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Abstract We examine the near-Earth Interplanetary Coronal Mass Ejection (ICME) appar-
ently related to the intense Solar Energetic Particle (SEP) event of 20 January 2005. Our
purpose is to contribute to the understanding of the macroscopic structure, evolution and
dynamics of the solar corona and heliosphere. Using Cluster, ACE and Wind data in the
solar wind, and Geotail data in the magnetosheath, we perform a multi-spacecraft analysis
of the ICME-driven shock, post-shock magnetic discontinuities and ejecta. Traversals by
the well-separated near-Earth spacecraft provide a coherent picture of the ICME geometry.
Following the shock, the ICME sequence starts with a hot pileup, i.e., a sheath, followed
by a fast ejecta characterised by a non-compressive density enhancement (NCDE), which is
caused essentially by an enrichment in helium. The plasma and magnetic observations of the
ejecta are consistent with the outskirts of a structure in strong expansion, consisting of nested
magnetic loops still connected to the Sun. Within the leading edge of the ejecta, we establish
the presence of a tilted current sheet substructure. An analysis of the observations suggests
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that the tilted current sheet is draped within the overlying cloud canopy, ahead of a mag-
netic cloud-like structure. The flux rope interpretation of this structure near L1, confirmed
by observations of the corresponding magnetic cloud, provided by Ulysses at 5.3 AU and
away from the Sun – Earth line, indicates that the bulk of the cloud is in the northwest sector
as seen from the Earth, with its axis nearly perpendicular to the ecliptic. This is consistent
with the primary direction of travel of the fast halo CME observed at the Sun. Moreover, the
NCDE and helium enrichment are consistent with the position near the streamer belt of the
flaring active region NOAA 10720 associated with the CME. However, differences between
interplanetary and solar observations indicate a large rotation of the erupting filament and
overlying arcade, which can be attributed to the flux rope being subject to the helical kink
instability.

1. Introduction

Interplanetary Coronal Mass Ejections (ICMEs) are transient structures in the ambient so-
lar wind. They move away from the Sun into the interplanetary medium with (supersonic)
speeds that may be slower (e.g., Tsurutani et al., 2004) or faster (e.g., Lepping et al., 2001)
than the ambient solar wind speed. The solar ejecta compresses and deflects the upstream
flow, and, for fast ICMEs, a fast shock forms ahead of the ejecta. In magnetic clouds (MCs),
representing a subset of ICMEs, the ejecta is interpreted as being contained within a mag-
netic flux rope (e.g., Burlaga et al., 1981). However, the 3D structure and extent of this
flux rope is generally not known. The compressed region of solar wind behind the shock,
the sheath, is draped around the leading edge of the ICME, which is thought to lead to
the formation of planar magnetic structures consisting of ordered sheets of magnetic fields
(Farrugia et al., 1990; Neugebauer, Clay, and Gosling, 1993).

The magnetic field and plasma properties of ICMEs can differ significantly from that
of the ambient solar wind. Some of those properties are known to control the interaction
of ICMEs with the Earth’s magnetosphere. Specifically, through extended periods of strong
southward magnetic field and increased solar wind flow speed, ICMEs are often associated
with the factors leading to magnetic reconnection at the dayside magnetopause and the re-
sulting geomagnetic activity (e.g., Gonzalez and Tsurutani, 1987). In this respect, not only
ejecta but also ICME sheaths are important to understand such interactions (e.g., Owens et
al., 2005; Huttunen et al., 2005); i.e., the strong southward magnetic fields may be due to
the internal fields of the ejecta or to the compressed fields in the sheath. Consequently, the
solar origins and interplanetary evolution of ICMEs represent key research topics relevant to
space weather near the Earth (see Schwenn, 2006, for a recent review). Of particular interest
are the MCs, which give evidence of flux rope topologies and which may then be connected
to their solar counterparts.

The heliolongitude of the source region and principal axis orientation of ICMEs (cor-
responding to the flux rope axis orientation for MCs) are key aspects to understand the
ICME 3D structure, its extent into interplanetary space and its likely effect on the Earth’s
magnetosphere. Multi-event statistical studies suggest that ICMEs may extend up to ∼50°
in longitude west and east of the solar event location (e.g., Borrini et al., 1982; Cane and
Richardson, 2003). In contrast, with the use of multiple spacecraft that are widely separated
in the heliosphere, studies of individual ICMEs indicate smaller longitudinal extents, up to
∼60° in total (Bothmer and Schwenn, 1998).

A reasonably good correspondence between the tilts of filaments (or neutral lines) rela-
tive to the solar equator and the orientations of associated MC axis relative to the ecliptic
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plane has been demonstrated for some events (e.g., Zhao and Hoeksema, 1997; Webb et
al., 2000; Fazakerley et al., 2005). However, more recently, a few cases showing large dif-
ferences have been reported (Rust et al., 2005; Wang et al., 2006). Meanwhile, more and
more evidence for filament eruptions with axial rotation in the solar corona, presumably
resulting from the kink instability, has been reported (Rust, 2003; Rust and LaBonte, 2005;
Williams et al., 2005; Zhou et al., 2006). Therefore the identification of solar sources of
ICMEs, in particular those that involved filament eruptions (e.g., Cremades and Bothmer,
2004), is helpful to the understanding of the coronal mass ejection (CME) onset and evolu-
tion in the corona and heliosphere.

The MC terminology is an operational definition (Burlaga, 2001) introduced to identify
a feature satisfying three plasma and magnetic field characteristics: (a) a strongly enhanced
magnetic field intensity (with respect to ambient values), (b) a low proton temperature and
(c) a smooth and large coherent rotation of the magnetic field vector (e.g., Burlaga et al.,
1981, 2001). The global magnetic structure of a MC ejecta is believed to be a twisted mag-
netic flux tube (Marubashi, 1986; Bothmer and Schwenn, 1998), whose large-scale topology
may be estimated by fitting models to the magnetic field time series (e.g., Lepping, Burlaga,
and Jones, 1990; Bothmer and Schwenn, 1998; Hu, 2001; Dasso et al., 2005).

For other (non-cloud) ICMEs, the large-scale topology is more difficult to estimate. The
orientation of the draped, compressed fields in the sheath may be used to infer the ejecta
axis of non-cloud fast ICMEs (Jones et al., 2002). However, this method assumes that the
normal of each discontinuity in the planar structure is aligned with the normal of the ejecta’s
leading edge, which itself is assumed to be perpendicular to the ejecta axis, consistent with
the ejecta driving the shock. Such agreement between the shock normal and the direction
perpendicular to the ejecta axis is found in observations of fast MCs (with ramming speeds
greater than 600 km s−1) (Lepping et al., 2001; Szabo et al., 2001). Shocks driven by fast
clouds remain more planar than those driven by slower clouds (ramming speeds of less than
400 km s−1), whose normals flare away from the cloud’s central axis towards the flanks
(Szabo et al., 2001).

Nonetheless, it is possible to identify magnetic-cloud-like structures (MCLs) (Lepping,
Wu, and Berdichevsky, 2005) by using the classic definition of a MC, except that a flux rope
model cannot be fitted. In doing so, Wu, Lepping, and Gopalswamy (2006) found that the
occurrence rate of MCLs and joint sets (MCs plus MCLs) are related to both the solar activ-
ity and the CME occurrence rate, a correlation that could not be found with MCs alone (Wu,
Lepping, and Gopalswamy, 2003; Huttunen et al., 2005). A MC is usually identified and re-
ported when a spacecraft passes near its cloud axis. It is possible that all ICMEs contain flux
ropes but that some are not recognised as MCs only because the spacecraft trajectories skim
the flanks (Marubashi, 1997). MCLs fitted to torus-shaped flux ropes by Marubashi (1997)
were interpreted as curved portions of flux rope structures. Yet, the connections between
MCs and MCLs remain to be determined.

The Solar Energetic Particle (SEP) event of 20 January 2005 has been studied exten-
sively to understand the mechanisms controlling its exceptional characteristics, such as the
rapid arrival of the high-energy particles, their intensity and hard energy spectra and the
high speed of the associated coronal mass ejection (e.g., Mewaldt et al., 2005; Gopalswamy
et al., 2005; Simnett, 2006; Tylka, 2006). Here, we examine the apparently related ICME
observed near Earth. Our objective is to contribute to the understanding of the macroscopic
structure, evolution and dynamics of the solar corona and heliosphere (see, e.g., Mandrini et
al., 2005; Fazakerley et al., 2005; Crooker and Webb, 2006). With the advent of Cluster, the
analysis of multi-spacecraft observations in the near-Earth solar wind can provide a more
elaborate picture of ICMEs (in particular some of their 3D substructure, which may be used
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to infer properties at larger scales) and of their possible forms of interaction with the Earth’s
magnetosphere. Using Cluster, the Advanced Composition Explorer (ACE) and Wind data
in the solar wind, and to a lesser extent Geotail data in the magnetosheath, we perform a
multi-spacecraft analysis at one astronomical unit (AU) of the ICME-driven shock, post-
shock magnetic discontinuities and ejecta. After a preliminary overview of the observations
and the identification of the ICME boundaries in Section 2, we analyse the leading magnetic
discontinuities in Section 3 and discuss the possible geometry of the ejecta modelled as a
flux rope in Section 4. In Section 5, we confirm our interpretation of the ejecta, a MCL, with
observations of the corresponding MC provided by Ulysses away from the Sun – Earth line.
In Section 6, we summarise and interpret the global geometry of the ICME and, through
comparison with the corresponding solar observations, discuss its likely formation and evo-
lution in the corona and heliosphere.

2. Overview of Near-Earth Multi-Spacecraft Observations and Identification of
Boundaries

2.1. Spacecraft Distribution in Near-Earth Space

In this work, we use the Geocentric Solar Ecliptic (GSE) system of reference (̂XGSE, ̂YGSE,
̂ZGSE). In this coordinate system, ̂XGSE points from the Earth towards the Sun, ̂YGSE is in
the ecliptic plane pointing towards dusk when an observer is near Earth (opposing planetary
motion) and thus ̂ZGSE is parallel to the ecliptic pole and points to the north. We also define
sectors in the plane of the sky, relative to the Sun, as seen from the Earth. East and west
sectors correspond to dusk and dawn sectors, respectively.

The ICME event affecting near-Earth space on 21 January 2005 starts with a shock arrival
at around 16:47 UT near the L1 Lagrangian point upstream to the Earth. Wind and ACE are
located at these upstream distances with Wind 13-RE and ACE 35-RE dawnward of the Sun –
Earth line. ACE is the furthest north, at ZGSE = 22 RE, 4 RE northward of Wind. Cluster and
Geotail are nearer the Earth, with Cluster on the duskside and Geotail on the dawnside (see
Figure 1). During the passage of the ICME, Cluster samples the solar wind upstream of the
bow shock. Geotail is on an outbound section of its orbit, moving from the magnetosphere
into the magnetosheath, and possibly sampling the solar wind. As it moves outward, Geotail
reaches positions further dawnward than Wind (by 3 RE at 20 UT and by 6 RE at 24 UT on
21 January).

2.2. The Leading Edge of the ICME

Figure 2 gives an overview of the leading edge of the ICME. This includes magnetic and
plasma in situ observations, provided by the instruments listed in Table 1. Plasma measure-
ments from ACE and Geotail are displayed for protons. Cluster-3 profiles are for ions. In the
case of Cluster-3, the temperature shown is the component perpendicular to the magnetic
field, which shows much less scatter than the field-aligned components. Ion measurements
(bulk speed, temperature and density) were not available from the Solar Wind Experiment
(SWE) (Ogilvie et al., 1995) on Wind. The time series for each dataset are synchronised
with the ICME shock arrival at ACE, denoted SA: Wind, Cluster-3 and Geotail time series
are shifted by 233, −1380 and −1567 s, respectively (so that the shock arrival recorded at
each position is aligned with the shock passage at ACE).



Multi-Spacecraft Study of the 21 January 2005 ICME 143

F
ig

ur
e

1
Sp

ac
ec

ra
ft

po
si

tio
ns

an
d

or
bi

t
tr

ac
es

,i
n

th
e

G
SE

C
ar

te
si

an
co

or
di

na
te

sy
st

em
,d

ur
in

g
th

e
pa

ss
ag

e
of

th
e

IC
M

E
on

21
–

22
Ja

nu
ar

y
20

05
in

(a
)

th
e

pl
an

e
ac

ro
ss

th
e

Su
n

–
E

ar
th

lin
e

(a
s

se
en

fr
om

th
e

Su
n)

an
d

(b
)

th
e

no
on

–
m

id
ni

gh
t

m
er

id
io

na
l

pl
an

e.
T

he
sp

ac
ec

ra
ft

po
si

tio
ns

on
21

Ja
nu

ar
y

20
05

at
12

U
T

ar
e

sh
ow

n
as

fu
ll

ci
rc

le
s.

O
rb

it
tr

ac
es

ar
e

sh
ow

n
fr

om
th

os
e

st
ar

tin
g

po
si

tio
ns

un
til

22
Ja

nu
ar

y
20

05
at

24
U

T.
A

so
la

r
w

in
d

pr
es

su
re

of
50

nP
a

an
d

an
IM

F
B

z
of

0
nT

w
er

e
us

ed
to

co
m

pu
te

th
e

G
SE

ab
er

ra
te

d
m

ag
ne

to
pa

us
e

m
od

el
fr

om
R

oe
lo

fa
nd

Si
be

ck
(1

99
3)

an
d

bo
w

sh
oc

k
m

od
el

fr
om

Fa
ir

fie
ld

(1
97

1)
.I

n
pa

ne
l(

a)
th

ey
ar

e
re

pr
es

en
te

d
by

pl
ai

n
co

nt
ou

rs
at

X
G

SE
=

0
R

E
an

d
da

sh
ed

co
nt

ou
rs

at
X

G
SE

=
−1

0
R

E
.T

he
le

ve
lX

G
SE

=
−1

0
R

E
is

al
so

in
di

ca
te

d
as

a
da

sh
ed

lin
e

in
pa

ne
l(

b)
.



144 C. Foullon et al.

Table 1 Instruments providing magnetic field and plasma in situ measurements near Earth.

Mission Magnetic field Plasma

Wind Magnetic Field Investigation (MFI) (Lep-
ping et al., 1995)

Not used

ACE Magnetic Fields Experiment (MAG) (Smith
et al., 1998)

Solar Wind Electron Proton Alpha Monitor
(SWEPAM) (McComas et al., 1998)

Cluster Flux Gate Magnetometer (FGM) (Balogh et
al., 2001) – used on C3

Cluster Ion Spectrometry (CIS) experiment
(Rème et al., 2001) – Hot Ion Analyser
(HIA) used on C3 and Composition and Dis-
tribution Function analyser (CODIF) used on
C4

Geotail Magnetic Field Investigation (MGF)
(Kokubun et al., 1994)

Solar Wind Analyser (SWA) from the com-
prehensive plasma instrument (CPI) (Frank
et al., 1994)

The upstream solar wind conditions are illustrated with the observations from Wind and
ACE (shown in black and red, respectively). Cluster (green) is also in the solar wind during
the whole time interval shown. Simultaneously with the extrapolated time for the passage of
the shock, SA, Geotail (blue) crosses the magnetopause, moving outbound from the mag-
netosphere into the magnetosheath (evidenced by the jump in density in Figure 2e). The
magnetosheath observations are, as expected, offset with respect to the values found in the
solar wind. They are characterised in Figure 2 by higher values in magnetic field B (= |B|),
density N and temperature T and lower values in bulk flow speed V (= |V|).

The arrival of the shock SA is followed by a secondary front or post-shock disconti-
nuity, SB (around 18:20 UT at ACE). The arrival of SB is well synchronised among the
four missions. The temperature and density plots of Figures 2d and 2e reveal two distinct
thermal structures of the ICME: first, from SA, a hot pileup consistent with a sheath, fol-
lowed, from SB, by a colder, denser pileup, consistent with a non-compressive density
enhancement (NCDE) (Gosling et al., 1977). The NCDE characteristics are its large pro-
ton densities (peaking above 15 cm−3 and measured when the bulk flow speed is nearly
constant) and the property of the temperature to vary inversely as the density during the
NCDE.

The sheath is also characterised by magnetic fluctuations, an increase in magnetic field
strength and a jump in wind velocity from 560 to 900 km s−1 after the ICME shock arrival
(see Figures 2a – c). The magnetic field turns strongly southward, with a north – south com-
ponent reaching about −30 nT in the back edge of the sheath (Figure 2b). Once these condi-
tions reach Earth, they trigger a Sudden Storm Commencement (SSC) observed at 17:11 UT
on 21 January (original time), followed by a geomagnetic storm with a disturbance storm-
time (Dst) perturbation of about −100 nT (according to the National Geophysical Data Cen-
ter (NGDC)). An analysis of the magnetospheric and magnetosheath modifications induced
by this event, in particular through the effects observed on the Double Star (TC1) satellite,
was presented by Vallat et al. (2005).

2.3. Identification of the Ejecta Boundaries

It is of interest to identify the boundaries of the ejecta and to examine whether it may be
classified as a MC. The identification of the MC boundaries cannot be determined for some
clouds, mainly because different proxies can provide different positions (Russell and Shinde,
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Figure 2 The leading edge of the ICME observed on 21 January 2005 by Wind (black), ACE (red), Cluster-3
(green) and Geotail (blue). The plot shows (a) the total and (b) the north – south component of the magnetic
field, (c) the plasma bulk flow speed, (d) temperature and (e) number density (ion or proton depending on the
mission). The time series are synchronised with the ICME shock arrival at ACE. Vertical lines indicate the
arrival of the shock, SA, and a secondary front, SB. SA corresponds also to the passage of Geotail from the
magnetosphere to the magnetosheath.

2005; Dasso et al., 2006). The boundaries of the observed fast ejecta that we propose, its
first encounter coinciding with SB followed by the boundaries, CA and CB, of a possible
MCL, are indicated in Figure 3 with vertical annotated lines. Several proxies indicate that
these observations are consistent with the observation of an ICME and, more specifically, a
MCL, i.e., showing the same features as a MC, except for the large coherent rotation of the
magnetic field (Figures 3b and 3c).

First, for the same bulk flow speed, the proton temperature Tp in ejecta is considerably
lower than in the solar wind (see, e.g., Gosling, 1990; Richardson and Cane, 1995 and ref-
erences therein). Systematic identifications of ejecta have been done (see, e.g., Cane and
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Figure 3 The ICME observed on 21 – 22 January 2005 by ACE, supplemented by data from Cluster-4. The
plot shows (a) the total, (b) the elevation and (c) azimuthal (mod π ) components of the magnetic field, (d)
the plasma (proton) bulk flow speed, (e) the proton temperature (black), the expected temperature Tex (plain
red line) computed from the observed solar wind speed and Tex/2 (dashed red line), (f) the alpha to proton
density ratio from ACE (black) and Cluster-4 (green, time shifted), the typical 4% ratio observed in the solar
wind (red) and (g) the proton plasma beta (black) and a threshold of 0.2 (red). Vertical lines indicate the
arrival of the shock, SA, the ejecta front, SB, and the boundaries, CA and CB, of a possible MCL.

Richardson, 2003) from point by point comparison of the observed proton temperature Tp

with the expected temperature Tex appropriate for normally expanding solar wind. The tem-
perature Tex is essentially typical of that found in the ambient solar wind, with observed
speed Vsw, and is inferred by using an empirical correlation between the proton temperature
and the solar wind speed. Based on three years of measurements from ACE/SWEPAM, this
relation takes the form (Neugebauer et al., 2003)

Tex =
{−0.1337V 2

sw + 487.8Vsw − 110788.3, Vsw < 450 km s−1,

−0.4295V 2
sw + 1002.5Vsw − 272732.3, Vsw ≥ 450 km s−1,

where Vsw is in km s−1and Tex in K.
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Figure 3e shows the observed (radial) proton temperature Tp from ACE (black line), the
expected temperature Tex (plain red line) computed from the observed solar wind speed
(shown in Figure 3d) and Tex/2 (dashed red line). Richardson and Cane (1995) found that
Tp < Tex/2 can be considered as one of the criteria to identify ICMEs in the interplanetary
medium. A large part of the interval proposed for the ejecta, in particular the last two thirds
of the interval, corresponds to a region where Tp < Tex/2, consistent with the passage of an
ICME.

Second, the α-particle to proton density ratio is highly variable inside a given ejecta and
may differ markedly from the typical 4% ratio observed in the solar wind, reaching lower
values and also values as high as ∼20% (Borrini et al., 1982; Galvin et al., 1987). Figure 3f
shows that the ratio obtained with ACE (black line) reaches a minimum of ∼1% and a
maximum of ∼8% in the interval proposed for the ejecta. However, the leading edge of the
ICME and the proposed ejecta front boundary are within a data gap in this ratio from ACE.
This gap is supplemented by the corresponding ratio obtained with Cluster-4/CIS/CODIF
(green line in Figure 3f; the Cluster time series are shifted by −1567 s, so that the shock
passage at Cluster aligns with the shock passage at ACE). This ratio is given until Cluster
moves into the magnetosphere. The alpha-particle measurements by CODIF are limited by
proton pollution and detector saturation in the solar wind. Therefore, the ratio shown has
been scaled down by a factor of 5 to agree, within the same order of magnitude, with the
ACE ratio. In this instance, the diagnostic supplemented by Cluster is helpful to identify the
ejecta front boundary, which coincides with the start of the NCDE (front SB). The analysis of
the composition in protons and alpha particles provided by CODIF shows that the NCDE is
caused essentially by an enrichment in helium. The possibility that this helium enhancement
lies outside the ICME boundaries (Neugebauer and Goldstein, 1997) seems unlikely owing
to the simultaneous drop in temperature. The coincident onset of the helium enhancement
and the leading edge of a temperature depression has been previously observed (Bame et
al., 1979). The second enhancement near 18 UT on 22 January, towards the trailing part of
the ejecta, is consistent with statistical studies by Richardson and Cane (2004a), who found
that the occurrence rate of helium enhancements (above the 6% ratio) increases towards the
trailing part of ICMEs or MCs. Their study also reveals that, statistically, MCs are more
likely to show the helium enhancements than non-cloud ICMEs.

Finally, MCs are identified by their low values in plasma β . Inside the proposed time
range, the proton plasma beta βp is mostly below 0.5 (Figure 3g). Correspondingly, low lev-
els of magnetic fluctuations are observed, for instance in the magnetic field elevation angle
(Figure 3b). Such low plasma β signatures are found elsewhere in parcels of interplanetary
fluid (Mullan et al., 2003; Mullan and Smith, 2006). From a statistical study of 19 magnetic
clouds at 1 AU, Lepping et al. (2003) found that inside the average cloud βp = 0.12 ± 0.06.
Hence MCs may be identified as regions with values of βp below an acceptable threshold
of 0.2. The drops in field-magnitude fluctuations and βp, around 00:40 UT on 22 January,
strongly suggest that the spacecraft entered a MCL at this time (CA). We consider the sharp
increase in plasma βp around 21:20 UT on 22 January (coincident with Tp ∼ Tex in Fig-
ure 3e) to mark the ejecta trailing boundary (CB). Therefore the embedded MCL, between
CA and CB, is about 75% the size of the ICME. In Section 4, we will examine the geometry
of the ejecta in more detail.

In the following section, we first discuss the driven shock and magnetic discontinuities
found in the leading edge of the ICME, namely the sheath, and then the leading edge of the
ejecta.
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3. The Leading Magnetic Discontinuities: Global Geometry and Substructure

3.1. Observations

Figure 4 gives a closer look at the leading edge of the ICME, with a different view on aspects
of plasma and magnetic observations than in Figure 2. Across the shock SA, the solar wind
dynamic pressure increases from 5 to 20 nPa (Figure 4a). The secondary front SB, which
we identified as the leading boundary of the ejecta, forms behind a magnetic discontinuity.
As shown in Figures 4b – d, the IMF points mainly inward (i.e., towards the Sun, Bx > 0)
and southward (Bz < 0), before and after the passage of the ejecta front layer. In the front
layer itself, between SB1 and SB2, the magnetic field points almost in the opposite direction
(Bx < 0 and Bz > 0), whereas the dusk – dawn component (By ) turns smoothly from west
to east (i.e., By from negative to positive). Across SB2, the solar wind dynamic pressure
increases from 20 to more than 60 nPa (Figure 4a).

In the leading edge of the ejecta, following the front SB, variations in density lead ini-
tially to the further increase of the solar wind dynamic pressure. It is worth noting that,
in the period rich in helium, between SB and CA, alpha particles are taken for protons by
CIS/HIA and probably by ACE/SWEPAM, so that the solar wind dynamic pressure from
Cluster ion and ACE proton measurements might be slightly overestimated. For a plasma
containing ∼8% alpha particles, the partial pressure is overestimated by

√
2. Hence the peak

in dynamic pressure at 90 nPa is more likely to represent a real value of 63 nPa, closer to
the plasma pressure measurement from Geotail. Over the remainder of the interval shown,
this decreases back to 30 nPa (Figure 4a). The IMF, which is initially pointing southward
(Bz < 0), progressively turns into the ecliptic plane and further slightly northward (Bz > 0)
(Figure 4d). Its direction with respect to the Sun is still mainly inward (Bx > 0) (Figure 4b).
Departures from these initial synchronised conditions then occur, which differ in space be-
tween the four missions, located upstream and around the Earth.

In the dawn sector, ACE, Wind and Geotail observe a magnetic layer discontinuity, across
which the IMF component along the Sun – Earth line reverses its sign. This discontinuity is
not observed by Cluster in the dusk sector (Figure 4b). ACE is first to cross the discontinuity
(marked by a vertical line denoted SC1), moving into a region of outward IMF (Bx < 0),
and is last to cross it back (at SC2). Wind samples the region for a shorter time: the in-and-
out discontinuity crossings at Wind are nested between the corresponding crossings at ACE.
Geotail passes three times through the region of outward IMF (in the magnetosheath): this
happens, during the first two passages, when Wind and ACE are also on that side of the
discontinuity; the last and third passage occurs when Wind is back in the inward IMF region
and ACE is still in the outward IMF region. Those passages of Geotail through the region
of outward IMF are associated with variations in plasma pressure in the magnetosheath.
Variations of similar amplitudes in solar wind dynamic pressure are not observed near L1 at
ACE in the corresponding region (Figure 4a).

Although the ICME is a large-scale phenomenon observed by all spacecraft, the differ-
ences among the spacecraft indicate the presence of a substructure. We next examine the
exact geometries and timings of the events observed to determine the global geometry and
substructure of the ICME leading edge.

3.2. Multi-Spacecraft Analysis

We determine the characteristics of the driven shock and magnetic discontinuities identi-
fied in the ICME leading edge, using the magnetic field and plasma measurements. For each
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Figure 4 ICME leading edge observed on 21 January 2005 by Wind (black), ACE (red), Cluster-3 (green)
and Geotail (blue). The plot shows (a) the solar wind dynamic pressure observed at ACE and Cluster-3, and
the plasma pressure from the CPI/HPA (0.05 – 50 keV) instrument on Geotail and (b – d) the magnetic field
components (in GSE Cartesian coordinates). As in Figure 2, the time series are synchronised with the ICME
shock arrival at ACE. Vertical lines indicate the arrival of the shock SA, front discontinuities SB1 and SB2,
pair SC1 and SC2 of in-and-out magnetic discontinuity crossings at ACE and, shown as a dashed line, a
reference time within the region of outward IMF, SC.

discontinuity observed by Cluster, we perform a four-spacecraft timing analysis on the mag-
netic field data, which provides estimates of the surface normal vector N and velocity VN

(Schwartz, 1998). This method assumes a locally planar front passing over the four Clus-
ter spacecraft, which are arranged at this time in a near tetrahedral configuration, roughly
600 km apart. Minimum Variance Analysis (MVA) is also used on single-spacecraft mag-
netic field data to infer normal vectors (when a well-defined set of eigenvectors is returned;
see, e.g., Sonnerup and Scheible, 1998). The cross-product of the magnetic field vectors
across the discontinuities SC1 and SC2 (not observed by Cluster) is used to infer magnetic
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Table 2 Results of four-spacecraft timing analysis, single-spacecraft MVA and cross-product analysis for
the driven shock and magnetic discontinuities in the leading edge of the ICME of 21 January 2005. The table
lists, from left to right, the crossing time (time shifted to the ACE time frame), the discontinuity name, the
analysis technique and the spacecraft concerned, the obtained normal vector N in GSE Cartesian coordinates,
the net velocity VN (km s−1) along it, the angle θBN (°) between the upstream magnetic field and N.

Time Name Analysis/Spacecraft N (GSE) VN θBN

16:47:19 SA 4-sc Cluster (−0.974,−0.092,0.207) 930 100.7

18:15:23 SB1 4-sc Cluster (−0.810,0.080,−0.581) 798 88.5

MVA C3 (−0.868,0.083,−0.489)

MVA ACE (−0.866,−0.194,−0.460) 83.3

MVA Wind (−0.838,0.062,−0.542)

18:20:23 SB2 4-sc Cluster (−0.851,−0.011,−0.525) 837 78.3

MVA C3 (−0.872,0.289,−0.395)

MVA ACE (−0.838,0.062,−0.542) 87.6

MVA Wind (−0.750,−0.315,−0.582)

19:18:53 SC1 MVA ACE (0.146,−0.046,0.988) 86.2

Crossed-B ACE (0.161,−0.345,0.925)

19:35:37 SC1 MVA Wind (0.014,−0.395,0.918) 85.5

Crossed-B Wind (0.161,−0.189,0.967)

19:58:37 SC2 MVA Wind (−0.189,−0.380,0.905) 77.4

Crossed-B Wind (−0.444,−0.101,0.890)

20:34:23 SC2 MVA ACE (−0.167,−0.325,0.931) 95.1

Crossed-B ACE (−0.106,−0.420,0.901)

coplanarity normals (Schwartz, 1998). In addition, we determine the angle θBN between the
upstream magnetic field and N. The results are shown in Table 2. There is generally a good
agreement between discontinuity orientations derived from the MVA technique on single
spacecraft and those obtained from multi-spacecraft timing. The orientations derived from
the cross-product analysis also confirm the MVA results in the case of the discontinuities
SC1 and SC2.

The magnetic fields upstream of the shock and discontinuities are all almost perpendicu-
lar with respect to the normals. The normal direction at SA, in this case a quasi-perpendicular
shock, points slightly westwards and northwards. The shock speed, along the normal and
relative to the upstream solar wind, is 374 km s−1. The upstream Alfvén Mach number
MA = 5.9 and plasma β = 1.7. These parameters are derived from the magnetic field, pro-
ton bulk flow velocity, temperature and number density measured immediately upstream
of the shocks or discontinuities, by assuming an electron – proton plasma. We also found
that the post-shock discontinuities in the sheath have normals parallel to the normal of the
shock SA. This is consistent with the draping of heliospheric magnetic fields about fast
ICMEs and the formation of planar magnetic structures consisting of ordered sheets of mag-
netic fields (Gosling and McComas, 1987; McComas et al., 1988; Farrugia et al., 1990;
Neugebauer, Clay, and Gosling, 1993). Likewise, the normal directions at SB1 and SB2 are
aligned with each other. In contrast to the normal direction at SA, they point along the Sun –
Earth line and slightly southwards. The size of the ejecta front layer SB1 – SB2 is 38.4 RE

based on the average speed along the average front normal (obtained from four-spacecraft
timing analysis at SB1 and SB2).
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The speeds of the ejecta front (SB1 – SB2), determined by four-spacecraft timing at Clus-
ter, are about 100 km s−1lower than the net shock velocity of 930 km s−1 (905 km s−1 along
the Sun – Earth line). Between the Sun and L1, the average “transit” speed of the ICME re-
gion is ∼1 200 km s−1, if one assumes that the SA shock corresponds to the arrival at 1 AU,
after 34 hours, of the shock driven by the halo CME of 20 January (departing around 6 UT
from the Sun). As expected for a shock and for a fast ejecta front, which slow down as they
travel through interplanetary space (see, e.g., Forbes et al., 2006; Forsyth et al., 2006, for
recent reviews), this average value is found to be intermediate between the speed estimates
in the corona, which range from 2 500 to 3 700 km s−1 (Gopalswamy et al., 2005; Tylka,
2006), and the net shock and ejecta front velocities. Connections to the Sun are further dis-
cussed in Section 6.

The normals of discontinuities SC1 and SC2, determined at ACE and at Wind, are prin-
cipally orientated in the north – south direction. Figure 5 represents those normals projected
in the noon – midnight meridional and ecliptic planes. The normals are positioned at a fixed
common time SC (indicated in Figure 4). For instance, discontinuity crossings SC1 and
SC2, occurring, respectively, before and after the time SC, are shown at extrapolated po-
sitions, respectively, after and before transport in the solar wind. The solar wind speed is
taken to be the average of bulk flow speeds at ACE measured at crossings SC1 and SC2,
namely Vsw = [−923.7,35.8,35.1] km s−1 in GSE Cartesian coordinates. We find that the
size of the outward IMF region, between SC1 and SC2, along the Sun – Earth line is 196
RE for Wind (at YGSE = −13 RE and ZGSE = 18 RE) and 657 RE for ACE (at YGSE = −35
RE and ZGSE = 22 RE). The size of the region measured at ACE is much larger than the
distances separating the four missions. Therefore, to have a representation of the discon-
tinuities in the context of their interaction with the magnetosphere, their relative positions
along the Sun – Earth line in Figure 5 are scaled down by 5, with respect to the distance to
the discontinuity SC1 observed at Wind (which is the closest to the subsolar bow shock at
time SC).

We propose that the discontinuities SC1 and SC2 form a tilted, curved current sheet
whose centre of curvature is in the northwest sector. This configuration can account for the
respective normal directions at ACE and Wind, the nested time intervals from ACE and Wind
on the dawn side and the absence of an observation of this discontinuity on the dusk side by
Cluster. Since Geotail is further dawnward than Wind by the time the current sheet passes
the spacecraft (Figure 5b), the tilted configuration in the ecliptic plane could also explain
why the (extrapolated) passages of Geotail through the region of outward IMF still occur
after Wind is back in the inward IMF region. However, the first (extrapolated) traversal of
the discontinuity by Geotail occurs later than the first traversal by Wind, and Geotail is
much further south than the expected passage of the current sheet (Figure 5a). Although the
Geotail traversals of the current sheet in the magnetosheath are not fully consistent with
the topology of the current sheet in the solar wind, they may be attributed to effects of the
interaction of the tilted current sheet with the magnetosphere.

4. Geometry of the Ejecta: The Flux Rope Hypothesis

To analyse further the ejecta and the MCL identified in Section 2.3, we consider the hypoth-
esis that the MCL may be interpreted as a flux rope with the spacecraft passing through its
outskirts (i.e., its outer shells, as opposed to its centre).

For a flux rope passing a spacecraft, in such a way that the minimum distance (the impact
parameter p) between the (rectilinear) trajectory of the spacecraft and the flux rope axis is
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Figure 5 Geometries of a tilted current sheet on the dawn side and the foreshock region on the dusk side.
Geotail and Cluster-3 positions are projected onto (a) the noon – midnight meridional plane and (b) the eclip-
tic plane (in the GSE Cartesian coordinate system). A solar wind pressure of 50 nPa and an IMF Bz of 0 nT
were used to compute the GSE aberrated magnetopause model from Roelof and Sibeck (1993) and bow shock
model from Fairfield (1971). Pairs of in-and-out discontinuity normals, SC1/SC2, observed at ACE and Wind
are shown (with arbitrary units) at time SC, after/before transport in the solar wind. For clarity, the relative
positions along the Sun – Earth line are scaled down by 5, with respect to the distance to the discontinuity
SC1 observed at Wind. The transitions between inward and outward IMF regions across the tilted current
sheet are illustrated with dotted field lines for the crossings SC1 at ACE in panel (a) and SC2 at Wind in panel
(b). The Earth’s foreshock region on the dusk side is downstream of the tangent IMF line (shown as a plain
line, pointing inward) that first touches the Earth’s bow shock. A possible ion foreshock boundary (shown
as a dashed line) forms where the guiding center motion of backstreaming ions consists of the parallel mo-
tion along the IMF and the cross-field drift motion (shown with filled arrows). A possible ULF foreshock
boundary is shown as a dot-dashed line.

much lower than the flux rope typical size (e.g., its radius R), then a large and coherent
rotation of the magnetic field vector is expected during the time of the interplanetary flux
rope observation. For observations of a MC modelled as a flux rope with small values of
p/R, it is possible to get estimates of the main axis orientation of the flux rope from the
observed magnetic field time series by using different techniques (e.g., Lepping, Burlaga,
and Jones, 1990; Bothmer and Schwenn, 1998; Hu, 2001; Dasso et al., 2005).

However, for values of p/R larger than ∼0.7 (i.e., when the spacecraft path is near the
flux rope periphery), the uncertainties associated with the orientation angles turn out to be
very large (Gulisano et al., 2005), and accordingly the large and coherent rotation cannot
be easily distinguished. Several observed features indicate that this latter situation is the
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Figure 6 The ICME observed on 21 – 22 January 2005 by ACE (black). The first six panels show the nor-
malised components of the magnetic field and the components of the flow vector in the GSE coordinate
system. Note that Vx is shown on a different scale than Vy and Vz . Red horizontal lines indicate an average
flow speed in the leading edge of the ejecta. The last panel shows the colour-coded pitch-angle velocity distri-
butions f (v) of 272-eV electrons, in units of s3 cm−6 (from ACE/SWEPAM/STEA). Vertical lines indicate
the arrival of the shock, SA, the ejecta encounter, SB, and the boundaries, CA and CB, of the MCL, as in
Figure 3.

case here and, in particular, are consistent with the observation of the outskirts of a strongly
expanding flux rope (i.e., 0.7 < p/R < 1).

First, the observations of plasma velocity and magnetic field intensity are consistent with
the ejecta being in strong expansion. Velocities starting at ∼1 000 km s−1 decrease contin-
uously to reach values of ∼700 km s−1 towards the ejecta trailing boundary (Figure 3d).
Because of magnetic flux conservation, it is expected that strongly expanding parcels of
magnetised fluid show at the same time a strong decrease in B . Figure 3a shows a strong
decrease in B , between CA and CB, that is consistent with an expansion.

In the hypothesis of a strongly expanding flux rope (i.e., strong decrease of B), we per-
form an analysis of the direction of the magnetic field vector using the normalised Cartesian
GSE components (using ACE data; see Figures 6a – c). As noted previously, the level of
fluctuations in the components of the magnetic field are significantly lower inside the MCL.
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Bz is much lower than B most of the time and tends to be positive; Bx remains near B ,
whereas By goes from positive to negative (between SB and CB). In general, the magnetic
field vector near the periphery of a flux rope has almost no axial field component and is
mainly azimuthal, with the field lines rounding its axis (see, e.g., Burlaga et al., 1981). For
a rope axis nearly parallel to ̂ZGSE, the azimuthal components would be associated with Bx

and By . We note that the change of sign in By is observed to occur before the middle of the
ejecta passage time, as expected for a flux rope in radial expansion along ̂XGSE, with its axis
perpendicular to the ecliptic plane. Thus, for these observations of a MCL modelled as a
flux rope, we propose that ACE passes through the outskirts of an expanding flux rope (p/R

lower but of the order of one, i.e., a large impact parameter), with the bulk of the structure
dawnward from the ACE position (and thus dawnward from the Sun – Earth line) and with
a flux rope axis perpendicular to the ecliptic plane (i.e., axis nearly parallel to ̂ZGSE).

Furthermore, the direction of expansion may be deduced from the components of the
flow vector. Figures 6e and 6f show those components in the GSE system (from ACE). Red
horizontal lines indicate, for reference, an average flow speed in the leading edge of the
ejecta (measured at crossings by ACE of the current sheet substructure), which represents
the ramming speed. In this frame of reference, deviations in the components, Vy and Vz,
of the flow perpendicular to the Sun – Earth line, are observed between roughly 21 UT on
21 January and 9 UT on 22 January. As it travels from the Sun, the plasma of the ejecta
is pushed towards the East and South, with relative speeds reaching about 100 km s−1 in
both perpendicular directions. These deviations may indicate the directions of the ejecta
expansion away from the Sun – Earth line. The eastward expansion in the ejecta is in the
opposite direction to the flow deflection in the sheath (reaching 100 km s−1 westward). Such
opposite flows are considered to be the consequence of magnetic pressure buildup ahead of
the ICME on its western flank as the Parker-spiral IMF is draped around it (Gosling et al.,
1987b). In the sheath, increasing (non-radial) flow velocities are expected to be directed
perpendicular to the flux rope axis for observations on the flank of the rope (Owens and
Cargill, 2004). Accordingly, the present observations, showing a relatively weak component
Vz in the sheath, are consistent with the proposed orientation of the flux rope perpendicular
to the ecliptic plane.

The length scale of the ejecta, detected for about a day near L1, is estimated to be of
the order of 11 860 RE (0.5 AU). In this calculation, the passage time of the ejecta is 26.6
hours, and the mean speed along the Sun – Earth line direction is 790 km s−1. Similarly, the
length scale of the MCL, between boundaries CA and CB, is found to be 0.39 AU. These
respective length scales are of similar order as the length scales estimated for fast MCs (with
a maximum speed greater than 600 km s−1) by Burlaga et al. (2001), who give an average
of 0.5 ± 0.12 AU derived from counter-streaming electrons and an average of 0.39 ± 0.08
AU derived from magnetic field signatures. Such length scales are naturally larger than the
typical radial cross sections of 0.28±0.095 AU (Lepping, Burlaga, and Jones, 1990), which
are obtained for MCs with lower average speeds (450 km s−1). They are also a third the size
of those of fast complex ejecta (Burlaga et al., 2001).

Finally, counter-streaming suprathermal electrons are observed within the ejecta by
ACE/SWEPAM/STEA (with pitch-angle distributions typically at energies of 272 eV), as
indicated in Figure 6g. The counter-streaming suprathermal electrons, observed in the first
half of the ejecta passage time, may be interpreted as signatures of nested magnetic loops
overlying the flux rope and still connected to the Sun (Gosling et al., 1987a). Throughout the
remainder of the ejecta, electrons stream unidirectionally along field lines, predominantly in
the direction opposite to the magnetic field orientation (therefore away from the Sun, from
10 UT on 22 January). This beam is nearly always stronger than the other, except between
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approximately 5 and 10 UT on 22 January, where it is temporarily no longer intercepted by
ACE. This is difficult to interpret as many different factors may account for the asymmetry
in intensity between the beams (see the review by Wimmer-Schweingruber et al., 2006).
One of those factors is the skewing of closed loops along the Parker spiral, thus biasing
the spacecraft interception toward the nearest leg of the loops (Pilipp et al., 1987). These
observations suggest that the overlying loops, forming a canopy connected at both ends to
the Sun, are followed by the outskirts of a flux rope (according to the interpretation of the
MCL) connected initially at both ends and then only at one end to the Sun. The region partly
disconnected in the middle of the ejecta may correspond to inner layers of the flux rope.
Given the estimated length scale of the ejecta, the overlying loop connected at both ends to
the Sun may reach heliospheric distances of the order of 1.25 AU.

5. The ICME in the Heliosphere: The MCL – MC Connection

To support the interpretation of the MCL in terms of a flux rope, we present briefly in Fig-
ure 7 the related plasma and magnetic field in situ measurements of the ICME, observed at
the Ulysses spacecraft situated 5.3 AU from the Sun, 17 degrees south of the ecliptic and
27 degrees from the Sun – Earth line to the west. The magnetic field data are provided by
the Vector Helium Magnetometer (VHM) (Balogh et al., 1992). Plasma measurements are
provided by the Solar Wind Observations Over the Poles of the Sun (SWOOPS) instrument
(Bame et al., 1992). The data series presented are chosen to identify boundaries as in Sec-
tion 2. In particular, the proton temperature is the lower estimate, “T-small,” calculated to
avoid contamination from alpha particles. The expected temperature Tex in Figure 7f is ob-
tained using the well-established correlation (not specific to the ACE/SWEPAM instrument)
between the proton temperature and the solar wind speed (e.g., Lopez, 1987; Richardson and
Cane, 1995), namely

Tex[K] =
{(

0.031Vsw [km s−1] − 5.1
)2 × 103, Vsw < 500 km s−1,

(

0.51Vsw [km s−1] − 142
) × 103, Vsw ≥ 500 km s−1.

The helium enhancements, as shown in Figure 7h, are considered to be the best-preserved
ICME signatures, when present, for tracking ICMEs throughout the heliosphere (see von
Steiger and Richardson, 2006, for a recent review on ICMEs in the outer heliosphere). The
large differences with the helium enhancements near L1 (Figure 3f) may represent spatial
variations within the same ICME, consistent with the non-homogeneous, “raisin-pudding”
or lumpy, distribution of helium-rich plasma found in ICMEs (Bame et al., 1979).

Given its strong expansion, we expect to observe a large portion of the ICME near
5.3 AU. With analogy to the ICME observed near L1, boundaries are indicated in Figure
7: the shock SA (19 UT on 26 January), the ejecta front boundaries, SB (15:40 UT on 27
January), the boundaries, CA and CB, of a possible MC (10 UT on 31 January – 4 UT on
4 February) and, in addition, the trailing boundary of a complex ejecta appended to the
cloud, CC (10 UT on 9 February). As expected, the ICME and its substructures observed
by Ulysses are much more expanded in time than those near the Earth at 1 AU. The full
ICME complex takes 14.6 days to pass the spacecraft. The shock and ejecta speeds near the
primary direction of travel of the ICME are expected to be higher than on the flanks. We
note that, accordingly, the transit speed of the ICME region between the Sun and Ulysses is
∼1 400 km s−1, that is, 200 km s−1faster than the transit speed at L1.

Moreover, in a projection onto the ecliptic plane, we expect to be closer to the pri-
mary direction of travel of the ICME. In Figures 7b–d, the magnetic field components
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Figure 7 The ICME observed on 26 January – 9 February 2005 by Ulysses. The plot shows (a) the magnitude
and (b – d) the normalised components of the magnetic field, (e) the plasma (proton) bulk flow speed, (f) the
proton temperature (black), the expected temperature Tex (red) computed from the observed solar wind speed
and Tex/2 (orange), (g) the proton number density, (h) the alpha to proton density ratio, the typical 4% ratio
observed in the solar wind (red) and (i) the proton plasma beta (black) and a threshold of 1 (red). With analogy
to the ICME observed near Earth, vertical lines indicate the arrival of the shock, SA, the ejecta front, SB, the
boundaries, CA and CB, of a possible MC and the trailing boundary of the ejecta, CC.

are represented in the heliographic Radial Tangential Normal (RTN) system of reference
(̂R, ̂T, ̂N) and normalised. In this coordinate system, ̂R points from the Sun to the space-
craft, ̂T is the Sun’s rotation vector crossed into ̂R (thus towards west for a spacecraft near
the ecliptic) and ̂N completes the right-handed system (thus towards north for a spacecraft
near the ecliptic). At L1, the correspondence between GSE and RTN is thus Bx ≡ −Br ,
By ≡ −Bt , Bz ≡ Bn for the magnetic field components. In Figures 7b–d, between CA and
CB, we distinguish a clear coherent rotation of the magnetic field vector, coincident with
relatively low levels of field-magnitude fluctuations, low proton temperatures (Figure 7f)
and low values of proton plasma β (Figure 7i). These are therefore the signatures of a mag-
netic cloud. In the first half of the cloud, we note an abrupt change in the magnetic field time
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Figure 8 The flux rope of type
ENW, when viewed by an
observer looking towards the
Sun. The magnetic field vector
rotates from the east to the north
at the flux rope axis and finally to
the west at the trailing edge. The
rotation is left handed and the
axis is perpendicular to the
ecliptic plane and orientated
towards the north (θC ∼ 90°).

series, coinciding with a jump in bulk flow speed and reminiscent of a change in magnetic
field intensity found near L1 (see Figure 3, in the first half of the MCL).

Between CA and CB, the magnetic field vector turns from east (Bt < 0) to north on the
cloud’s axis (Bn > 0) and finally to the west (Bt > 0). Therefore this MC can be classified as
an ENW cloud, following the concept proposed by Bothmer and Schwenn (1998). Qualita-
tively, ENW means a flux rope with the axis orientated towards the north (elevation angle θC

perpendicular to the ecliptic plane) and with left-handed chirality (see Figure 8). The flux
rope properties inferred from the observations by Ulysses are consistent with the derived
axis orientation and the slight signature of axial twisted field (Bz > 0; see Figure 6c) near
the eastern flank of the cloud at L1.

The clear correspondence between the structures of the ICMEs at L1 and at Ulysses
demonstrates the connection between MCL and MC and is, a posteriori, evidence that the
MCL may be interpreted as the outskirts of a MC. Further comparisons between the obser-
vations at ACE and Ulysses for this event are presented by Rodriguez et al. (2007).

6. Discussion

Figure 9 summarises the observations and is helpful to interpret the global geometry of the
ICME observed near Earth. Corresponding solar observations, on 20 January 2005 around 6
UT, are given in Figure 10. They are helpful to confirm the ICME geometry derived from the
observations near L1 and at Ulysses and serve to understand further its likely formation and
evolution in the corona and heliosphere. This includes a magnetogram from the Michelson
Doppler Imager (MDI) (Scherrer et al., 1995) onboard the Solar and Heliospheric Observa-
tory (SOHO), EUV images from the Transition Region and Coronal Explorer (TRACE)
(Handy et al., 1999) and the Extreme-Ultraviolet Imaging Telescope (EIT/SOHO) (De-
laboudinière et al., 1995) and an image from the Large Angle Spectroscopic Coronagraph
(LASCO/SOHO) (Brueckner et al., 1995).

Traversals by well-separated near-Earth spacecraft provide a coherent picture of the
ICME under study, on the spatial scale of the Earth’s magnetospheric cross section. In this
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case, also, they reveal the presence of an unexpected current sheet substructure. In Section 3,
we established the presence, within the leading edge of the ejecta and in the dawn sector, of
a tilted current sheet, with normal principally orientated in the north – south direction and
across which the IMF component along the Sun – Earth line reverses its sign. In-and-out
crossings of the tilted discontinuity in the dawn sector, as observed by ACE and Wind in
the solar wind and later on by Geotail in the magnetosheath, define transitions into a region
of outward IMF (pink area in Figure 9). This region is not observed by Cluster in the dusk
sector, where the IMF points inward. In Section 4, we showed that, this substructure aside,
the plasma and magnetic observations of the ejecta are consistent with the outskirts of a
structure in strong expansion, with its bulk dawnward of ACE and Wind and its axis nearly
perpendicular to the ecliptic. In Figure 9, the main axis of the interplanetary flux rope is
represented as a curved dashed black arrow, with the stronger inner helicoidal fields indi-
cated in blue. These observations suggest that the tilted current sheet is draped within the
overlying cloud canopy, ahead of a MCL. The flux rope interpretation of this structure near
L1, confirmed by observations of the corresponding MC, provided by Ulysses at 5.3 AU and
away from the Sun – Earth line, indicate that the bulk of the cloud is in the northwest sector.
This is consistent with the primary direction of travel of the fast halo CME observed at the
Sun, as indicated in the LASCO image (Figure 10d), showing that the main bulk of the mass
ejection, in the plane of the sky and above the occulting disk in black, is in the northwest
sector (see also Gopalswamy et al., 2005; Simnett, 2006). This northwest direction is also
confirmed by observations from the Solar Mass Ejection Imager (SMEI) (Jackson, Hick,
and Buffington, 2006).

In addition to contributing to the near-Earth multi-spacecraft study of the ICME structure
and substructure, Cluster provides accurate normals and velocities of the driven shock and
ejecta fronts because of its four-spacecraft discontinuity analysis capability. The ejecta axis,
perpendicular to the shock and ejecta front normals, is consistent with the cloud driving the
shock. However, the normals of the driven shock SA and of the ejecta front SB have slightly
different directions away from the Sun – Earth line (Section 3). In Section 4, we showed that
the ejecta is in strong expansion, with the expansion direction towards the east and south.
This is consistent with the direction of the normals SB1 – SB2, pointing slightly towards the
south. Therefore the ejecta front, SB, behind the driven shock SA, may be attributed to the
expansion and evolution of the ejecta, towards the east and south, whereas the fast driven
shock SA maintains a northwest orientation, consistent with the primary direction of the
cloud (see the normals indicated by blue arrows in Figure 9). To our knowledge, this is the
first reported observation of a difference between the shock and the ejecta normals. Whereas
such a difference is not expected near the primary front edge of an ICME, it is reasonable
to find that shock and ejecta normals can differ at the flank of a cloud expanding sideways.
This observation also corroborates the differences in accelerations, observed by Rust et al.
(2005) in LASCO coronagraph images, between the faint features of CME leading edges,
imputed to overlying loops, and CME bright knots that presumably entrain flux ropes. Thus,
the ejecta front is considered to form an overlying canopy of field lines ahead of the flux
rope and may be attributed to fields and mass from the background corona swept up into
motion by the rising flux rope, as suggested by Illing and Hundhausen (1985). This would
explain why the propagation direction of the ejecta front on the flank is connected to the
flow deflections inside the leading ejecta and not to the primary direction of the cloud.

The presence of the NCDE and the helium enrichment at the leading edge of the ejecta
could help to identify the possible scenario for the formation or evolution of the CME. In
Section 2, we showed that the NCDE is caused essentially by an enrichment in helium.
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Figure 9 Possible interpretation of the global geometry of the ICME observed on 21 – 22 January 2005 near
L1. The ICME shock front, sheath and ejecta are projected on (a) the noon – midnight meridional plane and
(b) the ecliptic plane (in the GSE Cartesian coordinate system), with perspective rendered in dark grey. Scales
in the ̂XGSE direction are shrinking (with time). Wind, ACE, Cluster and Geotail are indicated by circles filled
in black, red, green and blue, respectively. The yellow and blue grey areas represent the sheath and the ejecta,
respectively. Discontinuity normals are indicated with blue arrows. IMF orientations observed or inferred at
different locations in the ejecta are indicated with plain black arrows. A curved dashed black arrow represents
the main axis of the interplanetary flux rope, with the stronger inner helicoidal fields indicated in blue. The
counterclockwise rotation of the corresponding coronal flux rope axis is indicated by a blue rounded arrow
in (b).

The helium enrichment may be attributed to the arrival of “flare driver gas” (e.g., Hirsh-
berg, Bame, and Robbins, 1972; Bame et al., 1979). This agrees with the position near the
streamer belt of the flaring active region NOAA 10720 (x-ray GOES level X7.1) associated
with the CME. Lower coronal observations of the event show that, prior to the eruption, the
filament associated with the CME (not shown) was aligned east – west along a magnetic neu-
tral line. Predominantly bipolar fields, seen in magnetograms (Figure 10a; see also Zhang,
2007), point inward and outward, respectively above and below this neutral line nearly par-
allel to the ecliptic plane, in accordance with the global heliospheric magnetic configuration.
Indeed, in this period of solar minimum (between solar cycle maxima in 2001 and 2012), the
inward IMF is connected to the northern solar magnetic hemisphere, and the outward IMF to
the southern hemisphere. The eruption of the filament is confirmed also by the observation
of the two-ribbon flare occurring either side of the neutral line; see Figure 10b.

Counter-streaming suprathermal electrons, observed in the first half of the ejecta pas-
sage, are interpreted as signatures of nested magnetic loops overlying the flux rope, which
are still connected to the Sun. However, the magnetic field direction of those loops, which
are thought to belong to the cloud southern flank, are of inward IMF type (Bx > 0) and are
therefore expected to be connected to the northern hemisphere in that period of the solar
cycle, as explained previously. Moreover, there is a large difference in orientation between
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the interplanetary flux rope axis and the axis of the coronal arcade and filament (along the
neutral line) on the solar surface. The curved axis of the neutral line is found to be orientated
within 10±15° with respect to the ecliptic. This estimate is based on observations taken, for
instance on 17 January, when the region is closer to the centre of the disk, prior to the erup-
tion. Such observations are devoid of projection effects, in contrast to the situation shown
in Figures 10a and 10b where the westernmost, inclined portion of the axis dominates. This
estimate takes also into account a correction angle owing to the inclination between equa-
torial and ecliptic planes (the effect being stronger towards the limbs). The inconsistencies
between the interplanetary and solar observations indicate that the overlying arcade of loops
connected to the Sun is highly rotated, by about 80 ± 15°.

Such differences in the orientation of the flux rope at the Sun and in interplanetary space
have been reported previously (Rust et al., 2005; Wang et al., 2006). Possibly related are
the differences between the central positions of the source regions and three-part structured
CMEs observed on the limb; these differences could be attributed, in the rising phase of
solar activity, to equatorward deflections of the CMEs by the fast solar wind emanating from
neighbouring coronal holes (Cremades and Bothmer, 2004). However, such deflections do
not necessarily imply a change in the inclination of the CME axis. In fact, in the rising phase
of the solar cycle, MCs are frequently observed with their axis highly inclined with respect
to the ecliptic (θC > 45°) (Huttunen et al., 2005). In the present case, it is not possible to
infer the axis orientation or direction of rotation, if any, from the available observations of
the (halo) CME. Nevertheless, there is more and more evidence that the axial rotation of
erupting filaments is happening in the solar corona (Rust, 2003; Rust and LaBonte, 2005;
Williams et al., 2005; Zhou et al., 2006).

One plausible explanation for this flux rope rotation is that the eruption at the Sun in-
volved the helical kink instability (Török, Kliem, and Titov, 2004). This MHD instability
occurs when the twist in a flux rope exceeds a critical value. In particular, simulations pre-
dict a rotation angle of the flux rope axis ranging between 100 and 140° (T. Török, private
communication; see also Fan and Gibson, 2003, 2004; Török and Kliem, 2003, 2005). The
direction of rotation (i.e., clockwise or counterclockwise) depends on the sign of magnetic
helicity in the region, which provides the sense of twist in the magnetic flux rope. Magnetic
helicity quantifies how the magnetic field is sheared and twisted compared to its lowest
energy state (potential field) (see Démoulin, 2007, for a recent review). The simulations in-
dicate that flux ropes with right- (left-) handed twist rotate clockwise (counterclockwise)
whilst undergoing the kink instability. Recent work by Green et al. (2007) shows that fila-
ments observed to rotate upon eruption follow this rule.

The active region associated with the CME contains negative magnetic helicity, as de-
rived from magnetograms by Zhang (2007). For the time period between 12 and 18 January,
Zhang (2007) derived an estimated magnetic helicity Hm ∼ −2×1043 Mx2, attributed to the
emergence of highly sheared magnetic flux near the neutral line. The reverse “S” shape of
the EUV ribbons seen in TRACE data after the flux rope eruption on 20 January (see Fig-
ure 10b) is also indicative of negative magnetic helicity. Titov and Démoulin (1999) showed
that, under a flux rope, separatrix surfaces form, which trace out a forward (reverse) “S”
shape at their chromospheric footprints for flux ropes with right-handed (left-handed) twist.
Upon eruption, energy release occurs in these regions and results in the flare ribbons. There-
fore we conclude that the flux rope had left-handed (or negative) twist, which implies that
the solar flux rope should rotate counterclockwise upon eruption.

The left-handed twist (negative helicity) of the coronal flux rope and the photospheric
magnetic configuration imply a flux rope axis directed towards the west. We showed in
Section 5 that the associated interplanetary flux rope is of the same chirality (left-handed),
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Figure 10 Northwest quadrants of the Sun on 20 January 2005 around 6 UT. (a) MDI magnetogram before
eruption. White and black intensity levels indicate positive (outward) and negative (inward) polarities, respec-
tively. (b) TRACE 1 600 Å image of the flare ribbons after eruption. (c) EIT 195 Å running difference image
at the time of the eruption, showing dimming regions that extend outside of the active region (d) LASCO C2
coronagraph, with the occulting disc in black, indicating the primary direction of travel of the fast halo CME
in the plane of the sky, i.e., towards the northwest. In panels (a), (b) and (c), the position of the solar limb is
indicated by a white arc.

consistent with helicity conservation in the ejected flux rope from the corona (Bothmer and
Rust, 1997). The interplanetary flux rope is orientated towards the north (in the positive
̂ZGSE direction). Thus, the analysis of solar and interplanetary observations yields a coun-
terclockwise rotation angle of 80° for the ejected flux rope, consistent with the theoretically
predicted angle in the case of helical kink instability. The counterclockwise rotation of the
flux rope axis is indicated near the Sun by twisted arcade footpoints in Figure 9a and a blue
rounded arrow in Figure 9b. It is thus possible to envisage that the erupting flux rope, subject
to a helical kink instability, drags the overlying arcade with a rotation, thereby changing the
topological magnetic configuration between the arcade and the streamer belt. This is consis-
tent with observations in the solar corona (Figure 10c) showing that the spatial scale of the
CME is much bigger than the flaring active region. This scenario would explain the rotation
of the flux rope axis and the cloud polarities opposite to the expected ambient IMF.
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One hypothesis for the formation of the current sheet substructure could involve the in-
teraction of the ICME with the trailing edge of a slower ICME (560 km s−1 before shock).
However, such interaction would result in the formation of a fast complex ejecta, with char-
acteristics that differ from those of MCs (Burlaga et al., 2001). The current sheet substruc-
ture may also correspond to a remnant current sheet formed in the complex active region
NOAA 10720 and dragged along between the flux rope and the overlying arcade. Such a
current sheet could probably form above the multi-polar magnetic region shown in Fig-
ure 10a. The formation of this current sheet may also be related to the eruption at the Sun.
However, without observations that fully trace the erupting structure, the formation of the
current sheet and its relation with the CME onset and evolution are difficult to determine.

The connection between MCs and MCLs, as demonstrated for the same event in Sec-
tions 4 and 5, is of importance to interpret solar cycle variations in the fraction of ICMEs
identified as MCs at 1 AU. The fraction varies from roughly 100% near times of solar
minimum to about 15% around solar maximum (Richardson and Cane, 2004b). However,
about half of ICMEs may represent MCLs (Cane and Richardson, 2003). Wu, Lepping, and
Gopalswamy (2006) suggest that the solar sources (e.g., associated prominence eruptions)
of MCLs are located at higher heliolatitudes for those events. In the present case, the solar
event location (N14W67 for NOAA 10720) supports this interpretation, but it also suggests
that the solar sources of MCLs might be found at distant heliolongitudes. The available in
situ observations in the heliosphere limit the longitudinal extent of the cloud to a minimum
of 27°. However, the longitude of the solar event location corresponds to a longitudinal half-
extent at 1 AU, i.e., 67°, that exceeds the upper limit of ∼50° reported so far (e.g., Borrini
et al., 1982; Cane and Richardson, 2003).

Although the magnetic cloud is not exactly Earth-directed, consequences for the Earth’s
magnetosphere are not avoided owing to the expansion of the ejecta towards Earth. The inter-
action of the ICME with the Earth’s magnetosphere operates essentially through the increase
in solar wind speed and the southward IMF conditions associated with the ICME shock and
sheath. Not discussed here are the individual effects of the current sheet substructure within
the cloud ejecta. Since its normal is principally orientated in the north – south direction, the
tilted current sheet on the dawn side may generate a hot flow anomaly (HFA) as it intersects
the bow shock (Schwartz et al., 2000; Eastwood et al., 2005). Such a HFA is expected to
lead to the outward expansion of the bow shock, owing to the formation of a bulge on its
surface, and could explain pressure variations (observed by Geotail; see Section 3.1) and a
foreshock sunward motion (resulting in the entry of Cluster into the foreshock ULF wave
field; see Figure 5). Further investigation on this aspect is beyond the scope of this paper
and will be published elsewhere.

To sum up briefly, the main features of this multi-spacecraft ICME study are as fol-
lows: (a) the rare identification of a magnetic cloud on its flank, with the largest longitudinal
half-extent observed so far (67°); (b) differences between the shock and ejecta normals, con-
sistent with the cloud expansion on its flank; (c) a NCDE caused by an enrichment in helium
at the ejecta front; (d) a large (∼80°) rotation of the flux rope and the overlying arcade (or
cloud canopy), consistent with the flux rope being subject to the helical kink instability at
the Sun and (e) an unexpected current sheet substructure dragged along between the flux
rope and the overlying cloud canopy.
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