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Our recent analysis of interplanetary magnetic clouds (MCs) showed that the orientations of MC axes deter-
mined by a model fitting with curvature of MCs taken into account (referred to as a torus model, hereafter) can be
significantly different from those obtained from fittings with a straight cylinder model. Motivated by this finding,
we re-examined geometrical relationships between magnetic field structures of MCs and their solar origins. This
paper describes the results of the re-examination with special attention paid to two MC events, for which different
orientations of MC axes were obtained from a torus model and a cylinder model. For both cases, it is shown that
the torus models give the MC geometries of magnetic field structures in good agreement with those of coronal
arcade structures which were formed in association with the launch of MCs along the magnetic field inversion
lines. Summarizing the analysis results for 12 MCs investigated here, we conclude that: (1) the formation of
coronal arcade structure is a good indication of MC formation; (2) MC geometries can be obtained that are con-
sistent with the coronal arcades with respect to the axis orientation and the magnetic field structure including
chirality, indicating that no significant direction changes occurred during the propagation of MCs through the
interplanetary medium.
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the orientations of MCs. In most studies on this subject,

The interplanetary magnetic cloud (MC) occupies the
whole body or a significant part of a plasma cloud ejected
into the solar wind in association with the coronal mass
ejection (CME). The internal structure of a MC is charac-
terized by the nested helical fields, which can be described
as a magnetic flux rope (Goldstein, 1983; Marubashi, 1986;
Burlaga, 1988). The geometrical relationship between mag-
netic structures of MCs and their solar source region is
one of the key issues for understanding the mechanisms in-
volved in the formation of MCs and their possible deforma-
tion during their propagation in interplanetary space. Most
previous studies on this subject have shown that the orienta-
tions of MCs are roughly aligned with the inversion lines of
photospheric longitudinal magnetic fields in the associated
CME sites and that the chirality of MCs are of the same sign
as the chirality of solar magnetic fields in the source regions
(e.g., Marubashi, 1986, 1997; Bothmer and Schwenn, 1994;
Bothmer and Rust, 1997; Yurchyshyn et al., 2001). More
recent studies, however, point out several cases in which the
orientations of MCs do not agree with those of the associ-
ated filaments or solar magnetic inversion lines (Rust et al.,
2005; Wang et al., 2006; Yurchyshyn et al., 2007).

The purpose of this study is to re-examine the geometri-
cal relationships between the MC magnetic fields and the
solar magnetic fields with a new technique to determine
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as mentioned above, the MC orientations were determined
by fitting techniques with a straight cylinder model. Re-
cently, Marubashi and Lepping (2007) analyzed the MC ge-
ometries using a torus-shaped flux rope model to take into
account the curvature of the global configuration of MCs.
Their comparison of the MC orientations determined from
the torus and cylinder models revealed that there actually
are such MC events for which observations can be as well
explained by either of the models but that the obtained ori-
entations are significantly different from each other. This
finding impacts on our understanding the connection be-
tween MCs and CMEs and suggests that it may be possible
to obtain a better agreement between the MC orientations
and the solar magnetic inversion lines if the MC geometries
are determined with a torus model.

The MC database for this study consists of the analysis
results of 17 long-duration MCs (Marubashi and Lepping,
2007). We compared the MC geometries obtained from the
torus and cylinder models with the magnetic field structures
in the possible solar source regions of the MCs. We present
here our analysis results, with a focus on two events for
which the connection between the MC and related solar
phenomena can be seen in a straightforward way. Similar
connections are also seen for other MC events.

2. Analysis Results

Figure 1 shows the fitting results of the MC encountered
on March 4, 1998, with solid lines for the torus model and
dotted lines for the cylinder model, superposed on the ob-
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Fig. 1. Results of fitting the torus model (solid curve) and the cylinder
model (dotted curve) to the magnetic cloud encountered on March 4,
1998. The bottom three panels show the projected magnetic field vectors
onto three planes in GSE coordinates.

served variations of solar wind magnetic fields during a 3-
day interval. Plotted from top to bottom are the magnetic
field intensity, the X, Y, and Z components in GSE (geo-
centric solar ecliptic) coordinates, the ratio of standard de-
viations of high-resolution data to the average intensity, the
solar wind speed, the number density ratio of He*™ /H™, the
proton number density, the proton temperature, the plasma
beta based on protons, and the magnetic field vectors pro-
jected on the X-Y, X-Z, and Y-Z planes of GSE coordi-
nates. The dashed curve drawn along with the proton tem-
perature shows the temperature statistically expected from
the solar wind speed (Lopez, 1987). Two vertical solid
lines indicate the MC boundaries as determined by such
characteristics as the magnetic field rotation, the enhanced
He' /H ratio, the relatively small magnetic field fluctua-
tions, and the abnormally low proton temperature (Richard-
son and Cane, 1993). The vertical dashed line indicates the
shock associated with this MC. The observed variations in
magnetic field and solar wind speed are well reproduced by
both the torus and cylinder models, so that the difference
between the two fitted curves can be hardly distinguished in
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Fig. 2. Two geometries obtained for the magnetic cloud of March 4, 1998,
from the fittings to the torus model (a) and to the cylinder model (b).
Three directions are indicated: A, axial field; S, toroidal field on the
surface; S/C, spacecraft trajectory relative to the magnetic cloud.

this presentation. However, the MC orientations obtained
from the two models are substantially different from each
other.

Figure 2 depicts the MC geometry obtained from the
torus model (Fig. 2(a)) and that from the cylinder model
(Fig. 2(b)), in which three arrows indicate the direction
of the axial field of MC (A), the direction of magnetic
field on the MC surface (S), and the direction of spacecraft
trajectory (S/C). We can see that this MC has the left-
handed magnetic chirality from the two arrows, A and S.
At the location where the spacecraft traversed the MC, the
approximate direction of the torus axial field is given by
0 (latitude angle) = 17.4° and ¢ (longitudinal angle) =
136.9°, whereas the direction of the cylinder axis is given
by 6 = 29.3°, and ¢ = 76.7° (for details of the fitted values,
including other parameters, see Marubashi and Lepping,
2007).

In an attempt to identify the most plausible solar source
event of this MC, we searched the LASCO CME cata-
log (Yashiro et al., 2004; see also the website http://cdaw.
gsfc.nasa.gov/CME.list) for candidate CMEs and related
solar phenomena within a selected time window. For this
purpose, we first estimate the launch time of the CME corre-
sponding to this MC, assuming that the MC propagated at a
constant speed. In accordance with three values for the typ-
ical speeds, 340 km/s (from the cylinder fitting), 350 km/s
(from the torus fitting), and 365 km/s (the maximum speed
within the MC), the launch time is estimated to be in the
interval from 15:00 UT, February 27 to 01:00 UT, February
28, 1998. Thus, we select a time window from 03:00 UT,
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Fig. 3. Solar observations related to the March 4, 1998 MC: (a) LASCO C2 CME running difference image at 17:27 UT, February 28, 1998; (b)
Yohkoh/SXT image at 11:34 UT; (c) SOHO/MDI image 12:48 UT, (d) BBSO He image at 19:15 UT, February 27; (e) the torus MC inclination

inferred from a local fit with a torus model.

February 27 to 13:00 UT, February 28, allowing an extra
412 h from the estimated launch time for searching the
CME corresponding to the MC. The CME catalog shows
that there were two CMEs with an angular width larger
than 120° in this time window. The first one is a full halo
CME which appeared in the LASCO C2 field of view first
at 20:07 UT on February 27, 1998, and the second one is a
partial halo CME with angular width of 169° that appeared
at 12:48 UT on February 28, 1998. Of these two, the lat-
ter was identified as a solar source event of the March 4,
1998 MC by Gopalswamy et al. (2000, 2001), the speed of
which is estimated to be approximately 300 km/s at 20 Rs.
We adopt this selection and search for the solar source re-
gion of the CME for the purpose of comparing structures
between the MC and solar magnetic fields.

Figure 3 shows images of solar observations relevant to

generation of the MC of March 4, 1998 (a: SOHO/LASCO
C2 image; b: Yohkoh/SXT, c: SOHO/MDI; d: BBSO Ha).
The torus shape corresponding to the MC is also shown in
Fig. 3(e) for the purpose of indicating the tilting angle of
the fitted model. (It should be noted that the actual MC
shape is just locally approximated by the torus.) During
several hours before this CME (Fig. 2(a)) first appeared in
the LASCO C2, we can see two kinds of prominent activi-
ties in the Yohkoh/SXT movie. One consists of small activ-
ities repeatedly observed in the AR 8171 (approx. 24°S, ap-
prox. 1°W), and the other is the formation of a soft X-ray ar-
cade possibly associated with a filament eruption (Figs. 3(b,
d)) along the neutral line extending from the north of AR
8164 towards the north-east in the region of weaker mag-
netic fields (see Figs. 3(c, d)), similar to the arcade forma-
tion exemplified by Tripathi et al. (2004). Although it is
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Fig. 4. Results of fitting the torus model (solid curve) and the cylinder
model (dotted curve), respectively, to the magnetic cloud encountered
on October 1, 1997. The bottom three panels show the projected mag-
netic field vectors.

difficult to rule out the association between the CME and
some small activity in AR 8171, the arcade-formation event
seems to be directly connected with the CME in Fig. 3(a).
The latter association is more plausible based on several
supporting pieces of evidence: (1) the orientation of the MC
axis is close to the orientation of the arcade, as is evident
by comparing Figs. 3(b, e); (2) the polarity of the mag-
netic field on the surface of the MC is consistent with the
arcade magnetic field, as inferred from the MDI data; (3)
the left-handed magnetic field chirality of MC agrees with
the chirality of the coronal magnetic field expected from
the inverse-S type sigmoid in this region (Rust and Ku-
mar, 1996); (4) The chirality agrees with general tendency
that the MCs with left-handed (right-handed) chirality are
formed in association with the solar events in the northern
(southern) hemisphere (Marubashi, 1986, 1997; Bothmer
and Schwenn, 1994; Bothmer and Rust, 1997). Finally, it
is possible to suppose from Fig. 3(a) that this CME was
launched a little toward south, and that the ACE spacecraft
passed the southern end of the MC loop as indicated by the
dark dot in Fig. 3(e).
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Fig. 5. Two geometries obtained for the magnetic cloud of October 1,
1997, from the fittings to the torus model (a) and to the cylinder model.
Three directions are indicated: A, axial field; S, toroidal field on the
surface; S/C, spacecraft trajectory relative to the magnetic cloud.

Figures 4 and 5 show the fitting results for another MC
which was encountered on October 1, 1997, in the same
format as Figs. 1 and 2. Again, both cylinder and torus
models having the left-handed chirality reproduce the mag-
netic field variations agreeing well with the observation. It
should be noted here that the torus parameters used here are
different from original values presented in Marubashi and
Lepping (2007). The orientation of the torus plane deter-
mined by the standard fitting method is given by 6, = 35.1°,
and ¢, = 65.0°, the latitude and longitude angles of a vec-
tor normal to the torus plane. This torus plane is tilted too
much compared with the direction of the post-eruption ar-
cade as will be seen later. Since our purpose is to exam-
ine a possibility to obtain the orientation of the MC axis
which is close to the orientation of the inversion line of
solar magnetic fields, we executed a least-squares method
slightly modified from that applied in the previous work.
We tried fitting with fixed ¢,, using different values around
¢n = 65.0°, and searched the parameter set which can re-
produce the observed magnetic fields, and give geometries
having the axis orientation as parallel to the inversion line
as possible. Thus, we obtain a result shown in Fig. 4 for
0, = 14.6°, and ¢, = 77.5°. The point is that we can get
such an MC geometry by using a torus model.

As for the solar source of this MC, the CME catalog
shows that there was only one CME with angular width
greater than 120° within the time window from 08:00 UT
on September 27 to 14:00 UT on September 28, 1997, that
is, the halo CME that appeared in the LASCO C2 field of



K. MARUBASHI et al.: IMPACTS OF TORUS MODEL ON MC GEOMETRY

593

YOHKOH/SXT

1997/09/28 08:27:16 UT]

Fig. 6. Solar observations related to the October 1, 1997 MC: (a) LASCO C2 CME running difference image at 03:53 UT, September 28, 1997; (b)
Yohkoh/SXT image at 08:27 UT; (c) SOHO/MDI image 12:51 UT, (d) Meudon He image at 06:55 UT, September 27; (e) the torus MC inclination

inferred from a local fit with a torus model.

view at 01:08 UT on September 28, 1997. Though there is a
gap in the Yohkoh/SXT data from 22:39 UT September 27
to 08:23 UT September 28, we can see an arcade-formation
activity which started around 22:12 UT on September 27
and developed rather slowly near the region surrounding the
magnetic inversion line in the northern hemisphere. Gopal-
swamy et al. (2001) identified the solar source of the MC
of October 1, 1977 to be this halo CME and associated
it with the disappearing filament at 22°N, 05E. Figure 6
presents the images relevant to the generation of the MC,
together with the torus tilt obtained from the fitting. Ac-
cepting this association, we see that the relationships be-
tween this interplanetary MC and the solar magnetic field
are very much similar to the case of the March 4, 1998 MC.
The MC with left-handed magnetic chirality was formed in
association with the filament disappearance in the northern
hemisphere, where an inverse-S type sigmoid had been ob-
served. The orientation of the MC axis is nearly parallel to
the neutral line or the erupted filament. The CME plasma

was launched slightly southward rather than radially, and
hit the Earth with its southern end, as seen in Figs. 5(a)
and 6(e).

Thus far we have seen the analysis results for two MC
events with special attention being paid to the geometri-
cal relationships between MCs and the magnetic field struc-
tures in their possible solar source regions. Here, we briefly
summarize results of our analysis of the 17 long-duration
MCs. This analysis was carried out for only 12 of these
MCs because solar observation data were insufficient for
the other five MCs (for reference, we present the same event
numbers used in Marubashi and Lepping, 2007; #1, #2, #10,
#16, and #17). We were able to find plausible solar source
event in six cases (#4, #5, #7, #12, #13, and #15), and for
each of these, the magnetic inversion line on the Sun is con-
sistent with the orientation of the MC axis determined by
the torus fitting. We also found a formation of arcade-like
structures along the magnetic inversion line within the so-
lar source regions near the time of CME launch. For one



594

case (#14), no prominent solar activity was seen in the time
window estimated by the MC observation. For the remain-
ing five cases, more detailed analyses are needed both on
the solar events and on the MC structures, although it is not
impossible to find candidates as the solar sources.

3. Conclusions and Discussion

By analyzing the geometries of 12 long-duration MCs
and their relationships with their solar origins, we have
drawn the following conclusions.

(1) The arcade formation in the corona is a good indication
of the generation of an MC.

(2) The magnetic field structure of a MC is consistent with
the structure of a flux rope loop formed in the coronal
region above the arcade, as various CME models com-
monly predict (see Forbes, 2000, for a review).

The above two findings are consistent with the view that
MC:s are expanding helical flux ropes formed in association
with CME launch (Marubashi, 1997). The more compre-
hensive relation between the post-eruption arcades and flux
rope structures in CMEs has been shown by Cremades and
Bothmer (2004) and Tripathi et al. (2004).

(3) Furthermore, for MCs of which the orientations ob-
tained from cylinder fitting mismatch the above re-
lationship, it is possible to obtain an MC orientation
which is consistent with the above by using a torus.
This suggests that no significant direction change of
MC:s is needed during the propagation through the in-
terplanetary medium.

It is desirable to extend this study further to other MC
events of shorter durations because our study is focused
only on the long-duration MCs. Such a study is currently
underway, but we can point out that two MCs analyzed
by Ishibashi and Marubashi (2004) and Crooker and Webb
(2006), respectively, are good examples of where good re-
lationships are obtained using a torus model to explain the
alignment between the MC axis and the inversion line of
coronal magnetic fields.
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