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Abstract.

Magnetic clouds (MCs) represent a subset of interplanetary coronal mass

ejections (ICMEs) that exhibit a magnetic flux rope structure. They are pri-

marily identified by smooth, large-scale rotations of the magnetic field. How-

ever, both small- and large-scale fluctuations of the magnetic field are ob-

served within some magnetic clouds. We analyzed the magnetic field in the

frames of the flux ropes, approximated using a minimum variance analysis

(MVA), and have identified a small number of MCs within which multiple

reversals of the gradient of the azimuthal magnetic field are observed. We

herein use the term “substructure” to refer to regions that exhibit this sig-

nature.

We examine, in detail, one such MC observed on 13 April 2006 by the ACE

and WIND spacecraft and show that substructure has distinct signatures in

both the magnetic field and plasma observations. We identify two thin cur-

rent sheets within the substructure and find that they bound the region in

which the observations deviate most significantly from those typically ex-

pected in MCs. The majority of these clouds are followed by fast solar wind

streams, and a comparison of the properties of this magnetic cloud with 5

similar events reveals that they have lower non-dimensional expansion rates

than non-overtaken magnetic clouds. We discuss and evaluate several pos-

sible explanations for this type of substructure, including the presence of mul-

tiple flux ropes and warping of the MC structure, but we conclude that none
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of these scenarios is able to fully explain all of the aspects of the substruc-

ture observations.
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1. Introduction

Magnetic clouds (MCs) are a subset of interplanetary coronal mass ejections (ICMEs),

typically identified, at least initially, by three main criteria: the magnetic field rotates

smoothly over a large angle during an interval of the order of one day, the magnetic field

strength is higher than in the typical solar wind, and the proton temperature is lower

than in the typical solar wind [Burlaga et al., 1981; Klein and Burlaga, 1982; Burlaga,

1995].

Magnetic clouds have been widely modelled as large-scale, force-free, cylindrical mag-

netic flux ropes [e.g. Lepping et al., 1990; Marubashi , 1997; Lynch et al., 2003; Dasso

et al., 2005]. In this scenario, the magnetic field is helical, such that it is in the axial

direction towards the center of the flux rope and in the azimuthal direction at the flux

rope boundary. As a magnetic cloud passes over a spacecraft located in the solar wind,

a bipolar signature, observed in the azimuthal magnetic field component, is anticipated.

This is indicative of the large-scale rotation of the magnetic field within the structure.

However, this rotation is not always smooth, and often exhibits both small- and large-scale

fluctuations of the magnetic field within the cloud [Crooker et al., 1990]. Various phys-

ical processes have been proposed that may influence the topology of a magnetic cloud,

both near to the Sun and further out in the heliosphere, including magnetic reconnec-

tion [Gosling et al., 2007], interaction between multiple magnetic flux ropes [e.g. Fainberg

et al., 1996; Lepping et al., 1997; Osherovich et al., 1999; Farrugia, 2001], spontaneous

formation of current sheets [Owens , 2009], or interaction with dust trails originating from

comets [Russell et al., 2009].
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In a small handful of magnetic clouds, multiple reversals of the main gradient of the

azimuthal magnetic field component are observed towards the center of the cloud [Dasso

et al., 2007]. We herein use the term “substructure” to refer only to the region of a

magnetic cloud that exhibits this signature. Dasso et al. [2007] suggest that in a magnetic

flux rope structure, the magnetic flux surfaces of an MC could become “warped” as a

result of its fast evolution and interaction with the ambient solar wind, giving rise to the

observed magnetic field fluctuations. However, this and other possible causes of this kind

of substructure have not, as yet, been investigated further.

In this study, we discuss the characteristics and observational signatures associated with

the presence of substructure towards the center of some magnetic clouds. In Section 2,

we describe, in detail, the magnetic field and plasma observations of the substructure

present within a magnetic cloud observed by the ACE and WIND spacecraft on 13 April

2006. In Section 3, we investigate the prevalence of substructure within magnetic clouds,

examining and comparing the properties of the clouds exhibiting substructure that we

have identified, and in Section 4, we discuss and evaluate some possible scenarios that

might explain the presence of substructure in these magnetic clouds.

2. In Situ Observations of the 13 April 2006 Magnetic Cloud

2.1. Overview of the Event

Figure 1 shows data taken in the magnetic cloud encountered by the ACE and WIND

spacecraft on 13 April 2006. This MC displays many of the typical characteristics used

to identify a magnetic cloud [Steed et al., 2008], and also exhibits the clearest example of

substructure towards its center that we have found. Magnetic field data from the Mag-

netic Field Investigation [MFI, Lepping et al., 1995] and plasma data from the 3-D Plasma

D R A F T October 11, 2010, 12:15pm D R A F T



X - 6 STEED ET AL.: MAGNETIC CLOUD SUBSTRUCTURE

and Energetic Particle Experiment [3DP, Lin et al., 1995] on the WIND spacecraft, lo-

cated upstream of Earth, are shown at 3 second resolution. Panels (a) and (b) show the

total and Bx, By and Bz components of the magnetic field in Geocentric Solar Ecliptic

(GSE) co-ordinates, respectively. Panel (c) shows the bulk flow speed of the protons,

panel (d) shows the proton number density and panel (e) shows the radial proton temper-

ature. Panel (f) shows the pitch angle velocity distributions of suprathermal electrons at

272 eV observed by the Solar Wind Electron Proton Alpha Monitor/STEA [SWEPAM,

McComas et al., 1998] on the ACE spacecraft, which has been temporally aligned with

observations of the substructure region at WIND (see Section 2.4) . Counterstreaming

beams of suprathermal electrons are typically associated with ICMEs [Zwickl et al., 1983;

Gosling et al., 1987] and tell us about the connectivity of magnetic field lines to the Sun.

When a counterstreaming beam of suprathermal electrons is observed, it indicates the

presence of closed field lines that are still connected to the Sun at both ends. It is com-

mon for unidirectional beams to also be observed within an ICME, indicating that one

of the footpoints is no longer connected to its solar source, while complete drop-outs in

the observations of these electrons indicates that the magnetic structure has become com-

pletely disconnected from the Sun. Figure 1(f) shows that counterstreaming suprathermal

electron beams at ∼ 272 eV are observed throughout much of this magnetic cloud, indi-

cating that the ejecta is still connected to the Sun when it is observed at ACE. However,

the onset of these bidirectional beams is ∼ 1 hr prior to the onset of the magnetic cloud,

as determined from the magnetic field observations, suggesting the presence of closed

magnetic field lines propagating ahead of the magnetic cloud. We suggest that this may

indicate that overlying coronal loops were also pushed out and ejected when this magnetic
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cloud erupted. We also note that the observations show that the beam is unidirectional

as the spacecraft emerges from the substructure region and moves into the back part of

the magnetic cloud, indicating that the magnetic structure is partially disconnected from

the Sun at one of its footpoints in this region.

At the boundary of a magnetic flux rope, a current sheet is generally expected since

there is a change of connectivity of magnetic field lines (from twisted field lines inside the

flux rope to solar wind-like field lines outside). Then, the in- and out-bound boundaries in

in situ data are typically expected where magnetic discontinuities are present [e.g. Dasso

et al., 2006]. Large-scale, force-free, cylindrical models of magnetic flux ropes, like that

of Lundquist [1950], suggest that the magnetic field in the axial direction is strongest

towards the center of the flux rope, whilst the azimuthal magnetic field direction displays

a large-scale rotation. Observationally, it is usual to see a peak in the axial magnetic field

near the center of a magnetic cloud and it is expected that this component will tend to

zero towards the boundaries of the magnetic cloud. A bipolar signature is often observed

due to the reversal of the azimuthal magnetic field component of the flux rope, passing

through zero towards the center of the magnetic cloud. All of these characteristics are

guidelines to define the flux rope boundaries from the measured field components in the

GSE co-ordinate system. In the 13 April 2006 MC, Bz is dominated by the axial field

component, while Bx and By have a dominant contribution from the azimuthal component

(Figure 1(b)). However, these boundaries need to be confirmed after rotating the magnetic

data in the local MC co-ordinate system in order to fully separate the azimuthal and axial

components. We confirm the boundaries shown in Figure 1 by using a minimum variance

analysis (MVA) (see Section 2.2) to rotate the data to the MC frame, selecting the interval
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that shows the clearest rotation (Figure 2). The MV analysis gives a ratio between the

intermediate and the minimum eigenvalues of ∼ 12, which implies that the minimum

variance direction is well defined [Siscoe and Suey , 1972]. The MC axis orientation was

also determined using MVA by Steed et al. [2008], and is described by θ and ϕ, where

θ is the angle between the ecliptic plane and the MC axis and ϕ is the angle between

xGSE and the projection of the MC axis on the ecliptic plane (measured positive when

anti-clockwise). They found that θ ∼ 68◦ and ϕ ∼ 294◦.

Vertical dot-dashed black lines indicate the boundaries of the magnetic cloud at WIND,

which are found to be very similar to those determined by Steed et al. [2008], using data

from the ACE spacecraft. Unusual magnetic field and plasma observations persist beyond

the identified rear boundary of this magnetic cloud and we suggest that this may be the

result of interaction between the magnetic cloud flux rope and the solar wind. Dasso et al.

[2006] reported that magnetic reconnection can be forced in front of an MC when a flux

rope is overtaking the magnetic field ahead of it. The consequence of this reconnection is

a flux tube that is peeled away at the front, but has an extended back part. This “back”

region is expected to exhibit different behaviour to both the main body of the ejecta and

the solar wind. Steed et al. [2008] investigated several locations for the rear boundary of

this MC and, despite the complexity of the observations towards the rear of the ejecta,

they found that changes in the rear boundary location over a time interval spanning almost

10 hours did not result in major changes in the orientation of the MC axis. Within this

magnetic cloud the rotation of the magnetic field evident in By is not smooth, and vertical

dashed red lines bound the region where the By magnetic field observations deviate from

the larger scale trend bipolar signature, exhibiting multiple reversals of the gradient of
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this magnetic field component towards the center of the cloud. Associated changes in the

other magnetic field directions and the plasma measurements are also observed in this

region.

2.2. Magnetic Field Observations

Figure 2 shows 3 second resolution data from the MFI instrument on the WIND space-

craft over the interval of the magnetic cloud, rotated to a local co-ordinate system defined

using a minimum variance analysis (MVA) [Sonnerup and Cahill , 1967] on the magnetic

field. This method can be used to find the natural co-ordinate system of a flux rope, al-

lowing us to better see the nature of the fluctuations in the azimuthal and axial magnetic

fields of the flux rope. The maximum variance (By,cloud) direction contains the effects

of the rotation of the azimuthal magnetic field, and shows that the large-scale rotation

over the duration of the 13 April 2006 magnetic cloud is positive to negative. However,

a number of reversals of the gradient of this magnetic field component are observed be-

tween 19:03 UT and 22:38 UT on 13 April 2006. We have identified these signatures as

substructure within the magnetic cloud. The boundaries of this substructure are again

highlighted by vertical short-dashed red lines. Within the substructure region, relatively

sharp discontinuities are observed at 20:23 UT and 21:02 UT, indicating the presence of

thin current sheets, labelled CS1 and CS2 respectively, and highlighted by vertical long-

dashed green lines. The unusual substructure signatures observed in the By,cloud magnetic

field component of this magnetic cloud persisted for approximately 3.5 hours.

The axial magnetic field is contained in the intermediate direction (Bz,cloud) in our local

co-ordinate system. It also departs from what is expected from a force-free, cylindrical flux

rope model. Observations of Bz,cloud show that towards the center of the MC, where it is
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expected that the magnetic field is strongest, the magnetic field begins to decrease where

Bz,cloud has a discontinuity at 20:23 UT, coinciding with the time at which we observe

CS1. The decrease of Bz,cloud is large, since it changes from 19 nT to 6 nT between

20:23 UT and 21:02 UT. At 21:02 UT when CS2 is observed, a sharp discontinuity is also

observed in Bz,cloud, resulting in the rapid recovery of this magnetic field component to pre-

disturbance levels. It is interesting to note that the onset of the substructure signatures

in the azimuthal magnetic field occurs approximately 70 minutes before there are any

notable changes observed in the axial magnetic field, and that the observed reduction in

the Bz,cloud component of the magnetic field is mostly confined between CS1 and CS2.

The observed large fluctuations in the axial and azimuthal components of the magnetic

field are weakly reflected in the magnetic field magnitude, since there are only some small

changes observed during this period of time when the surrounding magnetic field is very

smooth.

2.3. Corresponding Plasma Observations

The changes in the magnetic cloud, evident in the magnetic field observations, are ac-

companied by associated changes in the physical properties of the plasma in this region.

Figure 3 shows 3 second resolution plasma measurements from the 3DP instrument on

the WIND spacecraft, in GSE co-ordinates. Panels (a) and (b) show translational proton

velocity, Vx and proton density, Np, respectively. The expected temperature, Tex is typi-

cal of the plasma proton temperature found in the ambient solar wind, and is determined

by an empirical correlation with the observed solar wind speed, Vsw [Lopez , 1987, and

references therein]. Figure 3(c) shows the observed proton temperature, Tp (black trace)

and the expected temperature, Tex (red trace) calculated using the relation from Neuge-
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bauer et al. [2003], based on 3 years of measurements from ACE. We also show Tex/2

(blue trace). Panel (d) shows the proton beta, panel (e) shows the ratio of the relative

abundances of helium to hydrogen, Nα/Np and panel (f) shows the magnitude, Bx, By

and Bz components of the magnetic field in GSE co-ordinates, for ease of comparison with

the plasma observations. The boundaries of the substructure region and the locations of

the current sheets, as determined from the magnetic field observations, are highlighted by

vertical short-dashed red lines, and vertical long-dashed green lines, respectively.

Observations of the translational proton velocity, Vx in GSE co-ordinates, within the

magnetic cloud (Figure 3(a)), show that the change in speed of the cloud as it passes

over the WIND spacecraft, determined from observations of the translational velocity at

its leading and trailing edges, is small (∼ 40 km s−1). The change in the translational

velocity over the duration of an MC can be used to calculate its expansion rate. However,

the difference, ∆Vx between the leading and trailing edges is not a direct indicator of the

expansion rate of a plasma element, since, in particular, ∆Vx depends on the size of the

magnetic cloud, so that larger magnetic clouds have typically larger ∆Vx values. A better

measure of the expansion rate of the magnetic cloud is given by the non-dimensional

expansion rate, ζ defined from theoretical considerations by Démoulin et al. [2008] and

from data analysis by Gulisano et al. [2010],

ζ =
∆Vx

∆t

D

V 2
c

(1)

where ∆t is the time difference between the observations of the in- and out-bound

boundaries, Vc is the velocity of the magnetic cloud center and D is the distance to the
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Sun. A simple interpretation of ζ is obtained when ζ is independent of the distance, D to

the Sun. Then the size, S of the magnetic cloud is simply evolving with distance, D as:

S = S0(D/D0)
ζ (2)

where S0 is the reference size at the distance D0. More generally, ζ measures the

proportion by which the magnetic cloud is changing its size with solar distance during the

spacecraft crossing (independently of its size, S0). We find that ζ = 0.57 for the 13 April

2006 magnetic cloud.

Increases in both the proton density and temperature are observed within the substruc-

ture region. Extreme density decreases (to ≤ 1 cm−3) are typically observed in ICMEs

[Richardson et al., 2000] and similarly, for the same bulk flow speed, low proton temper-

atures relative to the ambient solar wind are expected [Gosling , 1990; Richardson and

Cane, 1995; Mulligan et al., 1999], as a result of expansion of the ICME in the solar wind.

Richardson and Cane [1995] showed that Tp < Tex/2 can be used as a criterion for identi-

fying ICME ejecta in interplanetary space and figure 3(c) shows that while much of the 13

April 2006 magnetic cloud meets this criterion, Tp significantly exceeds the threshold set

by Tex/2 within the substructure region and here tends towards temperatures expected

in the ambient solar wind at this Vsw.

Magnetic pressure usually dominates within magnetic cloud structures, resulting in low

values of plasma beta. Figure 3(d) shows that this is also the case for this magnetic cloud,

with a value of 0.01 calculated for proton beta in the main body of the cloud. However,

between CS1 and CS2 the magnetic pressure undergoes a small decrease while the plasma

pressure undergoes a small increase, leading to slightly elevated proton beta values of 0.08
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in this region, higher than the value of 0.03 calculated in the surrounding substructure

region. Despite this, these values are still very low relative to the value of 0.2 obtained in

the surrounding solar wind.

Elevated α-particle (ionised helium) abundances are often observed in solar ejecta [Hir-

shberg et al., 1972; Zwickl et al., 1983; Mulligan et al., 1999; Richardson and Cane, 2004].

Nα/Np, the ratio of the relative abundances of helium to hydrogen, is typically ∼ 8 %

in ICMEs, compared to a value nearer to 3 - 5 % in the ambient solar wind. Figure

3(e) shows that the abundance of helium within the pre-substructure part of the cloud

is lower than is typically observed within an ICME, approaching 3 %, but this is still

slightly higher than the value of 2 % observed in the surrounding solar wind. At 19:03

UT, corresponding with the onset of the substructure region, the abundance of helium

decreases rapidly to a mean value of 0.3 % and is sustained at this level throughout the

substructure region. Notably, as the spacecraft moves through the substructure region

and back into the main structure of the magnetic cloud the helium abundance remains

very low.

2.4. A Comparison of Multiple Spacecraft Observations

The 13 April 2006 magnetic cloud is observed by both the ACE and WIND spacecraft,

allowing us to compare observations of this event, in particular its substructure, from two

spacecraft. In GSE co-ordinates, the position of the ACE spacecraft is x = 240 RE, y =

25 RE, z = -25 RE. At this time, the position of the WIND spacecraft is x = 200 RE, y

= 30 RE, z = -15 RE. Both ACE and WIND were located close to the Sun-Earth line,

with ACE observing the magnetic cloud first.
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Figure 4 shows magnetic field observations from ACE and WIND over the duration

of the magnetic cloud. Cross-correlation is used to compare these datasets within the

substructure region and returns a maximum correlation coefficient > 0.9 when the WIND

observations lag the ACE observations by approximately 528 s (∼ 9 mins). Therefore, in

order to obtain a direct comparison of the magnetic cloud observations from each space-

craft, the ACE data has been time-shifted by 528 s. The boundaries of the substructure

region are highlighted by vertical dashed red lines, as before. We find that the ACE and

WIND observations of the magnetic field are very similar.

3. The Prevalence of Substructure Within Magnetic Clouds

We have surveyed all 48 of the magnetic clouds observed between March 2001 and

November 2007, recorded in the WIND magnetic cloud catalog (http://lepmfi.gsfc.

nasa.gov/mfi/mag_cloud_pub1.html). To ascertain what proportion of the magnetic

clouds observed near Earth exhibit substructure, magnetic field observations of each MC

from the MFI instrument onboard the WIND spacecraft were visually inspected for ev-

idence of substructure, and a subset of magnetic clouds containing these features was

identified. A minimum variance analysis was then performed on the magnetic field mea-

surements of each of the clouds in this subset to further enhance the observational sig-

natures of substructure, by rotating the magnetic field vector to the eigen-vector frame

given by the minimum variance (an approximation of the magnetic cloud frame).

We have found that in around 60 % of these magnetic clouds, the magnetic field does

not rotate entirely smoothly, often exhibiting both small- and large-scale fluctuations.

However, we have identified only 5 magnetic clouds, in addition to the 13 April 2006

cloud, that exhibit the multiple reversals in the gradient of the azimuthal magnetic field

D R A F T October 11, 2010, 12:15pm D R A F T



STEED ET AL.: MAGNETIC CLOUD SUBSTRUCTURE X - 15

in which we are interested. For those magnetic clouds that have already been the subject

of study by other researchers, we use the most recently discussed boundaries, whilst

the remainder of the magnetic cloud boundaries are as stated in the WIND magnetic

cloud catalog (estimated using the Lepping et al. [1990] magnetic field model). Figure

5 shows the evolution of the By,cloud component of the magnetic field, corresponding to

the maximum variance direction obtained from the minimum variance analysis, over the

duration of all 6 of the substructure magnetic clouds identified. Vertical dashed red lines

indicate the approximate boundaries of the substructure regions, within which reversals

of the azimuthal magnetic field (By,cloud) gradient are observed.

Here, we compare some of the properties of these magnetic clouds, allowing us to build

a general picture of the characteristics of these types of solar ejecta. We estimate the

trajectories of the WIND spacecraft through this subset of magnetic clouds using a tech-

nique developed by Gulisano et al. [2007], which is valid for the force-free [Lundquist ,

1950] model, and in which the magnetic field components obtained from MVA are used to

provide an approximation of the impact parameter, p, defined as the minimum distance

from the spacecraft to the cloud axis. The deviation from zero of the mean value of the

Bx,cloud component of the magnetic field (in the direction of the minimum variance) can

be used to obtain an estimation of p (see Figure 5, upper panel in Gulisano et al. [2007]),

as:

< Bx,cloud >

B0

≈ 1.6
(
p

r

)2

+ 0.077
(
p

r

)
+ 0.053 (3)

In addition, we compare the spatial extent of each substructure region relative to the

size of its parent magnetic cloud and look for similarities between the overall sizes and
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durations of the magnetic clouds. We also calculate the average magnetic field strength

over the duration of each magnetic cloud and compare the values obtained for each event.

In situ observations of the velocity profiles of magnetic clouds show that they typically

expand as they propagate through the heliosphere, with the decrease in total solar wind

pressure with solar distance playing a significant role in driving this expansion [Démoulin

and Dasso, 2009]. Magnetic clouds often exhibit a linear velocity profile, and by consider-

ing ∆Vx over the duration of each cloud, we calculate the non-dimensional expansion rate,

ζ with respect to the cloud center, for each of these clouds. By observing the solar wind

behind each magnetic cloud, we also determine whether the cloud was being followed, and

ultimately overtaken, by a solar wind stream propagating faster than the ejecta.

Table 1 shows that the size and duration of each magnetic cloud varies significantly

between events, and that the same can be said of the size and duration of the substructure

regions both between the events and relative to the size of their parent magnetic clouds.

We also find that there are no clear similarities between the trajectories of the WIND

spacecraft through each of these magnetic clouds, determined from the estimated impact

parameter of the spacecraft in each case, with some clouds observed closer to their axes

than others. Calculations of the average magnetic field strength over the duration of

each cloud reveal that it is comparable (∼ 17 nT) in all but one of these events (∼ 32

nT), and the values obtained are within the range expected for a typical magnetic cloud

[Lepping et al., 2003]. We find that ζ is smaller than the mean value obtained for the

non-perturbed (not overtaken) magnetic clouds analyzed by Démoulin et al. [2008] at 1

AU (ζ = 0.8 ± 0.2), and those analyzed by Gulisano et al. [2010] between 0.3 and 1 AU

(ζ = 0.9 ± 0.2). This is consistent with the presence of an overtaking solar wind stream
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behind these magnetic clouds, as the lowest values of ζ are found for overtaken clouds

(Table 1). There is also one case where ζ is negative, implying that when this cloud is

observed by WIND it is actually compressing, rather than expanding.

4. Discussion

In this study, we have investigated the properties of a subset of magnetic clouds within

which substructure, in the form of multiple reversals of the gradient of the azimuthal

magnetic field, is observed towards the center of the magnetic flux rope structure. A

particularly clear example of substructure in a magnetic cloud was observed in situ by

the WIND spacecraft on 13 April 2006, and we show that substructure is evident in both

the magnetic field observations and the corresponding plasma observations. In addition

to the reversals of the azimuthal magnetic field gradient and the depression of the axial

magnetic field, several thin current sheets are identified within the substructure region.

One of the most recent explanations for the presence of current sheets within magnetic

clouds is a scenario proposed by Owens [2009], who demonstrated how current sheets can

form simply as a result of a magnetic cloud’s kinematic propagation from the Sun to the

Earth. This model of a kinematically distorted flux rope was able to reproduce an observed

discontinuity present in the magnetic structure of some magnetic clouds, and demonstrate

that these current sheets thin, and thus increase in intensity, as the angular width of the

flux rope increases and the radial expansion speed decreases. We have shown that the

rate of radial expansion of the 13 April 2006 magnetic cloud is small at 1 AU. However,

unlike the examples studied by Owens [2009], the angular width of this magnetic cloud is

believed to be quite small, because despite originating close to disk center, this CME is

not observed by the Large Angle Spectroscopic Coronagraph [LASCO, Brueckner et al.,
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1995] onboard the SoHO spacecraft [Steed et al., 2008]. Owens [2009] also hypothesise

that magnetic reconnection occuring across such current sheets in magnetic clouds may

result in a single flux rope being fragmented into multiple, smaller flux ropes.

The idea of multiple flux ropes giving rise to observations of unusual ICME signatures

is not a new one [e.g. Osherovich et al., 1999]. Wang et al. [2002], and many of the

scenarios proposed in recent years, do not require magnetic reconnection as a driving

force. For example, it has been suggested that some events observed near Earth are a

result of CME-CME interaction, and Gopalswamy et al. [2001] described a scenario where

a faster CME ploughs into a slower CME travelling ahead of it. In some cases, both

MCs even travel consecutively and the flux rope signatures are preserved [Dasso et al.,

2009]. On the other hand, Dasso et al. [2007] also considered whether the substructure

could be explained by a small twisted flux tube with opposite helicity sign in the center

of the flux rope, and concluded that the formation of such a structure is not possible in

the corona. It is, however, possible for two flux ropes with the same sign of helicity to

interact in interplanetary space, but the symmetrical nature of the 13 April 2006 flux rope

signature in By,cloud implies that the flux ropes would have to be very similar to reproduce

the observed substructure signatures, and it is very improbable that this is the case.

Dasso et al. [2007] also suggested the simplest interpretation of the observed substruc-

ture may be spatial oscillations of the magnetic field, introduced as a result of interactions

between a magnetic cloud and the ambient solar wind as the cloud propagates into in-

terplanetary space. They proposed that close to the minimum approach of the magnetic

cloud center, the spacecraft trajectory would be nearly tangential to the magnetic flux

surfaces of the flux rope. Here, the azimuthal magnetic field tends to zero and any warp-
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ing of the flux surfaces would give a clear signal in the By,cloud component. This could

potentially give rise to a signature within the magnetic field of a flux rope that resembles

the observations of substructure in By,cloud identified in this study, but does not explain

the observed decrease in Bz,cloud towards the center of the flux rope. However, there are

several events in this study for which “warping” is a possible explanation for the observed

signatures, since a depression of Bz,cloud is not common to all of these events, unlike the

multiple reversals of the gradient of By,cloud.

It is also possible that MHD waves may be perturbing the magnetic field on the flanks

of the flux rope. For example, the Kelvin-Helmholtz instability [Dungey , 1955; Drazin and

Reid , 1985] may be invoked when two fluids are in motion with respect to one another.

In this case, the stability of the interface between the magnetic cloud and the solar wind

is dependent on the magnitude of the velocity shear. The fast flowing plasma in the

magnetic cloud moving past slower solar wind plasma may create the neccessary velocity

shear across the boundary between them to invoke the instability. However, if this were the

case it is not obvious how these boundary waves would result in the internal substructure

signatures we observe.

Similar observations of the magnetic field from the ACE and WIND spacecraft suggest

that the 13 April 2006 magnetic structure does not undergo significant temporal or spatial

evolution as the magnetic cloud propagates from ACE to WIND. This may be because the

magnetic cloud is evolving more slowly than we are able to detect. The close proximity of

the ACE and WIND spacecraft to one another results in a time-scale of only a few minutes

between the respective observations, which is very small compared to typical time-scales

of magnetic cloud evolution, usually of the order of hours. We estimate the trajectories
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of the ACE and WIND spacecraft through this magnetic cloud by considering the impact

parameters of the spacecraft determined from flux rope modeling, as before. We find

that the values obtained for the impact parameter are very similar, as expected given the

relative spacecraft positions, with a value of p/R of approximately 15 % for both ACE

and WIND, where R is the radius of the magnetic cloud.

We are unable to determine from the available observations of this event when the

substructure develops, but it is possible that substructure is present, or introduced, as

the CME erupts. However, it is also plausible that substructure forms within an ICME as

it propagates through the heliosphere. Further study of the solar sources of these types

of ejecta would assist with narrowing down the point at which substructure begins to

develop within an ICME.

In addition to the 13 April 2006 magnetic cloud, we have identified and studied 5 other

magnetic cloud events within which substructure is observed. We initially surveyed 48

magnetic clouds and have found that around 60 % of the clouds in the WIND magnetic

cloud catalog do not rotate entirely smoothly, exhibiting varying degrees of internal fluc-

tuations of the magnetic field. However, only a very small proportion of these exhibit

clear substructure signatures. These findings suggest that substructure events are rare,

but we must also consider that the boundaries of the magnetic clouds included in this

study, particularly those determined from the WIND magnetic cloud catalog, may not be

entirely accurate. Much progress has been made in recent years in identifying the bound-

aries of solar ejecta by applying new methods and techniques, in making quantitative

comparisons with their solar sources [e.g. Démoulin, 2008] and in using MHD invariants

in space [e.g. Dasso, 2009]. Accurate identification of magnetic cloud boundaries is par-
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ticularly difficult for complex events, like those in which we identify substructure. There

has been much discussion and speculation about whether all ICMEs in fact contain flux

ropes. However, the presence of a flux rope may not be evident in the in situ observations

of many events due to the limitations of single spacecraft measurements, and particularly

the trajectory of the spacecraft through the ejecta [e.g. Marubashi , 2000]. Similarly, we

suggest that the same observational constraints, in particular the lack of availability of

multi-spacecraft measurements for each event, mean that we cannot rule out the pos-

sibility that substructure may be present in more magnetic clouds than we are able to

identify with the available in situ observations. All of the magnetic clouds associated

with substructure identified in this study were observed during the late declining phase

of the solar activity cycle, but given the small sample size of magnetic clouds, there is

not yet sufficient evidence to determine if there is any dependence of the formation of

substructure within MCs on the phase of the solar cycle.

A comparison of the physical parameters of these magnetic clouds has revealed that they

have little in common. Since the solar wind pressure decreases with increasing heliocentric

distance, MCs typically expand as they propagate into interplanetary space. A signature

of this expansion is observed in the plasma bulk flow velocity in the Sun-Earth direction,

which is expected to decrease approximately linearly between the leading and trailing

boundaries of the cloud. Conversely, magnetic clouds may become perturbed as a result

of their interaction with the solar wind. In a perturbed cloud, the majority of the velocity

profile of a cloud is non-linear. Nearly all of the clouds in this study are followed by fast

solar wind streams. We have found that the non-dimensional expansion rates of these

MCs are low, with values of ζ < 0.8, indicating that these magnetic clouds are perturbed
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[Gulisano et al., 2010]. As a fast stream overtakes a magnetic cloud, it is expected to

compress the flux rope and so decrease its expansion rate, as shown in MHD simulations

[Xiong et al., 2006] and in in situ observations [Gulisano et al., 2010].

5. Conclusions

Substructure is observed within some magnetic clouds, identified by multiple reversals

of the gradient of the azimuthal magnetic field of the magnetic flux rope structure. One

such event was observed by the ACE and WIND spacecraft, located upstream of Earth,

on 13 April 2006. We have shown that substructure is evident in both the azimuthal

and axial magnetic field components and the associated plasma observations. In total,

we have identified 6 magnetic clouds clearly exhibiting such substructure signatures and

a comparison of the properties of these clouds has revealed that they vary significantly

from event to event. However, these clouds all exhibit low non-dimensional expansion

rates, suggesting that they are perturbed by the surrounding solar wind conditions, and

fast solar wind streams are observed overtaking 4 of the 6 events studied.

It is not yet understood when and where substructure develops within magnetic clouds.

Further study is neccessary to investigate whether substructure is present during CME

initiation and/or eruption, or if it develops as a result of the evolution of the magnetic

structure as it propagates into the heliosphere. Understanding the driving forces behind

the topological changes in a magnetic flux rope that give rise to substructure will be the

subject of a future study, where we will explore possible scenarios that might lead to the

formation of substructure within a magnetic cloud.
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Figure 1. Interplanetary magnetic field and plasma data from the WIND spacecraft during

the passage of the ICME ejecta in GSE co-ordinates. Vertical dot-dashed black lines indicate

the boundaries of the magnetic cloud and vertical dashed red lines indicate the boundaries of

the substructure region. This plot shows (a) the total and (b) the Bx, By and Bz components

of the magnetic field, (c) proton bulk flow speed, (d) proton number density, (e) radial proton

temperature and (f) the pitch angle velocity distributions of the suprathermal electrons at 272 eV

(observed by ACE and temporally aligned with observations of the substructure region observed

by WIND, see Figure 4).

Figure 2. Magnetic field components in local magnetic co-ordinates obtained from a minimum

variance analysis performed over the duration of the 13 April 2006 magnetic cloud. The panels

show the magnitude of the magnetic field and the evolution of the magnetic field components

in the minimum (Bx,cloud ), maximum (By,cloud) and intermediate (Bz,cloud) variance directions.

Vertical short-dashed red lines indicate the boundaries of the substructure region, within which

reversals of the azimuthal magnetic field (By,cloud) gradient are observed. Discontinuities consis-

tent with the presence of thin current sheets are also observed at 20:23 UT (CS1) and 21:02 UT

(CS2), indicated by the vertical long-dashed green lines, coincident with an observed decrease in

the axial magnetic field (Bz,cloud) component and its subsequent recovery.
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Figure 3. Plasma observations from WIND over the duration of the 13 April 2006 magnetic

cloud. The plot shows (a) the translational proton velocity, Vx in GSE co-ordinates, (b) the proton

number density, (c) the radial proton temperature (black trace), the expected temperature,

Tex (red trace) calculated from the observed solar wind speed and Tex/2 (blue trace), (d) the

proton beta, (e) the ratio of the relative abundances of helium to hydrogen and (f) the magnetic

field observations in GSE, provided for context. Vertical short-dashed red lines indicate the

boundaries of the substructure region and vertical long-dashed green lines indicate the locations

of the currents sheets (CS1 and CS2).

Figure 4. Magnetic field observations in GSE co-ordinates over the duration of the 13 April

2006 magnetic cloud by WIND (black trace) and ACE (red trace). Vertical dashed red lines

indicate the boundaries of the substructure region. The ACE data has been time-shifted by 528

seconds (∼ 9 mins.) so that the WIND and ACE observations may be directly compared. This

shows that the observations of the magnetic structure from both spacecraft are very similar.

Figure 5. The evolution of the By,cloud magnetic field component (maximum variance direction)

is shown over the duration of all 6 of the magnetic clouds exhibiting substructure. Vertical

dashed red lines indicate the boundaries of the substructure regions, within which reversals of

the azimuthal magnetic field (By,cloud) gradient are observed.
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