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Coronal mass ejections (CMEs) are ejections of plasma and magnetic flux from the Sun. These

eruptions are large in size and they propagate over large distances in the heliosphere. If a CME is

directed towards the Earth it can cause major space weather disturbances. Thus it is important to

know whether a CME will hit the magnetosphere of the Earth and what kind of disturbances it

could cause.

CMEs contain large-scale twisted magnetic fields called flux ropes. Information about the orien-

tation and the structure of the flux rope is crucial in determining its space weather effects. This

thesis is focused on the determination of the orientation and the direction of flux rope CMEs from

the corona all the way to the orbit of the Earth. An overview of a number of methods to obtain

the necessary flux rope parameters both from remote sensing and in situ measurements is given.

In particular, a technique combining the remote and in situ observations with a Sun-to-Earth

propagation model for the CME is described in detail.

In this thesis, the technique is used to study the propagation of a slow and a fast CME and the

results are compared with each other and with earlier studies on the subject. The direction and

amount of deflections and rotation were found to be consistent with the earlier results. In addition,

differences in the proportional deflections before and after 20 Solar radii with respect to the total

deflections were found between the fast and the slow case.
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1 Introduction

Coronal mass ejections (CMEs) are large eruptions of plasma and magnetic flux from the

Sun. Among the eruptive solar phenomena CMEs have by far the largest spatial scale,

usually being many times the size of the Sun already when they reach the upper corona.

They vary in shape and size but typically have masses of 1012 − 1013 kg and travel with

velocities between 300 kms−1 and 1000 kms−1. CMEs originate in the solar atmosphere

and when they are observed in situ in the heliosphere they are referred as interplanetary

coronal mass ejections (ICME). CMEs that are directed towards the Earth can cause

severe space weather which can lead to many problems. These problems include issues

with satellites and in extreme cases also with electric grids on Earth. This makes studying

CMEs interesting on many levels.

There are many open questions related to CMEs, one of them being the question of their

evolution. Because of their ability to cause major space weather disturbances it would

be ideal if we knew how to predict the change in CME parameters all the way from the

solar corona to the distance of one astronomical unit (1 AU≈ 1.5 · 108 km). Obviously,

one of the key parameters is the amount of deflection a CME experiences on its way

towards the Earth in order to know whether it will hit the Earth’s magnetosphere. In

addition, because the effects of CMEs on the Earth’s magnetosphere depend strongly on

the orientation and magnitude of its magnetic field, the orientation and the magnetic

structure of the CME are also points of great interest. At the moment, there is no way

to precisely predict any of these parameters.

Knowing the evolution and properties of CMEs would in general be useful for improving

space weather forecasts. This thesis will address this issue by giving an overview of CME

observations and the different techniques used to model CMEs from observational data

and introduce a way to combine different techniques both near the Sun and at 1 AU,

described in Isavnin et al. (2014), to get a global picture of the evolution of a CME.

The method combines forward modelling (Thernisien et al., 2009), the Grad-Shafranov

method (Hu and Sonnerup, 2002; Isavnin et al., 2011) and a CME propagation scheme

(Isavnin et al., 2014; Wang et al., 2004). The focus will then be turned to the case

studies of the orientation evolution of a slow and a fast CME. This is an interesting

topic, since evidence suggests that slow and fast CMEs could deflect differently because

of their interaction with the background Parker spiral (Wang et al., 2004) (see Section

4.1) . The results of the two cases are then compared with each other and with earlier

1



studies of CME deflections.

1.1 Structure of CMEs in remote sensing observations

The current understanding is that the majority of CMEs have a flux rope structure within.

A flux rope is a structure of bundled helical magnetic field lines. A simple example of a

flux rope structure is a force-free case arising from the equation

J×B =0 (1.1)

and the assumption of cylindrical symmetry (Koskinen, 2011; Lundquist, 1951). A

schematic picture of such a flux rope is shown in 1.1.

Figure 1.1: An schematic illustration of a cylindrical flux rope structure. (Bothmer and
Schwenn, 1997)

A magnetic flux rope explains the features often seen in coronagraph images of clearly

shaped CMEs (Vourlidas et al., 2013) and it is also consistent with in situ satellite

observations of CMEs (Burlaga et al., 1981; Klein and Burlaga, 1982; Zurbuchen and

Richardson, 2006). The actual geometry of a flux rope CME can vary. Vourlidas et al.

(2013) define a flux rope CME (FR CME) as “the eruption of a coherent magnetic, twist-

carrying coronal structure with angular width of at least 40 ° and able to reach beyond 10

R� which occurs on a time scale of a few minutes to several hours”. They divided CMEs

into two classes: clear flux rope CMEs and jets and outflows and concluded that at least

40 % of the observed events could be considered to have a flux rope structure in their
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study of the LASCO (Large Angle Spectroscopic Coronagraph, Brueckner et al. (1995))

CME database. The focus of this thesis is on CMEs with a clear flux rope structure.

The initiation and ejection of a flux rope is still a point of interest in current research.

There are many different models (see for example Forbes et al. (2006)), however, in a typ-

ical scenario the flux rope system rises, pushes the overlying field lines and is then erupted

(Chen, 2011). Some models assume that the flux rope exists already before the ejection

while others assume that a flux rope is formed during the process. Recent evidence, how-

ever, shows that the flux rope is indeed formed before the ejection (Patsourakos et al.,

2013; Green and Kliem, 2013). In general, about 1025J of magnetic energy is released in

the process of a flux rope ejection and most of it is converted to the kinetic energy of the

plasma (Chen, 2011; Emslie et al., 2004; Vourlidas et al., 2000). After the ejection the

flux rope travels through the corona and the interplanetary space and can eventually be

observed in situ by a spacecraft.

1.1.1 Observing CMEs near the Sun

The first step in understanding CMEs is observing them. CMEs don’t radiate but they

scatter the sunlight and can thus be observed in white light. Because of the faintness

of the scattered light, observations of CMEs were rare at best before the invention of

coronagraphs. Although some observations of the corona had already been made during

eclipses, it was Bernard Lyot who had the idea to block the disk of the Sun with an

occulting disk in 1931 to observe the corona constantly. It took however still 43 years

until Richard Tousey discovered CMEs (Howard, 2011) using a spaceborne coronagraph.

With advancing technology and more coronagraphs on board spacecraft, information

about CMEs started to accumulate and by the time of the launch of Solar and Helio-

spheric Observatory (SOHO, Domingo et al. (1995)) over 60 years after Lyot’s invention

a somewhat comprehensive picture of CME properties had been achieved. Since then the

spacecraft like SOHO, Solar Terrestrial Relations Observatories (STEREO, Kaiser et al.

(2008)) and the Solar Dynamic Observatory (SDO) have provided and are providing con-

tinuous high quality observations of the corona and CME related phenomena in many

wavelengths. The STEREO mission in particular has proved to be extremely useful. It

consists of two identical spacecraft, one lagging behind the Earth and the other ahead of

the Earth. With increasing separation from the Earth, they have been the only available
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source of observations of CMEs from away the Sun-Earth line. These additional view-

points have enabled a number of methods to measure CME parameters, some of which

will be covered in Chapter 2.

While the CME itself is observed easiest in white light also extreme ultraviolet (EUV)

and X-ray observations provide information of the ejection on the disk of the Sun and

near the limbs. Particularly, these tools are valuable when observing phenomena that

are associated with the ejection such as flares, post eruptive arcades (PEA) and coronal

dimming.

White-light observations of CMEs

Coronagraphs, such as the LASCO C2 and C3 on board the SOHO and SECCHI (Sun

Earth Connection Coronal and Heliospheric Investigation, Howard et al. (2008)) COR1

and COR2 on board the STEREOs observe the white light scattered by electrons in the

CME. The scattering process in question is Thomson scattering, since the energy of the

white light photon is much smaller than the rest mass of the electron and the coherence

length much smaller than the spacing between individual particles (Howard, 2011).

In Thomson scattering the electron is accelerated by the electromagnetic field of the

incident electromagnetic wave and thus the electron emits radiation. For a single elec-

tron, the differential scattered cross-section for unpolarized incident radiation is given by

(Jackson, 1962)
dσ

dΩ
= r2

0

1 + cos2(χ)

2
, (1.2)

where r0 is the classical radius of the electron and χ the angle between incident and

scattered radiation. Despite the fact that r2
0 ≈ 10−30m2 and the fact that the relative

brightness of the ejections is very small compared to the Sun itself, this scattered light

can be observed.

A number of things must be considered when interpreting the actual observed intensity

(Howard and Tappin, 2009). First, the observations are 2-d projections of everything

observed along the line of sight. Second, effects like limb darkening and the fact that

the Sun cannot be regarded as a point source at small elongations must be taken into

account. In addition, unlike for a single electron, the observed intensity in coronagraph

images of CMEs is actually maximized for χ = 90◦, since the incident intensity and

the electron density are highest when χ = 90◦ and the combined effect overcomes the
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minimal scattering efficiency (Vourlidas and Howard, 2006). In practice, however, the

assumption that the maximum scattering happens in the plane of the sky is often made.

The approximation is valid if the elongation of the observed object is not too large. A

review of the application of Thomson scattering to CMEs can be found in Howard and

Tappin (2009).

In addition to the obvious link between the electron density and the observed intensity,

the polarisation of the scattered light also provides useful information: because the po-

larisation is a function of χ it can be used to determine the direction of the CME (see

section 2.2).

1.1.2 Flux rope CME morphology in coronagraph images

Since the electron density of a CME is directly linked to the white light observations, the

coronagraph images can be used to determine the morphology of the ejection. The classic

structure in white light observations linked to flux rope CMEs is the“three part”structure

consisting of a bright front, a darker cavity and a bright core (Illing and Hundhausen,

1985). In the “three-part” structure (figure 1.2) the cavity is thought to correspond to

the flux rope and the bright front is the result of a pile up of material in front of it. The

core is believed to represent the erupted prominence material which is supported on the

trailing edge of the flux rope cavity. In some cases a density compression, which can be

caused by a wave or a shock, can be observed as a faint front ahead of the bright loop

(Vourlidas et al., 2013). However, the “three part” structure is not always observed as a

whole, for example in the “loop” structure only a bright front can be visible (Vourlidas

et al., 2013). Chen (2011) mentions projection effects and possible instrument limitations

as possible reasons. The CME can be also observed as a “halo” - a ring-shaped structure

around the Sun - if it’s directed towards or away from the coronagraph (see figure 2.4)

(Vourlidas et al., 2013).

1.1.3 Observations of CME associated phenomena

As well as the actual CME, one can often observe other signatures linked to the ejection,

some of which can give valuable information about the orientation of the flux rope. These

signatures include flares, post-eruptive arcades (PEA) and disappearing filaments.
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Figure 1.2: A white light image of a CME on December 4 2009 from SOHO/LASCO C2
database showing (1) the loop front, (2) the cavity and (3) the bright core structure of a
flux rope CME.
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Disappearing filaments and erupting prominences

Prominences and filaments are colder material suspended along the magnetic field lines,

that can be seen in EUV (extreme ultraviolet) observations. If the material is seen near

the limb (prominence) of the Sun it seems brighter than the surrounding corona, but if

seen head on above the disk of the Sun (filament) the structure seems darker because

the cromosphere has higher temperature than the suspended material (Howard, 2011).

The disappearance of a filament or the eruption of a prominence can be often seen in

association with CMEs (Webb and Hundhausen, 1987) and, as mentioned previously,

part of this material is believed to form the core of a “three part” CME (Vourlidas et al.,

2013). Though not always visible or present in the flux rope CME, the pre-eruption

structure of the filament may also be used to determine the helicity of the erupting flux

rope (McAllister et al., 2001).

Post eruptive arcades

PEAs can be observed as bright arcades formed of the trapped plasma that reveals the

magnetic field configuration. The arcades will appear roughly along the neutral line

separating areas of different magnetic polarity and they are believed to be formed in the

process of a flux rope eruption (Forbes, 2000). According to Shibata et al. (1995), the

arcades are thought to be formed in the aftermath of reconnection as the flux rope itself

is ejected (Kopp and Pneuman, 1976). Tripathi et al. (2004) showed that almost all the

PEAs they observed were related to CMEs observed by the LASCO. When observed,

PEAs can give valuable information about orientation of the CME. Tripathi et al. (2004)

compared their PEA observations to Michelson Doppler Imager (MDI) synoptic maps

and showed the axes of the PEAs to lie on the neutral line between areas of different

polarities. The knowledge of the axial field direction of the arcades has been used to

determine the orientation of flux rope axis and the axial field direction at the time of the

CME launch. Yurchyshyn (2008) for example chose the axial field direction of the flux

rope to be the direction for which the PEA magnetic field makes an acute angle with the

PEA axis. In this thesis the post-eruptive arcades are used to estimate the orientation

of the flux rope at the time of ejection.
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Flares

Flares are also often associated with CMEs. A flare is a sudden release of magnetic energy

that can be observed in a wide electromagnetic spectrum ranging from radio waves to

X-rays, although it is not uncommon to observe a flare in X-ray but not in visible light

for example (Howard, 2011). Flares are also often observed by line emissions as Hα-

brightenings called Hα − ribbons (Zirin, 1988; Forbes, 2000). There is no one-to-one

relation between flares and CMEs and there are many flares for which a related CME is

not observed and also CMEs in which a flare is absent. They are however thought to be

manifestations of the same underlying process. A diagram showing the relation of CMEs,

Hα-ribbons and disappearing prominences is shown in figure (1.3). In a flux rope CME

eruption flares are generally thought to be associated with the reconnection happening

in the process (Chen, 2011). The energy released in a flare varies much but can reach

values of 1025J, about the same as for CMEs, but is primarily released as electromagnetic

radiation (Koskinen, 2011).

1.2 In situ signatures of ICMEs

ICMEs, which are CMEs detected in situ, are characterized by the magnetic field strength

and direction, solar wind speed, plasma density and other plasma parameters and solar

wind composition signatures (Zurbuchen and Richardson, 2006). The in situ measure-

ments can be used to identify features seen also in the coronagraph images, like shocks

and flux ropes, however the position of the measuring spacecraft in relation to the ICME

is believed to have a great impact on what, if any, of the signatures are actually detected

(Jian et al., 2006).

Magnetic clouds

Magnetic clouds are a class of ICMEs identified first from in situ data by Burlaga et al.

(1981). According to Klein and Burlaga (1982) the signatures of a magnetic cloud are

stronger than average magnetic field and its smooth rotation. Other features include

low plasma β and temperature and less variation in the magnetic field than normally

(Zurbuchen and Richardson, 2006).

A schematic illustration of a magnetic cloud with a flux rope structure is shown in 1.4

The current understanding is that the cavity, i.e. the flux rope, of a “three part” CME is
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Figure 1.3: An illustration picturing the relations between CMEs, flare observations (Hα-
ribbons), post eruptive arcades, X-ray loops and prominences (Forbes, 2000).
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Figure 1.4: A schematic illustration of a magnetic cloud extending from the sun to 1 AU.
(From Webb et al. (2000))
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the observed magnetic cloud (Forsyth et al., 2006). One can easily imagine how this kind

of field structure can explain the observed rotation in the magnetic field vector in in situ

measurements. These well defined ICMEs with embedded flux ropes can be classified

according to their axis orientation to bipolar and unipolar. In the bipolar case the angle

between the axis and the ecliptic plane is small, so that the north-south component of the

magnetic field can vary from north to south (NS) or south to north (SN) where as in the

unipolar case the component doesn’t change sign because of the large inclination. Also

the helicity of the flux rope can be added to the classification indicating the axial field

direction with types like NWS (North-West-South) and NES (North-East-South). The

different orientations lead to different geomagnetic storm developments if they encounter

the Earth’s magnetosphere. (Huttunen et al., 2005).

It has been shown that the types of the observed magnetic clouds vary with the solar cycle.

Active regions and magnetic features predominantly have a left handed structure on the

northern hemisphere and right handed structure on the southern hemisphere independent

of the solar cycle (Seehafer, 1990). However, Bothmer and Schwenn (1997) established

that about 3
4

of the magnetic clouds they observed had SN rotation of the magnetic field

and 1
4

of the MCs had NS rotation. They proposed that the dominant axial field direction

changes from cycle to cycle according to the polarity of sunspots and the structure of

filaments. Their study however did not make a distinction between bipolar and unipolar

clouds and did not take into account the possible rotation of the magnetic cloud. There

are many models to estimate the orientation and structure of a magnetic cloud from in

situ data and some of them will be presented in Chapter 3. The basic idea however, is

to assume a model for the cloud and then try to reconstruct it from the data provided

by a spacecraft that has passed through it.

The shock and the sheath region

The characteristic wave modes in ideal MHD (magnetohydrodynamic) plasma are the

fast, slow and shear Alfvén waves. Of these waves the fast and slow Alfvén waves are

compressible and so if a CME is moving with a faster speed than either of the wave

velocities a shock will be formed (Koskinen, 2011). The changes in plasma and magnetic

field parameters are described by Rankine-Hugoniot jump conditions for MHD plasma,

which can be derived from conservation laws of momentum, mass and energy for MHD

(De Hoffmann and Teller, 1950; Helfer, 1953). The majority of shocks observed in space

plasma are fast shocks and they are identified as sudden increase of the magnetic field
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strength, solar wind speed and density. The shock is followed by a sheath region. The

sheath region typically has strong fluctuations and can itself also drive magnetic storms

if it hits Earth’s magnetosphere (Huttunen et al., 2005).

1.3 CME propagation

In addition to the different parameters of a flux rope near the Sun and at 1 AU one

would like to know how CMEs evolve on the way. CMEs propagate long distances in

the heliosphere and it is therefore relevant to ask how they actually deflect and rotate.

At the moment there is no precise way to predict how a certain CME would evolve but

with the help of statistical and case studies of CME propagation some knowledge has

been gained in the matter and many studies have given evidence of both latitudinal and

longitudinal deflection as well as rotation.

The latitudinal deflection of CMEs has been observed to differ between solar maximum

and minimum. Cremades et al. (2006) studied CMEs in solar cycle 23 and found out

that during the solar minimum many CMEs tend to deflect toward the equatorial plane

whereas no such tendency was observed during high solar activity. The deflection towards

the equatorial plane was also observed by Isavnin et al. (2013) who also showed that while

most of the deflection occurred below 30 R�, the development on the way from that limit

to 1 AU can not be neglected.

Wang et al. (2002) found that there is an East -West asymmetry in CMEs that cause

geomagnetic disturbances, which is evidence of longitudinal deflection on the way to the

Earth. It was later proposed by Wang et al. (2004) that the deflections can be explained

by interaction with the Parker spiral background magnetic field, so that fast CMEs will

be blocked by the background solar wind and slow CMEs on the other hand will be

pushed by it. According to their paper this would make fast CMEs to deflect to the West

and slow CMEs to deflect to the East. However, Isavnin et al. (2013) only observed very

little longitudinal deflection in their study but noted that this may be caused by the fact

that the studied CMEs had speeds close to the ambient solar wind and thus would not

be pushed by it.

Rotation of the CMEs has also been observed by for example Yurchyshyn et al. (2009)

who concluded that most of the halo CMEs they studied rotated about 10◦ and noted

that there is a tendency to rotate towards the heliospheric current sheet. Isavnin et al.

(2014) found the flux ropes to stay near the current sheet but that they are not always
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aligned with it. Instead they suggest that the alignment is influenced by the fast and

slow solar wind streams the CMEs interact with.

1.4 ICME effects on space weather

If the ICME hits Earth’s magnetosphere, it can cause magnetic disturbances called mag-

netic storms. Although some effects of magnetic storms were recorded more than a

century ago, the cause of these disturbances was a mystery for a long time. Already in

the 19th century it was suspected that geomagnetic storms are connected to sunspots

and in the early days of the space age it was thought that solar flares are the reason.

In fact even after the discovery of CMEs the view of a solar flare origin of the storms

had many supporters, as discussed by Gosling (1993) and Howard (2011). However, it is

now generally acknowledged that the main drivers of these storms are ICMEs, especially

those with a strong southward magnetic field component (Zhang et al., 2007). Although

corotating interaction regions (CIR) can also cause magnetic disturbances, Zhang et al.

(2007) concluded that 87% of the intense storms they investigated were associated with

one or multiple ICMEs.

The effects of magnetic storms vary by their strength but they can in some cases cause

major issues some of which can prove costly for the modern society. Wide spread effects

were recorded already on 1859: Loomis (1861) for example describes auroras seen as

near the equator as Havana, Cuba, on the period of 1-2 of September. Tsurutani et al.

(2003) have concluded that the magnetic storm that caused the events described by

Loomis was the most intense in recorded history. Modern technology is perhaps even

at a greater risk of which one example is the 1989 Quebec blackout caused by currents

induced by a magnetic storm (on the Societal and Economic Impacts of Severe Space

Weather Events: A Workshop, 2008). Another case of a power grid failure was caused by

“the Halloween storm” in October 2003 in Malmö, Sweden, where 5 000 people were left

without electricity for an hour (Pulkkinen et al., 2005). In addition the storms can cause

malfunctions in communications systems and satellite hardware and navigation (Hughes,

2009). It’s clear that since magnetic storms can cause problems to essential functions

of a modern society and CMEs are an integral part of the process, the motivations to

study CMEs reach beyond just pure scientific curiosity. The study of the orientation and

evolution of CMEs is at the heart of this problem.
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2 Modelling CMEs from coronagraph observations

To answer the question of CME location and direction near the Sun, the necessary param-

eters can be extracted from coronagraph observations. Because of the projection effects

reconstructing the CME has not been an easy task but various methods have been de-

veloped in order to overcome this challenge. Some of the methods can be used with only

one viewpoint but several rely on the different viewpoints provided by LASCO/SOHO

and SECCHI/STEREO. This chapter introduces some of the various models, focusing

particularly in forward modelling.

2.1 Triangulation

Howard and Tappin (2008) introduced in their paper a triangulation method to estimate

the direction and structure of a CME. The method is based on the recognition of the

same point of a CME in all three spacecraft (SOHO, STEREO A and STEREO B) and

using geometry to figure out the relevant parameters.

In the triangulation method the spacecraft are assumed to be on the ecliptic plane. Thus

a point on the CME can be described by one latitude β and three longitudes αi measured

as the angle between the observer and the projection of the point on the ecliptic plane.

Howard and Tappin (2008) showed that these angles can be solved by measuring the

angle of the point of interest in the plane of the sky Πi, the principal angle. With the

geometry explained in the resulting relation between the principal angles and β and αi

becomes

tan β = tan Π1 sinα1 = tan Π2 sin(α1 + ∆α) (2.1)

Thus one can pinpoint the location of different points of the CME to evaluate the struc-

ture.

2.2 Methods based on scattering angle

As mentioned in Section 1.1 considering Thomson scattering, the polarisation of the

scattered light depends on the scattering angle. The method developed by Moran and

Davila (2004) utilizes this fact by calculating the ratio between the azimuthally polarized

brightness and the unpolarized brightness and comparing it to the theoretical value of the

scattering angle. This way the distance from the plane of the sky can be calculated for
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Figure 2.1: The triangulation used by Howard and Tappin (2008). β is the elevation
angle, α is the separation between the projection and the observer in the equatorial
plane, ∆α is the separation between the observers, Π is the principal angle and l the
perpendicular distance between the point of interest and the Sun-observer line in the
ecliptic plane. (Howard and Tappin, 2008)

the line-of-sight. This method can be used with the observations of a single spacecraft,

however, the method doesn’t tell whether the CME is in or out of the plane of the sky

(Mierla et al., 2009).

Colaninno and Vourlidas (2009) also used the angle dependency of the scattered intensity

but their method relies on the separate views provided by the STEREO spacecraft. In

this method each pixel is given a mass m defined by

m =
Bobs

B(θ)
· 1.97×10−24g (2.2)

where Bobs is the observed brightness of the pixel and B(θ) the brightness of an electron

at an angle θ from the plane of the sky along the line of sight and the total mass of

the CME is then calculated. If the whole CME is observed by both instruments any

differences between the masses from different spacecraft is caused by an incorrect choice

of the scattering angle. By matching the masses one can get the direction of the CME.
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2.3 Forward modelling

In forward modelling, a model with a suitable number of parameters is chosen to represent

a flux rope CME. The parameters are then adjusted to fit the observations of coronagraph

images. The number of parameters depend on the choice of the model. One of the models

is the ice cream cone model where the CME is assumed to have a shape resembling a

cone with a spherical top. Zhao et al. (2002) used the cone model to model halo CMEs

observed by SOHO/LASCO. In their ice cream model there are three free parameters:

the latitude, longitude and the half angle of the cone. Thernisien et al. (2009) on the

other hand introduced a technique which uses the multiple view points of SOHO/LASCO

and STEREO/SECCHI with a so-called graduated cylindrical shell model with more free

parameters to allow for a more complex shape. This model by Thernisien et al. (2009) is

used in this thesis and it is introduced in detail below.

2.3.1 Graduated cylindrical shell model

The graduated cylindrical shell (GCS) model was introduced by Thernisien et al. (2006).

The model consists of two legs which are modelled as cones attached to a tubular section

connecting the two legs. The cross section of the tubular part is a circular annulus whose

radius is given by

a(r) = κr (2.3)

where r is the distance from the center of the Sun to a point on the shell and κ is a

constant. In this model there are six free parameters: latitude θ and longitude φ of the

central axis, the half-angle α between the legs (measured from the global axis passing

through the whole shell), the height h of the legs, κ, and the tilt γ around the central

axis. The leading edge height can be expressed as a function of h, κ and α.

hfront = h
1

1− κ
1 + sinα

cosα
(2.4)

and the height of the apex of the invariant axis is

haxis apex = (1− κ)hfront. (2.5)
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Figure 2.2: The graduated cylindrical shell model from a face-on view (a) and a side-
on view (b) with solid lines representing the edges of the shell and the dash-dotted
line representing the invariant axis of the shell. Picture (c) shows the the positional
parameters (θ, φ, γ) along with the invariant axis of the shell and the global axis of the
model (dash-dotted arrow). Thernisien et al. (2009)

2.3.2 Model electron density and the wireframe

As discussed in Section 1.1, coronagraphs observe the light that is Thomson scattered by

the CME. Thus in principle, one should adjust the parameters so that a synthetic image

of the Thomson scattering would match the observed intensity. Thernisien et al. (2006)

used an asymmetrical Gaussian distribution centered on the distance a away from the

axis of the loop:

Ne(d) = Neexp

[
−
(
d− a
σs

)2
]

(2.6)

where d is the distance from the invariant axis and

σs =

σtrailing , when d<a

σleading , when d ≥ a.
(2.7)

However, in order to determine the geometry of the flux rope the electron density is not

needed. Instead, the method introduced by Thernisien et al. (2009) is used. In this

method the flux rope is fitted only as a wireframe in order to allow faster rendering.

17



Thernisien et al. (2009) showed that the wireframe, which is formed by points on the

surface where the electron density is maximized, can adequately represent the flux rope

in the white light images.

2.3.3 Fitting the model

Figure 2.3: A white light difference image and fitted model of a CME ejected on June 4
2011. The model is fitted to the flux rope edge (seen as a bright loop in the upper row
pictures). The fainter diffuse front is caused by a density compression (Vourlidas et al.,
2013). The view on the left is from STEREO-B/SECCHI COR2 and the view on the
right is from STEREO-A/SECCHI COR2.

A graphical interface developed by Thernisien et al. (2009) included in the SSW (Solar

Software) was used to fit the model. In this thesis the model was applied for several

timesteps and the parameters were averaged to give a reasonable estimation of the flux

rope in coronagraph view. As previously mentioned the flux rope CMEs can be seen

as having a “three part structure” or a “loop” structure. Thus the feature where the

wireframe is fitted by adjusting the free parameters of the model is the bright loop like
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front. Though the method is always somewhat subjective, it is quite fast to use. A

sensitivity analysis estimating the precision of the different parameters can be found in

Thernisien et al. (2009). Because of the subjectivity and errors of the fitting process

minor evolution of the orientation parameters during the FM are washed out. However,

if very significant changes occur, they can be observed (Vourlidas et al., 2011).

A CME can however be very distorted and fitting the model can in those cases be im-

possible and it is clear that the shell model can’t fully describe the complex shape of

some CMEs even if a clear structure might be present. Problems may also arise when the

CMEs is not observed by all three spacecraft. The direction and properties can easily be

fitted incorrectly if for example only two viewpoints are available. The more than two

viewpoints are extremely helpful when the CME is observed as a halo by two of the three

spacecraft or when multiple CMEs are ejected in short periods of time. An example of a

situation where the three viewpoints become very handy is illustrated in figure (2.4). The

figure shows three CMEs ejected within a small time window. In STEREO pictures two

of the three CMEs appear as halos or partial halos whereas the LASCO picture provides

a useful side view. In the case of the CME with a concave front seen on the western limb

in the LASCO the side view especially helps to narrow down the direction and the halo

views enable a better determination of the tilt angle. However, since the leading edge

front is quite concave, the determination of the height of the CME for example would be

somewhat difficult. The importance of three view points was also observed by Rodriguez

et al. (2011), who concluded that without the LASCO viewpoint it was not possible to

determine that a CME they studied was heading towards STEREO-B.

In spite of the limitations of a fixed shape model, the GCS is capable of capturing

the features of many CME’s which have variable forms in the coronagraph pictures. To

validate the method, Thernisien et al. (2009) compared their work to the results obtained

by Colaninno and Vourlidas (2009) (see section 2.2), showing generally good agreement

with the direction of the CMEs. Excluding halo CMEs, the directions were the same to

within ±10◦ (Thernisien et al., 2009).

19



Figure 2.4: An example of a situation where having three viewpoints is very useful for
forward modelling. The left and right panels are total brightness images from the COR2
coronagraphs on board STEREO-B and STEREO-A, respectively, and the middle is an
image taken by LASCO/C3 coronagraph. A base image has been subtracted from each
image.

3 Modelling magnetic clouds from in situ data

The methods to reconstruct ICMEs are as variant as are the methods for CME recon-

struction near the Sun. As usual, many of the models treat the magnetic clouds in terms

of MHD and most of them assume a shape for the magnetic cloud beforehand. In general

the models can be divided into force-free and non force-free according to the form of the

momentum equation. All of the models give as an output a direction for the invariant

axis of the flux rope in addition to reconstruction of the flux rope or of a slice of it. This

chapter will focus on some of these techniques with emphasis on the Grad-Shafranov

method.

3.1 Force-free models

One approach to model the magnetic cloud is to assume a force-free flux rope and and

it’s shape and then fit the model so that it can explain the observations. In magnetohy-

drodynamics (MHD), plasma is modelled as a single fluid and the momentum transport

equation can be expressed as

ρm
dV

dt
= ρqE + J×B−∇P. (3.1)
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With the assumption of quasi-neutrality, the term ρqE vanishes and also the pressure gra-

dient term can be dropped if β � 1, which is often the case in magnetic clouds(Zurbuchen

and Richardson, 2006). Thus the term force-free in most cases means that the current is

field-aligned so that

J×B =0. (3.2)

Ampère’s law can then be written

∇×B = µ0J = αB. (3.3)

One example of a typical force-free method is the one used by Lepping et al. (1990) who

assumed a constant α in equation (3.3). After taking the curl of (3.3) the equation can

be written as

∇2B + α2B = 0 (3.4)

which is the Helmholtz equation. In this model, the flux rope is assumed to have a

cylindrically symmetric structure so that the solution of (3.4) in cylindrical coordinates

with the assumption of ∂
∂z

= 0 are (Lundquist, 1951)

Bφ = B0 J1(αr) (3.5)

Bz = B0 J0(αr) (3.6)

Br = 0 (3.7)

where J0 and J1 are the zeroth and first order Bessel functions. It is obvious that this

kind of structure can explain the observed rotations of the magnetic field vector.

An important step in this model as well as many of the other models is then the deter-

mination of the invariant axis, in this case the z-axis. One way to do this is the field

variation technique, where the invariant axis is close to the direction of the intermediate

variance (Sonnerup and Scheible, 1998; Lepping et al., 1990). In practice the directions

are found by minimising

σ2 =
1

M

M∑
m=1

|(Bm − 〈B〉) · n|2 (3.8)

where 〈B〉= 1
M

∑
Bm. Once the invariant axis is found one can fit the model parameters

to the data. Lepping et al. (1990) used a least squares method to do this.

An example of a similar approach was introduced by Marubashi et al. (2007) who also
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included the expansion of the flux rope to their model. The force-free condition is not

by any means restricted to cylindrical configurations and they also performed fittings

for a torus shape model introduced by Romashets and Vandas (2003) which can take

into account the curvature of the flux tube. According to Marubashi et al. (2007) the

curvature may be a factor when the spacecraft passes through the leg of a flux rope and

far away from the apex.

3.2 Non force-free models

Models with non force-free conditions have also been used to determine the structure

of the magnetic cloud. One example of such a method is the Hidalgo method (Hidalgo

et al., 2002). In their model they assume a toroidal field configuration but allow poloidal

and and toroidal current densities. The poloidal (Bφ) and toroidal (Bψ) magnetic field

components are then given by

Bφ =
µ0

2
jψr (3.9)

Bψ = µ0 jφ(R− r), (3.10)

where jφ and jψ the are the corresponding current densities, R the magnetic cloud radius

and r the distance from the cloud axis. In this model, the current densities are assumed

to be constant so there are five free parameters: the angle the torus axis makes with

the ecliptic plane, the angle of the intersection point measured in the ecliptic plane, the

poloidal and toroidal current densities and the impact parameter of the spacecraft with

respect to the cloud axis, and these are fitted with a least squares method. In contrast

to the force-free models introduced in the previous section the Hidalgo method does not

require the determination of the invariant axis before the fitting.

3.3 The Grad-Shafranov method

The Grad-Shafranov method (GSR) is another non force-free method. In this technique,

the flux rope is assumed to obey the Grad-Shafranov equation, which is a special case

of the magnetohydrodynamical equilibrium ∇P = J×B. Hau and Sonnerup (1999)

introduced and used the GSR to study the structure of flux ropes in the magnetopause.

It has also been used to model flux ropes in the solar wind (Hu and Sonnerup, 2002;
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Isavnin et al., 2011). The method outlined by Isavnin et al. (2011) is presented in the

following section and will be applied for two case studies in Chapter 5.

3.3.1 The Grad-Shafranov equation with invariant axis

Our derivation follows that of Koskinen (2011). Assuming again quasi neutrality, the

condition for a magnetohydrodynamic equilibrium dV
dt

= 0 becomes

J×B = ∇P. (3.11)

Thus it is clear that ∇P ⊥ B. With the help of Ampère’s law ∇×B =µ0J the equation

can be further expressed as

(∇×B)×B = µ0∇P. (3.12)

When modelling a magnetic cloud, the changes in the direction of the invariant axis

(z-direction in this case) are considered small when compared to the changes in other

directions (x- and y-direction) and the approximation ∂
∂z

= 0 can be made. With this

assumption the divergence of the magnetic field becomes

∇ ·B =
∂Bx

∂x
êx +

∂By

∂x
êy = 0. (3.13)

The magnetic field components in the (x,y)-plane can be expressed as B⊥ = ∇ ×A so

that B =
(
∂A
∂y
,−∂A

∂x
, Bz

)
and A = A(x, y)êz. Since now clearly ∇A ⊥ B, it is also true

that ∇P ‖ ∇A so that P (x, y) = P (A(x, y). Also the z-component of (3.12) can then be

written as
∂Bz

∂x

∂A

∂y
− ∂Bz

∂y

∂A

∂x
= 0 (3.14)

Another way to write this is

(∇⊥Bz)× (∇⊥A) = 0 (3.15)

where ∇⊥ = ∂
∂x
êx + ∂

∂y
êy. It is now obvious that Bz(x, y) = Bz(A(x, y)). Thus the

pressure and the z-component of the magnetic field are functions of A only.

Since ∂Bz

∂x
= ∂Bz

∂A
∂A
∂x

, ∂Bz

∂y
= ∂Bz

∂A
∂A
∂y

, ∂P
∂x

= ∂P
∂A

∂A
∂x

and ∂P
∂y

= ∂P
∂A

∂A
∂y

the x- and y-components

of (3.12) become
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[
−dBz

dA
Bz −∇2

⊥A

]
∂A

∂x
= µ0

∂P

∂x
(3.16)[

−dBz

dA
Bz −∇2

⊥A

]
∂A

∂y
= µ0

∂P

∂y
. (3.17)

Equations (3.16) and (3.17) can be combined to get

dBz

dA
Bz +∇2

⊥A+ µ0

dP

dA
= 0 (3.18)

which can be rearranged to give the Grad-Shafranov equation:

1

µ0

∇2
⊥A = − d

dA

(
B2
z

2µ0

+ P

)
. (3.19)

3.3.2 Finding the invariant axis and the reconstruction frame

As is obvious from the derivation of the GS equation, the determination of the invariant

axis of the flux rope is crucial. Following Hu and Sonnerup (2002) it is convenient to

consider a cross section of a flux rope. Now the GS equation states that the total pressure

transverse to magnetic cloud plane Pt = B
2
z

2µ0
+ P is constant along magnetic field lines.

Also ∇A ⊥ B so A stays constant following a magnetic field line. Now, because the field

lines are closed and ∂
∂z

= 0, the spacecraft will cross twice the lines of constant A while

passing through the flux rope. Thus the goal of the procedure is to find an axis such that

Pt would form a curve with two branches so that they coincide. The branches can be

interpreted as the motion in and out of the magnetic cloud flux rope (Hu and Sonnerup,

2002). The invariant axis is found by trial and error.

The analysis is done in the deHoffmann-Teller frame (see Appendix A). To start the

search for the optimal invariant axis a coordinate system (x′,y′, z′) is chosen so that

that y′ is the maximum variance direction of the magnetic field with the constraint that

it’s perpendicular to the deHoffmann-Teller velocity, x′ = −V̂HT and z′ = x′ × y′. All

other possible invariant axis direction are achieved by choosing a new z-axis by rotating

the z′-axis by chosen latitude and longitude angles. For every z-direction the x-axis is

the projection of −VHT on to the plane perpendicular to z so that x̂ = − (1−zz)VHT

|(1−zz)VHT|

and ŷ =ẑ× x̂. Since the changes in the z-direction are negligible and in the deHoffmann-

Teller frame the spacecraft is moving with the velocity −VHT one can calculate the vector
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(a) The measured values of the total transverse
pressure against the calculated vector potential
A for the whole selected data range. The curve
shows the two branch behavior Pt. The mag-
netic cloud was observed by STEREO-B on the
4th of October 2011.

(b) The total transverse pressure values and
the fitted Pt(A) function. The green and red
colours show the two branches (the branch in
to the flux rope and the branch out of the
flux rope) and the data points correspond to
the points inside the flux rope limits which are
given by the GSR.

Figure 3.1

potential A(x, 0) in every step by integrating the measured values of By

A(x, 0) = −
xˆ

0

By(x
′′, 0)dx′′, (3.20)

where dx
′′

= −VHT · xdt. The data interval is symmetrized at this point so that the

beginning and the end have the same A value. One can then use the measured transverse

pressure values P (x, 0) + B
2
z(x,0)
2µ0

and the corresponding A(x, 0) values and calculate the

residual

R =

[∑1
i=1(P in

t,i − P out
t,i )2

] 1
2

|max(Pt)−min(Pt)|
(3.21)

between the two branches. Here Pt refers to the transverse pressure on the right hand

side of the GS-equation (3.19)

Pt =
B2
z

2µ0

+ P. (3.22)

The residuals and the direction are visualised on a residual map.

However, a problem arises in determining the minimum residual for left-right symmetric

flux ropes (Hu and Sonnerup, 2002). A simple example of such a flux rope is the Lundquist
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Figure 3.2: An example of a residual map in the GSR analysis. The plotted value is 1
R

instead of R.

flux rope (see section 3.1), where one can first consider the traversal of a spacecraft in

a plane perpendicular to the flux rope axis. If x̂ is chosen to be in the direction of the

spacecraft traversal, ẑ parallel to the flux rope axis and ŷ = ẑ× x̂, it’s seen that Bx and

Bz are symmetric with respect y-axis. Hu and Sonnerup (2002) established that in such

a symmetric case the minimum variance analysis (section 3.1) can be used to obtain the

true y-axis, but any choice of the invariant axis that is perpendicular to this axis will yield

a Pt curve where the corresponding points of the two branches coincide. This is seen on

the residual map as low values across the latitudes and longitudes corresponding to the

rotation of the invariant axis choice around y-axis (for methods dealing with left-right

symmetric cases see Hu and Sonnerup (2002)).

3.3.3 Reconstructing the magnetic cloud

When the invariant axis has been determined it is possible to numerically solve the GS-

equation to obtain a map of the magnetic cloud in a plane perpendicular to the axis.

With the A(x, 0) and the total transverse pressure values for the optimal axis in hand,

the next step is to fit a function to these points in order to get Pt(A) so that the right

hand side of the GS equation (3.19) can be obtained.

To solve the equation and thus reconstruct the magnetic cloud the Taylor expansion is

26



used in order to step away from the y = 0 line. By writing

A(x, y ±∆y) = A(x, y) +

(
∂A(x, y)

∂y

)
x,y

(±∆y) +

1

2

(
∂2A(x, y)

∂y2

)
x,y

(∆y)2 (3.23)

Bx(x, y ±∆y) = Bx(x, y) +

(
∂2A(x, y

∂y2

)
x,y

(±∆y) (3.24)

one can obtain the values A(x, y) in the reconstruction plane since ∂A(x,y)
∂y

= Bx(x, y) and

A(x, y) are known from the previous step and it’s possible to solve for ∂
2
A(x,y)

∂y
2 from the

GS-equation:
∂2A(x, y)

∂y2 = −∂
2A(x, y)

∂x2 − µ0

d

dA

(
B2
z

2µ0

+ P

)
. (3.25)

Since Bz = Bz(A) one can also estimate the axial field in the reconstruction plane.

However, only the values on the vector potential lines which were actually crossed by

spacecraft can be obtained by this theory and extrapolation/interpolation must be used

to estimate values for regions not containing such lines.

3.3.4 Advantages and disadvantages of GS method

The GS method has its merits but there are also some drawbacks to the method. Because

the reconstruction is based on the Taylor expansion and the base situation mathematically

is a Cauchy problem with no boundary conditions the solution is dependent on the choice

of ∆y in the GS solver (Isavnin et al., 2011). Isavnin et al. (2011) noted the ratio ∆y
∆x

must be empirically chosen for each event.

In the paper by Riley et al. (2004) it was noted that the global shape of the GS-

reconstruction may not be very accurate. In their comparison of fitting models against

a MHD simulation of a flux rope they noted that the GS-method did not capture the

ellipticity of the simulated CME. They suggest that the reason may be the magnetohy-

drostatic assumption of the model.

One fundamental limitation of the technique is that the total transverse pressure and the

tangential field values are known only for those field lines that are actually crossed by the

spacecraft. Hence one may have to interpolate the values near the axis when the impact

parameter is large (Isavnin et al., 2011), which makes the method more prone to errors
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with large impact parameters. However, in comparison to the other models the GSR’s

advantage is the fact that the flux rope boundaries are in fact an output parameter of

the method thus removing the need to estimate them beforehand (Riley et al., 2004). In

this thesis the interest is mostly in the orientation of the invariant axis, not the global

structure of the CME at 1 AU.
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4 Orientation evolution of CMEs

In the previous chapters of this thesis techniques to obtain the CME orientation near the

Sun using forward modelling and to determine the invariant axis using the GSR have been

presented. However, unlike FM, the GSR provides the invariant axis direction but not a

parameter similar to the central axis direction, thus making a direct determination of the

deflections and rotation impossible. It is however possible to estimate these parameters

by combining the results of FM and GSR with knowledge of the background solar wind.

In this thesis the method to combine these results is the same which was used by Isavnin

et al. (2014). This method combines two different ways of estimating the deflections and

rotation and includes the variation in the solar wind speed. The technique is based on the

deflection of the CMEs by the background solar wind and interplanetary magnetic field

(IMF). The idea of CME deflections by the background solar wind was introduced with

the discovery of the East-West asymmetry of the source regions of geoeffective CMEs

observed by Wang et al. (2002) for instance. In their paper Wang et al. (2004) describe

a model how to estimate the longitudinal deflection of the CMEs by the Parker spiral.

They proposed a scheme where a fast CME is blocked by the solar wind spiral structure

and on the other hand a slow CME is pushed by it. In this picture the pushing or

Figure 4.1: A schematic picture of the longitudinal deflection caused by the interaction
with the Parker spiral (Isavnin et al. (2013), originally adapted from Wang et al. (2004))

blocking is caused by an increase of the total magnetic pressure either behind or ahead

of the CME. To give a clearer picture of the deflection scheme the next section will focus

on the background magnetic field and solar wind.
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4.1 The background solar wind and the interplanetary magnetic

field

The Parker spiral is a model describing the interplanetary magnetic field (IMF) and solar

wind. The basic assumption of the model is a steady state flow that is radial and a

magnetic field that is a function of the radius only and has only radial and azimuthal

components. Following the derivation of Parker (1958) it’s useful to transform to a

spherical frame of reference co-rotating with the Sun so that the velocity and the magnetic

field can be expressed as

V = (vr, 0, Ω(r − b)) and (4.1)

B =
(
Br(r), 0, Bφ(r)

)
. (4.2)

where Ω is the angular velocity of the Sun and b is a distance after which acceleration

caused by the gravitational pull of the Sun and other processes in the corona can be

neglected. In this frame, the velocity and the magnetic field are parallel, since the field

is frozen in to the surface of the Sun and also to the flow of plasma. Therefore the field

can be written as B = αV and thus

B×V = 0 (4.3)

which leads directly to the relation

Bφ(r) =
Ω(r − b)

vr
Br(r). (4.4)

To get an expression for Br(r) one can use the radial component of ∇ ·B = 0 to get

Br = B(θ0,φ0)(
b

r
)2 (4.5)

where B(θ0, φ0) is the magnetic field at the coordinates (b, θ0, φ0). Now the azimuthal

component of the magnetic field can be expressed as

Bφ(r) = B(θ0,φ0)
b2Ω(r − b)

r2vr
. (4.6)

The spiral looking structure of the magnetic field lines can be explained by noting that
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the azimuthal component is proportional to 1
r

where as the radial behaves like 1

r
2 .

The steady state Parker solution is by no means an accurate description of the IMF and

the solar wind. Since the deflection of the CME in our model is, as is explained in the

next section, dependent on its velocity relative to the background solar wind, the solar

wind data provided by the Magnetohydrodymamics Around a Sphere (MAS) Mikić et al.

(1999); Linker et al. (1999); Riley (2007); Riley et al. (2011)) is used. MAS is a 3-D

simulation utilising a photospheric magnetic field map to simulate the heliospheric flow.

However, in this thesis the field lines are still assumed to locally have the form of a Parker

spiral.

4.2 Estimating the deflections of CMEs

In the deflection model by Wang et al. (2004), the magnetic field lines pile up because of

the different velocities of the flux rope and the background solar wind and the pushing

or blocking is caused by an increase of the magnetic pressure either behind or ahead of

the CME. In the following description this increase of the magnetic pressure is treated as

a “solid wall” and is based on the assumption that the magnetic pressure dominates the

dynamics. This of course is not always the case but the method gives an approximation

for a system whose evolution is mainly affected by the magnetic pressure, even though it

doesn’t actually involve any real dynamics of a flux rope within a background field.

Figure 4.2: The different parameters and vectors used in the determination of the deflec-
tions and rotations of a CME. (Isavnin et al., 2013)

To quantify the deflection experienced of a CME this thesis follows the method developed

by Isavnin et al. (2014). If a magnetic cloud moving with a radial speed Vr can be thought
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to be bound to the spiral field lines because of the blocking or pushing, it is bound to it

also at a later time. In an inertial frame the Parker spiral field lines are described by the

relation

r = −Vsw
Ω

(φ− φ0) (4.7)

where Vsw is the solar wind speed. The field lines are assumed to follow approximately

the same form for each step so that for a particular field line

the longitudinal displacement ∆φfln = φ(rn)− φ(rn−1) is given by

∆φfln = − Ω

Vsw(n)
(rn − rn−1), (4.8)

where Vsw(n) is now the average of the solar wind radial speed calculated from the 3-D

distribution of the MAS. The averaging is done along the leading edge of the flux rope.

The edge travels a radial distance ∆rn = rn − rn−1 in the time

∆t =
∆rn
VFR

(4.9)

where VFR is the flux rope speed.

Because the Grad-Shafranov method is expected to capture the undisturbed part of the

the flux rope the VFR is also chosen to represent the speed of the apex of the invariant

axis of the graduated cylindrical shell. VFR was calculated as the mean of the proton

bulk velocity using the GSR time limits.

Because of the rotation of the Sun and the frozen in condition, the field lines have also

azimuthal velocity. With the assumption of a pure radial flow the angular velocity of a

field line is Ω. During the time ∆t the field line has deflected by the amount

∆φfln = Ω
∆r

VFR
. (4.10)

Thus the deflection of the front ∆φFRn is then

∆φFRn = ∆φn + ∆φfln = Ω

(
1

VFR
− 1

VSW (n)

)
∆rn (4.11)
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and thus the longitudinal coordinate can be expressed as

φFRn = φFRn−1 + Ω

(
1

VFR
− 1

VSW (n)

)
(rn − rn−1). (4.12)

Particularly in relation with this study the equation shows that the magnitude of the

longitudinal deflection calculated with this method is greater for CMEs with very slow

or fast speeds than for CMEs that have their velocities close to the ambient solar wind.

The latitudinal deflections and the rotation are taken into consideration by assuming a

linear change for them:

θ(r) = θ0 + ∆θ
r − r0

rend − r0

(4.13)

γ(r) = γ0 + ∆γ
r − r0

rend − r0

. (4.14)

The average solar wind speed Vsw(n) for each step is then evaluated by averaging it across

the flux rope front. The parameter rend here is the limit of the MAS radial distance. The

position of the flux rope invariant axis defined by the GCS model is then tracked at each

step and the propagation is stopped when the spacecraft passes it. The grid in the MAS

simulation however poses some limitations, since the maximum radial distance is a bit

over 1 AU. This means, especially when self similar expansion is taken into consideration,

that at least part of the front of the flux rope is out the range of the simulated solar wind

values. For this ’out-of-bounds’ phase of the propagation the last available solar wind

values are used, so that the longitudinal deflection continues in a linear way.

The longitudinal deflection is solved for range of latitudinal deflections and rotations

forming a surface

∆φ = f(∆θ,∆γ). (4.15)

The next step is to combine this deflection model with the GSR and FM results. In

the following the rotation of vector a around vector b by angle ζ is denoted by by

rotate(a,b,ζ), following the notation of Isavnin et al. (2013). By adding the impact

parameter vector ρGSR to the vector rsc pointing to the spacecraft at the closest approach

it’s possible to get an estimate of a vector rFR that will lie in the magnetic cloud (MC)

plane as seen on figure (4.2)

rFR = rsc + ρGSR (4.16)
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The normal vector to the MC-plane is obtained as

n̂GR =
rFR × n̂FR

|rFR × n̂FR|
. (4.17)

To estimate the latitudinal deflection ∆θ the global axis r̂FM from the forward modelling

is then rotated by an angle ∆φ around the z-axis

r̂
′

FM = rotate(r̂FR, êz,∆φ). (4.18)

The latitudinal deflection is found by searching for the vector

r̂
′′

FM = rotate(r̂
′

FM, êy
′ = êz × r̂

′

FM,∆θ) (4.19)

such that

(r̂
′′

FM × r̂FR) · n̂GR =1. (4.20)

Finally, the rotation ∆γ can then be calculated as

∆γ = arctan

(
êz

′ ·̂rFR

êy
′ · r̂FR

)
− γFM . (4.21)

Using the previous relations ∆θ and ∆γ are calculated for a range of values ∆φ. The

values form a curve described formally as

(∆θ,∆γ) = g(∆φ). (4.22)

The deflection and rotation of the flux rope is defined as the intersection of the surface

∆φ = f(∆θ,∆γ) and the curve (∆θ,∆γ) = g(∆φ) (figure 4.3 ).

Thus combining various different methods and observations both near the Sun and and

at 1 AU it is possible to estimate the evolution of the orientational parameters of a CME.
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Figure 4.3: An example of the surface formed by the propagation method and the curve
formed by the geometrical analysis. The deflections are defined by the intersection of the
curve (in light blue) and the surface. The colors of the surface represent the longitudinal
deflection value (z-axis).
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5 Case studies of a slow and a fast CME

The previous chapters have introduced a set of methods to study the evolution of a CME.

Next, the focus is turned to the two case studies where the evolution of a fast and a slow

CME is investigated from the observations in the coronagraphs to the in situ observations

made at 1 AU. The PEA and FM analysis was done first, followed by the GSR. FM was

performed for several timesteps in both cases (19 steps for the slow and 4 for the fast)

and the flux rope parameters were averaged for the steps with hf > 18 R� to get an

approximation for the orientation at the end of FM. The deflections and rotations after

the end of FM were calculated by the method described in section (4.2). The cases were

a relatively slow CME observed in situ by the STEREO-A spacecraft on 5 March 2010

and a relatively fast CME observed in situ by the STEREO-B spacecraft on 4 October

2011. Though the Sun-Earth evolution could be determined only for two cases here,

the study was started with a list of 38 candidates of magnetic clouds observed by either

STEREO-A, STEREO-B or ACE. The required radial magnetic cloud velocities of the

slow candidates were less than 355 kms−1 and the velocities for the fast candidates were

greater than 640 kms−1. However, as the study progressed the number of suitable cases

declined rapidly either because of the distorted shape of the ejection in coronagraph

observations, difficulties in identifying the CME corresponding to the magnetic cloud or

cases where the attempts to use the GSR gave unreasonable results.
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Figure 5.1: Combined 195 Å and 171 Å wavelet analysed picture of PEA associated with
the CME launched on 28 February 2010. Approximated position of the arcades is marked
by the blue box. Figure was provided by SECCHI/NRL (Naval Research Laboratory).

5.1 Slow event: 28 February - 5 March, 2010

The magnetic cloud was observed in situ by STEREO-A starting on 5 March 2010 and

ending the following day. This cloud was associated with a CME ejected late on Febru-

ary 28 that was seen as a partial halo rising from the southeastern limb in the COR2

coronagraph on board STEREO-A and as a seemingly clear flux rope structure on the

southwestern limb by COR 2 on board STEREO-B as well as C2 and C3 coronagraphs on

board SOHO. PEAs were observed on the 195 nm and 171 nm wavelength images. The

arcades were used to estimate the orientation of the flux rope by determining the apparent

end points and the central point of the arcade system (figure 5.1). There are no appar-
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ent observations of a flare in the the EUVI (Extreme Ultraviolet Imager,Wuelser et al.

(2004)) observations. The CME was followed by COR2 and C2 and C3 instruments from

02:24 UT to 11:39 UT on March 1. The timestamps were chosen so that approximately

simultaneous pictures from both of the STEREOs and SOHO were available.

Figure 5.2: (top row) The CME of 28 February 2010 as seen by STEREO-B/SECCHI
COR2 (left), SOHO/LASCO C3 (center) and STEREO-A/SECCHI COR2 (right) and
(bottom row) a forward modelling fit of the same CME. The images are grey-scaled
difference images.

The bright loop front can be distinguished from the white light images of COR2/STEREO-

B and C2/C3/SOHO (figure 5.2). In STEREO-B the flux rope seems to be more or less

bright all around where as on the C2 and C3 the presence of the cavity and the front loop

is clearer. In COR2/STEREO-A the partial halo front seems a bit diffuse. The CME

was relatively clear to model with good view of the flux rope on each of the spacecraft,

although the loop front seemed to become increasingly diffuse as time went on, which

made the fitting probably more prone to errors with increasing heliocentric distance.

The in situ data (figure 5.3) shows the typical signs of a magnetic cloud (Zurbuchen and
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Richardson, 2006), with rotation in the radial and normal components of the magnetic

field. The GSR confirms that observations are consistent with a right handed NES type

bipolar magnetic cloud (figure 5.4). The impact parameter given by GSR was 1.3 R�.

The deflections and the amount of rotation are given in table (5.1) and are discussed

more in detail in Section 5.3.

θ φ γ ∆θ ∆φ ∆γ

PEA -37 54 38 - - -
FM (leading edge at 20 R�) -18 49 8 19 -5 -30

GSR/combined (leading edge at 215 R�) -6 58 5 12 9 -3

Table 5.1: Flux rope global axis orientation (θ (latitude), φ (longitude), γ (tilt angle))
for the February 28 CME estimated from (top row) post-eruptive arcades (PEA) obser-
vations, (middle row) forward modelling (FM) and (bottom row) the Grad-Shafranov
method (GSR) combined to the deflection model. The last three columns give the corre-
sponding changes (∆θ, ∆φ,∆γ) of parameters from the previous phase to the next phase
(PEA-FM and FM-GSR). The coordinates are given in a coordinate system aligned with
the Stonyhurst coordinates (Thompson, 2006) at 1.10.2011 23:39.

The orientation of the flux rope with respect to the heliospheric current sheet and the fast

and slow solar wind streams and magnetic pressure was also studied in the same way as

by Isavnin et al. (2014). The current sheet location as well as magnetic field components

were taken from the MAS simulation (see section 4.1) and the flux rope was projected

on to a spherical plane at the time of the forward modelling and at 1 AU (5.11).
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Figure 5.3: In situ plasma and magnetic field parameters at STEREO-A for the magnetic
cloud on 5-6 March 2010. The solid vertical lines show the visually estimated flux rope
limits and the dashed lines the limits given by the GSR. The panels from top to bottom
are: magnetic field magnitude (black), the magnetic field in RTN-coordinates (Br red, Bt

green, Bnblue), plasma bulk flow speed, proton thermal speed, plasma thermal pressure,
proton density, proton temperature, proton thermal velocity and plasma β.
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(a) (b)

Kuva 5.4: The GSR axial field reconstruction map (a) and the residual map (b) showing
the direction of the invariant axis for the CME launched on February 28 2010. In the
reconstruction picture the white solid line expresses the limits of the flux rope given by
reconstruction. The coordinate axes projected in the top left corner correspond to the
RTN coordinates (Thompson, 2006) of STEREO-B (R is cyan, T is magenta and N is
yellow).

It’s obvious from the planar projection maps (figure 5.11) that the flux rope is not aligned

with the fast and slow solar wind streams at 1 AU. However, if the“poleward bump”of the

heliospheric current sheet is not taken into consideration , the axis is somewhat aligned

with it. The orientation might be influenced by the fast solar wind stream around the

flux rope. However, it seems that the interaction with the fast solar wind stream is not

strong enough to affect the orientation with respect to the heliospheric current sheet.

This kind of evolution was also observed by Isavnin et al. (2014) but their flux ropes

started already very close to the HCS.

Regarding this case in particular, it has to be noted that the flux rope orientation and

location with respect to the solar wind streams may not give a proper picture of the

evolution since the real solar wind observations at STEREO-A and the MAS-model values

at the location of the spacecraft differ by a significant amount during the time of the CME

propagation. This suggests that the solar wind values used in the propagation calculation

may not have corresponded very well with the real solar wind at that time.
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5.2 Fast event: 1 - 4 October, 2011

Figure 5.5: Combined 195 Å and 171 Å wavelet analysed picture of PEA associated with
the CME launched on 1 October 2011. Approximated position of the arcades is marked
by the blue box. Figure was provided by SECCHI/NRL (Naval Research Laboratory)
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Figure 5.6: (top row) The CME of 1 October 2010 as seen by STEREO-B/SECCHI COR2
(left), SOHO/LASCO C3 (center) and STEREO-A/SECCHI COR2 (right) and (bottom
row) a forward modelling fit of the same CME. The images are grey-scaled difference
images.

The fast event studied in this thesis was observed in situ by STEREO-B on 4 October

2011 (figure 5.7) and it was associated with a CME that was launched on 1 October.

The GSR results confirm that the magnetic cloud was of the NWS type (figure 5.8). The

impact parameter from the GSR was 5.2 R�. The instruments used for coronagraph

observations were the same as in the previous case. Since the separation of the STEREO

spacecraft was close to 180 degrees the flux rope was observed as a halo by both spacecraft

but a view from the side was provided by SOHO. In addition to a brighter loop the

coronagraph observations show a clear diffuse front (5.6). This was expected, since the

plasma wave caused by the fast flux rope eruption was likely fast enough to steepen into

a shock (Vourlidas and Howard, 2006; Vourlidas et al., 2003). FM was performed for four

timesteps spanning about 3 hours (Appendix C). A flare and PEA can also be spotted

on the EUV observations. The PEA were used to get the orientation of the flux rope

in the same way as for the slow case (figure 5.5). In the Aschwanden et al. (2014) flare
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catalogue, there are two B9.1 flares and one B8.9 class flares listed around the time of

ejection with similar coordinates.

The deflections and the amount of rotation for the fast CME are presented in table 5.2.

The planar projection (5.11) shows that the flux rope is somewhat aligned with a fast

solar wind stream at 1 AU. It is hard to say whether the flux rope at 1 AU is aligned

with the HCS because of the sheets structure. For this case the MAS solar wind values

and the solar wind measured at STEREO-B match quite well, in contrast to the slow case.

θ φ γ ∆θ ∆φ ∆γ

PEA 20 -119 -56 - - -
FM (leading edge at 20 R�) 5 -94 16 15 25 72
GSR (leading edge at 1 AU) 4 -103 10 -1 -9 -6

Table 5.2: Flux rope global axis orientation (θ (latitude), φ (longitude), γ (tilt angle))
for the October 1 2011 CME estimated from (top row) post-eruptive arcades (PEA) ob-
servations, (middle row) forward modelling (FM) and (bottom row) the Grad-Shafranov
method (GSR) combined to the deflection model. The last three columns give the corre-
sponding changes (∆θ, ∆φ,∆γ) of parameters from the previous phase to the next phase
(PEA-FM and FM-GSR). The coordinates are given in a coordinate system aligned with
Stonyhurst coordinates at 1.10.2011 23:39.
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Figure 5.7: Plasma and magnetic field parameter of the magnetic cloud on 4 October
2011 from STEREO-A. The solid vertical lines show the visually estimated flux rope
limits and the dashed lines the limits given by the GSR. The panels from top to bottom
are: magnetic field magnitude (black) and the magnetic field in RTN-coordinates (Br

red, Bt green, Bn blue), plasma bulk flow speed, proton thermal speed, plasma thermal
pressure, proton density, proton temperature, proton thermal velocity and plasma β.
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(a) (b)

Kuva 5.8: The GSR axial field reconstruction map (a) and the residual map showing
the direction of the invariant axis for the CME lanched on October 1 2011. In the
reconstruction picture the white solid line expresses the limits of the flux rope given by
reconstruction. The coordinate axes projected in the top left corner correspond to the
RTN coordinates of STEREO-B (R is cyan, T is magenta and N is yellow).

5.3 Discussion

The deflections of the flux ropes are illustrated in figure (5.9). As expected from the

propagation model, the slow CME experienced westward longitudinal deflection from the

upper corona to the heliosphere (20 - 215 R�) whereas the fast one deflected eastward.

The absolute values of the deflections are roughly the same, 9 degrees for both. However,

both cases seem to have deflected in the opposite direction before 20 R�. While this may

be caused by interactions of the flux rope with coronal holes (Cremades et al. (2006)),

the errors in determining the initial direction of the flux rope from the PEA observations

can be very large, and thus, may also contribute to this fact. What is more, the majority

of the longitudinal deflection (≈ 75%) happened before 20 R� for the fast CME, where

as for the slow CME the majority (≈ 65%) of the deflection happened after 20 R�. The

result is only valid for the leading edge and depends on the assumption of undeformed

propagation of a GCS shaped flux rope. Because of the large κ of the fast CME, the

distance between the leading edge and the apex of the central axis is quite large, the time

delay between the arrival of the leading edge and the central axis causes the longitudinal
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deflection to almost triple.

Figure 5.9: CME deflections and rotations divided in to the part before 20 R� and
the part after that: a) longitudinal deflection, b) latitudinal deflection, c) rotation, d)
longitudinal deflection as part of the total deflection, e) latitudinal deflection as part of
the total deflection, e) rotation as part of the total deflection. Event 1 refers to the slow
case (28 February 2010) and 2 to the fast case (1 October 2011).

The tripling of the longitudinal deflection is a direct result of the large aspect ratio,

treating the flux rope as a solid object, and treating the background magnetic field as

a solid wall in addition to the large relative velocity of the CME with respect to the

background solar wind. The “solid wall” assumption may not be very accurate for the

fast case (Wang et al., 2004) and may exaggerate the deflection. However, it is worth to

note that even if the longitudinal deflection might be too large, the latitudinal deflection

and rotation in this case are very insensitive to the longitudinal direction of the global

axis, because the invariant axis lies almost in the ecliptic plane and the CME was very

wide.

Figure 5.10 illustrates an interesting point: even though the absolute deflection of the

apex are almost the same for the two cases, the trajectory of the slow CME viewed from

the Earth looks more radial, where as the trajectory of the fast is more curved. This is

caused by the Earth’s movement around the Sun. The effect is greater for the slow CME

because of the longer transit time.

Both flux ropes also deflected towards the ecliptic plane. It’s however notable, that

the fast CME seems to have deflected greatly soon after the ejection, but almost not
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Figure 5.10: The polar map of the CME apex heights as the function of longitude and
the approximations of the front angular widths at 1 AU looked at in a coordinate system
where the Earth is fixed at the zero longitude. The angular width plotted does not
represent the shape of the GCS model, only its extent. The radial distance is in solar
radii.

at all later in the heliosphere. The slow CME on the other hand continued to deflect

towards the ecliptic plane and about 40 % of the latitudinal deflection happened after

20 R�. Since both CMEs were launched quite near the solar minimum, the results are in

accordance with observations made by Cremades et al. (2006). The interaction with the

fast solar wind from the polar region coronal holes may also have given the slow CME

the momentum to deflect towards the ecliptic plane (Cremades et al., 2006).
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(a) The CME of 28 February 2010 (b) The CME of 1 October 2011

Figure 5.11: The spherical plane projection of the flux rope (white ellipse) orientation
with respect to the solar wind radial velocity (Vr) and the magnetic energy density (U)
near the Sun and at approximately 1 AU. The red line is aligned with the magnetic cloud
plane and its angular width is the angular width of the invariant axis. The white dashed
line represents the HCS.

The rotation of the flux ropes on the way from upper corona to 1 AU is negligible

compared to the rotation before 20R�. In both cases studied in this thesis the majority of

the rotation seems to have happened in the lower corona and very shortly after the ejection

because no significant rotation was observed in FM fits for several timesteps in the upper

corona (Appendix C, figures C.1 and C.2). Since the direction of the rotation between

PEA observations and FM is unknown, there is, in theory, a 180 degree uncertainty in

the result. However, such large rotations seem unlikely given the lack of rapid rotation
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in the upper corona. The fast CME in particular appears to have rotated rapidly in the

lower corona (70◦). Such rotations during the eruption and propagation over just few

solar radii have been observed in MHD simulations for certain flare reconnection models

(Lynch et al., 2009). The large tilt angle of the PEA for the fast case could have been

interpreted as supporting a unipolar flux rope, but the in situ observations as well as

the GSR reconstruction show a bipolar flux rope - i.e. the flux rope axis lies close to the

ecliptic plane.

The results were compared also to the results of the case studies of the 14 solar minimum

CMEs studied by Isavnin et al. (2014). Overall, the magnitude of the flux rope deflections

of the slow and fast CME studied in this thesis do not stand out as very different in

comparison to the CMEs studied by Isavnin et al. (2014). For both of the CMEs the

latitudinal and longitudinal deflection and rotation fall within the ranges observed by

Isavnin et al. (2014), as does also the direction of the flux rope global axes both in the

upper corona and at 1 AU.

Because the propagation method was independent of the actual time the flux rope was

seen in the in situ data, it is interesting to compare the propagation time given by our

model to the time of the closest encounter from the GSR and the in situ data. In the

deflection scheme used, the propagation was stopped when the spacecraft passed the

invariant axis. For the slow event the closest encounter was estimated to be around

10 hours too late and for the fast event about a day too late. For both events the

leading edge on the other hand reached 1 AU too early. A number of reasons may be

behind this discrepancy, mainly the assumption of the constant radial velocity and also

the assumption of undeformed propagation of a GCS shaped model. Also, even if our

method takes in to consideration the curvature of the invariant axis with respect to the

spacecraft position, the radial velocity of different parts of the magnetic cloud may vary.

For example, the ratio between the velocities the apex of the invariant axis and the leg

of a radially propagating GCS model is (see 2.2)

Vaxis apex
Vleg

=
1 + sin(α)

cos(α)
. (5.1)

This causes also some uncertainty to the determination of the deflections, since the lon-

gitudinal deflection scheme is dependent on the chosen velocity.
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6 Conclusions

Understanding the evolution of CMEs is important for making more accurate space

weather forecasts. This thesis has introduced some of the existing methods to observe

and model flux rope CMEs and their orientational parameters in different phases on

their way from the corona to 1 AU. Particularly, a detailed description was given of the

combination of forward modelling (Thernisien et al., 2009), Grad-Shafranov reconstruc-

tion (Hu and Sonnerup, 2002; Isavnin et al., 2011) and a propagation model treating the

background magnetic field as a solid wall (Wang et al., 2004; Isavnin et al., 2014). The

combination was used to conduct a case study for two CMEs: a slow and a fast CME.

The results show that almost all the longitudinal and latitudinal deflection for the fast

CME happened before 20 R�, whereas for the slow CME the majority of longitudinal

deflection and a significant part of latitudinal deflection happened after 20 R�. In both

cases, flux ropes seem to have rotated strongly after the ejection, but only slightly in

upper corona and later in the heliosphere.

In addition, both CMEs were observed to have deflected towards the ecliptic plane and

rotated towards the heliospheric current sheet ending up very close to the ecliptic plane.

At 1 AU the slow CME was approximately aligned with the HCS. The fast CME was

partly aligned with a fast stream. Evolution like this has been observed also in earlier

studies (Cremades et al., 2006; Isavnin et al., 2014). The overall deflections and rotations

we observed to fall in between the ranges observed by Isavnin et al. (2014). The results

support the view that rotation and deflections in the corona and later in the heliosphere

can’t be fully neglected when predicting the geoeffectiveness of a particular CME.

There are, however, additional measures that could be implemented to increase the reli-

ability of the results obtained in this study. Firstly, the initial direction of the CME was

determined from the PEA observations, which can potentially include large errors. A

more careful determination of the source region would improve the quality of the results

particularly when it comes to the deflections before 20R�. Another possible caveat is the

fact that the background magnetic field lines were treated as a solid wall to estimate lon-

gitudinal deflection and it must be stressed that it is not clear if this is a proper treatment

in the case of the fast CME. The model assumes that the eastward deflection increases

with increasing radial velocity, an assumption which is not likely to hold for CMEs with

very high velocities. It would be useful to compare the results of the CMEs studied to

possible independent methods like simulations to see how treating the background field
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as a solid wall compares to them.

Because the analysis could be done fully for only two cases it was not possible to do a

statistical analysis of the evolution of slow and fast CMEs. However, a statistical study

would reduce the significance of random errors in different parts of the evolution analysis.

The most restricting factor of the method seems to be the fact that the spacecraft should

cross the magnetic cloud near the apex for the GSR method to work properly. It is

possible that using a method allowing the curvature of the flux rope axis (see for example

Marubashi et al. (2007)) would give reasonable results in cases where the spacecraft seems

to have passed through the flux rope far from the apex, allowing for more cases to be

analyzed.
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Appendix A

Finding the deHoffmann-Teller frame velocity

The GSR is performed in the deHoffmann-Teller frame, which is a frame of reference where

all components of the electric field vanish (De Hoffmann and Teller, 1950; Khrabrov and

Sonnerup, 1998). In principle the frame can be found by looking for velocity VHT such

that

E
′
=E + VHT ×B = 0 (A.1)

where E and B are the magnetic and electric fields in the spacecraft frame of refer-

ence. The relation (A.1) is a Lorentz transformation with the approximation |VHT| � c

(Jackson, 1962), where c is the speed of light, and consequently

B
′
= B. (A.2)

In this frame Faraday’s law states that ∂B
∂t

= 0, thus the structure appears to be stationary

in time (Koskinen, 2011).

Khrabrov and Sonnerup (1998) considered in their work the determination of the deHoffmann-

Teller velocity from the viewpoint of experimental data. They showed that in order for

(A.1) to hold the component of the electric drift speed that is perpendicular to the plane

defined by two measured magnetic field vectors must be the same pairwise for all the mea-

surements. In fact E ⊥ B should hold in every measurement point which is conveniently

satisfied if the ideal Ohm’s law is assumed to hold:

E =−V ×B. (A.3)

When the ideal Ohms law holds one way to find the deHoffmann-Teller frame velocity is

to find the VHT that minimizes the quantity

1

M

M∑
m=1

|(vm −VHT)×Bm|2, (A.4)

where vm and Bm are the measured plasma bulk velocity and magnetic field vectors and

M is the number of measurement points (Khrabrov and Sonnerup, 1998).
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Appendix B

List of Acronyms

AU astronomical unit

CIR corotating interaction region

CME coronal mass ejection

EUV extreme ultraviolet

FR flux rope

FM forward modelling

GCS graduated cylindrical shell

GSR Grad-Sahfranov reconstruction

HCS heliospheric current sheet

ICME interplanetary coronal mass ejection

MC magnetic cloud

MHD magnetohydrodynamic(s)

PEA post eruptive arcade
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Appendix C

Figures of the case study flux rope orientations in FM

Figure C.1: The orientation (longitude (φ), latitude (θ), tilt angle (γ)) of the flux rope
global axis vs. the front height from FM for the slow event ejected on 28 February
2010. Longitude and latitude are in Stonyhurst coordinates. The errorbars represent the
average deviation of the parameters of the FM sensitivity analysis in Thernisien et al.
(2009).
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Figure C.2: The orientation (longitude (φ), latitude (θ), tilt angle (γ)) of the flux rope
global axis vs. the front height from FM for the fast event ejected on 1 October 2011.
Longitude and latitude are in Stonyhurst coordinates. The errorbars represent the average
deviation of the FM sensitivity analysis in Thernisien et al. (2009).
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