
Ann. Geophys., 26, 3113–3125, 2008

www.ann-geophys.net/26/3113/2008/

© European Geosciences Union 2008

Annales
Geophysicae

A review of the quantitative links between CMEs and magnetic

clouds

P. Démoulin

Observatoire de Paris, section de Meudon, LESIA, UMR 8109 (CNRS), 92195 Meudon Cedex, France

Received: 7 September 2007 – Revised: 13 November 2007 – Accepted: 15 November 2007 – Published: 15 October 2008

Abstract. Magnetic clouds (MCs), and more generally, in-

terplanetary coronal mass ejections (ICMEs), are believed

to be the interplanetary counterparts of CMEs. The link

has usually been shown by taking into account the CME

launch position on the Sun, the expected time delay and

by comparing the orientation of the coronal and interplan-

etary magnetic field. Making such a link more quantitative is

challenging since it requires a relation between very differ-

ent kinds of magnetic field measurements: (i) photospheric

magnetic maps, which are observed from a distant vantage

point (remote sensing) and (ii) in-situ measurements of MCs,

which provide precise, directly measured, magnetic field data

merely from one-dimensional linear samples. The associa-

tion between events in these different domains can be made

using adequate coronal and MC models. Then, global quan-

tities like magnetic fluxes and helicity can be derived and

compared. This review paper describes all the general trends

found in the above association criteria. A special focus is

given for the cases which do not follow the earlier derived

mean laws since interesting physics is usually involved.

Keywords. Interplanetary physics (Interplanetary magnetic

fields) – Solar physics, astrophysics and astronomy (Flares

and mass ejections)

1 Introduction

Coronal mass ejections (CMEs) expel plasma and the mag-

netic field from the Sun into the interplanetary medium,

where the observed structures are called interplanetary

CMEs (ICMEs). A subset of these ICMEs, known as mag-

netic clouds (MCs), is characterized by enhanced magnetic

field strength with respect to ambient values, a smooth and

Correspondence to: P. Démoulin

(pascal.demoulin@obspm.fr)

large rotation of the magnetic field vector, and low proton

temperature (e.g. Burlaga, 1995).

The derivation of the ICME physical properties from the

observations of the associated CME is vital for any predic-

tion of the geophysical effectiveness, and therefore for space

weather forecast. However, before achieving this goal, we

have to understand precisely how a given CME, with some

observed coronal characteristics, evolves into the interplan-

etary medium. An MC is plausibly observed only when

the spacecraft crosses the central part of an ICME (Jian

et al., 2006). Since MCs have more clearly defined physi-

cal characteristics, than non-MC ICMEs, the association can

be stronger using more physical quantities. Below,“MC” is

used only when the presence of a flux rope is required, while

“ICME” is generically used otherwise.

The magnetic field has a key role in CMEs and ICMEs

(low β plasma). However, we have only indirect informa-

tion on the coronal magnetic field (mainly from magnetic ex-

trapolations of photospheric magnetograms and from coronal

loop observations). On the other hand, we have precise mea-

surements of the vector magnetic field in the interplanetary

medium. The limitation here is rather the localize nature of

the measurements (available only along a line as the ICME

overtakes the spacecraft). We can take advantage of this sit-

uation by relating a CME to its associated ICME every time

data are available in both domains. Then, we can benefit

from the strength of the measurements in both domains.

The association of CMEs to MCs/ICMEs is certainly a

main way to understand these phenomena, but also to be able

to predict their effect on the magnetosphere. Significant pro-

gresses has been made in finding this association (Sect. 2–

5). Global quantities, magnetic fluxes and helicity have been

compared (Sects. 6 and 7).
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Fig. 1. Examples of eruptions located close to the solar disk cen-

ter and with an associated MC detected in the Earth vicinity. The

images are taken: (a) in X-rays (Watari et al., 2001), and (b) in

EUV (Webb et al., 2000). The blue arrow indicates the MC axis de-

duced at 1 AU from in-situ data (see Fig. 5 for the definition of the

MC axis). Other aspects of the event (b) are also shown in Figs. 7

and 12.

Fig. 2. Examples of MCs/ICMEs reaching the Earth while their

source regions are located far from the solar disk center. (a) Erup-

tion observed in X-rays (Watari et al., 2001). (b) Distribution of the

source regions of CMEs causing major geomagnetic storms (Zhang

et al., 2003). There is a global western asymmetry shift (compa-

rable to the source location of the solar wind at Earth due to the

Parker spiral). Still, four cases are coming from behind the eastern

limb (thus with no visible solar source).

2 Location on the Sun

CMEs observed by coronagraphs above the solar limb have

typically a radial motion at distances larger than several so-

lar radii (R⊙). Moreover, in-situ measurements also give a

plasma velocity close to the radial direction. Then, when an

ICME is observed in the vicinity of the Earth, its associated

CME is expected to be a halo CME, or at least a partial-halo

CME, and its source region is expected to be close to the disk

center, say, closer than R⊙/2 (Fig. 1). This extension of the

source region takes into account the average angular size of

CMEs (≈50◦, St. Cyr et al., 2000).

However, there are exceptions, as shown in Fig. 2, with

extreme cases having a launch site at the limb, or even be-

hind! Zhang et al. (2003) found that the proportion of these

extreme cases is especially large in the restricted class of

Fig. 3. The transit time of CMEs from the Sun to 1 AU as a func-

tion of their coronal velocity. (a) The abscissa is the leading edge

velocity of halo CMEs observed by LASCO, so it is the velocity

projected on the plane of sky (Zhang et al., 2003). (b) The abscissa

is the radial velocity, Vrad, measured from Helios 1 which was in

quadrature with the Earth (within ±30◦; Schwenn et al., 2005). The

timing was corrected from Helios 1 to 1 AU by assuming a constant

velocity. The comparison of the data to a model with constant ve-

locity (curve) shows that ICMEs with a low initial coronal velocity

are accelerated while fast ones are decelerated. The results of the

two panels can be related to the result of Schwenn et al. (2005) on

limb CMEs observed by LASCO: Vrad≈0.88Vexp (where Vexp is

the full lateral expansion velocity of the leading edge).

ICMEs leading to major geomagnetic storms (this implies a

further difficulty in predicting the most geo-effective ICMEs

from solar data). Indeed, some CMEs are very large scale, in-

volving half of the solar corona, so in these cases the source

regions can be far from disk center (Zhukov and Veselovsky,

2007). Also, CMEs do not always have a radial motion, but

they can be deflected by streamers (e.g. Gopalswamy et al.,

2000). Then, when searching for the ICME source region,

the research can start close to the disk center but should not

be limited to it.

3 Timing between the Sun and in-situ measurements

Starting from an observed eruption, the ICME counterpart

can be searched through in-situ data at 1 AU in a time in-

terval of 1 to 5 days after the eruption (corresponding to a

mean transit velocity between 350 and 1800 km s−1), with

the exception of extreme events, like in October 2003, which

reached the Earth in less than one day. The search can be sim-

plified by taking into account the correlation found between

the transit time and the CME velocity measured close to the

outward edge of the coronagraph field of view (Gopalswamy

et al., 2000, 2001; Zhang et al., 2003, Fig. 3). Schwenn et al.

(2005) have shown that the leading edge expansion velocity

(measured in the direction orthogonal to the main expansion

direction) gives a better proxy to the radial velocity, as well

as to the transit time, than the velocity measured in the di-

rection of the largest expansion. Indeed, this last velocity is
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in general a combination of the expansion and radial velocity

with a projection on the plane of sky. Such a projection effect

is not removed well enough using a cone model for the CME

(Gopalswamy et al., 2001), while improvements have been

achieved with developments on the cone model (Michałek

et al., 2004).

Starting from an observed ICME, the eruption counterpart

can be searched through solar data using the in situ averaged

measured velocity in the ICME. The window time interval

can be estimated, for each studied case, from the maximum

and minimum plasma velocity (e.g. VICME=450±50 km s−1

gives an expected eruption of 3.6±0.4 days earlier; Both-

mer and Schwenn, 1998). A larger fixed time interval has

also been used (e.g. ±1 day, Marubashi, 1997; Watari et al.,

2001). The travel time estimation is usually more precise

when starting from the interplanetary data than from the so-

lar eruption for the following reasons. Firstly, a precise radial

velocity is in-situ available; secondly, this measured velocity

is closer to the mean velocity during the travel time since the

deceleration (or acceleration) of the ICME is predominantly

present close to the Sun (see Sect. 4); and finally, the global

motion of the ICME is available (while at the Sun the leading

edge velocity is the combination of the global and expansion

motion).

Interplanetary type II radio bursts are observed usually

only for some fast ICMEs, and the association is done by fol-

lowing the drift in frequency of the radio emission (Reiner

et al., 1998; Berdichevsky et al., 2002). So far, this direct

association can be realized only in a few cases. With an he-

liospheric density model, and assuming the type II emission

to be radiated at the fundamental or second harmonic of the

local plasma frequency (which varies as the square root of

the plasma density), the radio frequency can be converted to

a radial distance, so radio observations have the potential to

monitor the velocity of the ICME from a few R⊙ to the Earth

and beyond. Since the solar-wind plasma density decreases

almost as the inverse of the distance squared, the inverse of

the radio frequency, 1/f , varies as the distance. Then, in dy-

namic spectra plotted as a 1/f function of time, a uniform

velocity is traced out by drifting emission features located

along straight lines (Reiner et al., 1998; Hoang et al., 2007).

The main limitations of the type II diagnostic is the patchy

structure and the relatively large bandwidth of the emission

(corresponding to variable plasma density and/or distance to

the Sun). From 42 cases, Reiner et al. (2007) deduced that a

nearly constant velocity is present only in the last part of the

interplanetary travel to the Earth, while a deceleration occurs

closer to the Sun. Within the model framework of a constant

deceleration close to the Sun and uniform velocity later on,

they conclude that the faster ICMEs decelerate stronger and

more rapidly near the Sun. From other cases (e.g. Hoang

et al., 2007), some ICMEs are found to accelerate near the

Sun to a constant propagation speed later on in the interplan-

etary medium.

Fig. 4. Acceleration of MCs from observations in quadrature. The

top panel shows a limb CME observed by LASCO with the asso-

ciated in-situ measurements of the magnetic field strength by the

NEAR spacecraft added on the top part. The abscissa is the arrival

time (in days, upper axis); the corresponding mean transit velocity

is reported on the lower horizontal axis. From the mean velocity, the

radial velocity measured with LASCO and the transit time, a mean

acceleration is computed. The least-squares fit of a straight line to

the data results of 8 associations is shown in the bottom panel (Rust

et al., 2005).

4 Observations in quadrature

When a CME is ejected toward the Earth, it is observed as a

halo CME. This is not a favorable configuration to measure

the escaping velocity from the Sun (mostly radial) with an

observatory in the vicinity of the Earth.

The best configuration to study the dynamics of ICMEs

is when the coronagraph and the in-situ observations are

in quadrature, so that the CME is observed in the plane

of the sky from the coronagraph point of view (Burlaga

et al., 1982; Weiss et al., 1996). The leading edge of the

CME is usually associated with the front of the associated

ICME. CMEs observed below the average slow solar wind

velocity (≈400 km s−1) are typically accelerated, while those

above this velocity are decelerated (Lindsay et al., 1999;

www.ann-geophys.net/26/3113/2008/ Ann. Geophys., 26, 3113–3125, 2008
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Fig. 5. Flux rope schema (top panel) and typical observed mag-

netic field components of a MC when rotated in the cloud frame

(dots in the two lower panels). ẑcloud is along the cloud axis, ŷcloud

is orthogonal to both the MC axis and the spacecraft trajectory,

and x̂cloud completes the right-hand orthogonal base. The observed

magnetic field in MCs usually has the characteristics of a flux rope.

The signatures are a coherent reversal of Bycloud (≈ azimuthal com-

ponent), a peaked Bzcloud (axial component), and a small Bxcloud

(not shown since it is globally constant and weak, due to a low im-

pact parameter). The blue, green and red dashed curves are the fit

using three flux-rope models (Mandrini et al., 2007).

Schwenn et al., 2005, Fig. 3). This result is classically in-

terpreted as the result of the drag force between the ICME

and the solar wind. The mean acceleration was derived by

Gopalswamy et al. (2001) with observations between 0.6 and

0.9 AU and by Rust et al. (2005) with observations between

1.2 and 1.8 AU. The least-squares fit to the data gives an av-

erage acceleration from the Sun to the spacecraft (in m s−2)

of: a=2.193−0.0054 u and a=1.32−0.003 u, respectively

(where u is the leading edge velocity of the CME in km s−1).

The difference of about a factor of 2 between these two re-

sults is likely to come from the factor ≈2 present in the

distance of the spacecraft from the Sun and an acceleration

mainly concentrated close to the Sun (dilution effect on the

average).

The observations in quadrature also permit one to detect

the bright core frequently present in the center of the limb

CMEs. Rust et al. (2005) found an acceleration typically

smaller by a factor of ≈4 for the center than the leading edge

(Fig. 4). This implies that, in the studied MCs, the dynamics

is mainly in the expansion of the magnetic structure (relative

to its center). This result is in agreement with the analysis of

two cases observed by Ulysses at a larger distance from the

Sun (≈4.6 AU). Funsten et al. (1999) found that the mean

velocity of the center (computed from the transit time) was

much closer to the in-situ measured velocity while the lead-

ing edge was significantly faster.

5 Orientation of the magnetic configuration

In the corona, the orientation of the erupting magnetic con-

figuration is directly observable (magnetograms, filaments,

coronal loops). In the interplanetary medium, the flux rope

orientation needs to be deduced from the 1-D data using

some assumptions. If the spacecraft is passing close enough

to the flux rope axis (low impact parameter), one takes advan-

tage of the different spatial variations of the field components

to find the flux rope axis, using a minimum variance analy-

sis (Bothmer and Schwenn, 1998; Gulisano et al., 2007): the

axial direction, zcloud, corresponds to the eigenvector having

the intermediate variance (Fig. 5). Improvements on the ori-

entation can be realized by fitting flux rope models to the

data. The comparison between various models gives an esti-

mation of the uncertainty of the orientation (typically ±10◦,

see Dasso et al., 2005, for a review).

The direction of the MC axis was found to be roughly

aligned with the disappearing filament (Bothmer and

Schwenn, 1994, 1998). This result was quantified by

Marubashi (1997) and Zhao and Hoeksema (1998) on ten

cases, and by Yurchyshyn et al. (2001, 2005) and Ruzmaikin

et al. (2003) on individual cases (Fig. 6). The MC axis is also

often aligned with the corresponding X-ray sigmoid (Watari

et al., 2001, Figs. 1, 2)

However, some MCs do show a significant rotation of their

axis compared to their associated filament. One case is al-

ready present in the study of Bothmer and Schwenn (1994).

Rotations larger than 30◦ are indeed not unusual: 5 out of

9 cases (Marubashi, 1997) and 2 out of 14 cases (Zhao and

Hoeksema, 1998, Fig. 6). Such a rotation is also required

in 11 out of 34 cases of CMEs (with 5 cases having a rota-

tion larger than 70◦), in order to best fit a flux rope model,

with a shell of plasma density to the LASCO data of CMEs

(Thernisien et al., 2006). An estimation of the rotation will

also be available from the elliptic cone model of CMEs with

the constraint of observations from two points of view (Zhao,

2007).

Green et al. (2007) analyzed in detail 7 associations of fil-

ament/MC having a large rotation. They found that the di-

rection of the rotation is related to the sign of the magnetic

helicity:

sign(rotation) . sign(helicity) > 0 , (1)

where the rotation is counted positively in the clockwise di-

rection from the filament to the MC axis direction (Fig. 7).

Ann. Geophys., 26, 3113–3125, 2008 www.ann-geophys.net/26/3113/2008/
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Fig. 6. Observed cases where the erupting filament and the associ-

ated MC axis have a comparable orientation. (a) Scatter plot and

linear least-squares fits for 14 events. There is a relatively good

correlation between the orientation of the filament and the MC axis,

but they differ by more than 40◦ for the two events (Zhao and Hoek-

sema, 1998). (b) Example of association between an erupting fila-

ment and its related MC. Some field lines computed with a linear

force-free extrapolation (blue and red lines) and the observed hard

X-ray sources (pink regions) are added on top of the photospheric

magnetogram (Yurchyshyn et al., 2006).

Fig. 7. Counterclockwise rotation of an erupting filament on

12 May 1997 (same event as shown on the left panel of Fig. 12). The

magnetic configuration has a negative magnetic helicity, as shown

by several indicators (see Fig. 16): the dextral filament, the relative

shift of flare ribbons, and the associated reverse-S sigmoid observed

in X-rays (not shown). The rotation is confirmed by the axis direc-

tion of the associated MC at 1 AU (Green et al., 2007).

This rotation is interpreted as the consequence of the

writhing of the magnetic flux tube. Re-analyzing the results

of Marubashi (1997), Eq. (1) is satisfied for 4 cases, while

incorrect for 1 case (the other 4 cases have a rotation below

30◦).

Magnetohydrodynamics simulations have shown that a

moderate writhing of the twisted flux tube is already present

in the equilibrium configuration (Török and Kliem, 2003;

Aulanier et al., 2005). However, the writhing becomes large

only when the kink instability sets in (Gibson et al., 2004;

Török and Kliem, 2005, Fig. 8). With this twisted config-

uration, Eq. (1) is a natural consequence of the transfer of

Fig. 8. Left panels: observations of a filament eruption close to the

limb. Right panels: Magnetohydrodynamics simulation of the kink

instability in a bipolar magnetic configuration. The simulation was

rotated so that the photospheric magnetic inversion line corresponds

to the initial direction of the observed filament. The simulated flux

rope length was also scaled to the filament extension. The time evo-

lution of the kinked flux rope is closely comparable to the observed

filament writhing. Here the eruption is confined (thus better visi-

ble because it is denser). Similar results are also obtained in some

eruptive cases (Török and Kliem, 2005).

magnetic helicity from the twist to the writhe in the flux tube.

Finally, the dispersion of observed rotation values is in-

triguing: some filament/MC axis are well aligned, while oth-

ers show a significant rotation, up to 130◦ (e.g. see 2 cases in

Rust et al., 2005), with one plausible case up to 160◦ (Dasso

et al., 2007; Harra et al., 2007). It is plausible, but not yet

proven, that the largest rotations are characteristic of the kink

instability, while the amount of rotation depends on the ver-

tical gradient of the coronal field (Török, private communi-

cation).

6 Magnetic fluxes

Magnetic fluxes are not directly available from in-situ data,

since the magnetic field is only measured along a line cross-

ing the observed MC (Fig. 5). They are usually obtained by

fitting a magnetic model to the data (see Dasso et al., 2005,

for a review). The MC data are usually compatible with a

flux rope configuration and two fluxes are deduced: axial

and azimuthal. Both fluxes are sensitive to the determined

orientation of the MC axis. The axial flux is specifically sen-

sible to the unknown shape of the flux rope cross section,

www.ann-geophys.net/26/3113/2008/ Ann. Geophys., 26, 3113–3125, 2008
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Fig. 9. Evidence of partial magnetic reconnection of a flux rope

during its transit from the Sun to the spacecraft. Top panel: Bycloud

field component (≈ azimuthal component since the impact param-

eter is small) for the 9 November 2004 MC (Dasso et al., 2007).

A current sheet is theoretically expected to be present between two

regions with different magnetic connectivities, such as between the

flux rope and its surroundings. Then, the flux rope is defined by

discontinuities of Bycloud and the same azimuthal flux before and

after the center (Bycloud is the dominant field component at the flux

rope border). In the back of the flux rope an extended region of

low but coherent field is present. This “back” region was probably

belonging to the flux rope initially ejected from the Sun, but recon-

nection in the front with the overtaken magnetic field connected it to

the solar wind (bottom panel). Then, the reconnected flux became

progressively swept behind the faster flux rope. The consequence

of the frontal reconnection is an extended region in the back of the

MC with a weak field having low fluctuations (thus different from

the solar wind field).

while the azimuthal flux is most affected by the location of

the MC boundaries, the supposed length of the flux rope, and

the axial invariance hypothesis. If the spacecraft approaches

the MC axis by a small fraction of its radius and with the

hypothesis of cylindrical symmetry, the magnetic fluxes can

also be derived directly from the data (Dasso et al., 2006).

The fluxes vary by a few 10% between the different estima-

tions.

On top of the possible flux biases shortly described above,

there is the intrinsic evolution of the flux rope when moving

from the Sun to the spacecraft. Flux ropes faster than the so-

lar wind are overtaking the magnetic field usually of different

orientation than their leading field, so magnetic reconnection

is expected. The consequence of this reconnection, a flux

tube pealed in the front but with an extended back part, was

indeed found (Fig. 9). About 60% of the azimuthal flux was

estimated to be lost by the MC observed on 18 October 1995

(Dasso et al., 2006). This is the maximum value detected so

far. In other MCs, the reconnected flux is lower (e.g. ≈25%

Fig. 10. Sketch showing the ejection of a flux rope already present

in the corona (a negligible amount of reconnection is assumed dur-

ing the ejection). When the radial extension of the field lines is well

above the pressure scale height, the plasma is no longer confined in

the corona by the magnetic field. It implies the formation of two

dimmings at the footpoints of the flux rope. Their extension corre-

sponds to a magnetic flux equal to the axial flux of the flux rope.

Fig. 11. Comparison of the magnetic flux found in the dimmings

and in the associated MC for 7 events. The top left panel shows a

base difference image for one event. The dimming extensions are

reported on the co-temporal magnetogram in the right panel. The

bottom panels compare the flux found in the dimmings with the

axial and azimuthal flux found in the related MC. The red stars cor-

respond to the mean of the absolute flux value between negative and

positive dimming regions, and an azimuthal flux computed with MC

length L=1 AU. The error bars are mainly computed from varying

alignment offsets (between MDI and EIT), using two dimming lev-

els, and using the range L=0.5 to 2 AU (Qiu et al., 2007).

in the 9 November 2004 MC; Dasso et al., 2007), or even

negligible (Mandrini et al., 2007).

In the photosphere, measurements of magnetic fluxes are

classical. But the comparison to MC fluxes needs specific

Ann. Geophys., 26, 3113–3125, 2008 www.ann-geophys.net/26/3113/2008/
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Fig. 12. Double dimmings for two eruptive events in similar bipolar

magnetic fields. The large event occurred in a classical bipolar AR

(Attrill et al., 2006), while the small event occurred in an ephemeral

region (duration ≈2 days; Mandrini et al., 2005). The bipole and

dimming magnetic fluxes are about 15 times larger in the first event

than in the second. Despite this magnitude difference, these events

have a similar organization both for the flare brightenings centered

on the magnetic inversion line and for the dimmings shifted along

it (both events have negative helicity). For the large event, the ex-

pansion evolution of the dimmings is shown. The dimming contour

level is set halfway between the intensity of the quiet Sun and of a

coronal hole.

measurements, i.e. the flux involved in a CME. Extended in-

tensity decreases in coronal images, called dimmings, are

frequently observed in association with front-side CMEs

(Thompson et al., 2000). The generally accepted physical

interpretation of dimmings is that they are primarily a den-

sity depletion induced by the eruption of an unstable mag-

netic configuration (Hudson et al., 1996; Harrison and Lyons,

2000; Zarro et al., 1999). So the dimmings indicate the mag-

netic regions related to the associated MC.

More precisely, double dimmings are often present on both

sides of the erupting configuration (Fig. 1). It has been sug-

gested that these dimmings mark the position of the ejected

flux rope footpoints (Fig. 10), since the magnetic flux found

in the dimming regions corresponds approximately to the

axial magnetic flux of the associated MC (Lepping et al.,

1997; Webb et al., 2000; Qiu et al., 2007). Does it imply

that the flux rope observed in situ was simply launch from

the corona? In fact, this simple interpretation is not plau-

sible, since MCs are highly twisted flux tubes (more than

10 turns typically; Gulisano et al., 2005) while evidence of

such a high twist has never been found in the corona. A

more plausible alternative would be that most of the flux rope

is rapidly formed by reconnection of a sheared arcade (be-

fore the arcade height becomes larger than the plasma scale

height, ≈100 Mm).

However, Mandrini et al. (2005) and Attrill et al. (2006)

reached a different conclusion, as follows. They computed

Fig. 13. A scenario for a flux rope eruption. (a) A flux tube (blue

and red lines) is embedded in a sheared arcade (black lines). (b)

The arcade and the flux rope expand significantly (more than the

pressure scale height). Dimmings (grey areas) are formed at the

footpoints of the flux rope and also of the sheared arcade. (c) The

reconnection of the sheared arcade progressively incorporates more

flux to the erupting flux tube. In this scenario the magnetic flux in

each dimming corresponds to the sum of the axial and azimuthal

flux in the associated MC, in contrast to the ideal case presented in

Fig. 10 (Mandrini et al., 2005, 2007). The dotted green line is the

magnetic photospheric inversion line (IL).

the magnetic flux in the dimming regions associated with

eruptions occurring in two isolated bipolar ARs (Fig. 12).

In both cases, they found that the flux in the dimmings was

comparable mainly to the azimuthal flux of the associated

MC (when assuming a length compatible with both solar and

interplanetary observations). These results led these authors

to propose that the ejected flux rope in these cases is mostly

formed by successive reconnections in a sheared arcade dur-

ing the eruption process (Fig. 13). Indeed, the formation of

a twisted flux tube from a sheared arcade has been proposed

by several authors either in the low corona (e.g. Amari et al.,

2003), or later on (Gosling, 1990); see Forbes (2000) for a

review. The initial arcade in Fig. 13 can contain an embed-

ded flux rope. This case corresponds to the model of Lin and

Forbes (2000); indeed considerable arcade field line stretch-

ing can occur before reconnection behind the flux rope and

adds a significant amount of the arcade flux to the flux rope.

In this model the current sheet formed behind the ascending

flux rope can be as long as 3 R⊙, while with radio imaging in

the metric domain of one limb event, Pick et al. (2005) have

estimated this current sheet to be not longer than one tenth of

the previous value.

The above controversy on the relationship between the

magnetic flux present in the dimmings and in the related

MC, comes partly from the difficulties in defining the maxi-

mum extention of dimmings but also to identify the origin of

www.ann-geophys.net/26/3113/2008/ Ann. Geophys., 26, 3113–3125, 2008



3120 P. Démoulin: Quantitative links between CMEs and magnetic clouds

Fig. 14. Formation of large-scale dimmings by the destabilization of

trans-equatorial loops. The top panels show a set of computed field

lines (with a full Sun potential field extrapolation) on top of the MDI

magnetogram (left panel) and a de-rotated base difference image of

EIT 195 Å (right panel). The magnetic configuration involved in

the eruption is quadrupolar (green, pink, blue, and red field lines).

The bottom panels show a sketch for the evolution of representa-

tive field lines. Reconnection in the quadrupolar configuration pro-

vides plasma heating seen as brightenings (located near the blue

field lines). The destabilization of the large field lines (green), as

well as the lateral ones (pink and red), leads to the formation of

large-scale dimmings (Delannée et al., 2007).

the dimmings. In many events more than two dimmings are

present and they are related to brightenings, plausibly formed

by magnetic reconnection (Delannée, 2000; Delannée et al.,

2007). Dimmings are also present at the footpoints of large-

scale interconnecting loops (Fig. 14), plausibly destabilized

during the eruption but with an unknown relationship with

the associated MC. Dimmings are also spread to large dis-

tances from the initial erupting site by progressive stepping

reconnection with the surrounding bipoles, making the erupt-

ing configuration large scale even in the low corona (Attrill

et al., 2007). In extreme events, such as on 28 Oct. 2003, the

dimmings are spread around about half the Sun. Mandrini

et al. (2007) interpreted this spreading by the stepping recon-

nection process (Fig. 15), and they found no correspondence

between the magnetic flux in the dimmings and in the related

MC (this is one of the cases included in Fig. 11). Indeed, the

main dimmings of the eruption are masked by the brightness

of the X17 flare, while some secondary dimmings are at and

behind the eastern limb. In conclusion, dimmings need to be

carefully studied in each event before relating their fluxes to

the associated MC fluxes.

Fig. 15. Dimming spreading due to reconnection (mechanism pro-

posed by Attrill et al., 2007, applied to the 28 October 2003 event).

(a) The CME lift-off. AR 10486 is represented by five field lines,

while nearby bipoles are represented with three black field lines.

The dashed lines represent the separatrices involved in the next re-

connection (drawn symmetric to simplify the drawing). (b, c) Re-

connection of the expanding CME field configuration with the sur-

rounding bipoles (the just reconnected field lines are thicker and set

to red for the short loops). By successive reconnections the outer

shell of the CME expanding magnetic field is progressively rooted

in more distant regions. This creates the spreading of the dimmings

to larger spatial scales (Mandrini et al., 2007).

7 Magnetic helicity

Magnetic helicity, H , quantifies how the magnetic field is

sheared and twisted compared to its lowest energy state, the

potential field. Such stressed magnetic fields are usually

observed in association with flares, eruptive filaments, and

CMEs. Magnetic helicity plays a key role in magnetohydro-

dynamics because it is almost preserved on a time scale less

than the global diffusion time scale (which is several orders

of magnitude longer than the ICME evolution time). Its con-

servation property permits one to achieve a quantitative link

between a CME and its related MC, provided one can derive

it from observations in both domains.
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Fig. 16. Some characteristic patterns indicating a positive magnetic

helicity (for negative helicity the images have to be mirrored). Soft

X-ray sigmoids are the coronal trace of twisted or highly sheared

field lines (Manoharan et al., 1996; Canfield et al., 1999). The

global organization of fibrils and feet/barbs, i.e. their inclination on

the filament axis, is another trace of a twisted/sheared magnetic field

(Martin et al., 1994; Aulanier et al., 1998). The spatial distribution

of the vertical magnetic field component in emerging active regions

is often asymmetric, with lateral extensions to the main bipolar po-

larities. These “magnetic tongues” are the photospheric trace of the

emerging sub-photospheric flux rope (López Fuentes et al., 2000).

Finally in a sheared field, the flare ribbon locations are separated

along the inversion line. In some cases, they also have a character-

istic J-shape if the twist is of the order or above one turn (Démoulin

et al., 1996).

The initial use of H , in linking solar to interplanetary

events, involved only the sign of H (as the developments to

compute its magnitude were not yet done). For MCs, the

sign of H is readily obtained from the measured rotation of

the vector magnetic field (without the need of a model). The

most direct way to infer the sign of H in an erupting region

is to analyze vector magnetograms, in particular to infer the

sign of the magnetic shear (angle between the observed and

the computed potential field). Also, a fit of the vector mag-

netic field with a linear force-free field, j=αB, gives a single

value, αbest, which represents the global shear of the region

(Pevtsov et al., 1995). However, even without magnetic data,

the sign of H can be frequently inferred from the “sheared

orientation” of chromospheric fibrils or coronal loops (with

respect to the direction given by a potential field), or by the

four characteristic patterns shown in Fig. 16; see Green et al.

Fig. 17. Evolution of the X-ray emission and of the coronal

magnetic field before and after the ejection accompanying a long

duration event which is the signature of a CME. Left panels:

co-aligned soft X-ray images overlaid with longitudinal magne-

tograms. Right panels: coronal linear force-free field models. Iso-

contours (±70,±140G) are drawn with continuous/dashed lines for

positive/negative magnetic field values. The deduced loss of coronal

magnetic helicity is comparable to the helicity found in the associ-

ated MC observed at 1 AU (Luoni et al., 2005).

(2007) for practical examples, and Pevtsov and Balasubra-

maniam (2003) for a review. It is better to use as many as

possible of these patterns to infer the sign of H since fake

patterns are always possible, especially in multipolar regions

(e.g. a given pattern can be created by a special arrangement

of magnetic polarities).

Rust (1994) and Bothmer and Schwenn (1994, 1998)

found that most MCs have the same sign of H than the as-

sociated erupting filaments. They also concluded that in the

Northern (resp. Southern) Hemisphere, H is preferentially

negative (resp. positive), extending the results of Martin et al.

(1994) obtained for quiescent filaments. These hemispheri-

cal rules are confirmed by further studies, while the impor-

tance of the dominance depends on the data set analyzed and

the proxy of the helicity used (Pevtsov et al., 1995; Bao et al.,

2000; Hagino and Sakurai, 2004).

The definition of H is a priori far from any data set since

H involves a volume integral including the vector potential

A of B, or equivalently a double volume integral involving

B. More generally, H can be expressed in several equiva-

lent forms, implying different types of integrals. Then, the

estimation of H from data started much later than the pio-

nnering theoretical work of Berger and Field (1984), since it

was necessary to bring the theory towards the observations,

in particular to find the expression of the helicity which is
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best suited to include the available data. The achieved devel-

opments are reviewed by Démoulin (2007).

Magnetic helicity can be estimated by fitting a model to

the MC data, just as for the estimation of magnetic fluxes

(Sect. 6). Since H involves a double integral on the field, its

estimation is robust, i.e. it has a low sensitivity to the model

selected, provided the fit to the data is good (Dasso et al.,

2003). The main limitations are due to the local nature of the

data, then to the needed hypothesis on the 3-D geometry of

the flux tube to compute a global quantity such as H . When

the impact parameter is small, and with the hypothesis of a

local cylindrical symmetry of the flux rope, H can be derived

directly from the data when they are rotated in the MC frame

(Dasso et al., 2006).

At the photospheric level, the rate (or flux) of magnetic

helicity can be computed from the evolution of longitudi-

nal magnetograms. Nindos et al. (2003) analyzed in detail

6 ARs producing several CMEs during their disk passage.

For each AR, one CME could be associated to a MC. The he-

licity content of these MCs is broad: H≈1 to 19×1042 Mx2

with a length estimated by the condition for the kink insta-

bility threshold (set to 2 turns). For the non-halo CMEs they

used the mean helicity value derived by DeVore (2000) from

a set of 18 MCs. Finally, Nindos et al. found a photospheric

helicity injection broadly compatible with the ejected helic-

ity in CMEs, both with a length set to 0.5 AU or estimated

from the kink threshold.

The next step is to analyze the variation of the coronal he-

licity during a halo CME event, together with the associated

MC. So far, this has been done only for two cases, a tiny and

a large MC. Mandrini et al. (2005) analyzed the full evolu-

tion of a tiny AR well isolated from others and located close

to the solar disk centre. The photospheric bipole emerged

and dispersed at the photospheric level in ≈2 days. The vari-

ation of the coronal helicity during the eruptive event was es-

timated by using a linear force-free field fitted to the coronal

loops. The decrease in the coronal helicity and the MC helic-

ity were found to be in the same range: ≈2 to 3×1039 Mx2.

This value is at the lower limit of the helicity interval found

in a set of 132 MCs analyzed by Lynch et al. (2005). Dasso

et al. (2006) analyzed in a similar way a well studied MC,

observed on 18-20 Oct. 1995. In this case the MC helicity, at

least 1043 Mx2, is larger by a factor of ≈ 2 than the variation

of the coronal helicity in the associated CME event (Luoni

et al., 2005). This factor of 2 is still small compared to the

broad interval of helicities found in the MCs (factor 105!),

so that the magnitude of the magnetic helicity is one more

significant constraint in the CME/MC association.

8 Conclusions

Making a quantitative link between the CMEs and their inter-

planetary counterparts is an important step in understanding

the physics involve. It also brings together the knowledge of

two domains build on very different data. It provides impor-

tant tests on the possible systematic bias present in each kind

of data and their associated modeling.

The association involves a series of constraints: the rel-

ative location of the solar source and the spacecraft detect-

ing the ICME in situ, the transit time (Sun-in situ), and the

measure of the same physical parameters in both domains

(orientation, magnetic fluxes and helicity). It is important

to involve as many constraints as possible, in order to avoid

incorrect associations (in particular when the CME rate is

large, like around solar maximum).

However, if one or two constraints are not satisfied in the

standard way in some event, it is worth analyzing closer this

case since interesting physics is plausibly involved. For ex-

ample, the CME could be deflected from a near radial prop-

agation by the interaction with a streamer, so that the source

region could be far from disk center. The transit time could

be shorter than expected if the ICME is overtaken by a fast

solar wind stream or another fast CME. The magnetic con-

figuration could significantly rotate in some cases, giving a

plausible signature of the kink instability. The relation be-

tween the magnetic fluxes in the dimmings and in the related

MCs is still controversial. It is important to clarify this since

it involves understanding not only the formation of dimmings

but also the CME ejection mechanism itself and the evo-

lution of MCs. Finally, by its conservation property, even

with magnetic dissipation, magnetic helicity provides an im-

portant constraint on the global models developed from the

coronal and in-situ observations.

The association CME/ICME-MC is very reliable and pro-

vides more physical information when made from different

points of view, in particular when coronagraphic and in-situ

observations are in quadrature (minimization of the projec-

tion effects). The two STEREO spacecraft associated with

SOHO and ACE provide a unique opportunity to couple so-

lar and interplanetary data, to further understand the physics

behind the puzzling CMEs/ICMEs.
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