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Abstract. We identified 17 magnetic clouds (MCs) with du- were not very definitive. It was also found that the radii of the
rations longer than 30 h, surveying the solar wind data ob-lux ropes obtained from the torus fitting tend to be generally
tained by the WIND and ACE spacecraft during 10 yearssmaller than those obtained from the cylinder fitting. This
from 1995 through 2004. Then, the magnetic field struc-result raises a possible problem in estimating the magnetic
tures of these 17 MCs were analyzed by the technique of thélux and helicity carried away from the Sun by the MCs.
least-squares fitting to force-free flux rope models. The anal- . .
ysis was made with both the cylinder and torus models Whefeywprds. Intgrplanetary physics (Interplanetary magnetic
possible, and the results from the two models are compare !elds, Solar wind plasma)

The torus model was used in order to approximate the curved
portion of the MCs near the flanks of the MC loops. As a re-
sult, we classified the 17 MCs into 4 groups. They are (1)
5 MC events exhibiting magnetic field rotations through an-1 Introduction

gles substantially larger than 18@hich can be interpreted

only by the torus model; (2) 3 other MC events that can beCoronal mass ejections (CMES) launch plasma clouds from
interpreted only by the torus model as well, though the rota-the solar atmosphere into interplanetary space which are now
tion angles of magnetic fields are less than<1§8) 3 MC referred to as interplanetary coronal mass ejections (ICMESs).
events for which similar geometries are obtained from bothICMEs are identified by several characteristic features in the
the torus and cylinder models; and (4) 6 MC events for whichinterplanetary medium, as reviewed by Gosling (1990) and
the resultant geometries obtained from both models are subNeugebauer and Goldstein (1997). Solar wind signatures of
stantially different from each other, even though the observedCMEs include the increase of Fig (Hirshberg et al., 1972;
magnetic field variations can be interpreted by either of theBorrini et al., 1982), the abnormally low proton temperature
torus model or the cylinder model. It is concluded that the (Gosling et al., 1973; Richardson and Cane, 1995), the bidi-
MC events in the first and second groups correspond to thoseectional electron heat flow (Gosling et al., 1987), and the
cases where the spacecraft traversed the MCs near the flanksagnetic cloud (Burlaga et al., 1981; Marubashi, 2000; Lep-
of the MC loops, the difference between the two being at-ping et al., 2006), though the regions of these ICME signa-
tributed to the difference in distance between the torus axigures do not necessarily coincide with each other.

and the Spacecraft trajectory. The MC events in the third An interp'anetary magnetic C|oud (MC) can Occupy the
group are interpreted as the cases where the spacecraft trghole body of an ICME or a significant part of it. The global
versed near the apexes of the MC loops. For the MC eventgonfigurations of MCs in interplanetary space and their inter-
in the fourth group, the real geometry cannot be determinecha| magnetic structures provide important information about
from the model fitting technique alone. Though an attemptihe connection between ICMEs and their causative CMEs,
was made to determine which model is more plausible forwnhich is crucial for developing models for the generation
each of the MCs in this group by comparing the characterismechanism of CMEs. MCs are also important to magne-
tics of associated bidirectional electron heat flows, the results@osphere dynamics, because they usually carry strong south-
ward magnetic fields (Zhao et al., 2001) that strongly drive
Correspondence to: K. Marubashi geomagnetic activity (e.g. Dungey, 1961; Tsurutani and Gon-
(k.marubashi@eos.ocn.ne.jp) zalez, 1997, and references therein).
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(b) is applied only for the limited portion of the MC loop, and it
is not intended to imply that the entire torus could represent
the global flux rope.

While many studies have been made to analyze an MC’s
geometry with cylindrical flux rope models (Lepping et
al., 1990; Bothmer and Schwenn, 1998; Shimazu and
Marubashi, 2000; Mulligan et al., 1998, 2001; Lynch et al.,
2003; Lepping et al., 2006), only a few studies were made
with torus models (Marubashi, 1997, 2000; Romashets and
Vandas, 2003), or with other different models (Vandas and
Geranios, 2001; Vandas and Romashets, 2003). Judging
from the proposed global configuration of MCs, there should
be more encounters with MCs near the flank than identified
SPACECRAFT thus far.

TRACK In this study, we attempted to identify in a systematic

way as many MC events as possible that require consider-
Fig. 1. (a) A schematic depicting a global configuration of an MC ing the curvature effects of the global configuration. For
and two spacecraft passages: the apex passage (A), and the flagiis purpose, we examined the solar wind data obtained by
passage (F)Xb) A sketch of a torus-shaped f!ux rope representing the \WIND and ACE spacecraft during 10 years, from 1995
the part of an MC for the f!ank passage. Erovnded that the spacecra%rough 2004, with special attention to identifying the MC
traverses the MC from point| through. point E, the VeCtorfrpm@ events with durations longer than 30 h, which corresponds to
C, is taken as the equivalent local direction of the MC axis, where . ' .
C, and G are the centers of two cross-sectional circles passingabOUt two times the mosF frequently observed MCs (I__epplng
through points | and E, respectively. et al., 2006). The selection of long-duration events is based
on an idea that the durations of spacecraft passage through
MCs tend to be longer when traversed near the flanks of loop
structures of MCs compared with those cases when traversed

An MC'’s global configuration is proposed to be a loop near the apex, as is expected from Fig. 1a. As a result, we
extending from the Sun with both legs rooted on the Sunidentified 17 long-duration MCs. Then, we performed the
(Marubashi, 1989, 1997; Burlaga et al., 1990), and the in-model fitting analysis for these 17 events with both cylin-
ternal magnetic field structure to be a magnetic flux rope, asier and torus models, when possible, and compared the re-
is depicted in Fig. 1a (Goldstein, 1983; Marubashi, 1986;sults from the two different models. This comparison shows
Burlaga, 1988; Lepping et al., 1990; Bothmer and Schwennihat the 17 MC events are categorized into several different
1998). When a spacecraft encounters an MC, the magnetigroups: such as (1) MCs which can be well interpreted only
field vectors generally exhibit the rotation characteristic of by the torus model, (2) MCs for which both the cylinder and
the flux rope structure. The geometry of an MC at the loca-torus models provide satisfactory fitting results with similar
tion of the encounter with the spacecraft can be determinegjeometries, and (3) MCs for which the two models provide
by comparing the observed magnetic field variations withsatisfactory fitting results but their geometries are substan-
those calculated from the magnetic flux rope model. Whentially different from each other.
the spacecraft traversed near the apex of the loop, as is shown |n the next section, we present the overview of the selected
by passage A, the MC’s geometry can be analyzed by using a7 MCs used in this investigation. Section 3 describes the
cylinder model, because the local geometry can be taken apwo flux rope models, a cylinder model and a torus model,
proximately to be that of a straight cylinder. When the space-which are applied to the fitting analysis. In Sect. 4, we show
craft traversed MCs near the flank of the loop, as is shown bythe results of fitting with the two models for the selected 17
passage F, however, curvature of the MCs must be taken intmCs, and attempt to determine which model is more satis-
consideration to explain the observed magnetic field variafactory in interpreting each MC observation by an intercom-
tions. The curvature effects can be taken into account byparison between the two fitting results. Finally in Sect. 5, we
using a torus-shaped flux rope model. Figure 1b shows hovsummarize the results and give the possible impacts of the
a torus shape is applied as a proxy of the curved portion ofresent study, especially for the torus-shaped MCs, on our
the MC loop. Here, points | and E are the entry and exitunderstanding of the ICME physics.
of a spacecraft through the MC, respectively, and the torus
shape is assumed only for the region bounded by two cross
sections passing | and E. We can define the local orientatior? Event selection
of the torus MC to be the orientation of a vector connecting
C; and G, the centers of the two cross-sectional circles. It We surveyed solar wind data obtained from the WIND and
should be emphasized that the torus-shaped flux rope mod@&CE spacecraft during 10 years from 1995 through 2004,

AXIAL FIELD
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Table 1. Magnetic cloud information.
EVENT START END AT2 SHOCK(D) SHOCK(l) ROT. AVERAGE AVERAGE AVERAGE BDE DATA
NO. YR MON DAY/TIME DAY/TIME HR DAY/TIME DAY/TIME ANGLE P BrmsB® Hett/Ht  T,/78  DPA® SOURCE
1 95 10 18/19:00  20/01:30 30.5 18/10:30  19/17:51 178 0.041 0.058 0.83  ° 18QVIND
2 9% 05 27/15 - 2823 32 - - -125 0.063 - 0.71 0  WIND
3 9% 12 24/03-  25/11:31 325 - - 194 0.038 0.053 0.94 °180 WIND
4 97 10 01/17—-  02/2351 308 01/01:41 - -75 0.037 0.044 0.32 0 WIND
5 98 01  07/02:49 08/12- 33.2 06/13:28 - —209 0.042 0.053 0.76 °0  WIND
6 98 02 04/03 — 0522~ 43 - - 329 0.036 0.027 0.53 °0  WIND
7 98 03 04/19 — 06/05 — 34 04/10:58 - —109 0.036 0.104 0.64 UNI0 ACE
8 98 05  02/11:48  03/21:08 333 012121  03/16:59 59 0.033 0.130 0.10 ° 180ACE
9 98 06 24/13-  25/22:45 33.8 - 25/15:43 —180 0.023 0.049 0.42 °0 ACE
10 98 08 20009-  21/20:22 354 19/18:40 - 175 0.031 0.049 1.39 ° 180WIND
11 98 11 08/18 — 10/01— 31 08/04:21 - 286 0.027 0.065 0.39 MIX  ACE
12 00 10  03/16:55 05/05 -  36.1 03/01:01  05/03:29 228 0.040 0.049 032 ° QVIND
13 o1 03 19/21 - 22/06 - 57 19/11:33 - -194 0.042 0.058 0.71 180 WIND
14 o1 05 09/15—  10/22:43 317 - - 86 0.079 0.081 0.41 °180 WIND
15 02 04 18/01 — 1911- 34 17/10:21  19/08:02 53 0.021 0.120 0.28 MIX  ACE
16 03 10 22/17:57  24/02:27 325 - - 12 0.028 0.090 0.15 MIX  ACE
17 04 04 032353  05/13:30 37.6 03/08:55 - —190 0.021 0.098 0.29 MIX  ACE

& AT is the duration of the encounter with the magnetic cloud.

b The rotation angle of the magnetic field vector within the magnetic cloud projected on the Y-Z plane.

¢ Brmsis the combination of the RMS values of Bx, By, and Bz obtained from underlying high-resolution measurements.
d T, is the measured proton temperature @pglis the proton temperature expected from the solar wind speed statistically.
€ BDE D.PA is the dominant pitch angle within the associated bidirectional electron fluxes.

in search of the long-duration magnetic clouds. The solamprobably having overtaken the ICME from behind (Collier et
wind plasma and field data used in this survey are from theal., 2007). The driven shocks are seen in 11 cases, and the
Solar Wind Experiment (SWE) (Ogilvie et al., 1995) and the internal shocks in 5 cases. The next 5 columns present five
Magnetic Field Investigation (MFI) (Lepping et al., 1995) on characteristic quantities related to the solar wind signatures
the WIND spacecraft, and the Solar Wind Electron Protonwhich are generally used when identifying ICMESs: the mag-
Alpha Monitor (SWEPAM) (McComas et al., 1998) and the netic field rotation, the degree of magnetic field fluctuations,
Magnetic Field Experiment (MAG) (Smith et al., 1998) on the enhancement of Hé& abundance, the abnormally low
the Advanced Composition Explorer (ACE). proton temperature, and the bidirectional electron heat flux.

In order to make this survey as complete as possible, Wé:inally, the last column indicates the spacecraft providing the

first made plots of the magnetic field vectors, such as thaldata source for the present analysis.

shown in the b‘?“om diagram of Fig. 2, for all the data PE- we briefly describe the characteristics of the MCs sum-
riod. Then, using the plots, we selected the Iong-duratlonmarized in Table 1. Column 7 lists the angle of the mag-

MCs by the cri.teria: (1) the magnetic fields are relatively nqyic field rotation in the plane perpendicular to the Earth-
strong £10nT); (2) the smooth rotations of magnetic field g, jine (vZ-plane). The rotation angles here are calculated

vectors are clear, being free from a significant interrupting,gjng the magnetic field vectors averaged over the first 3h
interval; and (3) the durations of such intervals are 10ngeryj oyer the last 3 h of the MCs traversed by the spacecraft.
th.an 30h. As a result of this survey, we identified 17 MCs We used 3-h averages to avoid errors in estimating the rota-
with long durations. tion angles due to possible sudden direction changes near the
Table 1 lists the 17 long-duration MCs we identified and MC boundaries. Though this averaging may cause underes-
the specific characteristics of the MCs. The first 4 columnstimation of the rotation angles, its effect is not very large. It
indicate the event identification No., the start and end timesshould be pointed out that some of the MCs exhibit the mag-
and the durations of the MCs. When the boundaries of thenetic field rotations through angles substantially exceeding
MCs are identified by any discontinuous changes in the mag4180°. Column 8 shows the degree of fluctuations in the mag-
netic field and plasma parameters, the start and end times areetic field, defined by the ratio of standard deviations to the
shown in the unit of minutes, otherwise, they are given in theaverage intensity. Though we did not deduce typical values
unit of hours. The next 2 columns show the arrival times of of the degree of fluctuations in the background solar wind,
shocks associated with the MCs. Two kinds of shocks ardt will be seen later in many examples that this quantity is
shown in the table. One is the shock probably driven by themuch reduced within MCs. Column 9 lists the values of the
ICME relevant to each MC, and the other is an internal shockHe™/H™ number density ratio averaged within the MCs. A

www.ann-geophys.net/25/2453/2007/ Ann. Geophys., 25, 2453-2477, 2007
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recent statistic study by Richardson and Cane (2004) showeHlere, the cylindrical coordinateg, ¢, ¢, are used with the

that the enhanced ratio of H&/H* (>0.06) is indicative of
ICMEs. It should be noted here that the HéH™ ratios

¢-axis along the axial magnetic field of the flux rope.

are seen to be generally enhanced within these MCs, comr(7) = ro(1+ Et) (1)

pared to the surrounding regions, even though the averages

are less than 0.06, as will be seen later for several examples,,(t) = {Ep/(1+ Et)}e,(p <) (2)

Event 6 was the only exceptional case in that it exhibits no

enhancement in this composition ratio. Column 10 showsB(t) = Bye, + B:e; (3)

the averages within the MCs of the ratio of observed pro-

ton temperatureT,, to the proton temperature statistically B, = sBoJ1(ap)/(1+ Et)? 4)

expected from the solar wind speefi, (Lopez, 1987). It

is seen that the proton temperature ratios are appreciabl)gZ — BoJo(ap)/(1+ En)? (5)

lower than those for the background solar wind, except for

two cases (Events 3 and 10). Column 11 denotes the pitchyere 1, and.; are Bessel functions of the first kind of order
angles of the dominant electron fluxes in the energy rangg) anq 1, respectivelyg, is the magnetic field intensity at the

100-300keV, taken by visual inspection of the plots from
the WIND/3DP Plasma instrument (Lin et al.,

cylinder axis at time=0, andE is a parameter expressing
1995) and ihe expansion rate. In the force-free field, the electric current

from the ACE/SWEPAM phase 3 data plots. (The data aréyq\ys parallel or anti-parallel to the magnetic field, and they

accessible through the websites http://sprg.ssl.berkeley.edy

orrespond to=1 ands=—1, respectively. This parameter

wind3dp/ and http://swepam-pub.lanl.gov/plots/ele/steal, re4 s genotes the sign of magnetic field chirality]. for right-
spectively.) Bidirectional electron fluxes are generally seen,5nded and=—1 for left-handed. In Egs. (4) and (5),is

in association with the 17 MCs, of which the dominant pitch

chosen so thatr gives the first zero offy (i.e. «r=2.405).

angles are easily identified. In some cases, however, the dit ghoyid be noted here thatchanges with time while it is

rections of dominant fluxes switched frorh 1 180 or vice constant spatially.

versa during the MC intervals, and in one case the electron The expansion effect oA, was proposed originally to be
heat flux was unidirectional. These cases are indicated by, proportion to (1-Et)~ 1 (Fe:prrugia etal., 1992). This depen-
marks, MIX and UN, respectively. In summary, in most of dency comes from the assumption that the expansion does

the 17 MCs we see plasma and field signatures which are ¢ oo\, in the direction of the cylinder axis when a cylinder

widely accepted to be characteristic of ICMES, as was pré<¢ infinite length is considered. Later, Shimazu and Vandas

viogsly pointed out (Gosling, 1990; Neugebauer and GOId'(ZOOZ) showed that the effect is given by Eq. (4) when the
stein, 1997). expansion along the cylinder axis is considered. The force-
free condition is maintained throughout the passage of MC
by this modification.

The parameters of MCs to be determined by the model

- . . fitting are summarized below.
In examining the geometry of the MCs listed in Table 1,

we apply a model fitting technique using two types of flux 1. ,: the bulk flow velocity of the solar wind, or the speed

3 Fitting with two flux rope models

rope models, a cylinder model and a torus model. This
section briefly describes each of these two models so that
the meanings of model parameters can be understood. Ap-
pendix A and Appendix B give the expressions needed for
calculations of magnetic fields and velocity variations which

should be observed when the spacecraft traversed these mod2.

els. The nonlinear least-squares fitting technique is described
in Marubashi (2002).

3.1 Cylinder model

We use the constamt-force-free model, including a self-
similar expansion, which was originally proposed by Farru-
gia et al. (1992, 1993), with a slight modification based on a
proposal by Shimazu and Vandas (2002). In this model, the
flux rope radiusy, the expansion velocity;, and the mag-
netic field, B, at timer after the time of the first encounter
with a spacecraft, are presented by the following expressions.

Ann. Geophys., 25, 2453-2477, 2007

of the MC at the center. The solar wind velocity varia-
tion within an MC is taken as the vector sum of the con-
stant flow velocityUp and the expansion velocity given

by Eq. (2).

Bo and rg: the intensity of the magnetic field at the
cylinder axis and the radius of the MC cylinder at time
t=0, as described above.

. 04, ¢4, and p: the latitude and longitude angles of the

cylinder axis and the impact parameter. The latitude
and longitude angles are given in GSE coordinates. The
impact parameter is given by the distance from ghe
axis to the spacecraft trajectory (assumed to be along
the GSEX-axis) normalized byyg. This quantity is de-
fined to be measured along the vector product of two
vectors: one parallel to the X-axis and the other parallel
to the¢-axis.

www.ann-geophys.net/25/2453/2007/
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4. E: the expansion rate. In the self-similar expansion
(Farrugia et al., 1993)F is related to the time period
Tp during which the flux rope expansion had proceeded
before the first encounter with the spacecrafEad/Tp.

5. s: the sign of the magnetic field chirality of the MC.

The set of 7 parameters listed in 1-4 above determines th

duration of the MC passage by the spacecraft. Because the™
durations of MCs are given by observations, it can be said

that there is one relationship among the 7 parameters. Thi
relationship is utilized in the fitting procedure, as described
in Appendix A. The parameteris fixed throughout the fit-

ting procedure. The selection can be made after trying the

fitting with boths=1 ands=—1.
3.2 Torus model

Romashets and Vandas (2003) presented the expression f
the force-free magnetic field inside a toroidal magnetic cloud
which is valid for any ratio of the minor radius to the major

radius of the torus. We use this model with one modifica-
tion to include the expansion effect. In the toroidal coordi-
nates,u, n, andys (see Romashets and Vandas, 2001, for

the toroidal coordinates), the surface of a torus with the ma-

jor radius Ry, and the minor radius,, is given by an equa-
tion u=puo, where coshuo=Ry/r;,. If we adopt a factor

2457

The observed solar wind velocity within the MC is taken
as the sum of/7(r) and the expansion velocity anal-
ogous to the cylinder case. The deceleration was in-
troduced in the torus model fitting, because observed
changes in the solar wind velocity cannot be reproduced
by only the expansion effect.

© Ry, rmo, and By: The major radius and the minor ra-

dius at timer=0, and the field intensity parameter de-

s scribed above. The minor radius of the torus at tine
given by:

rm(t) = rmo(1+ Et) (11)

In the present fitting, we tred,, as a time-independent
parameter. Strictly, this treatment is not self-consistent,
but inclusion of expansion effects @, makes the cal-
culations much more complicated. It is hoped that this
simplification does not affect the results of the analysis
very much.

or

3. 64, ¢u, py, and p;: the latitude and longitude angles

of the normal vector of the plane, defined by the axial
field of the torus, and the two parameters defining the
spacecraft trajectory relative to the torus axis (see Ap-

pendix B).

to express the expansion effect in an analogous form to the

cylinder model, three magnetic field components at time
are given by the following equations.

B, =0 (6)
¢ coshu (coshu— cosn) . ~
By=—sB F (14-&o, 1+po. 2, 7
=7 2sink? w(1+Er)2 (I+éo. 1+60.2.6) (1)
coshu —cosp . . -
By = B ———————= F(@0. o, 1. §). 8
v =BT G T B2 (ao, o, 1, &) (8)

whereg =— sinti 2 i1, F is the hypergeometric function,

s, GBE a@+DBB+DE
F@.p.y.6) =t gt——se g5+

T
andao=(1++/1—4¢?) / 4, fo=(1—/1—4s2) / 4, withe, the

first root of F (&0, Bo, 1, — sinh ™2 10)=0. By is a parameter
to determine the intensity of the toroidal magnetic field.
should be noted thaky is different from either the field in-
tensity along the axis of a torus or the maximum field inten-
sity inside the torus (Romashets and Vandas, 2003).

- (9)

It

The parameters to be determined by fitting to the torus

model are briefly explained below.

1. UrpandDy: The velocity of MC at time, Ur (1), is as-
sumed to be decelerated with a deceleration faégr,

4. E: the expansion rate, same as for the cylinder fitting.
5. s: the sign of the magnetic field chirality of the MC.

In the torus fitting, we need two parameters for defining the
size of an MC, and two parameters for defining the space-
craft trajectory relative to the MC, while one parameter is
sufficient for each of them in the cylinder fitting. In addition,
we introduced a new parametd,, to better reproduce the
velocity profiles in the torus fitting. Thus, we have a set of
10 parameters in the torus fitting, as described in 1-4, among
which there is one functional relationship as in the cylinder
fitting.

In the least-squares fitting process, we search for a set of
parameters that provides us with the geometry of the space-
craft passage through the flank of the MC loop, such as
shown that in Fig. 1la, as far as possible. The actual pro-
cedures are as follows. First, we find a set of parameters,
by trial and error attempts, that yields magnetic field vari-
ations qualitatively similar to the observed variations under
the conditions that (1) the equivalent local orientation of the
MC axis is directed within 30from the X-axis and (2)py|,
|pz|<1.0. Then we execute the fitting routine starting with
the parameter set as a first guess.

As a result of these procedures, we encounter two differ-
ent situations. In 9 cases, the fitting routine attained conver-

so that the MC speed changes in interplanetary space agence, yielding all parameters as well determined. For the

Ur(t) =Uro— Dyt (10)

www.ann-geophys.net/25/2453/2007/

remaining 8 cases, we found the tendency that the rms dif-
ference between the observed and calculated values became

Ann. Geophys., 25, 2453-2477, 2007
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Table 2. Magnetic cloud parameters determined by the fitting to the torus flux rope model.

EVENT  R% ra, 6P ¢ SgnBxP S pe ¢ BY US, D% HY  Ex489  Erms"
NO.  (AU) (AU) ) ) (rmo)  (mo)  (rmo)  (0T)  (km/s) (km/s/h) (L/R) (/48HR)
1 06 0.1035 520 2300 + 3.154 —1.985 0.045 34.6 344.6 —4.66 R 0.91 0.237
2 0.273 0.0565 —82.3 337.1 - —0.444 0639 0398 10.7 4015 2.03 L -024 0.226
3 06 00181 283 814 - —0.715 0.011 0704 13.8 384.4 2.28 R -0.07 0.286
4 0.399 01041 351 650 — 0.282  0.693 0556 14.8 482.0 2.14 L -009 0.294
5 0.527 0.0255 —69.2 304.2 + 0.720  0.044 0.620 29.8 407.2 1.82 L 0.54 0.182
6 0.201 0.0542 -7.9 277.6 + 0.117 0.150 0.040 16.2 358.4 1.61 L 0.21 0.113
7 0.307 0.0920 —-12.4 50.9 - —0.506 1.194 0.072 16.7 348.9 0.71 L 0.29 0.184
8 0.6 0.0332 —-69.6 284.3 + -0.394 -0.230 0.322 22.0 599.0 6.23 L 1.49 0.148
9 0.6 0.0532 —454 244.7 - —-0.494 -0.077 0.489 145 530.9 5.13 L 0.00 0.200
10 0.201 0.0527 282 250.3 + 0.985 —0.377 0.358 17.6 340.2 1.33 R 0.01 0.225
11 0.214 0.0440 —458 111.2 + 0.879 -0.125 0509 26.2 508.0 2.95 R 0.53 0.233
12 0.241 0.0426 —10.4 102.5 + 0.908 —0.455 0.200 21.0 4227 1.16 R 0.34 0.212
13 0.355 0.0750 49.2 2442 - —-0.880 -0.393 0.355 20.8 446.7 2.93 L 0.14 0.170
14 06 0.0587 69.3 36.0 + —0272 0.702 0428 118 4519 1.17 R 0.38 0.269
15 06 0.1127 733 3418 + 0.639 1484 0641 258 496.4 1.61 R 0.57 0.154
16 06 0.0766 394 812 - 0.231 1.058 0.876 223 5614 481 L 0.62 0.182
17 06 0.0333 —80.9 50.7 + 0588  0.181 0286 133 498.2 3.71 L —-051  0.209

& Ry is the major radius of torus (constant), ang is the minor radius of torus at the time of encounter.

bg, andg¢, are the latitude and longitude angles of a vector normal to the torus plane defined by the axial magnefgnfsichdicates,
by the sign of the Bx component of the axial field, on which side of the torus the spacecraft encountered.

€ (py.py) indicates the position in the YZ plane of the spacecraft track from the torusaigghe minimum distance from the torus axis to
the spacecraft; all in units af,q.

d By is a parameter to determine the intensity of the toroidal magnetic field; see Sect. 3.2.

€ Urg is the velocity of MC at the time of encounter, and changes afterwartly @3=Uro—D 1.

f H, handedness (R for right-handed, L for left-handed).

9 is the increase in the torus minor radius in 48 h as a result of self-similar expansion.

h Ermsis the error-estimating figure defined as the rms difference between observed and calculated fields divided by the maximum observed
field intensity.

smaller and smaller with the increaseRuy, but that the fit-  multispacecraft observations). Listed in the table are 10 pa-
ting routine collapsed before convergence was attained. Imameters described in Sect. 3.2 and 4 additional quantities,
such cases, we tried fitting witR,, fixed, using different  SgnBx, p, H, andErms. SgnBx is the sign of theBx compo-
values in the range of 0.3—1.2 AU (a factor 4 difference). Thenent of the axial field, indicating which side of the MC loop
results of these calculations show that we obtain generallythe spacecraft traversed (See Fig. 1 and Appendix B for more
similar values for the equivalent local orientation, but obvi- details). p is the minimum distance (in,,o unit) from the
ously with changes seen in other parameters. Appendix Qorus axis to the spacecraft during the passage, with the ex-
shows the dependence of the fitting results on the values obpansion effect included (Note that andp, are measured in
Ry in more detail. the YZ plane, so that they do not indicate the minimum dis-
tance directly).H is the handedness (right-hand or left-hand)
of magnetic helicity, determined by (R: s=1; L: s=—1).
4 Results of fitting Ermsin the last column indicates the relative errak$Bmax
where isBmax the maximum of the observed magnetic field

We performed the model fitting with the hourly averaged dataintensity within the MC, and\ is the rms deviation between
for the 17 MCs listed in Table 1 with both cylinder and torus the observed magnetic field8,° (;;), and the model mag-
models, when possible. Table 2 presents the results obtainegtic fields,BM (z) (i=1, ...,N):

from the torus model. For 9 MC evenRy, is presented in 5
3 digits. They are MC events for whicky, could be deter- A= \/Z {Bo(ti) - BM(’i)} /N (12)
mined by the least-squares fitting. For other MCs, we present i

the results obtained by takin®,,=0.6 AU as a representa- The expansion rat& is presented by the amount of relative
tive value (cf. Russell et al., 2003, obtaingai—=~0.8 AU by increase expected, if the expansion at a constant rate lasted
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Table 3. Magnetic cloud parameters determined by fitting to the cylinder model.

EVENT  U&  BY r pd ¢g pe Ex48  HY Ermsh
NO.  (km/s) (nT) (AU) e) ©) (ro)  (48h) (UR)
1 402.1 269 0.1065 —17.0 308.4 —0.156  0.33 R 0.246
2 3703 145 01536 —-8.1 688 0.635  0.22 L 0.285
3 350.2 155 0.1363 31.8 84.5-0453 0.25 R 0.228
4 4500 16.1 0.1380 261 86  0.860  0.05 L 0.304
5 380.2 257 01063 534 198 0.019  0.50 L 0.191
6 — — - — — — — — —
7 337.2 160 01408 293 767 0484  0.21 L 0.218
8 5342 240 0.1706 42.8 340.8-0.967 1.18 L 0.264
9 4605 17.3 0.1316 355 131.3 0.090 050 L 0.233

10 319.2 19.1 0.1093 -3.7 287.8 0.018 0.46 R 0.333
11 468.3 245 0.1212 -32.8 52.2 0.020 0.72 R 0.387
12 408.7 26.8 0.0690 125 35.0 —0.007 1.42 R 0.387
13 375.8 235 0.1893 —-63.1 1294 0.131 0.52 L 0.335
14 4335 129 0.0126 -3.1 357.6 -0.731 0.44 R 0.260
15 4727 238 0.1269 -16.3 3223 -0.712 0.65 R 0.163
16 501.0 209 0.1057 383 188.6-0.819 1.36 L 0.359
L

17 4351 240 0.1886 78.7 50.1 —0.486 0.33 0.378

a1y is the velocity of magnetic cloud.

b By is the magnetic field intensity at the cylinder axis.

€ rq is the radius of the magnetic cloud cylinder at the time of encounter.

d 6, andg¢, are the latitude and longitude angles of the cylinder axis field.

€ p is the impact parameter.

f Ex48 is the increase in the torus minor radius in 48 h as a result of self-similar expansion.

9 H is the handedness of magnetic helicity (R for right-handed, L for left-handed).

h Erms s the error-estimating figure, defined as the rms difference between the observed and calculated fields divided by the maximum
observed field intensity.

for 48 h. Table 3 shows the results of fitting with a cylinder on protons, and the magnetic field vectors projected on the
model for the same 17 MCs. X-Y, X-Z, and Y-Z planes. The dashed curve drawn along
It should be noted here that not all the values in Tables 2with the proton temperature shows the temperature statisti-
and 3 are necessarily acceptable. The least-squares fittingflly expected from the solar wind spedd, (Lopez, 1987).
procedure returns a set of fitted parameters regardless dfhe MC boundaries are indicated by two vertical lines.
whether or not they may provide calculated variations with One of the conspicuous features of this MC is a very
satisfactory agreement with the observed variations. We needmooth, long-lasting rotation of the magnetic field vectors. A
to examine separately which one is more plausible as the reallockwise rotation of 329is seen in the Y-Z plane to proceed
geometries of MCs between the torus and cylinder resultsduring a 43 h interval. The thick solid lines for the magnetic
In this section, we first present the results of the fitting for field and the solar wind speed depict the results of the fitting
some representative examples, and then go on to examingith the torus model, showing an excellent agreement with
which gives a more appropriate interpretation for each MC,the observations. Because the angle of magnetic field rota-

the torus model or the cylinder model. tion is so large, it is impossible to reproduce the observed
magnetic field variations with such a cylinder model, as de-
4.1 Examples scribed in Sect. 3. While in a previous work, Lepping et

al. (2006) invoked a new cylinder model with dual polarity

Figure 2 shows the result of analysis for the MC encoun-to explain this type of MCs, we here restricted ourselves to
tered on 4 February 1998 (Event 6 in Table 1). Plotted froma cylinder model that allows the change in the pitch angle of
top to bottom are the magnetic field intensity, the X, Y, and the magnetic field from Oat the axis to 90 at the surface.

Z components of the field in the GSE coordinate, the ratioFor this reason, the entries for Event 6 are blank in Table 3.
of standard deviations to the average intensities, the solar The geometry of the MC encounter with the spacecratft is
wind speed, the number density ratio of HéH™, the pro-  shown in Fig. 3, which is calculated with the fitted parame-
ton density, the proton temperature, the plasma beta baseers presented in Table 2. The figure shows the torus surface
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Fig. 2. Results of the torus fitting to the magnetic cloud (Event No. 6), encountered on 4 February 1998 (solid curves), are superimposed on
the data plots of the observed solar wind parameters. The two vertical solid lines indicate the MC boundaries. The bottom three panels show
the projected magnetic field vectors.

at time+=0 near the solar ecliptic plane, with three arrows
indicating the direction of magnetic field on the MC surface
(S), the direction of the axial field of the MC (A) and the
spacecraft trajectory (S/C). In this event, the spacecraft tra-
versed the MC very close to the torus axis, almost in parallel
with the axis around 19:00 UT, thus the observed magnetic
fields there mostly consisted of the axial component with a
very small contribution of the transverse component. Thus,
we see in Fig. 2 such features Bs~B,~0 and the reversal

of B, around 19:00 UT.

Fig. 3. Geometry of the 4 February 1998 magnetic cloud (Event

No. 6) determined by fitting with the torus model. Three directions !N Fig. 2, we can see some of .the characteristic features
are indicated: A, axial field: S, toroidal field on the surface; and that are commonly taken as the signatures of ICMEs. They

SIC, spacecraft trajectory relative to the magnetic cloud. include abnormally low proton temperatures, the low plasma
betas based on protons, and small fluctuations of magnetic
fields. The observed proton temperature is generally low
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in comparison with that expected statistically from the so-the radius can be much smaller for the torus model, because
lar wind speed, though the difference becomes small towardhe curvature effect makes it possible for the spacecraft to
the trailing part of the MC. Similarly, the proton beta is spend a longer time, as is evident in Fig. 5a. By a close ex-
generally low, but increases toward the trailing part in cor- amination of the geometry of the spacecraft passage through
respondence with the decrease in the magnetic field intenthe MC, it is seen that the spacecraft crosses the front side
sity and the increase in the proton number density. ThoughX <0) of the torus, close to the axis, in the earlier half of the
the magnetic field fluctuations are generally small through-duration, and passes just near the surface on the rear side in
out the 4-day period, in this case, the condition is satisfiedthe latter half of the duration. Thus, the torus model explains
at any rate since the fluctuations are small within the MC.why the magnetic field rotation of about 1°8@as observed
The bidirectional electron heat flow event (BDE) is also ev- in the earlier half and only about 2th the latter half.
ident in almost the same interval in the summary plot of Summarizing the above results, we can say that the torus
the WIND 3-D Plasma and Particle Investigation (Lin et al., model provides a much more reasonable explanation for this
1995, http://sprg.ssl.berkeley.edu/wind3dp/). However, theMC. Though the cylinder-fitting routine returns fitted param-
enhancement of He" is not clear in this MC, though we see eters, the agreement between the observed and calculated
the enhanced He /H™ ratio exceeding 0.1 in a restricted field variations is not satisfactory. This event should be taken
time interval of several hours in the trailing part of the MC. as a case which gives us a warning when attempting interpre-
Figure 4 presents the field and plasma data for a 4-day petation of the fitting results with large rms differences, even if
riod, including the MC of Event 13, in the same format as a qualitative agreement may be roughly attained.
Fig. 2. The vertical dashed line preceding the MC indicates Figure 6 presents the results from the torus fitting and
the arrival time of a shock, which is considered to have beerthe cylinder fitting for Event 14 in the same format as
driven by this ICME. A striking feature with this MC is its Fig. 4. Though the magnetic field intensities are rather weak
long duration of 57 h. Again, we can see several ICME signa-throughout the MC, we can see such ICME signatures as the
tures, such as the enhanced™éH* ratio, the abnormally magnetic field rotation, the enhancedieéH ratio, the ab-
low proton temperature, the low proton plasma beta, and theormally low proton temperature, and the low proton plasma
small fluctuations of magnetic fields. The BDE was also ob-beta. A very long BDE event was observed from 10 May
served from 18:20 UT, 19 March to 04:00 UT, 22 March. through 11 May, along with this MC. Good agreements are
For this MC, the model fitting was performed both with a obtained by both the torus fitting and the cylinder fitting,
torus model and with a cylinder model. We can see an exso that the difference between the two fitted curves can be
cellent agreement between observations and results from thigardly distiguished in this presentation. However, a close
torus fitting, as plotted by thick solid lines. In contrast, the re- examination of the geometries obtained from two models al-
sults from the cylinder model, shown by dotted curves, yieldlows us to discriminate between the two fitting results.
only a very unsatisfactory agreement with the observations. Figure 7 shows the geometry of the spacecraft's encounter
The rms differenceA, between the observed and modeled with the MC, Fig. 7a for the torus model and Fig. 7b for the
magnetic fields is 6.5 nT, twice the rms difference from the cylinder model. In Table 4 we find the orientation of the
torus fitting, 3.2nT. Besides, it is impossible for the cylin- cylinder MC to be very close to the X-axis. The cone angle
der model to reproduce the feature that most of the magnetiof the axis (defined as the angle between the cylinder axis
field rotation takes place in the earlier half of the MC. and the X-axis) is 3.9 with the latitude and longitude an-
Figure 5 depicts the geometry of this MC at the time of gles of the axis-3.1° and 357.8, respectively. Because of
encounter with the spacecraft in the same format as Fig. 3this geometry, the spacecraft must spend a long time within
Fig. 5a for the torus model, and Fig. 5b for the cylinder the cylinder MC once it enters the MC. As a result of this
model. We can see two big differences between the geomerequirement, the cylinder radius was estimated to be as small
tries obtained from the two models. The first difference isas 0.0126 AU. Considering that this type of geometry should
seen in the orientations of the MC obtained from the twotake place when the spacecraft encounters the MC near its
models. At the location where the spacecraft passed the MUJank, we need to take into account the curvature of the MC.
the direction of the torus axis is nearly parallel to the ecliptic The result of the torus fitting gives the local torus orienta-
plane, and is in fact nearly parallel to the X-axis (the conetion nearly parallel to the X-axis, and the minor radius of
angle being 16235 cf. Table 4), while the cylinder axis is 0.0587 AU, if we assumeR);=0.6 AU. This size is much
highly inclined to the ecliptic plane. The angle between themore reasonable, being in the radius range typical to many
torus axis and the cylinder axis is as large as 85T%e sec-  other MCs.
ond difference is seen in the size of MC determined by the Figure 8 shows the variations in the solar wind parameters
fitting. The torus fitting gives the radius of 0.0750 Alka0, observed for a 4-day period, together with the results of torus
whereas the cylinder fitting gives the radius of 0.1893 AU. fitting (solid curve) and cylinder fitting (dotted curve) for the
Because the duration of this MC is so long and the axis is saMC encountered on 18 April 2002 (Event 15). Two shocks
inclined from the ecliptic plane, the radius must become largeare indicated by vertical dashed lines. The one preceding
in proportion to the duration in the cylinder model, whereasthe MC is a shock most probably driven by this ICME and
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Fig. 4. Results of the fitting with the torus model (solid line) and with the cylinder model (dotted lines) to the magnetic cloud (Event No. 13)
encountered on 19 March 2001 superimposed on the data plots of the observed solar wind parameters. The two vertical solid lines indicate
the MC boundaries, and the vertical dashed line indicates the shock arrival time. The bottom three panels show the projected magnetic field
vectors.

(a (b)

Fig. 5. Two geometries obtained for the magnetic cloud of 19 March 2001 (Event 13), from the fittings to the torugajhadel to the
cylinder modelb). Note that the result from the cylinder model is not very successful (see Fig. 4 and text).
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Fig. 6. Results of the fitting with the torus model (solid curve) and with the cylinder model (dotted curve) to the magnetic cloud (MC)
encountered on 9 May 2001 (Event No. 14) in the same format as Fig. 4. Note that the fitting results with two models are very close to each
other. The bottom three panels show the projected magnetic field vectors.

(a) (b)

Fig. 7. Two geometries obtained for the magnetic cloud of 9 May 2001 (Event No. 14), from the fittings to the torugapadel to the
cylinder modelb). Note that the scales are 5 times expanded in Fig. 7b.
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the other at 08:02 UT on 19 April is an internal shock which vides an acceptable result for the MC geometry in the case
probably overtook the MC from behind. The end time of of Event 13. This means that two different MC geometries
the MC was taken at 11:00 UT, 19 April, because the mag-can explain the observations as well. One implication is that
netic field rotation continued till this time, though the inten- both of these geometries can take place in reality, and that
sity jumped up at the shock. Again, the ICME signaturesthe model fitting alone is insufficient in determining the real
are clearly seen in the figure, such as the small fluctuationgeometry for each of the particular MC observations.

of magnetic fields, the enhanced HegH™ ratio, the abnor-

mally low proton temperature, and the low proton plasma4.2 Selection of acceptable fitting results

beta. The BDE was also observed throughout the MC inter- i ) ] ]
val. We further examine which model gives a more plausible ge-

For this MC, the fittings were performed by using only ometry for each of the 17 MC observations, the torus fit-

the magnetic field and solar wind velocity data from the start!ind Or the cylinder fitting. For the purpose of comparison
time of the MC to the time of the internal shock, and the between the torus and cylinder geometries, we define the

remaining part was treated as if it were the interval of a data€duivalent local direction of the torus axis, as is shown in

gap. This is to avoid possible errors due to the field intensity19- 1b- The direction of the vector is selected so as to coin-
changes associated with the internal shock. The agreemeff{d€ approximately with the direction of the axial field, and
between the observed and modeled variations is satisfactor?reseme_d by, and®,,, the latitude and longitude angles.
for both the torus and cylinder fittings, so that the difference 12Pl€ 4 lists the equivalent local direction of the torus axis
between the two fitted curves can hardly be recognized in thies @nd ®¢q, the cone angle of the torus axis, (CA)the
presentation. cone angle of the cylinder axis (CA)and the angle between
The geometry of the MC at the time of the encounter with the cylinder axis and the torus axbs,(The latitude and lon-

the spacecraft is shown in Fig. 9a for the torus fitting and inditude anglesg,, and¢,, are also listed again to make the
Fig. 9b for the cylinder fitting. It is seen that the geometries COmMParison easier.) For those cases where the cylinder fitting
fresults are not very good(ms>0.3), the relevant values are

are very similar, when viewed locally along the spacecra § -
trajectory, for the two fitting results in this case. A closer Shown in brackets. Here, (CA)(CA).,, ands are given by

examination of Fig. 9a reveals that the spacecraft traversef€ following equations.

the torus at the portion far enough from the flank so that the(CA) — Cos L(cos, cos¢y) (13)
curvature effect becomes unimportant. Thus, it is concluded “
that this MC observation corresponds to the case where th@CA)eq = Cos‘l(cos@)eq cosd,,) (14)

spacecraft traversed rather near the apex of the MC loop than
near the flank of the loop, for which both cylinder and torus
models can provide reasonable interpretation of observationt = Cos *(cost, oS¢, COSO., COSP,q+ COSH,
The final example is the MC encountered on 27 May 1996 sing, COSO,, SIND,,+ SiNG, SINOy) (15)
(Event 2), for which the fitting results and the resultant MC
geometries are shown in Figs. 10 and 11, respectively. Wdt is a noteworthy feature that in many cases the local equiv-
can see in Fig. 10 that the fitting with the cylinder model alent directions of the torus axis are nearly parallel or anti-
(dotted curve) is acceptable, though the torus model gives garallel to the X-axis, indicating that the spacecraft traversed
better fitting result (solid curve). Figure 11 shows, however,the MCs apart from the loop top, closer to the loop’s flank,
that the MC geometries from two models are completely dif-when considered in the framework of the torus model.
ferent from each other. At the location where the spacecraft By examining the fitting results in Tables 2 and 3, itis seen
passed the MC, the direction of the torus axis is nearly parthat the relative errors are smatrfns<0.3) for all the results
allel to the X-axis (the cone angle being 169,2vhile the  from the torus model, where&ms<0.3 is satisfied for the
cylinder axis is nearly perpendicular to the X-axis (the conecylinder fitting only in 9 cases. Thus, if we addptms<0.3
angle being 69.9. As a result, the angle between the torus as a criterion for the good agreement between the observa-
axis and the cylinder axis is as large as 91sze Table 4). tions and the fitting results, we can classify the 17 MCs ex-
Besides, the flux rope sizes obtained from the two modelsamined into two categories: 8 MCs for whiélims<0.3 is
are very different, with the radius from the torus model be- satisfied only by the fitting with a torus model (Category A),
ing 0.0565 AU, whereas the radius from the cylinder modeland 9 MCs for whichErms<0.3 is satisfied with both torus
is 0.1536 AU at the time of the first encounter with the space-and cylinder models (Category B). Further, we divide each of
craft. these two categories into two groups, respectively. It is seen,
The differences in the results from the torus and cylinderin Category A, that the rotation angles of magnetic field vec-
models are similar to the case that we have seen in the analers are larger than 18@or 5 MCs, while the rotation angles
ysis of Event 13. More important, however, the two modelsare smaller than 18Cor the remaining 3 MCs. Thus, Cate-
provide similar magnetic field variations that are both closegory A can be divided into two groups Al (Events 6, 11, 12,
to the observed variation, while only the torus model pro-13, and 17) and A2 (Events 4, 10, 16) by the field rotation
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Fig. 8. Results of the fitting with the torus model (solid curve) and with the cylinder model (dotted curve) to the magnetic cloud (MC)
encountered on 18 April 2002 (Event No. 15) in the same format as Fig. 4. Two shocks are indicated by two vertical dashed lines. Note that
the fitting results with two models are very close to each other. The bottom three panels show the projected magnetic field vectors.

(a) (b)

Fig. 9. Two geometries obtained for the magnetic cloud of 18 April 2002 (Event No. 15), from the fittings to the toruga)aahel to the
cylinder modelb).
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Fig. 10. Results of the fitting with the torus model (solid curve) and with the cylinder model (dotted curve) to the magnetic cloud (MC)
encountered on 27 May 1996 (Event No. 2) in the same format as Fig. 4. The bottom three panels show the projected magnetic field vectors.
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Fig. 11. Two geometries obtained for the magnetic cloud of 27 May 1996 (Event No. 2), from the fittings to the torugahadel to the

cylinder model(b).
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Table 4. Comparison between magnetic cloud orientations obtained from the torus model and the cylinder model.

EVENT TORUS FIT CYLINDER FIT DIF GROUP
NO. @& @3, (CAR, 08 A (7N
1 —-15.8 298.8 62.8 -17.0 308.4 53.6 9.3 B1
2 —-7.5 167.2 165.2 -8.1 68.8 69.0 97.2 B2
3 3.9 1735 172.4 31.8 84.5 85.3 87.1 B2
4 224 1719 156.3 (26.1)  (8.6) (27.4) (128.9) A2
5 115 1.9 11.7 534 19.8 55.9 44.3 B2
6 1.6 7.4 7.6 - - - — Al
7 17.4 136.9 134.2 29.3 76.7 78.4 56.0 B2
8 6.5 356.6 7.3 42.8 340.8 46.1 38.9 B2
9 12.0 167.2 162.5 35.5 131.3 1225 40.0 B2
10 —3.4 3385 218 £3.7) (287.8) (72.2) (50.6) A2
11 -11.3 94 14.7 £32.8) (52.2) (59.0) (44.7) Al
12 1.1 12.8 12.8 (125)  (35.0) (36.9) (24.8) Al
13 —165 1743 162.6 463.1) (129.4) (106.7) (55.9) Al
14 —-14.8 350.5 17.5 -3.1 357.6 3.9 13.6 BT
15 —16.6 3344 30.2 —-16.3 322.3 40.6 11.6 Bl
16 57 1759 173.0 (38.3) (188.6) (140.9) (34.6) A2
17 6.2 3.7 7.2 (78.7)  (50.1) (82.8) (76.1) Al

@ The local direction of the torus axis is given by equivalent latitude and longitude ar@gsand @, respectively; see Fig. 1b for
definition.

b (CA).4 is the cone angle of the torus direction around the X-axis; see Eq. (14).

¢ The direction of the cylinder axis is given By and¢,; same as in Table 3.

d (CA), is the cone angle of the cylinder axis around the X-axis; see Eq. (13).

€ 5 is the difference between the torus direction and the cylinder direction; see Eq. (15).

f Categorization of the 17 magnetic clouds into 4 groups; Al and A2, fitting with torus model is much better than fitting with cylinder model;
B1, MCs both torus and cylinder model give similar geometry; B2 the torus and cylinder models give different geometries.

** Though this event is categorized as B1, only the torus fitting is acceptable; see Fig. 7.

angle. Category B can be divided into two groups by the dif-large in this case compared with the other two cases. The ob-
ference in the orientations obtained by the torus and cylindeserved solar wind field variations for this MC are compared
fittings. It is seen in Category B thatis smaller than 30in with the result of fitting by the torus model and that by the
3 cases (Events 1, 14, and 15), whereadarger than 30in cylinder model in Fig. 12 in the same format as Fig. 4. The
the remaining 6 cases (Events 2, 3, 5, 7, 8, and 9). They conmost conspicuous difference between the torus and cylinder
stitute two groups, B1 and B2, respectively. The last columnmodels is seen in th8x variation in the trailing part of the

in Table 4 indicates the group to which each MC observationMC. Because of the relatively large angle of the magnetic
belongs. field rotation, the cylinder fitting requires the spacecraft pas-

The MC observations in Group Al should be consideredsage near the MC axis. In such geometries, it is impossible
as cases where the spacecraft traversed the MCs deep enouigh the cylinder model to reprodudgy variations having dif-
to cross near the axis, and near the flank of the MC loop ferent signs at the entering and exiting points. We can see in
almost in parallel to the torus axis, as is evident from the torughe figure that thé x variation is much improved by the torus
cone angles close td @r 18C°. A typical example has been model.
seen with Event 6 in Figs. 2 and 3. It should be noted again With regard to the MCs in Group B1, the local directions
that the cylinder model cannot reproduce the field rotationdetermined by the torus fitting are close to the axis directions
substantially larger than 180 determined by the cylinder fitting £30°). Further, we no-

For the MC events in Group A2, the torus cone angles ardice that the torus cone angles are relatively large for these
close to 0 or 180, indicating that the spacecraft traverses MC events, except for Event 14. We have already seen that
near the flank of MC loop, as well. In these cases, howeverEvent 14 is a very special case where the MC axis is nearly
the spacecraft did not enter the MCs deep enough, but traparallel to theX-axis, and therefore the torus model is re-
versed only near the surface of the MCs, in contrast to thequired for interpreting the observation. When the torus fit-
cases in Group Al. An additional interpretation may be de-ting result yields the local axis orientation of a large cone an-
sirable for Event 10, because the magnetic field rotation iggle, the curvature effect is not very significant. Therefore, the
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Fig. 12. Results of the fitting with the torus model (solid curve) and with the cylinder model (dotted curve) to the magnetic cloud (MC)
encountered on 20 August 1998 (Event 10) in the same format as Fig. 4. The bottom three panels show the projected magnetic field vectors

geometry of the MC encounter with the spacecraft can be ap- Finally, a new finding of the present study is that there ex-
proximated by the geometry of the encounter with a cylinder.ist MC events that can be interpreted in terms of both the
This geometrical relationship takes place when the spacecrafbrus and cylinder models, but where the fitted directions are
traversed near the apex of the MC loop. The observations ofubstantially different (events in Group B2). In 2 events in
2 events in Group B1 other than Event 14 are considered tahis group (Events 3 and 9) for which the rotation angles of
correspond to this situation. The torus fitting result in such amagnetic field vectors are larger than 18§ood agreements
case is characterized by the MC geometry in which the toruswith the observations are obtained from the cylinder fitting,
is crossed by the spacecraft only on its earthward stde(d(  as well as from the torus fitting. This comes from the fact
side, with X=0 at the center of the torus: see Appendix B that magnetic field intensities are relatively small near the
for details). It is also worthwhile to point out that one of the MC boundaries in the above 2 cases, so that the differences
impact parametergy) is relatively large for these 2 events. in the field directions do not make much of a contribution to
Though the torus cone angle is relatively small for Event 15,the overall rms deviations. This raises the important problem
the geometry is interpreted as a case where the spacecrafiat two possible geometries appear to be obtained from one
crossed the MC loop between the apex and the flank (seebservation while one definitive geometrical situation should
Figs. 8 and 9). exist in reality. One possible conclusion is that either of the
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two cases of the different geometries can take place in reeluded that we need more careful studies on the relationship
ality, and that the model fitting alone may not provide the between the asymmetries in BDE fluxes and the distances
definitive real geometry for any particular MC observations. from the loop footpoints. At least, temporal variations in
It should also be noted that the results of fitting may notsuprathermal electron supplies at both footpoints of the MC
be very reliable when they indicate that the spacecraft traloop must be taken into account in some cases, because there
versed only near the surface of the MCs, such as for Eventare some cases in which the dominant flux direction changes
8 and 15. Thus, we must admit that the analysis based owithin a single MC.
the least-squares fitting technique alone cannot always give Thus far, we have seen that the 17 MC events can be di-
us the right geometry of an MC. vided into 4 different groups. The first group consists of the
As a possible method to determine which gives a moreMC events of which the rotations of magnetic field are so
plausible geometry for each of the MCs, a torus model orlarge that it is impossible to reproduce the observed vari-
a cylinder model, we compare the BDE characteristics withations by the cylinder model (Al). For the second group,
the MC geometries obtained by fitting with the two mod- the cylinder model cannot satisfactorily interpret the observa-
els. It is very common in BDE flux events that one of the tions, due to the important curvature effect of the MC loops,
counterstreaming fluxes is stronger than the other. The gerthough the field rotations are less than 1882). The third
eral idea for interpreting this asymmetric feature is that thegroup corresponds to the cases in which the spacecraft en-
suprathermal electron flux from the footpoint of the MC loop countered the MC near the apex of its loop (B1). For MCs
closer to the spacecraft should be stronger than that from than the fourth group, though the cylinder and torus fittings
other footpoint of the loop. The relationship between the both reproduce the observations satisfactorily, the resulting
MC geometry and the BDE asymmetry has been examinedjeometries are substantially different from each other (B2).
based on this hypothesis by Phillips et al. (1992) and KahleMVe examined the BDE characteristics for the purpose of se-
et al. (1999), though the results are not very definitive. If thelecting more plausible geometries, but the results were not
same hypothesis is applied, it is expected that the pitch andefinitive. In order to determine the most plausible geometry
gle of the dominant electron flux should be 286r the MC of an MC, it is necessary to compare the MC characteristics
whose axial field is toward the Sun antfor the MC whose  obtained by the model fitting analysis with other observations
axial field is away from the Sun. We examine whether thisrelevant to the MC geometry. Here, we point out several
relationship is satisfied or not for our 17 MC events. possible observations for future studies which may provide
First, by comparing the cone angles determined from themethods for the geometry determination of the MCs. They
torus fitting and the cylinder fitting for 6 MCs of Group B2, include examining: (1) the directions of the surface normals
we see that the axial field polarities from the two modelsof any discontinuities near the MC boundaries, and shock
are opposite in 3 cases (Events 2, 3, and 7). It is seemormals associated with the MCs (Jones et al., 2002; Kataoka
from the BDE characteristics given in Table 1 that Event 2 et al., 2005), (2) multi-spacecraft observations of the same
matches the torus model, whereas Event 3 matches the cylilMC (Burlaga et al., 1981; Bothmer and Schwenn, 1998;
der model. For Event 7, the torus model seems more favorMulligan et al., 1999; Russell et al., 2003), and (3) the rela-
able, though the electron heat flow is unidirectional. For thetionships between the magnetic field structures of MCs and
remaining 3 MCs for which both models provide the samethe corresponding coronal magnetic structures (Marubashi,
axial field polarities, Events 8 and 9 match the hypothesis and.986, 1997; Ishibashi and Marubashi, 2004; Cremades and
Event 5 mismatches the hypothesis. Second, of the 3 MCs iBothmer, 2004).
Group B1, the matching of the hypothesis is seen in 2 cases Finally, we compare four relevant parameters obtained
(Events 1 and 14). For Event 15, the hypothesis cannot bérom the fittings with the torus and cylinder models in
applied, because the dominant flux direction changed withirFig. 13: (a) the relative fitting errorgrms, (b) the radius
the MC. Third, of the 8 MCs in Group Al and Group A2, the of the cross-sectional circle of the MC loop at tim0, (c)
dominant flux direction changed within the MCs in 3 cases.the speed of the translational motion of the MG =0, and
In the remaining 5 cases we see 2 matching cases (Events(d) the maximum field intensity within the MC at0. The
and 10) and 3 mismatching cases (Events 6, 12, and 13). Agiaximum field intensities for the torus model were calcu-
a whole, we see that the axial field polarity matches the di-lated with Egs. (6-8), while they are given By for the
rection of dominant heat flow of the BDE in only 9 out of 13 cylinder model. The parameters are plotted with different
cases, excluding 4 cases of mixed heat flow polarity. If themarks for the above 4 groups: circles for Group Al, squares
number of cases matching the hypothesis are compared béer Group A2, triangles for Group B1 (Event 14 is indicated
tween the torus and cylinder results (with the cylinder resultsby an asterisk), and diamonds for Group B2. Parameters for
of Erms>0.3 included), the matching is seen in 8 cases (in-Event 6 are not plotted here, because the cylinder fitting was
cluding Event 7) for the torus results, and in 7 cases for thenot performed. It should be noted that the diagrams include
cylinder results. Thus, one must admit that the relationshipparameters obtained from the cylinder fitting for events of
between the dominant heat flux direction and the magneticGroups Al and A2, for which we have concluded that the
field polarity can be violated in many cases. It is thus con-torus fitting is needed. Those points should suggest caution
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Fig. 13. Comparison of four fitted parameters obtained from the torus fitting and from the cylinder f{ttitge relative fitting erroErms;
(b) the radius of MC flux roped(c) the speed of the translational motion of the MC; &dfithe maximum field intensity within the MC.
Parameters for MCs in the different groups are indicated with different marks (see text).

concerning how different geometries of MCs result when
the fittings with large errors were accepted. It is seen from
Fig. 13a thattrms<0.3 is a good criterion for judging the

fitting accuracy for the 17 examined MC events. Figure 13b

indicates that the most significant difference between the re-

sults from the two models is seen in the sizes of the MCs,
while the MC speeds and the maximum field intensities from

the two models are in reasonable agreement (Fig. 13c and
d). As we have already seen with some examples, the ra-

dial sizes of MC flux ropes obtained with the torus model are
generally smaller than those from the cylinder model. This
imposes significant impacts on the estimation of magnetic
flux and other related quantities carried away from the Sun
by MCs (cf. Green et al., 2002; Nindos et al., 2003; Leamon
et al., 2004; Lynch et al., 2005; Lepping et al., 2006).

5 Summary

1. We identified 17 magnetic clouds (MCs) with durations
longer than 30 h using the solar wind data obtained from

Ann. Geophys., 25, 2453-2477, 2007

the WIND and ACE spacecraft during 10 years from
1995 through 2004. The plasma and magnetic field
data for these MCs generally exhibit characteristic fea-
tures commonly observed in the ICMEs, such as en-
hancements in the He/H™ ratio, bidirectional elec-
tron heat flows, abnormally low proton temperatures,
and reduced magnetic field fluctuations. It should be
noted, however, that all of these signatures are not nec-
essarily seen in all of these MCs.

. The magnetic field structures of the 17 MCs were an-
alyzed by the technique of the least-squares fitting to
the force-free flux rope models. The analysis was
made with both the cylinder and torus models when
possible. The torus model was used in order to ap-
proximate the curved portion of the MCs near the
flanks of the MC loops. As a result of this analy-
sis, we have found that the 17 MC events are clas-
sified into 4 groups; Group Al: MC events exhibit-
ing magnetic field rotations through angles appreciably
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larger than 189 which can be interpreted only by the
torus model; Group A2: MC events for which the torus
model is needed, because the curvature effects are im-
portant though the rotation angles are smaller thari;180
Group B1: MC events for which both the cylinder and
torus models yield similar MC geometries with satisfac-
tory agreements with the observed field variations; and
Group B2: MC events for which results from the torus
model and the cylinder model provide different geome-
tries though good agreements with the observations ar
obtained from both models.

2471

result suggests that the causes of asymmetries in BDE
fluxes should be further examined with some additional
possibilities taken into consideration, such as possible
intensity differences between two source regions around
two footpoints of the MC loops, and possible temporal
variations in suprathermal electron supplies there.

6 Conclusions and discussion

e have presented an analysis of 17 magnetic clouds whose

durations are equal to or longer than 30 h, with torus- and
. The 4 groups mentioned above are physically imer_cylinder-shaped _flux rope mpdels. As a result, we have ob-
preted as follows. The MC observations in Group A1 tained the following new findings:

are considered as cases where the spacecraft traversed

near the flank of the MC loop, and deep enough to pass
the axis. When the spacecraft traversed near the flank of
the MC loop, but passed only near the surface, MCs in
Group A2 are observed. The MC observations in Group

B1 correspond to those cases where the spacecraft tra-2.

versed near the apex of the MC loop, in contrast to the
cases of Al and A2. For the MC events in Group B2,
the real geometry cannot be determined from only the
model fitting technique, because two different geome-
tries are possible: one near the apex, and the other near
the flank of the MC loop.

3.

. Itis far more evident that the torus model is needed for

There exist MC events that can be interpreted only by
a torus model, corresponding to cases where the space-
craft traversed the flank of the MC loop (Group Al and
A2 in our classification).

There is another class of MC events for which the fit-
tings with the torus and cylinder models yield signifi-

cantly different orientations of the flux rope axis, though
both models provide magnetic field variations in good
agreement with observations (Group B2 in our classifi-
cation).

The flux rope radius obtained from the torus fitting tends
to be smaller than that from the cylinder fitting.

interpretation of the MCs exhibiting magnetic field rota-
tions through angles substantially larger than°18r
other cases of magnetic field variations, however, we
could not find a way to foresee which model, torus or
cylinder, yields a better interpretation for the observed
magnetic field. Thus, for selecting an appropriate model
for a given MC event, we must rely on the difference
in the degree of agreement between observations an
modeled results with both models. The MC for which
the axis is aligned with the X-axis is one special case
which requires the torus model for interpreting the ob-
servation.

It should be pointed out that these findings impose strong im-
pacts, in two ways at least, on our understanding of the con-
nection between CMEs and ICMEs. First, the direction of
the flux rope axis is an important factor in the understanding
of the relationship between the coronal magnetic structures
near the sources of CMEs and the associated ICMEs. It is
Blausible that one may obtain a wrong direction of the flux
rope axis by using cylinder model fittings to those MCs de-
scribed in 1 and 2. We need to select the right one from two
different directions obtained from two models before com-
paring with related coronal structures. Two MCs analyzed
by Ishibashi and Marubashi (2004) and Crooker and Webb

5. We found that the flux rope radii obtained from the torus (2006), respectively, are good examples for which the torus
fitting tend to be generally smaller than those obtainedfitting yields a better alignment between the MC axis and the
from the cylinder model. This result can be easily un- orientation of the associated solar filament. Secondly, the
derstood by considering the fact that the durations ofestimation of the flux rope radius directly affects the estima-
a spacecraft passage through MCs tend to be reIativeI;t/ion of physical quantities, such as magnetic flux and mag-

long when traversed near the flank of the MC loop than netic helicity carried away from the Sun by the MC (Green
when traversed near the apex. et al., 2002, Nindos et al., 2003, Leamon et al., 2004, LynCh

et al., 2005; Lepping et al., 2006). For example, Nindos et
6. We tested the hypothesis that the stronger fluxes of thal. (2003) showed a general tendency that for the magnetic
BDEs come from the footpoints of the MC loops closer helicity calculated from MCs to be overestimated. Such an
to the spacecraft by comparing the direction of the dom-estimate can be improved by using the smaller flux rope ra-
inant fluxes of the BDEs and the polarities of the axial dius obtained from the torus model fitting.
field of the MCs obtained from the model fitting. Asa It is thus highly desirable in future studies to determine
result, we found this hypothesis is satisfied in 9 caseswhich model gives a more realistic geometry of a given MC,
out of 13 cases, the matching rate being 70%. Thisthe torus model or the cylinder model. Here we point out
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possible future studies which may provide methods to de-Using the angleg and® defined above, the expansion speed
termine the real geometries of the MCs. They include: (a)of the MC cylinder and the magnetic field at the spacecraft
the directions of discontinuities normals near the MC bound-position at time are given as follows.

aries and shock normals associated with the MCs (Jones e
al., 2002; Kataoka et al., 2005), (b) multi-spacecraft obser-
vations of the same MC (Burlaga et al., 1981; Bothmer and )
Schwenn, 1998; Mulligan et al., 1999; Russell et al., 2003). | VZ1 = Vo SINA

Bx1 = B; cos® + B, singsin®
By1 = B sin® — B, sinf cos® (A7)
Bz1 = B, cosp

vyl = —v, Cospgsind
Vy1 = v, COSf COSP (AB)

Appendix A

Magnetic fields and solar wind velocity for the cylinder

del wherevy1, vy1, vz1 andBx1, By1, Bz1 are the velocity and
mode

magnetic field components in the—X,Y1Z1 system, and

We derive expressions to calculate the magnetic fields andth;égé Be(/;.:'tifeﬂ are given by Egs. (2), (4), and (5) in the text,
expanding velocity within a cylindrical magnetic flux rope P Y- . . -

. : Finally, we obtain the velocity and magnetic field compo-
along the spacecraft trajectory. We use the SE coordinate : .

) i . . hents in the GSE coordinate systam, vy, vz andBy, By,
systemOy—X Yy Z ¢, moving with a flux rope with the ori- , .
) . . Bz, by rotation ofO y—X1Y1Z; around theX;-axis through

gin O taken on the flux rope axis. L&} and¢, be the lati- the anale—® as follows
tude and longitude angles of the axial field in this coordinate 9 )
system. We make a new coordinate systom—X1Y1Z; vy = —v, cospsind® — Ug
by rotating O s—X ¢ YrZ ¢ around theX y-axis, so that the vy = vy1C0SO — vz1SiN® (A8)
X1—Y1 plane contains the flux rope axis. This transforma- | v; = vy1SIN® + vz1 COSO
tion can be made by adopting the rotation ar@lsatisfying

the following equations. Bx = Bx1
By = By;1¢c0S® — Bz1sin® (A9)
cos® = cosb, sin¢a/\/sin2 04 + cOL 6, Sirf ¢, Bz = By1SIn® + Bz1C0SO

(A1)

In Eq. (A8), the motion of the flux rope relative to the space-
craft is taken into account. In the actual model fitting, we

) ) o used the speed of the solar wird,y, instead ofvy, vy, vz.
As a result of this transformation, the flux rope axis is toward

Sin® = sin@a/\/sin2 0, + cO2 0, Sir? ¢,

g;e longitude angl® in the X1—Y7 plane, whereb is given Vew = /U§ + szv + v%_ (A10)
Equations (A10) and (A9) together with Eq. (A3) present
cos® = cost, CoSp, variations of the solar wind speed and the magnetic field that
sind = \/sinz 6, + COR 6, Sir? ¢y, (A2) should be observed by the spacecraft when traversing the flux

rope cylinder.

Suppose that the spacecraft enters the flux rope atsthie In the actual calculation, we further need to determine
and exits at=t, (i.e. t; is the duration of MC passage), and X1(0) in Eq. (A3). Noting that the spacecraft is on the sur-
let {X1(z), Y1(t), Z1(¢t)} be the position of the spacecraft at face of the cylinder at times=0 andr=t,, we obtain from

timer (O<t<ty). Then it follows Eq. (A4):
X1 (t) = X1 (0) + Upt e = X2(0)sir? @ + Y2(0) + Z2(0) (A11)
Y1(1)=Y1(0) =0 (A3)
Z1(t) = Z1(0) = rop r2 (14 Etg)? = (X1 (0) + Ugty)?sit @

The radial distance from the cylinder axis to the spacecraft at +Y12 (ta) + Zf (ta) (A12)

timer, o(¢), is given by
Simple manipulation of these equations yielg0) and an

P2 (1) = X3 (1) SiP @ + Y2 (1) + Z2 (1) (A4) expression connecting the 7 fitting parameters, as given be-

' . low
If we define an anglg, the elevation angle of the spacecraft

position from theX1—Y1 plane measured on the plane per- X1(0) = —rg /1_ p2/sincl> (A13)
pendicular to the cylinder axis, it is given by

cosp = —X1(1)sin®/p (1) E=( /(X1 (0) +Uotg)?sir? ©+Y2 (0) + 22 (0) / ro—1 Al4
{Sinﬁzzl(l‘)/p(t) (A5) (\/ 1(0) +Uoty)* sin® +Y{ (0) +Z7 /0 )/ld ( )
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Appendix B coordinatesu, n, andg are determined by the following re-
lationships withX7, Y7, and Z;y (Romashets and Vandas,

Magnetic fields and solar wind velocity for the torus 2003).

model

X7 = asinhu cosy /(coshu — cosn)

We derive expressions to calculate the magnetic fields and thg Y7 = a sinhu sing /(coshu — cosn) . (B8)
expanding velocity within a torus-shaped magnetic flux rope | Zr = a sinn/(coshu — cosp)
along the spacecraft trajectory. We first define the SE coor- . .

; . . . o The backward relationships are
dinate system moving with the torus, with the origin taken
at the center of a circle drawn by the axial field of the torus,
O-XYZ. Let 6, and ¢, be the latitude and longitude angles
of a vector normal to the plane containing the axial field in \/(X% + Y% + Z% + az)z — 442 (X% + y%)

2 2 2 2
coshu = (X5 +Yf + Z% +a )/

this coordinate system. To make the calculations easier, we, 2 2 2 2 (B9)
transformO-XYZ to the torus-referred Cartesian coordinate, | “°>7 = (X7 + Y7+ 25 —a )/

O—XrYrZr, in which the plane of the torus axis is con- \/(X% + Y% + Z% _ a2)2 +4ﬂzz%

tained in theXy—Y7 plane, and the&Z; axis is contained tang = YT/XT

in the X-Z plane. This transformation can be made by first

defining O—X1Y1Z1 by rotation of O-XYZ around the X-  Inthis coordinate system, the equatjes .o defines a toroid
axis through angl®, and then rotating)—X,Y;Z1 around  with the major and minor radi®,, andr,,, which are related
Yi-axis through angleb, where® and ® are given by the toa andug as follows.

following equations.
a=, R12v1 —r2 (B10)

sin® = —cosk, sin¢>,,/\/sin2 6, + co2 6, Sirf ¢,
(B1)  Ru/rm = coshug (B11)
cos® = sin@n/\/sin2 6, + co 6, sir? ¢,
a/rm = sinhpuo. (B12)
Sin® = cost, COSp, (B2) Manipulating Eq. (B8), we obtain
cos® = ,/sin? 6, + coL 6, Sirt ¢ Xy o
The expansion velocity of the torus flux rope can be easily | 4Y7 | = (wij) | Andn |, (B13)
dZr hyde

calculated by invoking two additional coordinate systems: a
cylinder coordinate systemR( ¥, k) and a toroidal cylin-
der system4{, B, ¢), which are related to th@ — XYy Zp
system as follows.

whereh, =h,=a [ (coshu— cosn),
hy=a sinh,u/(coshu— cosn) are the Lam coefficients, and
(w;;) is a matrix, of which each element is given as follows.

R=\/X2+Y2, W=Tan*(Yr/Xr), h=Zr  (B3) wyy = L= coshucosn - cosp
_ coshu — cosy ’
pcosp=R—Ry, psinp=nh, ¢=-RV. (B4) sinhy sing
W12 = " o —cosy SO0
The expansion velocity given by Eq. (2) in the text can be _ _sin H g (B14)
expressed with these coordinate systems as Wiz = ¢
Vo=v,, Vg=0, V,=0 B5 1 — coshu cos .
p P B ¢ (BS) - 4 — COsh cosn sing,
. coshu — cosn
Vr=V,cosB, Vy=0, V,=V,sing. (B6) sinhy siny i
w22 = ————— - SINg,
Then, we obtain three components of the expansion velocity coshy. — cosy
in the O—X Y7 Z7 coordinate system as follows. w23 = COSp (B15)
Vxr = v, cOSB cos¥ sinhu siny

Vyr = v, CcOSB sinw (B7) w31 =

; ~ coshu — cosp’
Vzr = v,sing H g

1 — coshu cosy
w b
Now, we calculate the magnetic field given by Egs. (6-8) coshy — cosy
in the text as a function oKy, Yy, andZy. The toroidal wzz = 0. (B16)

32=—
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Fig. C1. Dependence of the torus parameters obtained for the mag-

K. Marubashi and R. P. Lepping: Long-duration magnetic clouds

Then, we present expressions to calculate the spacecratft tra-
jectory within the torus as a function of time from0 to

t=ty4, which is needed to calculate the magnetic field and the
expansion velocity to be measured by the spacecraft. Let
{X1(t), Y1(¢), Z1(2)} be the position of the spacecraft in the
0—X1Y1Z; system at time, then it follows

X1 (1) = X1(0) + Urot — (1/2) Dyt?
Y1 (¢) =Y1(0) =Y10=7F (sgn (Bx)) Ry +rmopy
Z1(t) = Z1(0) = Z10 = rmop;

The Y1—Z; plane cuts the torus on both sides¥af-0 and
Y1<0, whereBx1<0 andBx1>0, respectively. We must se-
lect an appropriate one of the two values corresponding
to the side on which the spacecraft pass the torus. By defin-
ing Y10 in this way, p, gives the distance normalized byo
from the torus axis to the spacecraft measured ofvtheZ
plane.

Finally, we calculateX1(0) and the expansion rate of the
torus, E, in a similar way to the case of a cylinder model
(Appendix A). The satellite position in th@ — X7 Y7 Z7 co-
ordinate system is given by

(B18)

X7 (t) = X1 (t) cos® — Z1pSind

Yr (1) = Y10
Zr (1) = X1 (1) SIn® + Z19cosd

(B19)

Noting that {X7(0), Y7(0), Z7(0)} and {X7(ts), Y7(ta),
Z7(ty)}are both on the torus surface, we obtain

2
(,/X% ) + Y2 (0) — R,%,,) +72(0) =2,
2
(JX% (ts) +Y2 (td)—R,ZV,) +72 (tg) =r2 o (1+E1g)?. (B21)

Equation (B20) is ascribed to the 4th-degree equation for
X7(0), substitution of the minimum root of which into
Eqg. (B19) givesX1(0). Now thatX1(0) is obtained, the left-
hand side of Eq. (B21) is known. If we express this quantity
by LHS, the expansion rate is given by

E=(«/F5/rmo—l)/l‘d

(B20)

(B22)

netic cloud of 4 February 1998 (Event No. 6), on the change of the

major radiusR ;.

Thus, for the magnetic field vectoB(, B,, B,) in the

Appendix C

Effects of changingR,,; on the torus fitting

toroidal coordinate system, which is given in Sect. 3.2, theFigure C1 depicts how the fitting result changes depending

Cartesian componen®yr, Byr, Bzr inthe O—XrYrZr
coordinate system are given by

Bxr B,
Byt | = (wij) B (B17)
Bz B,

Ann. Geophys., 25, 2453-2477, 2007

on the selection of the major radius of the tors,, for

the MC encountered on 4 February 1998 (Event 6). We see
that the best fit is obtained fat,;=0.2 and that the adjust-
ment takes place in other parameters by changipgand

that the relative rms errors of the fitting are sufficiently small
throughout the range of the changi®g, in this particular
case. It should be especially noted that the orientation of the
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Table C1. Magnetic cloud parameters f&;=0.3 AU, and forR,=1.2 AU.

EVENT R% 3, P P pS pe ¢ BY  U%, DS Ex48
NO. (AU) (AU) () () (w0 (w0 (mo) (0T) (kmis) (km/sh) (/48h)
03 00919 514 2300 1.895 -1.089 0075 416 3280 -640 135 0232

Erms®

*
1 1.2 01145 59.3 230.0 —3.206 6.469 0.036 30.8 354.7 —-3.76 0.64 0.244
3 03 0.0289 275 77.2 -0.708 0.015 0.636 121 383.7 229 -0.12 0.330
1.2 0.0135 31.9 83.2 -0.702 -0.008 0.699 13.8 3854 2.33 0.02 0.274
8 0.3 0.0526 —-80.4 304.3 -0.323 -0.068 0.245 23.1 586.5 531 1.40 0.163
12 0.0178 -62.1 276.6 —-0.363 —-0.326 0.322 21.7 604.7 6.67 1.55 0.142
9 0.3 0.0583 -48.2 2435 -0.547 -0.061 0.514 125 530.9 518 -0.14 0.275
1.2 0.0401 -59.3 246.8 -0.578 —-0.365 0.501 14.6 531.3 512 -0.09 0.168
14 0.3 0.0783 56.5 354 -0.144 0471 0.233 124 4439 0.62 0.42 0.278
1.2 0.0427 68.0 574 —-0435 0.680 0522 119 455.0 1.38 0.38 0.266
15+ 03 01073 705 3418 0.468 1.191 0.573 28,5 4933 1.39 0.66 0.189
1.2 01152 752 3418 1.203 1.998 0.669 24.3 499.1 1.83 0.50 0.148
16 03 0.1296 75.8 16.9 0.736 0.410 0.737 31.0 546.3 3.70 0.53 0.190
1.2 0.0529 40.3 83.7 0.291 1.101 0.904 22.0 5635 4.99 0.65 0.182
17 0.3 0.0547 -80.9 330.3 0.587 0.238 0.122 12.7 502.3 4.03 -0.48 0.265

1.2 0.0178 -78.8 73.0 0.608 0.156 0.361 14.0 495.9 3.56 —0.50 0.192

& Ry, major radius of torusy,,g, minor radius at the time of encounter.

b The latitude 6,) and longitude ¢, ) angles of a vector normal to the torus plane.

€ (py, pz), the position of the spacecraft track on the YZ plane, antihe closest approach distance to the axis.
d B, a parameter determining the magnetic field intensity; see Sect. 3.2.

€ Uro, the velocity of MC at the time of encounter, ang, the deceleration factor; see Eq. (10).

f Increase in the torus minor radius in 48 h as a result of expansion.

9 The error estimating figure.

* For these MC events, fitting was made with b&ly ande,, fixed.

fitted torus is maintained in the range within°1Qt is also ~ when Ry, was included as one of the free parameters (see
seen that the minor radiug,o decreases with an increase in the last part of Sect. 3). The minor raditys) decreases with
Ry. This change comes from the requirement that the spacean increase iRy, as has been seen in Fig. C1, where the
craft should traverse the MC during the same time intervalrate of change in,,o is generally smaller than the rate of
with similar speeds. change inRy,. It is also seen that the changes in the torus
For 8 MC events, as described in Sect. 3, the fitting routineplane directiond, and¢,) are generally small for changes
collapsed before the convergence could be attained, wheim Ry, in the range of 0.3-1.2 AU. Though the changes in
Ry was included as one of the free parameters to be deteithe torus plane direction are not small for Events 16 and 17
mined by the least-squares method. Therefore, we calculateith this range, we can see, by comparing with Table 2, that
other parameters with a modified fitting routine wRky val- the changes are small in th&g, range of 0.6-1.2 AU. The
ues fixed in the range of 0.3-1.2 AU. Through this procedurefittings for Events 1 and 15 need a special comment. Because
we found the magnetic field variations calculated from thethese cases involved a spacecraft passage near the apex of the
torus model becomes less sensitiveRlg change for large  MC loop, the torus model of any direction can yield similar
Ry values. This tendency may explain the reason why thefield variations, in as much as the local orientations of the
fitting routine collapsed in those cases whgp is included  torus at the spacecraft passage are similar. Therefore, we
as a free parameter. executed the fitting routine with one parametgy)(fixed to
Table C1 presents the parameters obtained for 8 MCs fronpe consistent with the value obtained ®y;=0.6 AU.
the torus fitting with fixedR, values of 0.3 and 1.2 AU. For
these 8 MCs, the fitting routine could not attain convergence
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