
www.elsevier.com/locate/asr

Advances in Space Research 35 (2005) 711–724
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Abstract

Magnetic Clouds (MCs) are the interplanetary manifestation of Coronal Mass Ejections. These huge astrophysical objects travel

from the Sun toward the external heliosphere and can reach the Earth environment. Depending on their magnetic field orientation,

they can trigger intense geomagnetic storms. The details of the magnetic configuration of clouds and the typical values of their mag-

netohydrodynamic magnitudes are not yet well known. One of the most important magnetohydrodynamic quantities in MCs is the

magnetic helicity. The helicity quantifies several aspects of a given magnetic structure, such as the twist, kink, number of knots

between magnetic field lines, linking between magnetic flux tubes, etc. The helicity is approximately conserved in the solar atmo-

sphere and the heliosphere, and it is very useful to link solar phenomena with their interplanetary counterpart. Since a magnetic

cloud carries an important amount of helicity when it is ejected from the solar corona, estimations of the helicity content in clouds

can help us to understand its evolution and its coronal origin. In situ observations of magnetic clouds at one astronomical unit are in

agreement with a local helical magnetic structure. However, since spacecrafts only register data along a unique direction, several

aspects of the global configuration of clouds cannot be observed. In this paper, we review the general properties of magnetic clouds

and different models for their magnetic structure at one astronomical unit. We describe the corresponding techniques to analyze in

situ measurements. We also quantify their magnetic helicity and compare it with the release of helicity in their solar source for some

of the analyzed cases.

� 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. CMEs and ICMEs

Coronal Mass Ejections (CMEs) are massive expul-
sions of magnetized plasma from the solar atmosphere,

due to a destabilization of the coronal magnetic configu-

ration. As a consequence of this ejection, CMEs can
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form confined magnetic structures with both extremes

of the magnetic field lines connected to the solar surface,

extending far away from the Sun into the solar wind,

while the coronal magnetic field is restructured in the

low-corona. Depending on the solar cycle phase, about
3.5 (0.2) CMEs are ejected per day during a solar maxi-

mum (minimum), and the ejected mass can reach values

as high as �1015–1016 g (e.g., Gosling, 1990, 1997).

Solar Ejecta (also known as Interplanetary Coronal

Mass Ejections, ICMEs) are the interplanetary manifes-

tation of CME events. They are transient structures that

perturb the solar wind, as they move away from the Sun.

When ejected in the Earth direction, depending on their
orientation, ICMEs can initiate intense geomagnetic
ved.
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Fig. 1. Schematic global view of a magnetic cloud. The dashed lines

indicate that the field lines can be attached or detached from its solar

source when the cloud is observed in situ at 1 AU.
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perturbations as a consequence of reconnection pro-

cesses in the terrestrial magnetopause (see e.g., Farrugia

et al., 1997; Gonzalez et al., 1999 and references therein).

After several decades of in situ measurements, mag-

netic field and plasma properties, which are significantly

different from that of the typical solar wind, have been
determined for ICMEs.

The proton temperature (Tp) in ICMEs is abnormally

lower than in the solar wind (see, e.g., Gosling, 1990;

Richardson and Cane, 1995 and references therein).

The presence of parallel and/or antiparallel (to the

magnetic field lines) flows of suprathermal protons with

energies from a few keVs to �1 MeV (Gosling et al.,

1981; Marsden et al., 1987; Galvin et al., 1987) and
parallel and/or antiparallel flows of suprathermal

(energy E � 80–1000 eV) electrons (Montgomery et al.,

1974; Bame et al., 1981; Gosling et al., 1987) can be

observed when a spacecraft crosses an ICME. The pres-

ence of these streams (along the field lines) is generally

viewed as a signature of field lines connected to the

Sun (Gosling et al., 1987; Larson et al., 1997).

The a-particle to proton density ratio is highly vari-
able in ICMEs, and may be very different from the typi-

cal 4% observed in the solar wind, reaching values as

high as �20% (Borrini et al., 1982; Galvin et al.,

1987). Occasionally, enhancements of other minority

ions are also observed in ICMEs (Galvin et al., 1987).

Such enrichment suggests that the plasma inside the

ICMEs originates in the low corona.

The proton population in the majority of ICMEs is
such that T k > T?, where k and ^ denote directions par-

allel and perpendicular to the magnetic field (Zwickl

et al., 1983; Gosling et al., 1987; Galvin et al., 1987).

Electrons show a similar trend but with lower anisotro-

pies (Pilipp et al., 1987; Gosling et al., 1987). This trend

in the thermal anisotropy is consistent with the motion

of charged particles in an expanding magnetic cloud

(MC), as follows. Due to conservation of energy and
magnetic moment of charged particles traveling toward

a region with a weaker magnetic field that changes

slowly, comparing with their cyclotron period, particles

will tend to increase the parallel velocity taking energy

from the perpendicular one (see, e.g., Baumjohann and

Treumann, 1996).

Cane and Richardson (2003) have analyzed a large

set of ICMEs in the near-Earth solar wind during
1996–2002, identifying them only from their interplane-

tary properties observed in situ. They found that the

ICME rate increases by about one order of magnitude

from solar minimum (�5 ICME per year) to solar max-

imum (�50 per year).

1.2. Magnetic clouds

The important subset of ICMEs known as interplan-

etary magnetic clouds (MCs), a term introduced by
Burlaga et al. (1981), is characterized by enhanced mag-

netic field strengths with respect to ambient values, a

smooth and large rotation of the magnetic field vector,

and low Tp (e.g., Burlaga et al., 1981; Klein and

Burlaga, 1982; Burlaga, 1990, 1995). The relative impor-

tance between the proton pressure against the magnetic
pressure is measured by the proton plasma bp parame-

ter, being bp the proton to the magnetic pressure ratio,

bp = 8pkBnpTp/B
2, where B ¼ j~Bj is the magnetic field

intensity, kB is the Boltzman�s constant, and np is the

proton density. Since, by definition, MCs are objects

with high magnetic field and low proton temperature,

the mean value of bp in MCs is frequently low, typically

bp � 0.1 (Lepping et al., 2003). However, values of
bp � 0.2–0.4 or even higher (see, e.g., Dasso et al.,

2001) have been observed in clouds.

Fig. 1 shows a scheme of a magnetic cloud when it

passes near the Earth. Inside the MC, the magnetic field

lines form a helical structure (the so-called magnetic flux

rope). The �feet� of the flux rope can be attached or de-

tached from the Sun, as shown by the dashed lines in

the figure. This magnetic configuration is very different
from the typical solar wind, whose magnetic configura-

tion is basically the Parker�s spiral (see, e.g., Hundhau-

sen, 1995).

The electron temperature, Te, is frequently higher

than the proton temperature in MCs (Gosling et al.,

1987; Galvin et al., 1987; Pilipp et al., 1987; Osherovich

et al., 1993; Richardson et al., 1997). In particular, in the

statistical study by Richardson et al. (1997) it has been
suggested that Te/Tp > 2 is a criterion to identify

ICMEs. In some cases, Te/Tp reaches values as high as

7–10 (Osherovich et al., 1993). So, the electron pressure

can play a significant role in the magnetic configuration

of MCs.

The level of magnetic fluctuations in MCs is generally

lower than in the typical solar wind.
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The mean free path along the magnetic field lines of

some MCs can reach values as large as �10 AU for

energetic protons of �20 MeV (Torsti et al., 2004), indi-

cating that the flux rope structure of an ICME can pro-

vide a kind of �highway� to some solar energetic

particles. However, a non-negligible degree of fluctua-
tions has been reported (Janoo et al., 1998). Moreover,

since inside some MCs the thermal anisotropy is nega-

tive and the electrons are hotter than the protons, there

are theoretical reasons (this physical scenario favors the

slow down of the phase speed of the wave and so more

ions can resonate) to expect the emission/absorption of

electromagnetic waves in the ion-cyclotron frequency

due to wave-particle resonances (Dasso et al., 2003a).
There is not yet an agreement on the criterion to iden-

tify the boundaries of MCs. Farrugia et al. (2001) iden-

tified a rotational discontinuity and a slow shock before

the magnetic hole in front of one MC and interpreted

the whole structure as a reconnection layer according

to the Petshek-type reconnection theory. Planar mag-

netic structures have been observed in the upstream

sheath, and have been interpreted as the result of the
compression and draping of the heliospheric magnetic

field when a fast MC propagates into the interplanetary

medium (Jones et al., 2002). A recent study by Wei et al.

(2003) suggests that even the boundary layers of MCs

have their own structure. The inner (closest to the

MC) boundary of the layer shows a so called �triple-
low state� (low proton temperature and density, and

low plasma beta). However, the outer layer shows the
opposite, i.e., a �triple-high state� (high proton tempera-

ture and density, and high plasma beta).

1.3. Magnetic helicity in clouds

One important magnetohydrodynamic (MHD) quan-

tity in MCs is the magnetic helicity (H). H quantifies

several aspects of a given magnetic structure, such as
the twist, the kink, the number of knots between mag-

netic field lines, the linking between magnetic flux tubes,

etc.

Magnetic helicity is observed in the solar wind on all

scales, from more than 1 AU to less than the gyro-radius

of a thermal proton (Smith, 2000). In a dynamically tur-

bulent medium, such as the solar wind, magnetic helicity

tends to be transported to larger scales (see, e.g., Mat-
thaeus, 2000).

Moreover, H is approximately conserved in the solar

atmosphere and the heliosphere (Berger, 1984), and it is

very useful to link solar and interplanetary phenomena.

When a MC is ejected from the solar corona, it carries

an important amount of H. Thus, estimations of the

content of H in MCs can help us to understand the

physical processes involved in the expulsion of twisted
magnetic flux tubes from the Sun and their dynamical

evolution in the solar wind. In spite of its relevance,
the magnetic helicity contained in solar ejecta, such as

interplanetary flux tubes, is poorly known.

There is observational evidence showing that the

helicity sign in magnetic clouds matches with their

source regions (see, e.g., Bothmer and Schwenn, 1994;

Rust, 1994; Marubashi, 1997; Yurchyshyn et al.,
2001). To estimate the amount of helicity both in MCs

and in the corona, it is necessary to build a magnetic

model to fit the available data (since in both cases, the

data provide only partial information on the magnetic

configuration). For example, a significant fraction of

coronal sigmoids (S-shaped magnetic structures) are

created by projection effects or magnetic complexity,

e.g., Glover et al. (2000), see also Fletcher et al. (2001)
for a well studied case; then, the shape of these sigmoids

does not contain fully reliable information on the

helicity sign and, of course, not on its value.

In the frame of ideal MHD, when the inertial term in

the Navier–Stokes equation can be neglected (compared

to the magnetic tension, and magnetic and plasma

pressure) there is not net force applied on any fluid

element. MCs are astrophysical objects to which this
approach can be applied, when they are described in

the solar wind frame. Then, their magnetic configuration

results from the solution of ~J�~B=c�rp ¼ 0, where c

is the speed of the light, ~J ¼ ðc=4pÞr �~B is the electric

current, and p is the total plasma pressure.

When the plasma pressure is negligible compared to

the magnetic pressure, the configuration is called

�force-free�, because the self-force of the magnetic field
is null, and the magnetic pressure is balanced by the ten-

sion of the curved magnetic field lines.

Taylor (1974) conjectured that in a magnetofluid with

�low resistivity� (and not necessarily null resistivity), con-

fined to a volume bounded by perfectly conducting walls,

H can be considered as constant. Thus, the system will

relax to a (meta-stable) constant a force-free configu-

ration (i.e., a configuration such that $ · B = aB), the
state of minimum energy keeping H constant, according

to the Woltjer�s theorem, where the resistivity is exactly

zero. However, observations show that the total plasma

(thermal) pressure is small but not zero inside MCs, and

it is not known how close to force-free is the magnetic

configuration.

1.4. Magnetic cloud models

Interplanetary flux tubes or flux ropes (in particular

MCs) can be modeled locally using helical cylindrical

geometry as a first approximation (Farrugia et al.,

1995), using different approaches: a linear force-free field

(e.g., Burlaga et al., 1981; Burlaga, 1988; Lepping et al.,

1990), a force-free uniformly twisted field (e.g., Farrugia

et al., 1999) or even non-force-free models. In particular,
four non-force-free models have been recently applied to

interplanetary flux tubes: (i) a non-axially symmetric
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model (Hu and Sonnerup, 2001), and three axially sym-

metric models: (ii) with a radial exponential dependency

for the azimuthal and poloidal components of the

magnetic field (Mulligan and Russell, 2001), (iii) with

a constant current density (Hidalgo et al., 2002a), and

(iv) with an azimuthal current density depending linearly
on the distance to the axis of the tube (Cid et al., 2002).

All these models are physically different and it is not yet

clear which of them gives the best representation of

interplanetary flux tubes. Each author usually uses a

given model, but a comparison between the predictions

of these various approaches has not yet been done.

MHD simulations of the dynamical evolution of

MCs show that propagating flux ropes will have oblate
shapes, due to the interaction between the MC and the

solar wind (Vandas et al., 1995; Riley et al., 2003).

The solar wind background can distort the hypothetical

cylindrical initial cross-section of the cloud, producing

an elliptical section. Elliptical models have been recently

proposed: (i) with a linear force-free field (Vandas and

Romashets, 2003) and (ii) non-force free field (Hidalgo

et al., 2002b).
For two dimensional systems (i.e., one ignorable

coordinate), a useful equation known as �Grad–Shafra-

nov� can be used to find static solutions (see, e.g., Freid-

berg, 1987; Biskamp, 1997). The magnetic structure of

MCs has been reconstructed from numerical solutions

of this equation, using magnetic and pressure observa-

tions by Hu and Sonnerup (2002). They found devia-

tions from axial symmetry in the cross-section of the
flux rope for two clouds, and they also determined

quantitative features, such as the impact parameter,

size, chirality, maximum field, and twist of the field

lines.

MCs are expanding objects. Moreover, at 1 AU some

MCs change significantly their sizes in the Earth–Sun

direction during the time scale in which one spacecraft,

fixed at 1 AU, observes them. This increasing size can
be observed from the large scale trend in the observed

bulk speed profile. A MC in expansion corresponds to

observations of faster speed when the spacecraft crosses

the front of the cloud and slower speed when crossing its

rear part.

An ideal MHD self-similar expansion model for the

time evolution of clouds has been proposed by Farrugia

et al. (1993). From this model, it is possible to predict
the expansion velocity and the decrease of the magnetic

field. Some works have included expansion effects in

their analysis of MCs (e.g., Marubashi, 1997; Oshero-

vich and Burlaga, 1997; Mulligan and Russell, 2001; Hi-

dalgo, 2003).

1.5. Road map of the paper

As in the solar corona, a magnetic model is also

needed in the interplanetary space to accurately recover
the global magnetic field structure from one dimensional

data. One purpose of the present paper is to review some

previous results that compare various approaches,

which have been proposed for the magnetic configura-

tion in MCs.

In Section 2, we review the concepts of magnetic flux,
frozen-in field, and magnetic helicity. Then, in Section 3,

we present four cylindrical models to describe the mag-

netic structure of MCs, giving analytical expressions for

the flux and helicity for each of the models. A method to

analyze in situ magnetic observations of MCs is pre-

sented in Section 4. The analysis of several clouds is pre-

sented in Section 5. Finally, in Section 6, we present a

discussion of our results and the conclusions.
2. Magnetic flux and helicity

In this section, we briefly review the computation of

magnetic magnitudes of interest, such as magnetic flux

and helicity, in the classical MHD framework.

The magnetic flux across an arbitrary surface S(t),
moving with the fluid is given by

F ¼
Z
SðtÞ

~B � d~S. ð1Þ

From Gauss theorem and from r �~B ¼ 0 it is trivial

to show that, at a fixed time t, the magnetic flux across a

closed surface around a volume V, S(V), is null (i.e.,

F = 0). Thus, for magnetic flux tubes, the in-flux is equal

to the out-flux.

For an ideal magnetofluid, i.e., a fluid with zero resis-

tivity, the induction equation (see, e.g., Sturrock (1994)
for details on the complete induction equation) can be

generally approximated as

ot~B ¼ r� ð~v�~BÞ; ð2Þ
where ~v is the velocity field of the fluid. From Eqs. (1)

and (2), it can be shown (see, e.g., Biskamp, 1997) that

the flux on a surface moving with the fluid (the so-called

material surface) remains constant dF/dt = 0. Thus, ana-

lyzing the conservation of F on a flux tube of infinitesi-

mal diameter, it is possible to get an image of the so

called �frozen-in� concept, i.e. the magnetic field lines

can only be moved together with the fluid.
The magnetic helicity (H) of a field ~B within a volume

V is defined by H ¼
R
V
~A �~BdV , where the vector poten-

tial ~A satisfies ~B ¼ ~r� ~A. However, because of the
gauge degeneracy of ~A, this definition is physically

meaningful only when the magnetic field is fully con-

tained inside the volume V (i.e., at any point of the sur-

face S surrounding V, the normal component Bn ¼ ~B � n̂
vanishes).

H is an ideal invariant in three dimensional MHD.

When the resistivity is very small but not zero, it decays

more slowly than the energy. In a volume V such that
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Bn = 0, the decay of H is given by (see, e.g., Biskamp,

1997)

dH
dt

¼ �g
Z
V
dV~J �~B. ð3Þ
2.1. Relative magnetic helicity

A gauge-independent relative magnetic helicity Hr

can be defined inside a closed volume in three dimen-

sions (Berger and Field, 1984). This relative helicity is

obtained by subtracting the helicity of a reference field
~Bref having the same distribution of Bn on S:

H r ¼ H �
Z
V

~Aref �~Bref dV . ð4Þ

If we choose a different gauge to define the vector po-

tential (i.e., we define ~A0 ¼ Aþ ~rw, where w is any sca-

lar function), the new relative helicity H 0
r will be given

by:

H 0
r ¼ H r �

Z Z
SðV Þ

wð~B�~BrefÞ �~ds ¼ H r. ð5Þ

Thus, even for cases where Bn 6¼ 0 (as can happen on the

legs of interplanetary flux tubes), we can define Hr,
which is gauge-invariant.

Several authors have modeled the local magnetic field

of an interplanetary flux tube as a straight cylindrical

structure with a 2-component magnetic field ~Bð~rÞ ¼
BuðrÞûþ BzðrÞẑ (e.g., Burlaga, 1988; Lepping

et al., 1990; Farrugia et al., 1995; Hidalgo et al., 2000,

2002a). In this case, the reference field can be chosen

as ~BrefðrÞ ¼ BzðrÞẑ (with null magnetic helicity, since
field lines are straight).

Using the condition ~A� n̂ ¼ ~Aref � n̂ at the surface of

the cylinder, Hr per unit length (L) can be expressed

independently of ~Aref and ~Bref as

H r=L ¼ 2p
Z R

0

½BzAz þ AuBu � A0;zB0;z�rdr

¼ 4p
Z R

0

AuBurdr; ð6Þ

where R is the radius of the tube.
3. Cylindrical models for magnetic clouds

Several models have been used to describe the mag-
netic configuration of MCs. In this section, we will re-

view four different static cylindrical models, force free

and non-force free configurations.

3.1. Linear force-free field

The axially symmetric magnetic field of a linear force-

free configuration ( ~r�~B ¼ a~B; with a constant) was
obtained by Lundquist (1950). It has been shown that

this solution is consistent with in situ measurements of

interplanetary magnetic flux tubes at 1 AU (e.g.,

Burlaga et al., 1981; Burlaga, 1988; Lepping et al.,

1990). Thus, the field is well modeled by

~BL ¼ B0J 1ðarÞûþ B0J 0ðarÞẑ; ð7Þ

where Jn is the Bessel function of the first kind of order

n, and B0 is the strength of the field at the MC axis. The

magnetic twist per unit length,

s ¼ du=dz ¼ Bu=ðrBzÞ; ð8Þ

is

sLðrÞ ¼
J 1ðarÞ
rJ 0ðarÞ

. ð9Þ

The constant a determines the twist at the flux tube axis,

s0,L = sL(0) = a/2.
The flux F in this model is given by

F L ¼
2pB0

a2

Z aR

0

xJ 0ðxÞdx. ð10Þ

It has been shown that the Lundquist�s solution

extending to the first zero of J0 is enough to describe
some magnetic clouds (e.g., Lepping et al., 1990). In

these cases FL � 1.4B0R
2. However, Vandas and Geran-

ios (2001) showed that there are some MCs that seem to

be better described using the Lundquist�s solution be-

yond the first zero of J0.

We obtain the relative helicity per unit length for this

force-free field from Eq. (6), taking ~A ¼ ~B=a:

H r;L

L
¼ 4pB2

0

a

Z R

0

J 2
1ðarÞrdr

¼ 8p

U 4

Z U

0

J 2
1ðuÞudu

� �
B2
0R

4s0;L; ð11Þ

where u = 2s0,Lr and U = 2s0,LR are dimensionless

quantities. When the boundary of the cloud is such that

aR � 2.405, i.e., the first zero of J0, Hr, L/L � 0.7B0R
3

(Démoulin et al., 2002). In the last term of Eq. (11),

we have rewritten Hr, L/L to emphasize that it has the

units of the square of the magnetic flux ((B0R
2)2) multi-

plied by a twist per unit length (s0,L).

3.2. Uniformly twisted field

The non-linear force-free field with a uniform twist
has been used to model interplanetary flux tubes (e.g.,

Farrugia et al., 1999). For this configuration, ~B is given

by (Gold and Hoyle, 1960):

~BGH ¼ B0br

1þ b2r2
ûþ B0

1þ b2r2
ẑ. ð12Þ

In this magnetic configuration, the amount by which a

given line is twisted is independent of r,
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sGHðrÞ ¼ s0;GH ¼ b. ð13Þ
The flux in this model is given by

F GH ¼ B0p lnð1þ b2R2Þ=b2. ð14Þ

From Eq. (6) and

~AGH ¼ B0

2b2r
lnð1þ b2r2Þû� B0

2b
lnð1þ b2r2Þẑ; ð15Þ

the relative helicity turns out to be

Hr;GH

L
¼ pB2

0

2b3
½lnð1þ b2R2Þ�2

¼ 8p½lnð1þ U 2=4Þ�2

U 4

 !
B2
0R

4s0;GH; ð16Þ

where U = 2s0,GHR as in the previous model.

3.3. Constant current field

A non-force-free model has been recently proposed

by Hidalgo et al. (2000, 2002a) to describe interplane-
tary flux ropes. This model assumes a constant current

density such as ~jð~rÞ ¼ juûþ jzẑ, where ju and jz are

constants. Thus, the magnetic field of this configuration

is obtained from ~J ¼ cr�~B=4p resulting

~BH ¼ ð2pjzr=cÞûþ B0ð1� 4pjur=ðcB0ÞÞẑ; ð17Þ

where B0 is the field at the center of the tube.

The magnetic field lines twist per unit length as a

function of the tube radius can be directly obtained from

Eq. (8), giving

sH ðrÞ ¼
2pjz
cB0

1

1� 4pjur=ðcB0Þ
; ð18Þ

therefore, as a result, the twist at the tube center is given

by s0,H = 2pjz/(cB0). The flux is F H ¼ pB0R2=3½3� 8pjuR
cB0

�.
From Eq. (6) and

~AH ¼ B0r
2

�
4pjur

2

3c

� �
û� B0

2
s0;Hr2ẑ; ð19Þ

the relative helicity results,

Hr;H

L
¼ 4ps0;HB0R4 B0

8
�
4pjuR

15c

� �
. ð20Þ

When Bz is zero at the boundary of the cloud,

B0 = 4pjuR/C, and the helicity results:

Hr;H

L
¼ 7p

30
B2
0R

4s0;H . ð21Þ
3.4. Linear azimuthal current

A cylindrical magnetic configuration with a current

density such as~jð~rÞ ¼ arûþ jzẑ, with a and jz constants,

has been assumed for magnetic clouds by Cid et al.
(2002). This structure has a magnetic field distribution

given by

~BC ¼ 2pjzr=cûþ B0ð1� r22pa=ðcB0ÞÞẑ ð22Þ

and the flux is FC = B0pR
2(1�2paR2/(2cB0)).

The twist per unit length for this model is given by

sCðrÞ ¼
2pjz
cB0

1

1� 2par2
cB0

. ð23Þ

While the dependence of the axial twist (s0) on jz and Bz

results the same for s0,H and s0,C just because both Bu

and Bz at the axis of the cloud are the same for both

models, we note a different twist distribution along r

for both models.

The vector potential for Cid model is given by

~AC ¼ ðB0r=2� par3=ð2cÞÞû� 2pjzr
2=ð2cÞẑ. ð24Þ

Thus, the helicity results:

Hr;C=L ¼ p2jzB0R4 1� 2paR2

3B0c

� ��
c. ð25Þ

When the axial field is zero at the cloud boundaries,

the (maximum) field and the twist at the cloud axis are

B0 = 2paR2/c and s0,C = jz/(aR
2), respectively. In this

case FC = B0pR
2/2 and Hr;C=L ¼ ps0;CB2

0R
4=3.

In our analysis of MCs given in Section 5, we will

consider that Bz is zero at the boundary of the cloud

when we use the models of Hidalgo et al. and Cid

et al., in order to compare the four models, keeping only

two degrees of freedom for each model (B0 and s0) when
the radius is fixed.

We want to stress that the twist distribution in the
flux tube is strongly model dependent (compare Eqs.

(9), (13), (18), and (23)). This implies that the obtained

values for s0, a local quantity, are not directly compara-

ble between different models. A pertinent comparison

can only be done with a global quantity, such as the

magnetic helicity.
4. Data analysis – in situ measurements

Whenmodeling aMC, we need to define a local system

of coordinates linked to the cloud. Assuming that theMC
has a cylindrical helical magnetic structure, the natural

coordinates to describe its magnetic field are the polar

ones (r,u,z), such that ~BðrÞ ¼ BzðrÞẑþ BuðrÞû. When

the spacecraft trajectory crosses the axis of the helix

(i.e., when the impact parameter p is zero), we can define

a cartesian system of coordinates, such that ẑcloud is

parallel to the axis of the cloud and Bz, cloud at this axis

is positive. We define also x̂cloud ¼ r̂ when the spacecraft
leaves the cloud (i.e., x̂cloud is equal to the outbound r̂),
and ŷcloud is such that the system is right-handed (and

so, ŷcloud is the outbound û).
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To determine the size of a given MC, we need to iden-

tity the boundaries of the cloud and the orientation of its

axis.

The boundaries can be identified from the observa-

tions using several criteria (see Section 1.2). Once the

boundaries of a given MC have been identified, it is pos-
sible to determine the time when the spacecraft starts (ts)

and ends (te) observing the cloud. Thus, we analyze the

magnetic properties of several MCs from the time series
~BðtÞ, for ts < t < te.
4.1. Minimum variance

In situ measurements of the magnetic field are pro-
vided along a linear cut of the cloud, which results from

the trajectory of the spacecraft. We analyze the three

components of the magnetic field vector given in GSE

coordinates (Geocentric Solar Ecliptic coordinates). In

this system of coordinates, x̂GSE corresponds to the

Earth–Sun direction, ẑGSE points to the north, perpen-

dicular to the ecliptic plane, and ŷGSE is such that the

system is right handed.
When the spacecraft path intersects the axis of an

ideal cloud as defined in Section 3 (i.e., the impact

parameter, p, is zero), the component û of the spacecraft

vector trajectory ð~rsÞ will be zero ði:e.;~rsðtÞ ¼
aðtÞr̂ þ bðtÞẑÞ. Thus, in this case, the magnetic field data

obtained by the spacecraft will show: Bx, cloud = 0, a

large and coherent variation of By, cloud (with a change

of sign), and an intermediate and coherent variation of
Bz, cloud, from low values at one cloud edge, taking the

largest value at its axis and returning to low values at

the other edge (e.g., Bothmer and Schwenn, 1994).

It is possible to estimate the orientation of a magnetic

cloud applying the minimum variance (MV) method to

the magnetic observations (Sonnerup and Cahill,

1967). This method finds the direction ðn̂Þ in which the

mean quadratic deviation of the field, hðB � n̂�
hB � n̂iÞ2i, is minimum (maximum). It is possible to show

that this is equivalent to finding the eigenvector corre-

sponding to the smallest (highest) eigenvalue of the

covariance matrix Mi,j = ÆBiBjæ � ÆBiæÆBjæ. Thus, this

MV method determines the direction of the maximum

ðŷcloudÞ, intermediate ðẑcloudÞ, and minimum ðx̂cloudÞ vari-
ance of the field, and so determines the orientation of

the MC axis. A more complete discussion of the MV
method applied to interplanetary flux tubes can be

found in the appendix of Bothmer and Schwenn (1998).
4.2. Fitting of physical parameters

From the application of the MV method to the time

series of the magnetic field components inside the cloud,

we find the orientation of the cloud. Then, from the
obtained eigenvectors, we construct a rotation matrix
and obtain the components of the observed magnetic

field in the �cloud� coordinates: Bx, cloud, By, cloud, Bz, cloud.

From the observed bulk velocity of the interplanetary

plasma and from the orientation of the cloud axis, we

estimate the radius of the cloud. We also associate each

observed time (ti) with the corresponding distance from
the craft to the cloud axis (ri), getting the magnetic field

inside the cloud as a function of the radius, i.e., ~BobsðrÞ.
We define a residual function (v2), comparing ~BobsðrÞ

with ~BmodelðrÞ for each of the models described in Sec-

tions 3, such that in the �cloud� coordinates it is given by

v2 ¼
XN
i¼1

ðBi
x;obs � Bi

x;modelÞ
2 þ ðBi

y;obs � Bi
y;modelÞ

2
h

þ ðBi
z;obs � Bi

z;modelÞ
2
i
. ð26Þ

We minimize v2 through the standard non-linear least-

square fitting Levenberg–Marquardt routine (Press

et al., 1992), fitting the free parameters of the models

(e.g., B0 and s0).
5. Flux and helicity from observations

From the expressions for H and F for the four models

described in Section 3, and after fitting the free parame-

ters for each model, we compare the values of these

magnitudes for several interplanetary flux ropes in the
next sections.

First (Section 5.1), we present average values of H

from previous statistical studies under the linear force

free model. Then (Sections 5.2–5.5), we present the anal-

ysis of our results on several interplanetary coronal mass

ejections, following the method described in Section 4.

We quantify F and H, and we analyze their sensitivity

when different models are assumed. First, we analyze a
well known magnetic cloud observed by the spacecraft

Wind on October 18–19, 1995 (see e.g. Lepping et al.,

1997; Larson et al., 1997). Then, we study a very small

magnetic cloud, observed by Wind on May 15–16,

1998. After that, we analyze a hot interplanetary flux

rope, which is not classified as a magnetic cloud, only

because its temperature is not low, but it presents a large

scale coherent rotation, and high magnetic field. Finally,
we present statistical results of the sensitivity of F and H

to the different models.

5.1. Previous statistical analysis

The magnetic field of 18 MCs has been analyzed by

Lepping et al. (1990). They found an average magnetic

intensity at the axis of the cloud of B0 = (20 ± 7) nT
and an average radius of R = (0.14 ± 0.05) AU, under

the assumption of a linear force-free cylindrical model

for the clouds.



Fig. 2. Magnetic field for the cloud of October, 1995, in the cloud

coordinates (see main text for details). Time corresponds to hours after

19:00 UT of October 18, 1995.

Fig. 3. Data (big dots) and curves from the Lundquist model (thin

continuous curve) for Bz and By components (cloud frame).
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Other statistical study has been done by Zhao et al.

(2001). They analyzed 23 cases and found that

B0 = (24 ± 8) nT and R = (0.11 ± 0.05) AU.

From the average values obtained from the statistical

studies made by Lepping et al. (1990) and Zhao et al.

(2001), assuming a cylindrical linear force-free magnetic
configuration, and an axial length for the cloud of

�0.5 AU, Green et al. (2002) estimated the average mag-

netic helicity in clouds as H � 2 · 1042 Mx2.

5.2. October 18–19, 1995

The plasma and magnetic data obtained by Wind

indicate that the cloud started to cross the spacecraft
at �19 UT, on October 18, 1995 (Lepping et al.,

1997). While the beginning of the cloud is very clear,

its end time is controversial. Several authors (e.g., Lep-

ping et al., 1997; Janoo et al., 1998; Collier et al., 2001)

have taken it as �23 UT, on October 19, 1995, which is

the end time chosen by us. The orientation, the diame-

ter, and the physical parameters have been determined

for this cloud by Lepping et al. (1997) under the assump-
tion of a linear force-free field model, and by Hidalgo

et al. (2002a) under the assumption of a non-force-free

constant current model.

Collier et al. (2001) found that while Wind crossed

this MC, the magnetic field lines show signatures of con-

nectivity to the Sun in both ends in some parts, only in

one extreme in others, and even disconnection in others.

The length of the magnetic field lines at the center of the
cloud, when at least one of their ends was connected to

the Sun, has been estimated from in situ observations (at

1 AU) of impulsive electron events (�1–102 keV) and so-

lar type III radio bursts produced by these electrons

near the Sun (Larson et al., 1997). From an analysis

of the arrival time of these electrons, the semi-

length of these field lines, which agrees with the semi-

length of the cloud axis, has been estimated as �1.2 AU.
Fig. 2 shows the components of the field in the cloud

frame, as resulted from the application of the MV meth-

od (see Section 4.1). Note the largest scale variance of

By, cloud (middle panel), medium of Bz, cloud (left panel),

and lowest of Bx, cloud (right panel).

The observed field (Bz and By components, in the

cloud frame) together with the plots of the fitted Lund-

quist model are presented in Fig. 3.
We fit the free parameters of the cylindrical linear

force-free field model from the observations of this cloud,

as described in Section 4. From the fitted parameters

(B0 = 24.3 nT and s0,L = 10.0 AU�1), we compute F

and Hr, obtaining F = 1.1 · 1021 Mx, and Hr = +9.4 ·
1042 Mx2, assuming a length for the cloud axis of

2.4 AU, according with Larson et al. (1997).

The solar source of this MC was located in the Active
Region (AR) NOAA 7912 (van Driel-Gesztelyi et al.,

2000). The coronal field before and after the ejection
have been modeled, extrapolating the observed photo-

spheric line of sight component of the field, under the
linear (or constant a) force-free field assumption:
~r�~B ¼ a~B (see, e.g., Alissandrakis, 1981; Mandrini

et al., 1996; Démoulin et al., 1997). The photospheric

line of sight magnetograms are used as boundary condi-

tions and the value of a is determined by fitting the com-

puted field lines to the observed X-ray loops. Luoni

et al. (2005) estimated the variation of the coronal

helicity, before and after the ejection of this cloud.
The obtained value was DH � + 4.5 · l042 Mx2, a simi-

lar value to that estimated from the cloud. Thus, a good

agreement was found between the ejection of coronal

helicity and the interplanetary H contained in this MC.

5.3. Small magnetic cloud

We analyze here a small MC, which was linked with
its coronal source by Mandrini et al. (2005). The cloud



Fig. 5. Magnetic field components in cloud coordinates for the cloud

of May, 1998. The panels show the evolution of the magnetic field

components (see text). The observed magnetic data are drawn with

thick lines, and the best solution fitted using Lundquist model is shown

with thin lines.
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was observed by Wind between 22:00 UT, on May 15 of

1998, and 01:50 UT on May 16 (a duration of �4 h),

and its solar source was identified as a small active re-

gion, that presented signatures of erupting material at

8:30 UT on May 11, 1998.

The coherent rotation of the magnetic field vector is
shown in Fig. 4 after a MV analysis. With this approach,

the spacecraft impact parameter, p, is not determined

and we set it equal to zero. Note that the large angle

rotation of the field (�147�, see left panel of Fig. 4) indi-
cates that the ratio between the impact parameter and

the radius of the cloud (p/R) should be small. This field

rotation also implies that the sign of the helicity is

negative. We estimate its radius as R � 1.6 · 10�2 AU,
which implies a very small MC (�10 times smaller than

average).

We fit the Lundquist, Gold–Hoyle, and Hidalgo et al.

models to the observed field components. in the cloud

coordinates (see Section 4.2) The two panels in Fig. 5

correspond to Bz, cloud and By, cloud for the small MC.

The observed data are shown with thick lines and the

curves obtained using the parameters fitted to the Lund-
quist model are shown with thin lines. The other two

models produce similar curves.

From the different models, we obtain similar values

for B0 (�13.8–15.9 nT). The twist of the field lines near

the center of the tube (|s0| = 51–85 AU�1) is lower for

the Hidalgo et al. model and larger (by �70% respect

to the lower value) for the Gold–Hoyle model (see

details in Mandrini et al., 2005).
The magnetic flux (F) of Bz (i.e., along the flux tube)

shows a narrow range in the force-free cases,

F � 1.3�1.4 · 1019 Mx, but it changes by ��30% for

the Hidalgo model. The magnetic flux for this small

magnetic cloud is about one hundredth of the average

value for magnetic clouds, F � 1021 Mx (Green et al.,

2002).
Fig. 4. The two panels show the hodograms for the small MC of May,

1998. The left panel shows the coherent rotation, while the right panel

shows the noise in the x̂cloud direction.
The helical magnetic field of the flux tube is left-

handed so Hr is negative and it is in the range |Hr|/

L � (2.8�3) · 1039 Mx2/AU for the three models, a very

small interval. The magnetic helicity per unit length for

this event is smaller than for typical clouds by three or-

ders of magnitude (Green et al., 2002).

The coronal field is computed as in the previous Sec-

tion. To compute the model and its free parameter (a),
we have used magnetograms from MDI (Michelson

Doppler Imager, Scherrer et al., 1995), on board the Solar

and Heliospheric Observatory, SoHO) as boundary

conditions, and the coronal loops observed with the

Transition Region and Coronal Explorer (TRACE,

Handy et al., 1999).

From the fit, we obtain a < 0 and, therefore, the helic-

ity of this coronal configuration is negative. The coronal
magnetic helicity before and after the ejection was com-

puted, giving a negative difference such as |DHcor| �
2�3 · 1039 Mx2.

For the comparison of the coronal and interplanetary

magnetic helicities, one of the main unknowns is the dis-

tribution of the twist along the flux rope. Even assuming

a given distribution of the twist, the MC length is un-

known. In large-scale MCs, there is often evidence that
they are still connected to the Sun when they are ob-

served at 1 AU (e.g., presence of bi-streaming electrons).

This leads to a MC length slightly larger than 2 AU.

However, for this small MC, the photospheric magnetic

bipole disappeared about one day after the eruption

(Mandrini et al., 2005), so the erupting flux rope was

well detached from its original solar source when it

was observed in situ �4.5 days after the coronal erup-
tion. A simple proportionality gives a length of

�0.5 AU. However, after reconnection with large-scale

field lines, the magnetic twist contained in the ejected



Fig. 6. Bx, By, and Bz components of the magnetic field (in Geocentric

Solar Ecliptic coordinates, GSE) for the flux tube observed on 24–25

October, 1995. Circles correspond to the observed field (with 5 min

averaging), solid line to Lundquist model, dashed to Gold–Hoyle

model, and dotted line to Hidalgo et al. model, as arises from a SF

method.
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flux tube propagates along the new connections as a tor-

sional Alfvén wave. Taking a typical Alfvén velocity of

100 km s�1, the twist can propagate on both sides of

the flux tube over a length of 0.2 AU in 3.5 days. We

conclude that the probable length of the observed MC

is between 0.5 and 1 AU.
Thus, the estimated cloud helicity is, |Hcloud| � 1.5–

3 · 1039 Mx2, very close to the observed values found

at the coronal level (|DHcor| = 2–3 · 1039 Mx2). So, as

in the previous analyzed cloud, we obtain a good

agreement between the coronal and interplanetary

helicities.

5.4. Hot flux tube

We analyze here the magnetic configuration of a flux

tube observed by Wind on October 24–25, 1995 (see Fig.

1 of Farrugia et al., 1999). This flux tube presents a large

and smooth rotation of the field (see Fig. 1 of Dasso

et al., 2003c) and a low value of the proton plasma beta

(bp � 0.2–0.4), similar to what can be observed in some

MCs (see, e.g., Dasso et al., 2001). However, near the
center of the tube (at around 50% of its size) Tp was a

factor �10 higher than near its boundaries and, thus,

it is not classified as a MC but rather as a ‘‘hot flux

tube’’. However, the value of bp remains low because

the higher temperature region has a lower density. The

total b (including the contribution of electron and alpha

particles to the pressure) is in the range 0.8–1.0 in the

whole event. A preliminary analysis of the helicity of this
hot tube was done by Dasso et al. (2003b).

We find a well defined orientation for the flux tube

axis from MV. We use this orientation to model the ob-

served field, according to Lundquist, Gold–Hoyle, and

Hidalgo et al. models, and we obtain the two physical

parameters (the twist at the tube center and B0) that best

fit the observations following the method discussed in

Dasso et al. (2003b,c).
In order to test the validity of the MV method, and to

determine the impact parameter, we have also simulta-

neously fitted (SF) the geometrical parameters (the ori-

entation angles), the impact parameter (p) and the two

physical parameters (B0 and s0) for each of the three

models. The SF was done (for each model) using the ob-

served field in GSE (as described in Hidalgo et al.,

2002a). The least-square fitting for the SF has been also
done using the standard Levenberg–Marquardt routine

(Press et al., 1992).

The radius of the flux tube was estimated as

R � 3�4 · 10�2 AU, when the three models and MV

and SF methods are used. The fitted impact parameter

(with SF) was only 8% of R with both force-free models.

This result justifies, a posteriori, setting p to zero in the

MV method.
The three panels of Fig. 6 depict the GSE compo-

nents of the measured magnetic field, together with the
curves obtained from each model, using the SF method.

Curves obtained from MV and fitting of B0 and the twist

at the tube center are very similar for the three models.

From a comparison of the values of
ffiffiffiffiffi
v2

p
using the

MV and the SF methods, we find, as expected, that

the SF provides a slightly better quality fit than the
MV method, for the three models. Both linear force free

models yield very similar values for
ffiffiffiffiffi
v2

p
(with only

about �1% difference).

The twist per unit length at the tube center is found to

be in the range �20–40 AU�1 showing that the flux tube

is significantly twisted along its length (with a typical

length of �1 AU, the central part has between 3 and 6

turns). Comparing the MV and SF methods, we find
only �1% difference on the axial twist for a given

force-free model.

The central field strength, B0, is also well determined;

the results are very close with both the MV and SF

methods and we find only 4% difference between the

two force-free models.The field strength B0 lies in the

interval 7.3–7.6 nT, well above the mean variation

around the fit ð
ffiffiffiffiffi
v2

p
� 1.3 nTÞ. The largest variations,

�20%–40%, are obtained for Hidalgo et al. model with

both methods.

From the fitted model parameters, we obtained a flux

F � 3.0�3.1 · 1019 Mx for both force-free cases, and

2.2 < F < 3.6 · 1019 Mx for Hidalgo et al. model.

Hr is positive and from the force-free models

5.6 · 1039 < Hr/L < 7.1 · 1039 Mx2/AU, while Hr/L =

5.6 · 1039 Mx2/ AU and Hr/L = 11.1 · 1039 Mx2/AU
for the constant current model, using MV and SF fitting,

respectively. With the constant current model, the differ-

ences found in the parameters (R, B0) are amplified in

the helicity results (since Hr has a non-linear dependence

on these parameters, see Eq. (21)).



ig. 7. Axial Field (B0) in nT (upper panel) and radius in 10�2 AU

lower panel) for the eight analyzed MCs. Error bars in B0 correspond

o the semi-difference between the maximum and minimum values

obtained from the four models.

Fig. 8. Flux in Mx (upper panel) and magnetic helicity per unit length

in Mx2/AU (lower panel) for the eight analyzed MCs. Error bars are

given as in Fig. 7.
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5.5. Study of eight well behaved MCs

In this section, we quantify F and Hr/L for a set of

eight MCs. We investigate how model-dependent are

the results using the four models described in Section 3.

We select those MCs of better quality (quality one)
observed by Wind between August 22, 1995 and October

12, 1997, from the web site: http://lepmfi.gsfc.nasa.gov/

mfi/mag_cloud_pub1.html. The list of these events,

giving the start time (i.e., the time when Wind started

to observe the cloud) and the end time, is presented in

Table 1.

After applying a MV analysis to the magnetic field

vector of each cloud, we fit B0 and s0 for each of the four
models, and from the fitting results, we accordingly

compute F and Hr/L.

Fig. 7 shows the axial field (B0) and the radius (R).

Fig. 8 (upper panel) shows the magnetic flux F and

the magnetic helicity per unit length, Hr/L (lower

panel).

In both figures the error bars are computed as the

semi-difference between the maximum and minimum
values, for the four models. From the error bars of F

and Hr/L, we see that for a given cloud, the relative dis-

persion of Hr/L is much lower than the relative disper-

sion for F. Therefore, the helicity is more model

independent than the flux F.

Figs. 7 and 8 show a general trend to larger values of

F and Hr when the radius is larger (a result consistent

with the dependence of F and Hr with R, see Section
3). A detailed analysis of F and Hr, and also a study

of the magnetic and kinetic energies, is presented by

Gulisano et al. (2005) for a more extended set of clouds

than the one discussed here.

From Eqs. (7), (12), (17), (22), it is evident that while

the component û of the magnetic field depends on the

two physical free parameters (s0 and B0) in the two force

free models, Bu does not depend on B0 in both non-force
free models. So, while s0 and B0 are coupled in the

simultaneous fitting of Bu and Bz for the force free mod-

els, they are uncoupled for the non-force free models.

Thus, we prefer to group the models in force free and

non-force free to compare their quality. From a visual
Table 1

List of magnetic clouds (MCs) analyzed in Section 5.5, see main text

# Start End

1 22 UT, 22-Aug-1995 19 UT, 23-Aug-1995

2 19 UT, 18-Oct-1995 00 UT, 20-Oct-1995

3 15 UT, 27-May-1996 07 UT, 29-May-1996

4 13 UT, 07-Aug-1996 10 UT, 08-Aug-1996

5 03 UT, 24-Dec-1996 10 UT, 25-Dec-1996

6 05 UT, 10-Jan-1997 02 UT, 11- Jan-1997

7 22 UT, 21-Sep-1997 18 UT, 22-Sep-1997

8 23 UT, 10-Oct-1997 00 UT, 12-Oct-1997
F

(

t

inspection of the data and the fitted force free models

(and also from a v2 test), it is not possible to determine
which is the best force free model; Lundquist�s model or

Gold and Hoyle�s model can both give relatively good

representations for the cloud section. However, from a

comparison between the non-force free models, we con-

clude that Cid�s model gives a better representation than

Hidalgo�s model.
6. Discussion and conclusions

Transient ICMEs have their origin in an instability

of the solar coronal field. The magnetic field ejected

from the Sun carries the magnetic helicity (H) of its

http://lepmfi.gsfc.nasa.gov/mfi/mag_cloud_pub1.html
http://lepmfi.gsfc.nasa.gov/mfi/mag_cloud_pub1.html
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original field, and since H is not dissipated in the cor-

ona nor in the heliosphere, H will be contained in the

ICME.

To improve our knowledge of the physical characte-

ristics of magnetic clouds (MCs), and their solar source

regions, the quantification of global magnitudes, such as
the magnetic flux and helicity, are needed. In particular,

they are appropriate to quantify the link between a given

MC and its coronal origin.

Both magnetic flux and helicity are very useful quan-

tities, partly because they are conserved, and partly be-

cause techniques to measure both coronal values and

photospheric fluxes are presently being developed (see

e.g., van Driel-Gesztelyi et al., 2003 and references
therein). In the interplanetary medium, even though

the observations are done �in situ�, these data are insuf-

ficient to determine the real three dimensional structure

of MCs. However, future observations from the STE-

REO mission will give valuable hints to determine their

configuration.

We reviewed the general properties of ICMEs and

MCs, describing four cylindrical models to represent
their magnetic configuration at 1 AU. In particular, we

derived expressions for the helicity for each model and

presented two methods to analyze in situ measurements

of MCs.

Two MCs and an interplanetary hot tube were ana-

lyzed in detail, quantifying their magnetic flux and helic-

ity. We compared the magnetic helicity contained in the

two magnetic clouds, with their solar sources, and found
a good agreement between the coronal and the inter-

planetary helicity values for both events.

We also presented a statistical study of MCs compar-

ing several models. Despite the important variations in

the distribution of the twist assumed by the different

models, we found that the most relevant magnitude,

the magnetic helicity, is almost independent from the

cylindrical model used.
An elliptical shape has been suggested for the section

of some clouds (e.g., Riley et al., 2003) as consequence

of the interaction between the cloud and the solar wind

environment. One of our next steps is to compare the

quality of the fitting to the observations between these

new models and cylindrical ones, which are the most

commonly used. Furthermore, we will compute F and

Hr and compare the values obtained with the different
assumptions. However, it is not possible to certainly

determine the exact shape of the cloud from one-space-

craft observations and the knowledge of the section

shape will be provided by future stereoscopic observa-

tions from the STEREO mission.

More studies of MCs and their coronal counterpart,

using not only the helicity sign but also quantifying F

and Hr, are needed to improve the current coronal and
interplanetary models of CMEs/ICMEs, and also the

understanding of the link between them.
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