevsky et al. [2000] and obtained the following results:
n = (�0.925, 0.311, and �0.218) in GSE coordinates or in
longitudinal and latitudinal angles, fs and qs, fs = 161.4° and
qs = �12.6°. The shock normal is directed about 20° east-
ward from the Sun-Earth line, and about 10° southward from
the ecliptic plane, suggesting that the MC geometry in
Figure 3a is more consistent with that in Figure 3b.

3. Comparison With Solar and 2-D
Heliospheric Observations

[24] It has been shown thus far that three different MC
geometries can reproduce the observed magnetic field var-
iations with satisfactory accuracy for each of the MC interval
selection: two torus geometries and one cylinder geometry.
Möstl et al. [2008] took the later part of the longer interval
(19:20 (20 November) to 00:30 UT (21 November)) as the
region that remained on the rear side of the main body of the
MC with the field lines on the leading side being peeled off
as a consequence of the reconnection with the solar wind
ahead of the MC [Dasso et al., 2006]. As has been shown,
the torus model properly describes the field observations at
the rear side of the MC, and the couterstreaming electrons
continued to be observed long after 19:20 UT, 20 November
(Figure 1). Therefore, we take the longer interval as the
proper MC interval. In this section, we attempt to determine
which geometry provides the most coherent interpretation of
the observed MC by comparing with other solar and inter-
planetary observations.
[25] We first consider the solar events that can be taken as

the origin of the MC. AR 10501 produced two successive
M-class flares on 18 November 2003 at N00E18, both being
followed by CMEs: M3.2/2N flare at 07:52 UT (maximum)
followed by a CME having first appeared in the LASCO C2
field of view at 08:06 UT and M3.9/2N flare at 08:30 fol-
lowed by another CME detected first at 08:50 UT. Herein-
after, these two CMEs are called CME 1 and CME 2,
respectively, in accordance with Gopalswamy et al. [2005],
and the corresponding flares as flare 1 and flare 2. CME 2 is
a halo CME having an initial speed of about 1660 km/s,
whereas CME 1 was estimated to have an angular width of
104° and the initial speed of about 1220 km/s. The metric
type II bursts were reported, with intensity index 3 for flare 1
and index 2 for flare 2 (event list from NOAA/SpaceWeather
Center in http://www.solarmonitor.org/). Both events are
well within a reasonable time window as a source event for
the 20 November 2003 MC. The transit time of the MC from
the Sun to the Earth is estimated to be 63 hours if we assume a
constant speed of 650 km/s (Table 1). The actual time lag
from the flare to the MC start time is about 8 hours shorter,

Figure 6. Comparison of the MC axis directions projected
onto the Y-Z plane determined with different cylinder models
(Lp, Lepping et al. [2006]; Ly, Lynch et al. [2005]; Mo,Möstl
et al. [2008]; Wa, Wang et al. [2006]; Yu, Yurchyshyn et al.
[2005]). Vectors E and F present results for long and short
intervals, respectively. Vectors A and B represent the pro-
jected directions of the cylinders approximating the torus
MC at the apex (depicted in Figure 3), and vectors C and D
show the corresponding directions obtained for the shorter
MC interval.
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indicating deceleration during the propagation. There was no
other prominent eruption event that may be taken as a pos-
sible origin of the MC in the time window of �24 hours
around these two events.
[26] Figure 7 presents the selected image data that are

relevant to the activities responsible to the formation of the
20 November 2003 MC. Figures 7a and 7b are images of
CME 1 and CME 2 from SOHO/LASCO C2 coronagraph
with Figure 7a at 08:26 UT, showing the most extending
state of CME 1 before CME 2 appears in the field of view,
and Figure 7b at 08:50 UT, the first appearance of CME 2.
Figures 7d and 7e are the SOHO/extreme ultraviolet imaging
telescope (EIT) 195 observations Figure 7d at 08:12 UT, the
last time before flare 2, giving an indicator of the possible
formation of the PEA although not clear because the early
stage of two ribbons of flare 2 already present, and Figure 7e
at 08:48 UT showing the well-developed PEA of flare 2.
The LASCO and EIT images were taken from SOHO
LASCO CME CATALOG (http://cdaw.gsfc.nasa.gov/CME_
list). Figure 7c shows the distribution of longitudinal mag-
netic fields in AR 10501 from the SOHO/Michelson Doppler
Imager (MDI) observation, where the approximate position
of the polarity inversion line is indicated by the yellow
dashed line. Figure 7f presents the partial image of EIT 195 at
08:48 UT with the contrast being enhanced for the PEA to be

clearly seen. (For EUV solar images, Transition Region and
Coronal Explorer (TRACE) 171 observations provide images
with much higher resolution, and some images from TRACE
are used in the discussion of the eruption by Möstl et al.
[2008]. However, there is no TRACE 171 image available
for the times just after flare 1 and flare 2. Therefore, we used
SOHO/EIT images for the purpose to see the orientation of
the PEA.)
[27] It is commonly accepted in the previous studies

[Gopalswamy et al., 2005; Yurchyshyn et al., 2005; Wang
et al., 2006; Möstl et al., 2008; Chandra et al., 2010;
Schmieder et al., 2011] that the 20 November MC was pro-
duced in association with CME 2 because it is an energetic
halo CME. We can see that the orientation of PEA axis
(Figure 7f) is nearly parallel (�30° to the north from y axis)
to the estimated initial direction of the flux rope produced in
the corona (the cylinder in Figure 3a and arrow A in Figure 6,
hereinafter we call the structure in Figure 3a as model A).
The direction of y axis in GSE coordinates tilted less than
2.5° southward from the solar equator in this period. The
magnetic field polarity of the right-handed flux rope near the
apex of the MC loop is also consistent with the magnetic field
polarity of the PEA determined by Chandra et al. [2010].
Thus, the most straightforward interpretation about the link
between the solar event and the MC is that a flux rope

Figure 7. Images of CMEs, associated activities in the solar atmosphere, and the magnetic field structure
in their source region on 18 November 2003: (a) the LASCO C2 difference image at 08:26 UT, (b) the
same but at 08:50 UT, (c) the MDI image of AR 10501 at 07:59 UT with the polarity inversion line indi-
cated by the yellow dashed line, (d) the EIT 195 image at 08:12 UT, (e) the same but at 08:48 UT, and
(f) the partial image of EIT 195 at 08:48 with enhanced contrast for the PEA.
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produced as a main body of CME 2 propagated through
interplanetary space a little westward from radial direction
with its orientation maintained and that the eastern flank was
traversed by ACE. This scenario is consistent with the
observational fact that CME 2 was initially launched west-
ward. The shock normal directed about 20° eastward also
supports the interpretation that the observed MC is the east-
ern flank of model A.We expect that the global configuration
of the MC should be a loop of magnetic flux rope with both
legs rooted near the both ends of PEA and extending toward
interplanetary space. This expectation is strongly connected
to the suggestion that the signature of PEA is taken to be
CME proxy just after the initial launch [Tripathi et al., 2004].
The observed signatures of the MC are strongly controlled by
what part of the loop was traversed by the spacecraft.
[28] We now examine the data obtained from the SolarMass

Ejection Imager (SMEI) [Jackson et al., 2004]. Figure 8a
shows the ecliptic cut and Figure 8b shows the 3-D view at
12:00 UT, 20 November, obtained by the SMEI 3-D recon-
structions (by the courtesy of B. Jackson). We can see a high-
density region passing the Earth orbit, which extends west-
ward from the Earth position. A similar density distribution
was also obtained from Ooty radio telescope scintillation

observations [Schmieder et al., 2011]. If this high-density
region is taken to be representing the ICME, the SMEI
observation supports the association of the MC model A and
CME 2. Fortunately, this comparison is possible because this
MC coincides with the high-density region.
[29] However, closer examination of SMEI reconstruction

images suggests another possibility though less plausible
than the above suggested link. The high-density region con-
sists of two substructures, labeled H1 and H2 in Figure 8. The
earlier images show that the substructure H1 passed 1 AU on
the westside of the Earth without encounter. It is thus not
unreasonable to suppose that they are essentially separate
structures, the substructure H2 corresponding to the western
flank of the MC model B. Then, CME 1 can be taken as the
source event of the MC. This view is consistent with the fact
that CME 1 was initially launched eastward. The launching
site of CME 1 is a little more eastward from that of CME 2,
where the polarity inversion line is tilting a little more than
that of source region of CME 2. This may be consistent with
the difference in the estimated direction of the flux rope
created in the corona (arrows A and B in Figure 6), although
the difference is not significant compared with the accuracy
of the fitting analysis. If we take this interpretation, the
substructure H1 should be ascribed to the ICME associated
with CME 1, which just did not encounter the Earth. It is
highly plausible that both CME 1 and CME 2 produced
MCs independently. This interpretation for the origin of
the 20 November 2003 may not be likely, however, because
the SMEI images do not show strong evidence for the exis-
tence of high-density region on the eastside of the Sun-Earth
line. Another negative evidence is that the density distribution
from interplanetary shock observations [Schmieder et al.,
2011] simply shows a single high-density region extending
from around the Earth to the west. We must admit that the
SMEI reconstruction maps may not have enough resolution to
separate two high-density regions as shown in Figure 8a.
However, it can be said that we cannot deny the possibility.
[30] Another outstanding phenomenon during the course

of CME 1 and CME 2 is the eruption of filament around
08:00 UT from the apex of the U-shaped filament. Though
the role played by this filament eruption in the sequence of
activities is not clear, it is very unlikely that the CME 2 could
be directly connected to the filament eruption. Chandra
et al. [2010] clearly show that this segment of the filament
has a dextral chirality and, therefore, left-handed magnetic
helicity, which is opposite to the magnetic helicity of the
20 November MC.
[31] Finally, we discuss the fitting result with a cylinder

model. It gives the axis direction nearly perpendicular to the
magnetic polarity inversion line in the source region. In order
to account for this discrepancy, Möstl et al. [2008] invoked
possible rotation of the MC during propagation from the Sun
to the Earth, so that the MC axis could be aligned along the
HCS. They explain that this happened when the MC over-
took the HCS and ran into the HCS. However, a close
examination of Figure 1 shows the existence of a region of
interplanetary magnetic field away from polarity during
around 02:00 UT to around 06:00 UT, 21 November, just
after the MC interval and a clear sector boundary from away
to toward sector at around 06:00 UT. (We can see that Bx and
By components changed sign simultaneously.) This sector
boundary is more likely to be associated with the neutral line

Figure 8. (a) The ecliptic cut and (b) the 3-D view of den-
sity distribution in interplanetary space at 12:00 UT, 20
November 2003, obtained from the SMEI 3-D reconstruc-
tion (courtesy of B. Jackson).
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in the source surface magnetic field provided by the Wilcox
Solar Observatory (http://wso.stanford.edu/synsourcel.html).
It is of course plausible that the MCs carry the newly formed
HCSs as suggested by Crooker et al. [1998]. In such cases,
the MC should be straddling the HCS (not global but local)
with both feet on both sides of and near the solar magnetic
neutral line.

4. Conclusions

[32] We have analyzed the MC of 20 November 2003 and
compared with the available solar and interplanetary obser-
vations. The conclusions we obtained are summarized as
follows.

4.1. Model Fitting Results

[33] 1. The observed magnetic field variations have been
reproduced with satisfactory accuracies with three different
geometries, two of which were determined by the torus
model fitting and one was determined by the cylinder model
fitting.
[34] 2. This result gives us an important caution that the

least squares-fitting method cannot necessarily assure the
uniqueness of the solution for the geometry of the MCs. It
should be strongly recognized that the geometries obtained
through model fittings are inevitably model dependent.
[35] 3. The estimated orientations of the global MC loop

plane obtained from the torus model are found consistent
with the direction of the PEA) formed in the solar source
region in contrast to the result from the cylinder model.

4.2. Coherency With Other Observational Results

[36] 1. Two possible interpretations have been obtained
about the link of the MC with the solar events. The common
view in either interpretation is that a flux rope was produced
in association with a CME nearly in parallel to the axis of the
PEA and was propagated through interplanetary space with
its axis direction maintained.
[37] 2. One scenario is that the observed MC was produced

in association with the CME of 08:50 UT, 18 November
2003 (CME 2), and the eastern flank of the global MC loop
encounter the Earth. This scenario implies that although an
MC may have been produced by the CME of 08:06 UT, it
passed the eastside of the Earth without encounter.
[38] 3. In the other scenario, the CME of 08:06 UT

(CME 1) is the origin of the observed MC, though this
scenario looks less likely than the first one. This interpreta-
tion implies that the ejecta possibly formed in association
with the 08:50 UT CME passed the westside of the Earth
without encounter.
[39] 4. In either of the two interpretations, the observed

magnetic field variations in the MC are consistent with the
field structure expected from the corresponding PEA structure.
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