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Abstract

We select a set of 20 magnetic clouds (MCs) observed by the spacecraft Wind and reconstruct their local magnetic

structure from in situ observations under different models. In particular, we quantify their relative magnetic helicity per

unit length (Hr/L) under the assumption of a cylindrical geometry. We investigate how model-dependent are the results

using four models (two force-free and two non-force-free) with a significantly different twist distribution in their

magnetic field: (a) a linear force-free field, (b) a uniformly twisted field, (c) a non-force-free field with constant current

(J) and (d) a non-force-free field with an azimuthal component of J depending linearly on the radius and with a

constant axial component of J. We find that the dispersion of the mean Hr/L for the 20 MCs is one order of magnitude

larger than the dispersion of the Hr/L value using different models for a given event. In this sense, magnetic helicity per

unit length is a well-determined magnitude considering these four models.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Magnetic clouds (MCs) are the interplanetary mani-

festation of magnetized plasma ejected from the solar

surface. Despite MCs have been observed for more than

20 years, the details of their magnetic configuration and

typical values for their magnetohydrodynamic (MHD)

magnitudes are not yet well known. This is mainly

because the spacecraft can only obtain in situ measure-

ments along a linear cut and we have to trust in fittings

to models to deduce their global structure.

One important MHD quantity in MCs is the magnetic

helicity (MH). When the source of the MC is ejected
e front matter r 2005 Elsevier Ltd. All rights reserve
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from the solar surface, the magnetized plasma carries a

significant amount of MH that is transported into the

interplanetary space by the MC. MH is almost

conserved in plasmas with low resistivity (as the solar

corona and the heliosphere). Thus, it is important to

quantify global magnitudes of MCs, such as their MH to

compare them with their solar counterparts (see e.g.

Nindos et al., 2003; Mandrini et al., 2005; Luoni et al.,

2005).

MCs can be locally modeled in cylindrical geometry

under four different approaches: (a) a linear force-free

field model, as was first suggested by Goldstein (1983),

(b) a uniformly twisted field (Farrugia et al., 1999), (c) a

non-force-free field with constant current (Hidalgo et al.,

2000), and (d) a non-force-free field with an azimuthal

component of the current (J) depending linearly on the

radius and a constant axial component of J (Cid et al.,
d.
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2002). All these models are physically different and it is

not clear how close the real configuration of an MC is

from each one of them.

Several statistical works have analyzed the MCs

properties using cylindrical models (e.g., Lepping

et al., 1990; Zhao et al., 2001). From the results of

these two studies, and assuming the Lundquist’s model,

Green et al. (2002) and van Driel-Gesztelyi et al. (2003)

estimated that the average MH in clouds was

�2� 1042Mx2. However, no statistical works quantify-

ing MH with different models have yet been done.

In this work, we study a set of 20 MCs observed by

the spacecraft Wind and reconstruct their local magnetic

structure from in situ observations. We quantify their

relative MH per unit length (Hr/L) using the four

cylindrical models mentioned above. We find that its

relative variation range (when considering the four

different models for each event) turns out to be of �10%

averaging the 20 events. Then, Hr/L can be considered

an almost model-independent magnitude. This kind of

analysis is a good starting point to carry out future

studies connecting solar events with their associated

interplanetary manifestations.

In Section 2, we describe the analyzed data and the

method used to process them. The four models

mentioned above, a comparison of the physical para-

meters derived from them, and the obtained values of

the helicity per unit length, are presented in Section 3.

Finally, in Section 4, we summarize our conclusions.
2. Data analysis

We select a set of MCs observed by the spacecraft

Wind from 22 August 1995 to 7 November 1997 (during

a solar minimum), according to the list given in the

following web page: http://lepmfi.gsfc.nasa.gov/mfi/

mag_cloud_pub1.

We analyze the magnetic data from the Magnetic

Field Instrument (Lepping et al., 1995), aboard the

spacecraft Wind, downloaded from http://cdaweb.gsfc.-

nasa.gov/cdaweb/istp_public/, in Geocentric Solar

Ecliptic (GSE) coordinates with a temporal cadence of

3 s. Since our aim is to better understand the large-scale

magnetic structure of the clouds, we smoothed the data

to obtain 100 averaged points for each cloud.

In our approach, the orientation of the axis of the

cloud is determined for every event using a minimum

variance (MV) analysis, as discussed in Bothmer and

Schwenn (1998) and Dasso et al. (2003b). From this

analysis, we obtain: (a) the latitude angle (y) between the

cloud axis (defined in such a way that y40 when the

axial component of the magnetic field at the cloud axis

points northward) and the ecliptic plane and (b) the

longitude angle (j) between the projection of the cloud

axis on the ecliptic plane and the Earth–Sun direction
(XGSE), measured counterclockwise. Thus, from this

cloud orientation we find the radius (R), using the cloud

mean speed and the time interval of Wind observations.

We can also determine the sign of the helicity (defined as

positive for a right-hand helix) from the global behavior

of the observed field components. The list of the start

and end times, y, j, R and the helicity sign are given in

Table 1 for the complete set of analyzed clouds.

Taking into account the MV orientation of the cloud

local axis (y, j), we rotate the GSE components of the

field obtaining the new components in the cloud frame.

In this frame, Xcloud corresponds to the cylindrical radial

direction (r) in the ideal case of the spacecraft crossing

the axis of the cloud (null impact parameter) as it leaves

the structure, Zcloud is parallel to the axis of the cylinder

(sign such that Bz,cloud is positive at the cloud axis) and

Ycloud completes a right-handed reference system.

Fig. 1 shows the three ‘cloud’ components of the field

for event #8 (see Table 1). Dashed lines mark the

beginning and the end of the observed event. It can be

clearly seen that the fluctuations in Bx,cloud (upper panel)

are low; we also observe the large variation in By,cloud

(central panel) that changes its sign as the spacecraft

passes near the center of the cloud and, finally, (lower

panel) that Bz,cloud is maximum at the center of the cloud

and close to zero in its two boundaries (with an

intermediate variance).
3. MH per unit length for the four cylindrical models

We analyze the observations assuming four different

models with cylindrical symmetry in the 2D cut (slice) of

the magnetic field configuration, corresponding to the

intersection of the spacecraft trajectory with the MC. In

particular, the observations are used to fit the free

parameters of the four models described below:
(1)
 The cylindrical linear force-free field, known as the

Lundquist’s model (L) (Lundquist, 1950), is given by

B ¼ B0½J1ðarÞ/þ J0ðarÞz�, with Jn the Bessel func-

tion of the first kind of order n, B0 is the strength of

the field, and a is a constant. The magnetic field lines

have a different twist for different radial distances

from the cloud axis in this configuration. The twist

per unit length, t ¼ df=dz ¼ Bf=ðrBzÞ, results in

tðrÞ ¼ J1ðarÞ=rJ0ðarÞ, being the twist at the axis

t0 ¼ tð0Þ ¼ a=2. A relative MH, gauge-independent,

can be defined in helical structures (see, e.g., Dasso

et al., 2003a) and the relative helicity (Hr) per unit

length can be expressed in this model as (Dasso

et al., 2003b)

Hr=L ¼ 4pB2
0a
�1

Z R

0

J2
1ðarÞrdr.

http://lepmfi.gsfc.nasa.gov/mfi/mag_cloud_pub1
http://lepmfi.gsfc.nasa.gov/mfi/mag_cloud_pub1
http://cdaweb.gsfc.nasa.gov/cdaweb/istp_public/
http://cdaweb.gsfc.nasa.gov/cdaweb/istp_public/
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Table 1

List of studied magnetic clouds

Event Start End y (deg) j (deg) R (10�2AU) Helicity sign

#1 22 Aug. 1995, 22:00 23 Aug. 1995, 19:00 �22.7 271.2 9.1 +

#2 18 Oct. 1995, 19:00 20 Oct. 1995, 00:00 �13.7 286.9 13.7 +

#3 16 Dec. 1995, 05:00 16 Dec. 1995, 22:00 �12.1 51.2 6.5 �

#4 27 May 1996, 15:00 29 May 1996, 07:00 �2.3 132.2 13.2 �

#5 01 Jul. 1996, 17:00 02 Jul. 1996, 09:00 3.0 105.1 6.5 �

#6 07 Aug. 1996, 13:00 08 Aug. 1996, 10:00 �64.6 292.4 8.6 +

#7 24 Dec. 1996, 03:00 25 Dec. 1996, 10:00 50.9 80.3 13.0 +

#8 10 Jan. 1997, 05:00 11 Jan. 1997, 02:00 �18.1 244.4 10.1 +

#9 21 Apr. 1997, 15:00 23 Apr. 1997, 07:00 16.6 333.3 8.9 +

#10 15 May 1997, 09:00 16 May 1997, 01:00 �15.9 111.9 8.4 �

#11 16 May 1997, 07:00 16 May 1997, 14:00 �30.3 303.0 3.6 �

#12 09 Jun. 1997, 02:00 09 Jun. 1997, 23:00 �17.8 238.1 8.2 +

#13 19 Jun. 1997, 05:06 19 Jun. 1997, 17:54 �61.0 216.8 4.7 +

#14 15 Jul. 1997, 06:00 16 Jul. 1997, 01:00 �63.8 124.6 8.2 �

#15 03 Aug. 1997, 14:00 04 Aug. 1997, 01:00 �11.5 31.5 3.2 �

#16 18 Sep. 1997, 00:00 20 Sep. 1997, 12:00 60.1 203.5 20.5 +

#17 21 Sep. 1997, 22:00 22 Sep. 1997, 18:00 72.1 163.5 9.9 �

#18 01 Oct. 1997, 16:00 02 Oct. 1997, 23:00 35.3 127.8 14.8 �

#19 10 Oct. 1997, 23:00 12 Oct. 1997, 00:00 �15.0 256.9 12.0 +

#20 07 Nov. 1997, 05:48 08 Nov. 1997, 04:18 �5.2 225.7 8.4 +

The start and end times, latitude (y) and longitude (j) of the cloud axis, radius (R) of the flux tube, and the helicity sign, are shown.
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Fig. 1. Magnetic field components (nT) in the frame of the

cloud for event #8 (see text for details of cloud coordinates).

The beginning and the end of the event are marked with vertical

dashed lines.
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(2)
 The cylindrical uniformly twisted field, known as the

Gold–Hoyle’s model (GH) (Gold and Hoyle, 1960),

is given by B ¼ B0br=ð1þ b2r2Þ/þ B0=ð1þ b2r2Þz.

In this model, the amount by which a given line is

twisted is independent of r: tðrÞ ¼ t0 ¼ b. The

relative MH per unit length is (Dasso et al., 2003a)

Hr=L ¼ ðpB2
0=2b3Þ½lnð1þ b2R2Þ�2.
(3)
 A non-force-free field with constant current, the

Hidalgo’s et al. model (H) (Hidalgo et al., 2000), has

been used to model MCs. This model assumes a

constant current density in the cloud, such as

J ¼ Jf/þ Jzz, with Jf and Jz constants. The mag-

netic field of this configuration is B ¼ B0t0r/þ
B0ð1� r=RÞz, where B0 ¼ m0JfR is the maximum

field at the center of the cloud and t0 ¼ Jz=ð2RJfÞ.

The twist distribution in this model turns out to be

tðrÞ ¼ t0=ð1� r=RÞ. The relative MH per unit length

can be written as: Hr=L ¼ 7pB2
0R4t0=30 (Dasso

et al., 2003b).
(4)
 A non-force-free field with an azimuthal component

of the current, depending linearly on the radius, and

a constant axial component of J, the Cid’s et al.

model (C) (Cid et al., 2002) has been also used to

describe the magnetic structure of MCs. The

magnetic field in this model is B ¼ B0t0r/þ
B0ð1� r2=R2Þz, the axial twist t0 ¼ Jz=B0) and the

relative MH per unit length Hr=L ¼ pB2
0R4t0=3

(Dasso et al., 2005).
We determine the free parameters (B0 and t0) of the

magnetic field, in the cloud frame and for each of the

four models, using the standard non-linear least-square

fitting Levenberg–Marquardt routine (Press et al., 1992).

Then, from the fitted parameters, we compute the MH

for each event and each model. Figs. 2 and 3 show an

example of the fitted results, where the components
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Fig. 2. By,cloud component of the magnetic field (nT). (J) show

the observed field. (*,n,&,+) Models L, GH, H, and C,

respectively. The curves for H and C models are overplotted.
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Fig. 3. Idem Fig. 2, but showing Bz,cloud.
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Fig. 4. Maximum field at the cloud axis, B0 in nT, fitted from

the four different models for the 20 analyzed events. (*,n,&,+)

Models L, GH, H, and C, respectively.
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Fig. 5. Absolute value of the axial twist of the magnetic field

lines per unit length (|t0| in AU�1), computed from the four

models and for the 20 clouds. Each symbol corresponds to each

model as in Fig. 4. Twist from model GH is indicated also with

dot–dashed lines and gives the larger values. Model H is also

marked with dashed lines to stress that it corresponds to the

lowest values.
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By,cloud and Bz,cloud can be seen, respectively, together

with the curves obtained from the four models. Close to

the cloud center, Bz,cloud is overestimated by models L,

GH, and H; while model GH also overestimates the two

field components near the cloud boundaries. The

absolute value of By,cloud is underestimated by the two

force-free models (L and GH) near the cloud bound-

aries. According to these figures, and also to the

computed square difference between the observations

and the modeled field components, model C gives the

best fit for this event. From a visual inspection and from

the square difference, model C gives the best fit in eight

of the 20 clouds analyzed in this paper, model GH in 5/

20, L in 4/20, and H in 3/20.

Fig. 4 shows the fitted values of B0 for every event in

Table 1. It shows that, in general, model C tends to give
lower values of B0 (13 of the 20 clouds), while model H

gives larger values (also in 13 of the 20 clouds). The

dispersion in B0 when the two force-free models (L and

GH) are used is much lower than for models H and C.

We also note that the variation of B0 for different events

is generally larger than the dispersion of B0 for a given

event when the four models are considered.

The absolute values of the fitted axial twist of the

magnetic field lines (|t0|) are shown in Fig. 5. In this

figure, model GH (shown with triangles and a dot-

dashed line) gives the larger values of |t0| for all the

analyzed clouds and model H (squares and dashed line)

the lower values. The axial twist obtained from models L

and C are not well ordered.

The absolute value of the relative MH per unit length,

|Hr/L|, is shown in Fig. 6 for the different models and

events. In cylindrical flux tubes, and for a given central

magnetic flux across a surface perpendicular to the cloud

axis, larger values of the azimuthal field (proportional to t)
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in the tube periphery correspond to a larger value

of the MH. In model GH, tGH(r) is constant, but

t(r) is a monotonic increasing function for models

L, H, and C, being tGH(r�R) much lower than for

the rest of the models. Thus, we expect a trend to

lower values of |Hr/L| in model GH. The obtained

lower values for |Hr/L| correspond to model GH (13

clouds) and model H (7 clouds). Model C gives the

larger values for |Hr/L| in 13 clouds and model L in the

other 7 events.

For a given event ðjÞ we compute the average of |Hr/L|

over the four models ðiÞ, as

Hj
mean ¼

1

4

X4
i¼1

jHr=Lj
j
i ,

where ‘mean’ stands for the average using the four

models.

Thus, the average dispersion among models can be

calculated as follows:

sHmodels

� �
¼

1

20

X20
j¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4

X4
i¼1

jHr=Lj
j
i �Hj

mean

� �2vuut ,

where /yS means the average among events.

On the other hand, the average of the relative

variation range of |Hr/L| is given by

hsrelativei ¼
sHmodels

Hmean

� �

¼
1

20

X20
j¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4

X4
i¼1

ðjHr=Lj
j
i �Hj

meanÞ
2

vuut ,
Hj

mean
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Fig. 6. Absolute value of relative magnetic helicity per unit

length, |Hr/L|, in units of 1042Mx2/AU, for all the studied

events. Symbols (as in Fig. 4) show |Hr/L| computed from the

four models.
and the dispersion of Hmean among events is given as:

sHevents
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
20

X20
j¼1

Hj
mean �

1
20

X20
j¼1

Hj
mean

 !2
0
@

1
A

vuuut .

Fig. 6 shows that the dispersion of the |Hr/L| values

when changing from model (hsHmodels
i�1041Mx2/AU) is

much lower than the dispersion when the events are

changed (sHevents
�1042Mx2/AU).

The average of the relative variation range of |Hr/L| is

/srelativeS ¼ 0.1; thus, in this sense, Hr/L is a magni-

tude that depends little on the analized models.
4. Conclusions

To improve the knowledge of the physical character-

istics of MCs and of their solar source regions, the

quantification of global magnitudes is needed. In the last

few years, several works (Démoulin et al., 2002; Green et

al., 2002; Nindos et al., 2003; Mandrini et al., 2005;

Luoni et al., 2005) have computed the MH variation in

active regions (for particular events or global budget)

and have compared it to the helicity in MCs. However,

no study of the helicity content in a large set of MCs

using different models has yet been done.

Even though in the interplanetary medium the

observations are done in situ, these data are insufficient

to determine the real 3D magnetic configuration of

MCs. Therefore, we explored here four different models

to represent the MCs structure in their local cross-

section and we computed their MH per unit length along

the cloud (Hr/L).

From our statistical study of 20 MCs, we found that

the axial twist (|t0|) resulted lower for model H, while it

was larger for model GH, in all cases. We found a slight

trend to obtain lower values of |Hr/L| from model GH,

and larger values from model C. However, despite the

important variations in the distribution of the twist

assumed by the different models, we found that the

dispersion of the obtained values of Hr/L, using different

models for a given cloud, is one order of magnitude

lower than the dispersion of Hr/L for different events. In

this sense, Hr/L is almost independent from the model

used.
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