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Abstract

The Sun, besides being fundamental for life on Earth, is also characterised by intense activity
and magnetism. Such activity manifests often in the form of eruptions, that can either be
confined to the solar atmosphere or consist of large amounts of plasma and magnetic flux
that are ejected into interplanetary space. The latter phenomena are known as coronal mass
ejections (CMEs). CMEs travelling through interplanetary space may impact Earth and
harm the performance and reliability of space- and ground-based technological systems, such
as satellites in orbit, high-voltage power and natural gas pipeline networks, and systems
utilising navigation and positioning applications. Moreover, the increased radiation that
follows a CME eruption can endanger the health of astronauts involved in space missions.
The effects of solar activity on Earth are called collectively “space weather”. The ability
of a CME to drive space weather effects on Earth (or “geoeffectiveness”) depends on its
internal magnetic structure, morphology, and speed. The magnetic structure of a CME is
often described with a flux rope morphology, that is a helical magnetic tube whose magnetic
field can be divided into two main components: the axial field, which runs through the centre
of the tube, and the helical field, which wraps around the tube.

In this thesis, the magnetic structure of CMEs and their geoeffectiveness at 1 AU are investi-
gated using a combination of observational and modelling techniques. The magnetic structure
of flux ropes at the time of eruption can be inferred from multiwavelength remote-sensing
observations of the CME source region, by taking into account features as coronal loops,
filaments, flare ribbons, and photospheric structures. However, the results of the analysis
show that the magnetic structure of such flux ropes may differ significantly when measured
at 1 AU, i.e. around Earth’s orbit. This is because CMEs can experience dramatic evolution
after lifting off from the Sun, e.g. through deflections, rotations, and deformations. The
results presented in this thesis highlight that CME evolution is an important factor to take
into account in numerical models and, more generally, in space weather forecasting. Further-
more, the turbulent sheath regions that often travel ahead of CMEs may contain geoeffective
components. Another aspect that contributes to making CME forecasting a challenging task
is represented by those CMEs whose impact is less “obvious,” e.g., because they are not en-
tirely Earth-directed or because their signatures are unclear in remote-sensing data. During
periods of significant solar activity there can be multiple CMEs launched from the same or

nearby source regions.

This thesis utilises recent multi-instrument observations from different vantage points to anal-



yse periods of successive CME eruptions and their possible interactions in the corona and
inner heliosphere. Magnetohydrodynamic modelling of CME propagation is also used, es-
pecially for problematic CMEs and multi-eruption periods, to provide a global heliospheric
context necessary to interpret the multi-spacecraft observations. This thesis thus contributes
to the improvement of our current understanding of CME evolution and space weather fore-
casting. Its results can be used as inputs, validation, and refinement for space weather fore-
casting tools and their modelling results. Finally, its comprehensive Sun—to—1 AU approach
to analyse periods of enhanced eruptive activity and the subsequent heliospheric evolution
of multiple CME events emphasises the importance of combining observations from multiple

vantage points and heliospheric modelling for making progress in space weather forecasting.

Keywords: Solar Physics, Space Physics, Coronal Mass Ejections, Solar Wind, Space Weather
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1 Introduction

& Here comes the Sun — THE BEATLES

Since the beginning of the Space Age with the launch of the Sputnik 1 satellite in
1957, modern society has become increasingly dependent on space-based technology.
Nowadays, space technology includes, but is not limited to, satellites dedicated to
communication, navigation, Earth observation, space exploration, and national secu-
rity. All these systems, however, are vulnerable to space weather effects. The term
space weather refers to the physical processes driven by solar activity that manifest as
disturbances in Earth’s environment. It came into popular use in the 1990s, but its
origins can be traced back to the middle to late 1800s (Cade and Chan-Park, 2015).
Space weather phenomena can damage and harm the performance of satellites in Earth
orbit and spacecraft in interplanetary space, but such effects are not limited to space-
based technology. A notorious example is the geomagnetic storm of 1859 (Carrington,
1859; Hodgson, 1859), known as the Carrington Event, which took place well before the
Space Age. The Carrington Event was a storm of such great magnitude that it caused
the failure of telegraph systems across Europe and North America and bright auroral
displays down to low latitudes (e.g., Green and Boardsen, 2006; Moreno Cardenas et al.,
2016; Gonzalez-Esparza and Cuevas-Cardona, 2018; Hayakawa et al., 2018). More re-
cent prominent geomagnetic storms include the storm of 1972 (Knipp et al., 2018),
which caused electric- and communication-grid disturbances in North America and the
simultaneous detonation of dozens of sea mines in North Vietnam, the storm of 1989
(Allen et al., 1989) that caused a massive power-grid outage in Québec, the “Bastille
Day” storm of 2000 (Andrews, 2001; Raeder et al., 2001; T6rok et al., 2018) that caused
electrical breakdowns and satellite malfunctions, and the “Halloween” storms of 2003
(Lopez et al., 2004; Manchester et al., 2008; Cid et al., 2015) that disrupted space-based
navigation systems. The increased radiation during periods of enhanced solar activity
may also endanger the health of long-haul aircraft crews and, in particular, of astro-
nauts participating in space missions. Whilst this holds today for astronauts on board
the International Space Station in low Earth orbit, the major concerns are related to
future manned missions to the Moon or Mars (e.g., Musk, 2017, 2018), where the crews
would be exposed to an harsh radiation environment outside of Earth’s protective at-

mosphere and magnetosphere for an extended amount of time. In light of these issues,



it is clear that space weather can affect human life and technology in multiple ways and
that, as such, it must be predicted accurately and well in advance in order to mitigate
its effects.

In order to be able to forecast space weather effects efficiently and with sufficient lead
times, it is important to understand their origin and evolution in the framework of the
Sun—Earth system. One of the major drivers of space weather effects are known as
coronal mass ejections (CMEs, e.g., Webb and Howard, 2012). CMEs are spectacu-
lar, massive blasts of plasma and magnetic fields that are regularly ejected from the
Sun into interplanetary space. When reaching Earth’s orbit, CMEs can cause mag-
netic reconnection at the dayside magnetopause (i.e., the outer boundary of Earth’s
magnetosphere), allowing access of energy, momentum, and plasma in the magneto-
sphere, enhancement of the ionospheric electric currents, and precipitation of energetic
particles in the ionosphere (e.g., Pulkkinen, 2007). The ability of CMEs to cause ge-
omagnetic storms at Earth is known as geoeffectiveness. In order for this to happen,
it is necessary that a CME’s magnetic field is oppositely directed to Earth’s magnetic
field. Since Earth’s quasi-dipolar field is roughly perpendicular to the ecliptic plane
and directed towards the North in the ecliptic plane, the most geoeffective solar wind
structures are the ones containing southward magnetic field. Other solar wind param-
eters that are important for the geoeffectiveness of a CME are speed and dynamic
pressure (e.g., Crooker, 2000; Boudouridis et al., 2005).

CMEs are known to erupt from the solar atmosphere as helical magnetic structures
called flux ropes (e.g., Forbes, 2000; Chen, 2011; Green et al., 2018), which are bundles
of magnetic field lines that wind about a common central axis. The evolution of CME
flux ropes as they propagate through the corona and interplanetary space is a critical
aspect that will determine their ability to trigger space weather disturbances at Earth;
CMEs can experience dramatic evolution through deflections and/or rotations (e.g.,
Vourlidas et al., 2011; Isavnin et al., 2013; Kay et al., 2015; Manchester et al., 2017)
or through interaction with solar wind streams and other CMEs (e.g., Lugaz et al.,
2012, 2017). Furthermore, CMEs often drive shock waves ahead of them in the corona
and interplanetary space. The sheath region that develops between the shock and the
CME leading edge is composed of compressed and turbulent plasma (e.g., Kilpua et al.,
2017), and is capable of causing significant geomagnetic disturbances regardless of the
magnetic structure of their corresponding CMEs (e.g., Tsurutani et al., 1988; Gonzalez
et al., 1999, 2011; Huttunen et al., 2002; Huttunen and Koskinen, 2004; Lugaz et al.,



2016). All these aspects make forecasting space weather disturbances related to CMEs
a particularly challenging task. At present, the space weather effects of CMEs cannot
be reliably predicted until they reach the Lagrange L1 point, which is located along the
Sun—Earth line (about 1.5 million kilometres ahead of Earth) and where the solar wind
monitoring spacecraft are operating (such as the Advanced Composition Explorer or
ACE, Stone et al., 1998; Wind, Ogilvie and Desch, 1997; and the Deep Space Climate
Observatory or DSCOVR). The L1 point, however, is so close to Earth with respect
to the Sun—Earth distance that in-situ measurements made from there can provide a

warning time of 30-60 minutes only.

This thesis is centred on the magnetic structure and geoeffectiveness of CMEs and
CME-related structures, and on how the geoeffective parameters of solar eruptions can
be studied and monitored from the Sun throughout interplanetary propagation. In

particular, the major issues that this thesis addresses are:

e How can the magnetic structure of CMEs at the time of their eruption be esti-
mated from remote-sensing observations? (Paper IT and Paper III)

e How does the magnetic structure of CMEs change during interplanetary propa-
gation? (Paper III and Paper V)

e How do CME-driven sheath regions and their substructures cause disturbances
at Earth’s orbit? (Paper I and Paper IV)

e Can CME and sheath evolution be captured through multipoint observations

coupled with heliospheric modelling? (Paper IV and Paper V)

This thesis is composed of two main sections, namely an introductory part and a
collection of five original research articles referred to as Papers I-V. The introductory
part is organised as follows. Chapter 2 provides an overview of the structure of the
Sun and solar activity, with an emphasis on space weather drivers and their effects
on the near-Earth space environment. Chapter 3 reviews general CME properties
and describes how CMEs can be observed from their pre-eruptive state until their
in-situ detection in interplanetary space. Chapter 4 assesses the current status of
CME forecasting and addresses the challenges in predicting CME-driven disturbances
at Earth. Chapter 5 provides some concluding remarks, followed by a brief review of
the future breakthroughs expected in understanding and forecasting CMEs. Finally,
Chapter 6 summarises the scientific articles included in this thesis and the author’s

contribution in the preparation of each.



2 The Sun and space weather

) Waiting for the Sun — THE DOORS

Space weather depends directly on solar magnetic activity. The Sun is a very dynamic
star, with changes in its magnetism that evolve on time scales that range from minutes
up to billions of years. The Sun’s magnetic field is generated by electrical currents in
its interior acting as a magnetic dynamo and is shaped by a multitude of processes. In
order to understand how the Sun drives space weather, it is important to know how
the solar magnetic field originates, how it is shaped, and how it behaves. In order to
understand how CMEs erupt from the Sun and how their magnetic field is structured, it
is important to understand how features on the Sun are linked to the instrinsic structure
of CMEs. Accordingly, this chapter will first focus on solar magnetism and on features
visible on the solar surface and through the different layers of its atmosphere. Finally,

the major space weather-driving phenomena and their effects on Earth are discussed.

2.1 Solar magnetism and activity

Before discussing how the Sun’s magnetic field shapes and modulates solar activity,
it is important to review how the Sun is structured. Figure 2.1 shows how the solar

interior and atmosphere can be divided into zones or layers.

The solar interior is composed of three layers, namely the core, the radiative zone,
and the convective zone (e.g., see review by Ambastha, 2010). The Sun’s energy is
produced in the hot, central core through nuclear reactions. The core’s radius equals
approximately one-quarter of the solar radius, and its temperature is around 15x 106 K.
The processes through which the solar energy is transported from the core up to the
outer layers are mainly two, from which the two remaining layers of the solar interior
take their names. The radiative zone is a spherical shell that extends about three-
quarters of the way to the surface and where energy is carried outwards by radiation.
In this zone, however, the plasma is so dense that photons are continuously absorbed
and re-emitted in random directions, taking about two hundred thousand years to
reach the outer boundary of the radiative zone, called the tachocline (Mitalas and

Sills, 1992). This is where energy transport becomes convective, since the plasma in
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Figure 2.1: The layers of the Sun. Image credit: NASA.

the convection zone is too cool and opaque to allow radiation to go through. In this
layer, in fact, the Sun’s temperature drops to about 2 x 10¢ K. Since convective motions
allow photons to “ride” hot blobs of plasma through the solar interior, it takes them

only a couple of days to reach the surface of the convection zone.

After exiting the convection zone, photons encounter the solar atmosphere, which is it-
self composed of several layers. The photosphere is considered as the surface of the Sun
and it is the deepest layer that can be observed directly. In this layer, the temperature
has decreased to about 5 x 10® K and the densities are so low that photons can finally
escape, allowing observations of the photosphere in white light. Furthermore, the pho-
tosphere is characterised by a continuously “boiling” appearance, being composed of
convection cells, called granules, that have averages sizes of 1000-2000 kilometres and
lifespans of the order of tens of minutes. Above the photosphere lies the chromosphere,
which can be detected in red hydrogen-alpha (Ha) light. The chromosphere is the
first solar layer where the temperature increases with increasing height, from about
4 x 10% to 8 x 10% K. On top of the chromosphere there is a very thin layer called the
transition region, where the temperature rises abruptly from about 8 x 103 to about
500 x 10® K. Finally, the outermost layer of the Sun is known as the corona, which
extends for millions of kilometres into outer space. Since the corona is much fainter

than the bright solar disc, it can be observed only through an eclipse, which can be



either “real” or “fake” (i.e., created through a coronagraph, see Section 2.1.4). The
temperature of the corona reaches up to a few million Kelvins, which means that it is
several orders of magnitude hotter than the solar surface. Why the solar atmosphere
is so hot is still in large part an unresolved question, and this mystery is now known
as the coronal heating problem (e.g., Parnell and De Moortel, 2012; Klimchuk, 2015;
Downs et al., 2016).

2.1.1 The Sun’s magnetic field

The Sun’s magnetic field is generated in its interior by a process, called the solar
dynamo, that finds its energy sources from the non-uniform rotation and the heat
produced in the core. The basic idea of the solar dynamo was first introduced by
Larmor (1919). According to his theory, the solar magnetic field is maintained by the
motion of that electrically conducting ionised plasma that is found in the convection
zone. The motion of the fluid induces electric currents and, as a consequence, a self-
sustaining magnetic field. If the Sun was rotating as a rigid body, this magnetic field
would simply come out of the north pole, curl out through space, and re-enter at the
south pole. This is what happens in the case of a bar magnet or Earth, but for the

Sun the situation is considerably more complicated.

The principles of the current understanding of the solar dynamo theory will be briefly
described below. Comprehensive reviews can be found in Charbonneau (2010, 2014).
The Sun spins at different speeds at different latitudes, phenomenon that is known as
differential rotation; at the equator one rotation takes about 25 days, whilst the poles
complete one rotation in about 33 days (Thompson et al., 1996). The reason for this
behaviour is that the Sun is not a solid object, but can instead be considered as a
fluid composed of hot and dense plasma. Let us consider the initial configuration of
a magnetic field with field lines that run parallel to the solar meridians, similarly to
Earth’s intrinsic magnetic field. This configuration is known as poloidal magnetic field.
Because of differential rotation, the plasma in the tachocline drags the magnetic field
with the flow, distorting and stretching it about the equator (where it rotates faster).
Rotation after rotation, the magnetic field wraps around the Sun more and more until
it reaches a configuration known as toroidal magnetic field, where the field lines are
aligned with the solar parallels. This process also amplifies the magnetic field every

time a field line wraps around the Sun more than once. The toroidal field keeps building
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Poloidal Toroidal

Solar Minimum — Time — Solar Maximum

Figure 2.2: Schematic of the solar dynamo, with the magnetic field evolving from poloidal
and dipolar to toroidal and multipolar through the solar cycle. Adapted from Higgins (2012),
doi:10.6084 /m9.figshare.102094.v1.

up until it reaches an unstable state and buoyant forces begin to act, letting magnetic
loops float towards the solar surface (see Section 2.1.2). Every time a new loop emerges,
its trailing part is slightly closer to the nearby solar pole because of the twisting Coriolis
force. The trailing part of the tube, however, has an opposite magnetic polarity than
the pole, meaning that when its magnetic field diffuses through the photosphere the
pole receives a certain amount of field of the opposite polarity. Eventually, the buildup
of magnetic field of opposite polarity at each pole leads to a global reconfiguration of
the Sun’s magnetic field, which returns to a poloidal state but with a reversed polarity.
This is the famous solar cycle, sketched in Figure 2.2, which has a duration of about
11 years (Schwabe, 1843; Hathaway, 2015). The purely poloidal state is known as solar
minimum, where the solar magnetic field is dipolar, whilst the purely toroidal state is
called solar maximum, where the field becomes multipolar because of the amount of
emerging flux loops. The solar cycle has crucial implications on solar activity, as will

be discussed in the following sections.

2.1.2 Photospheric features

When unstable toroidal flux tubes float towards the solar surface (see Section 2.1.1),
the magnetic field is carried up with the plasma and stretched to form a shape that
resembles the Greek letter 2. When these 2-shaped loops rise, the first surface they

cross is the photosphere. This is how active regions form on the Sun, i.e., they are
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SOLAR MINIMUM SOLAR MAXIMUM

Figure 2.3: The photosphere during solar minimum (in January 2019) versus the photo-
sphere during solar maximum (in July 2014). For each of the two periods, both the white-
light photosphere and the corresponding magnetogram are shown. In the magnetograms,
green/blue areas indicate positive magnetic field (directed anti-Sunwards) and yellow /red ar-
eas indicate negative magnetic field (directed Sunwards). Image credit: NASA—SDO/HMIL.

regions where strong magnetic fields are concentrated. When observed in white light,
footpoints of the strongest 2 flux systems may appear on the photosphere as dark
spots known as sunspots (their temperatures are lower than the ambient photosphere,

as the strong magnetic field inhibits upward motion of the hot plasma).

Photospheric magnetic fields are generally presented as maps of the magnetic field
known as magnetograms that are measured through space- or ground-based magne-
tographs. Magnetographs measure either the line-of-sight (LOS) magnetic field only
(e.g., with the Michelson Doppler Imager or MDI, Scherrer et al., 1995, onboard the
Solar and Heliospheric Observatory or SOHO, Domingo et al., 1995) or the full 3D
magnetic field components (e.g., with the Helioseismic and Magnetic Imager or HMI,
Scherrer et al., 2012, onboard the Solar Dynamics Observatory or SDO, Pesnell et al.,
2012), in which case the magnetogram is known as a vector magnetogram. Measure-
ment techniques exploit the Zeeman effect, referring to the splitting of the energy levels

of an atom in an external magnetic field (e.g., Lagg et al., 2017).

Since active regions and sunspots are generated by the emergence of buoyant Q-loops,
the photosphere looks dramatically different at solar minimum versus solar maximum,
as shown in Figure 2.3. The lifetime of an active region (and of its related sunspots)
ranges from a few hours to several months, depending on its size and magnetic flux

content, and is characterised by a relatively fast emergence phase, when new magnetic
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Figure 2.4: Top panel: The butterfly diagram, showing how the latitude of sunspots evolves
with the solar cycle. Bottom panel: the average daily sunspot area through solar cycles 12-24.

Image credit: solarcyclescience.com.

fields can be seen forming in the photosphere, and a long decay phase, when the
magnetic fields slowly disperse through the photosphere. A comprehensive review on

the evolution of active regions can be found in van Driel-Gesztelyi and Green (2015).

Sunspots, and in particular their occurrence rate and position on the solar photosphere,
can give a large amount of information about the solar cycle. Some examples are pre-
sented in Figure 2.4. The top panel of Figure 2.4 shows the famous butterfly diagram,
first reported by Maunder (1904). By plotting the latitude of sunspot occurrence ver-
sus time, Annie and Edward Maunder noticed that sunspots tend to develop within an
equatorial belt located between £35° latitude. Furthermore, they realised that at the
beginning of each solar cycle sunspots tend to form at higher latitudes, and migrate
towards lower latitudes with time until a new cycle starts. This recurrent behaviour
gives rise to the butterfly pattern. Sunspots can also be analysed quantitatively, e.g.
by counting their occurrence (this quantity is called the sunspot number) or their area
(this quantity is called the sunspot area) on the solar disc. The sunspot area through

several solar cycles is plotted in the bottom panel of Figure 2.4. The figure clearly
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shows that solar activity varies approximate with 11-year periodicity and the ampli-
tude of the cycle (i.e., the maximum sunspot area) varies significantly. Nowadays, each
solar cycle has its own number, with solar cycle 1 starting in 1755, when extensive
recordings of sunspots began. At the time of writing this thesis, we are at the very

transition phase between solar cycle 24 and the following cycle 25.

2.1.3 Chromospheric features

After crossing the photosphere, emerging flux tubes from the solar interior (see Sec-
tion 2.1.1) encounter the second layer of the Sun’s atmosphere, the chromosphere.
When observed in the Ho line at 6562.8 A (or in general at chromospheric tempera-
tures), active regions appear as bright spots against the “quiet” regions. In addition
to active regions, Ha observations of the chromosphere reveal structures known as
filaments (e.g., Parenti, 2014; Gibson et al., 2018). Filaments appear as dark curves
against the solar disc and are composed of large amounts of dense material. They
appear dark (i.e., in absorption) because they are much cooler than the solar surface
beneath them. When seen off the solar limb, instead, filaments appear bright (i.e., in
emission) and are called prominences. The double nomenclature arises from the fact
that the existence of both filaments and prominences was known before they were iden-
tified as the same phenomenon seen against different backgrounds. Figure 2.5 shows
examples of filaments and prominences. It is clear from Figure 2.5 that filaments can be
located both in active regions and away from them. In light of this aspect, a common
classification divides filaments into quiescent, intermediate, and active region filaments
(e.g., Engvold, 2015). In general, filaments occurring in the vicinity of active regions
are more dynamic, smaller, and shorter-lived than filaments associated with the quiet
Sun (e.g., Martin, 1998a). The lifespan of a filament can range between several days
(mostly active region filaments) to a few months (mostly quiescent filaments). The
majority of filaments eventually undergo instabilities and erupt, and many of them are
associated with CMEs. A few filaments, however, can disappear simply draining back

their mass towards the chromosphere.

The low-coronal environments where filaments may form are known as filament chan-
nels. Filament channels lie along the boundaries between oppositely directed LOS
magnetic fields, called polarity inversion lines (PILs). A filament channel may live

longer than the lifespan of a single filament, and be replenished of new material after
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Figure 2.5: Left panel: Hoa image from 2012, showing several active regions (bright regions)
and filaments (dark thread-like structures). Image credit: Big Bear Solar Observatory. Right

panel: Off-limb prominence eruption from 1992. Image credit: Norikura Solar Observatory.

a filament disappearance. Lower down on the chromosphere, filaments are associated
with fibrils (called spicules when viewed off limb; Foukal, 1971b,a), visible as dark, elon-
gated structures that trace the orientation of the surrounding magnetic fields. Fibrils
are usually shorter-lived than filaments (their lifespan is of the order of tens of min-
utes), and considerably smaller in size. Fibrils have also been found to be asymmetric
near filaments, with their apparent direction being opposite on the two sides of a fila-
ment (Martin et al., 1992). This feature has been proven useful when determining the

direction of the magnetic field along a filament axis.

2.1.4 Coronal features

Finally, magnetic bundles that start their emergence from the Sun’s interior (see Sec-
tion 2.1.1) arrive to the outer layer of the solar atmosphere, the corona. Despite lacking
a definite outer boundary, the corona is usually roughly divided into lower (close to the
chromosphere), middle (up to a few solar radii), and outer (up to tens of solar radii)
corona. The lower corona can be explored through images of the solar disc at different
wavelengths—although these measurements are constrained by significant projection

effects. The outer layers of the corona, on the other hand, cannot be observed through
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simple photographs, because the solar disc is much brighter than its surroundings. The
middle corona could be observed only during solar eclipses until 1931, when Lyot (1931)
introduced an instrument that is widely used nowadays and that is called coronagraph.
A coronagraph is an instrument that permits to image the solar corona through the
creation of an “artificial eclipse”, i.e. by covering the bright solar disc with the aid of
an occulter, thus revealing the relatively faint surrounding corona. The off-limb promi-
nence shown in the right panel of Figure 2.5 was, as a matter of fact, captured through
a coronagraph. Coronagraphs can take images either at extreme ultra-violet (EUV)
wavelengths or in white light, i.e. through the photospheric light that is scattered in
the corona. White-light measurements of the corona detect two main components of
scattered sunlight (e.g., Calbert and Beard, 1972). One is known as the K-corona (from
Kontinuerlich) and arises from photospheric light that is Thomson-scattered by free
electrons (for a review on the principles of Thomson scattering, see Howard and Tap-
pin, 2009). The second is called the F-corona (from Fraunhofer) and is related to the
photospheric light that is diffracted and reflected by dust particles distributed through
interplanetary space along the LOS. In order to study solar transients in the corona,
e.g. CMEs, the K- and F-components have to be separated and the F-component
discarded.

The corona is also the place where the solar wind originates—a stream of charged par-
ticles that is continuously flowing from the Sun through interplanetary space. Due to a
very high electric conductivity, the coronal magnetic field is “frozen-in” to the plasma
flow. As a consequence, the solar wind carries the magnetic field with it throughout the
heliosphere, forming thus the so-called interplanetary magnetic field (IMF; e.g., Owens
and Forsyth, 2013). Due to corotation with the Sun, the IMF lines and, as a result, the
solar wind that streams along those lines assume the shape of an Archimedean spiral,
known as the Parker spiral (from Parker, 1958, that first predicted the existence of the
solar wind). The solar wind is observed in two basic states, slow and fast. The slow
solar wind is dense, has typical speeds around 300-400 km-s~!, and its composition is
close to the solar corona’s. The fast solar wind, in turn, is less dense but faster (its
speed is around 700-800 km-s~!) and its composition resembles rather the one of the

photosphere.

The study of the solar disc at EUV and X-ray wavelengths (see Del Zanna and Mason,
2018) has revealed a significant amount of features in the lower corona. Active regions

appear as bright, dynamic regions on the disc, characterised by magnetic loops (known
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Figure 2.6: Left panel: EUV image of the solar disc at 193 A taken in April 2014, showing
bright active regions and dark coronal holes. Image credit: NASA—SDO/ATA. Right panel:
White-light coronagraph image taken in December 1996, showing several streamers and a

bonus sungrazing comet. The extent of the solar disc is indicated by the white circle. Image

credit: ESA-NASA SOHO/LASCO.

as coronal loops) that evolve and reconfigure on short timescales through interaction
with the surrounding magnetic fields (e.g., Reale, 2014). EUV observations of the so-
lar disc also reveal dark, extended regions that are called coronal holes—regions of
open field lines where the solar magnetic field reaches into space (e.g., Cranmer, 2009).
Coronal holes are also the sources of the fast solar wind (Zirker, 1977), whilst the origin
of the slow solar wind is still under debate, although it is believed to be related to the
so-called streamer belt regions (e.g., McComas et al., 2008). The streamer belt extends
around the whole Sun and runs between the large-scale regions of opposite polarity of
magnetic field lines. The structure of the streamer belt changes dramatically with
the solar cycle, being confined near the solar equatorial plane during solar minimum
and widening towards higher latitudes at solar maximum. Helmet streamers appear
between coronal holes of opposite polarity (e.g., Wang et al., 2000), whereas pseu-
dostreamers separate coronal holes of the same magnetic polarity (e.g., Wang et al.,
2007). Figure 2.6 shows examples of the features introduced in this section, with active
regions and coronal holes visible in the low corona (left panel) and streamers visible in

the middle-to-outer corona (right panel).
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2.2 Space weather drivers

It is clear from Section 2.1 that the Sun is a highly complex star, with its atmosphere
and activity shaped by the ever-evolving magnetic field that is generated and main-
tained in the solar interior. Thus, the plasma and magnetic field in the convective zone
are also ultimately the origin of space weather phenomena. The “disturbances” or
“transients” in the solar wind that are able to drive space weather effects can originate
and take place on very different temporal and spatial scales. This section provides a

brief summary of the main space weather drivers.

2.2.1 Coronal mass ejections

Coronal mass ejections (CMEs; e.g., Webb and Howard, 2012) are possibly the most
spectacular phenomena related to solar activity. They are also the drivers of the
most extreme space weather effects at Earth and throughout the heliosphere (i.e., the
region of space that is under the influence of the Sun). Their masses can reach up to
~10' kg, their kinetic energies up to ~10% J, and their speeds close to the Sun up to
~3000 km-s~!, with average values being ~10'? kg for mass, ~10?* J for energy, and
~500 km-s~! for speed (e.g., Yashiro et al., 2004; Yurchyshyn et al., 2005; Vourlidas
et al., 2010; Webb and Howard, 2012). Since the whole Chapter 3 of this thesis is

centred on CMEs, only a brief review is presented here.

As mentioned in the Introduction, CMEs are huge releases of plasma and magnetic
flux from the solar atmosphere into interplanetary space, usually with the structure of
a magnetic flux rope. Plasma material from the corona, and in part from the chro-
mosphere and photosphere, is entrained on such helical magnetic field. There is no
unanimous consensus on the actual onset mechanism, but it is generally accepted that
CMEs result from a catastrophic, runaway disruption of an energised and stressed pre-
eruptive field configuration resulting in the rapid conversion of free magnetic energy
stored in the corona to kinetic energy, radiation, bulk heating, and particle accelera-
tion. Since several different types of CMEs have been observed through remote-sensing
imaging (e.g., regarding their size, speed, initial acceleration, and morphology as ob-
served in coronagraphs), it is likely that not all eruptions are triggered in the same way

and different onset mechanisms may explain different CMEs.
After erupting, CMEs undergo rapid acceleration in the lower corona and then expand
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Figure 2.7: Left panel: The famous “light bulb” CME from February 2000, showing the
classic three-part structure, seen in a white-light coronagraph image. Image credit: ESA-
NASA SOHO/LASCO. Right panel: Sketch of an ICME as seen from above. The ICME is
composed of a shock, a sheath region, and an ejecta. Adapted from Kilpua et al. (2017).

throughout interplanetary space. Studies of CMEs in the outer heliosphere have shown
that expansion ceases around 15 AU, when CMEs finally reach pressure balance with
the ambient wind (Richardson et al., 2006). As magnetic fields are space-filling, the
solar wind outflow drags the CME field with it to fill the heliosphere. When observed
in coronagraph images, CMEs may exhibit what is now known as the classic three-part
structure (Illing and Hundhausen, 1985, see left panel of Figure 2.7), i.e. composed of
a bright rim, a dark cavity, and a bright core (see Section 3.2.1 for a discussion on the

three-part structure of CMEs).

Depending on the initial speed of the CME and the ambient solar wind speed, it
takes between 1-5 days for a CME to reach Earth. When the relative speed of a
CME with respect to the preceding solar wind exceeds the local magnetosonic speed,
a fast-forward shock wave forms ahead of the CME. In such cases, a turbulent region
of piled-up magnetic field and compressed plasma develops between the shock and
the CME itself, known as a sheath region (e.g., Kaymaz and Siscoe, 2006; Siscoe and
Odstreil, 2008; Kilpua et al., 2017). Throughout this thesis, the term interplanetary
coronal mass ejection (ICME; e.g., Kilpua et al., 2017) will indicate the interplanetary
structure in its entirety, i.e. composed of a shock, a sheath, and an ICME ejecta. A
schematic representation of an ICME on its way towards Earth is shown in the right

panel of Figure 2.7.
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2.2.2 Solar energetic particles

Another important source of space weather effects on Earth and other planets is rep-
resented by the so-called solar energetic particles (SEPs; e.g., Klein and Dalla, 2017;
Malandraki and Crosby, 2018). SEPs consist of electrons, protons, and heavier nuclei
that are accelerated to high energies and travel through interplanetary space largely
along IMF lines. There are two main locations where energetic particles may be acceler-
ated, namely solar flares and CME-driven interplanetary shocks. Particles accelerated
at flares are known as impulsive SEP events, whilst those accelerated by shocks are
called gradual SEP events. When gradual SEPs event are detected near Earth, they
are also known as energetic storm particle (ESP) events (Desai and Giacalone, 2016).

Figure 2.8 shows a schematic representation of impulsive and gradual SEP events.

Solar flares (e.g., Benz, 2017) are localised, short-lived brightenings on the Sun over
a vast range of wavelengths interpreted as the impulsive release of magnetic energy
through a process called magnetic reconnection (see Section 3.1.1). They may or may
not be associated to a CME eruption. Magnetic reconnection at the flare location is
believed to heat the plasma and accelerate electrons along the IMF lines. Since flares
are short-lived phenomena, impulsive SEP events last a few hours only. CME shocks,
on the other hand, accelerate particles over larger temporal and spatial scales, therefore
gradual SEP events usually last several days and are believed to drive stronger space
weather effects. The peak intensities and spectral shapes for a gradual SEP event are
usually related to the strength of the CME shock (Kahler, 2001; Rice et al., 2003). In
some cases, SEPs driven by very strong shocks associated with large and fast CMEs
can be detected over a wide range of heliolongitudes (e.g., Dresing et al., 2012; Guo
et al., 2018; Lee et al., 2018).

Impulsive SEP events Gradual SEP events
(acceleration in (CME shocks in corona
lower atmosphere) and P space)

Figure 2.8: Schematic representation of (left) impulsive and (right) gradual SEP events.
Adapted from Desai and Giacalone (2016).
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Figure 2.9: Schematic representation of a SIR. Reproduced from Pizzo (1978).

2.2.3 Stream interaction regions

Finally, the last drivers of space weather disturbances to be reviewed in this section
are known as stream interaction regions (SIRs; e.g., Richardson, 2018). As their name
suggests, SIRs arise from the interaction of two solar wind streams, namely a high-speed
wind originating from a coronal hole (see Section 2.1.4) with the preceding slower wind.
Such interaction results in a compressed interface between the two streams, shown in

a schematic representation in Figure 2.9.

As mentioned in Section 2.1.4, the solar wind that flows away from the Sun is organised
into an Archimedean spiral structure. However, higher speed streams are less tightly
wound in the Parker spiral compared to slower ones, thus the faster wind can overtake
the slower wind ahead of it. Since the coronal holes from where the fast wind originates
tend to last several months, the same SIRs persist over several solar rotations and
corotate with the Sun. Hence, SIRs that are associated to long-lasting coronal holes
are referred to also as corotating interaction regions (CIRs). Due to symmetry about
the pressure enhancement caused by the compression of the slow wind ahead of the fast
stream, a so-called Forward-Reverse shock pair may form at the leading and trailing
edges of an expanding SIR (e.g., Jian et al., 2006b). In such a configuration, the forward
shock propagates away from the Sun, whilst the reverse shock propagates towards the

Sun, but is nevertheless carried away with the solar wind flow.

17



2.3 Space weather at Earth

The space weather effects resulting from the impact at Earth of a CME, a SIR, or a flux
of SEPs are not uniform, but instead vary from case to case. Some events pass past
Earth without causing any significant effect, some are able to drive moderate space
weather storms, and some others major disturbances. In order to provide a complete
overview of terrestrial space weather, this section begins with a brief review of the
structure of Earth’s magnetosphere, followed by a description of how solar transients
cause geomagnetic disturbances, and finally by a description of some indices that can

be used to quantify a geomagnetic storm.

2.3.1 Earth’s magnetosphere

A magnetosphere is a cavity in the solar wind flow caused by the interaction of the
solar wind itself with the intrinsic magnetic field or the ionised atmosphere of a plan-
etary body. In Earth’s case, the magnetosphere is mainly the result of the solar wind

interaction with Earth’s quasi-dipolar magnetic field.

An artistic representation of Earth’s magnetosphere is shown in the right panel of
Figure 2.10. The shape of the magnetosphere is a direct consequence of the continuous
stream of plasma and magnetic field from the solar wind. The solar wind compresses
the magnetosphere at the dayside (i.e., the side that is facing towards the Sun) and
stretches is out at the nightside (i.e., the side that is facing away from the Sun). Ahead
of Earth, a shock wave forms as a result of the abrupt drop of the solar wind speed,
called bow shock. The actual boundary of Earth’s intrinsic magnetic field, in pressure
balance with the IMF| is called magnetopause. The turbulent region between the bow
shock and the magnetopause is known as magnetosheath, which is formed of mainly
shocked solar wind, albeit with some material from the magnetosphere itself. The
night-side magnetosphere is called magnetotail, formed of two lobes (northern and
southern) and a plasma sheet between them. The distance between Earth’s centre and
the magnetopause nose is variable and depends on the ram pressure exerted by the solar
wind, but its nominal position is estimated around 10 Earth radii (Rg) in the sunward
direction (e.g., Cahill and Amazeen, 1963). The exact length of the magnetotail, on
the other hand, is unknown, but it is believed to extend out to about 1000 Rg (e.g.,
Ness et al., 1967).
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Figure 2.10: Left panel: Artistic view of a CME interacting with Earth’s magnetosphere.
Image credit: Steele Hill - NASA. Right panel: Aurora in Loppi, Finland, on 17 March 2015.

Image credit: Juhana Lankinen.

2.3.2 Geoeffective solar transients

Even if Earth is in large part protected from hazardous structures coming from the
Sun, solar transients are usually able to “penetrate” the magnetosphere and expose the
near-Earth environment to increased radiation and electric currents. At the dayside
nose of the magnetosphere, Earth’s intrinsic quasi-dipolar magnetic field is directed
northwards, i.e., its field lines escape from the magnetic pole in the Southern hemi-
sphere and re-enter at the magnetic pole in the Northern hemisphere, reaching again
the South pole in the planet’s interior. Solar transients may cause substantial devia-
tions from the nominal Parker spiral structure, mostly in terms of strong, out-of-ecliptic

components.

When antiparallel magnetic fields come into contact, magnetic reconnection occurs
resulting in the topological reconfiguration of magnetic field lines. This reconfiguration
transfers magnetic flux and plasma through the current sheet and between interacting
flux systems. Because of these aspects, solar wind structures (as a CME or a SIR) can
be geoeffective when they contain southward-directed magnetic fields. In the artistic
representation shown in the left panel of Figure 2.10, a CME is interacting with Earth’s
magnetosphere. When the IMF reconnects at the dayside magnetopause, the newly
connected field lines (having one footpoint at Earth and one at the Sun) get dragged
from the dayside towards the magnetotail, exposing Earth’s polar regions to the solar

wind. At the same time, the pileup of magnetic field at the lobes in the nightside
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initiates reconnection at the magnetotail as well, bringing magnetic field and plasma
towards Earth on one side and expelling the reconnected fieldlines on the other side

(away from the Sun). This pattern is known as the Dungey cycle (Dungey, 1961).

The magnetospheric plasma flow that occurs during the Dungey cycle generates a
dawn—to—dusk electric field, which is responsible for convective motions within the
magnetosphere and transport of charged particles from the tail plasma sheet into the
inner magnetosphere. The effects of geoeffective solar transients are also manifest
through the strong auroral activity that is observed around the auroral ovals at both
poles. An impressive auroral display is shown the right panel of Figure 2.10. The
increased ram pressure associated with interplanetary shock and fast streams can com-
press the magnetopause, in which case the compression effects travel tailward at the

solar wind speed (e.g., Pulkkinen, 2007).

In addition to solar wind structures interacting with the magnetosphere, SEPs can
have sufficient energies to break through the magnetosphere, exposing the environment
around Earth to an increased flux of high energy protons (e.g., Malandraki and Crosby,
2018).

2.3.3 Geomagnetic indices

In order to quantify how the geomagnetic field and the magnetosphere respond to a
space weather event, a series of geomagnetic indices based on ground-based observatory
data have been developed. Each of the many existing indices characterise a different
aspect or time scale of the dynamic geomagnetic field. The four most widely used
indices nowadays are Kp, ap, AF, and Dst (Rostoker, 1972).

The Kp index is a measure of geomagnetic activity worldwide, with contributions from
both the auroral electrojets and the ring current. It is computed every 3 hours from
ground-based magnetometers around the world. Each station is calibrated according
to its latitudinal position and the measurements—of the deviation of the horizontal
component of the magnetic field—taken at each station are computed together into a
semi-logarithmic scale that ranges from 0 to 9. The ap index is derived directly from
the Kp, with the difference of being based on a linear scale (from 0 to 400). The AE
(Auroral Electrojet) index is used to estimate activity in the auroral zone. For this

reason, only ground stations that are located along the auroral zone are included in
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the calculation of the index. The AFE, like the Kp, is also based on variations in the
horizontal component of the magnetic field, with the five international quietest days
for each month being used as a reference baseline. Each minute, data from all the
stations are collected and the largest and smallest values are selected. The difference

between these values forms the AF index.

Of all the existing indices, the most widely used in the CME research community is
perhaps the Dst (Disturbance storm time) index, which is based on magnetometer
measurements from four ground stations located near Earth’s equator. The Dst index
is calculated every hour and is a measure of the magnetic perturbation at the centre
of Earth’s dipole due to currents in space around Earth (i.e., the ring current). It is
measured in nanoteslas and depends on the average value of the horizontal component
of Earth’s magnetic field near the equator. A value of Dst ~ 0 nT means that the ring
current is at quiet times. During a classic geomagnetic storm, the Dst shows first a
sudden rise (the storm sudden commencement, when the IMF turns southwards) and
then a sharp decrease (the storm main phase, when the ring current intensifies), before
slowly returning to quiet time values (the storm recovery phase, when the IMF turns
northwards and the ring current starts to recover). Usually, a geomagnetic storm is
defined as minor when 0 n'T > Dst,;, > —50 nT, moderate when —50 nT > Dst 3, >
—100 nT, and major when Dstyi, < —100 nT (e.g., Zhang et al., 2007). Furthermore,
the Dst index can be modelled fairly well using solar wind parameters as input (e.g.,
Burton et al., 1975; O’Brien and McPherron, 2000; Temerin and Li, 2002), which is
a useful property when estimating the geoeffectiveness of CMEs detected at other
locations than Earth (e.g., Liu et al., 2014; Paper IV). The Dst index has been used
to quantify the geomagnetic impact of ICMEs in Paper III and Paper IV.
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3 Coronal mass ejections from the Sun to Earth

& Children of the Sun — BILLY THORPE

The previous chapter has provided an overview of the solar—heliospheric connection of
the Sun—Earth system. It has been briefly discussed that CMEs are the most dynamic
large-scale transients that are capable of driving significant geomagnetic responses.
The importance of studying CMEs is thus tightly related to space weather forecasting,
and involves knowledge of how CMEs erupt from the Sun and how their morphology
and internal structure changes before they impact Earth. Accordingly, this chapter
is centred on CMEs and their journey, from their eruption at the Sun through their

interplanetary evolution up to their arrival at Earth.

3.1 CME onset and eruption

To date, the exact onset mechanism of CMEs has not been observed directly. A
common consensus, nevertheless; is that CMEs erupt as a result of instabilities arising
in the solar corona and that the erupting structures often have a helical magnetic
configuration that is known as a flux rope. This section reviews the main theories that
aim to explain what instabilities trigger CME eruptions and then focusses on the flux

rope nature of CMEs from an observational viewpoint.

3.1.1 Possible onset mechanisms

Since the issue of CME onset has not been resolved observationally yet, various ini-
tiation mechanisms have been explored with theory and numerical simulations, and
increasingly these are combined with detailed analyses of both remote and in-situ ob-
servations of CMEs and their resulting flux ropes. Since the plasma beta (f; i.e., the
ratio of the plasma pressure to the magnetic pressure) is low in the solar corona, then
it must follow that the CME onset and eruption mechanisms are magnetically domi-
nated phenomena. Forbes (2000) has shown that the coronal magnetic field is the only

quantity that contains sufficient energy density to drive an eruption. Therefore, CME
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modelling and numerical simulations have focussed on the gradual energy accumula-
tion and the (more) rapid energy release associated with quasi-static stressed coronal

magnetic field configurations suddenly going unstable and erupting.

Magnetic flux emergence, its evolution, and cancellation all occur during the lifetime
of active regions. Photospheric motions associated with each of these phases, including
shearing, rotational, and granulation flows, all impart stress into the overlying coronal
magnetic fields. The stressed field configurations may take the form of a sheared ar-
cade, which connects directly two opposite magnetic polarities over the local neutral
line, or a flux rope, where the connection is made via helical field lines. Addition-
ally, sheared arcade magnetic configurations can become twisted flux ropes during flux
cancellation, where converging flows drive reconnection at the polarity inversion line
(e.g., van Ballegooijen and Martens, 1989; Moore et al., 2001; Linker et al., 2001, 2003;
Amari et al., 2011; Aulanier et al., 2012; Térok et al., 2018). Linker and Mikic (1995)
showed that an energised bipolar helmet streamer configuration expands outwards to
create an extended radial current sheet. Magnetic reconnection at this current sheet
rapidly forms a twisted flux rope that is ejected out of the simulation domain. This
generic eruption scenario—in which the evolution of solar flares and the eruption of a
CME are linked through the magnetic reconnection process—is often referred to as the
CSHKP model (Carmichael, 1964; Sturrock, 1966; Hirayama, 1974; Kopp and Pneu-
man, 1976). A consequence of this scenario is that the erupting CME almost always
contains a flux rope or flux rope-like structure regardless of the specific pre-eruption
magnetic configuration (e.g., Gosling et al., 1995; Forbes, 2000; Klimchuk, 2001; Chen,
2011; Green et al., 2018; Welsch, 2018).

Several CME eruption models have been developed and they have been used to simulate
a number of CMEs through the past few decades, but no model has been able yet to
reproduce the variety of different eruptions that can be observed on the Sun. Hence, it
is possible that a unified (or unifying) model has to yet be theoritised, or that different
models are needed to describe different types of CMEs. If the stressed, pre-eruptive
active region field structure is a magnetic flux rope, then ideal magnetohydrodynamic
(MHD) instabilities may cause the rapid loss of equilibrium if certain criteria are met.
For example, a highly twisted flux rope can go kink unstable if it accumulates too
much twisted flux (i.e., 2-3 full turns over the length of the flux rope axis; e.g., Hood
and Priest, 1979; Gibson et al., 2004; Torok et al., 2004; Torck and Kliem, 2005).

Alternatively, the hoop-force associated with a magnetic flux rope geometry can cause
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Figure 3.1: Top panels: Snapshots of the simulation of a kink-unstable erupting flux rope.
Adapted from Torok and Kliem (2005). Bottom panels: Snapshots of the simulation of a
flux rope forming by flare reconnection during a magnetic breakout eruption. Adapted from
Lynch et al. (2009).

runaway expansion leading to eruption if the overlying field strength impeding this
expansion falls off sufficiently fast. This scenario is known as torus instability and
is usually described in terms of a critical decay index of the overlying field strength
(e.g., Kliem and Térok, 2006; Kliem et al., 2014). In other words, once the flux rope
has expanded to a height where the decay index is met, the eruption is inevitable. An
alternative class of instabilities that can disrupt the system are known as resistive MHD
instabilities. Largely, these describe magnetic reconnection occurring somewhere in the
system that leads to runaway expansion and CME eruption. The tether-cutting (Moore
et al., 2001) and flux cancellation (Linker et al., 2003) scenarios remove the overlying
restraining flux via reconnection to build the twisted flux structure and create the
conditions favourable for the CSHKP scenario to proceed. The breakout model requires
a stressed coronal null point above the stressed filament channel fields which forms a
current sheet and allows magnetic reconnection to remove the overlying restraining flux
via reconnection from above (e.g., Antiochos et al., 1999; Lynch et al., 2004, 2008).

Figure 3.1 shows modelling results of CME initiation from two example instability
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mechanisms: a flux rope undergoing kink instability (ideal instability, top row) and a
flux rope forming during a magnetic breakout eruption (resistive instability, bottom
row). In both models, the resulting erupting flux rope can be considered as the close-
to-the-Sun counterpart of the ICME ejecta depicted in the left panel of Figure 2.7.

3.1.2 The flux rope structure of CMEs

CME flux ropes are easily identified in models (see Figure 3.1), but observing the
magnetic structure of erupting flux ropes in the solar atmosphere is a more complicated
issue. This is because the coronal magnetic fields cannot be observed and measured
directly. Nevertheless, a number of indirect proxies can be used and combined in order
to estimate the magnetic configuration of flux ropes at the time of their eruption. A
“simplified” version of a flux rope can be thought of as a magnetic tube consisting of
two main magnetic field contributions: the axial field, which runs through the centre
of the tube, and the helical field, which winds about the axis of the tube. Based on
interplanetary observations, different flux rope types have been suggested that reflect
different combinations of the axial and helical fields (Bothmer and Schwenn, 1998;
Mulligan et al., 1998). Figure 3.2 displays the main flux rope types classified with
respect to the inclination of their axis to the ecliptic plane (low-inclination or high-
inclination) and their chirality (or handedness, i.e., the sense of twist in the flux rope).
The letters under each sketch in Figure 3.2 indicate the four directions (North, West,
South, and East) and describe the magnetic field directions that a spacecraft crossing
the flux rope would progressively encounter. For example, in the case of an NES-type
flux rope, a spacecraft would first detect the outer helical field (directed towards the
North), then the axial field (directed towards the East), and finally the inner helical
field (directed towards the South).

Remote-sensing observations of the coronal structures that participate in the CME
eruption process on the solar disc can be used as indirect proxies for determining the
flux rope type during the CME initiation. Specifically, the information that is neces-
sary to obtain from remote-sensing observations in order to determine the flux rope
type at the Sun (or intrinsic flux rope type) is: helicity sign (also known as chirality
or handedness), tilt of the axis, and magnetic field direction at the axis. The indirect
proxies that can be used to estimate these parameters may involve photospheric, chro-

mospheric, and coronal observations and are reviewed thoroughly in Paper II, hence a
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Figure 3.2: Schematic representation of the eight main flux rope types, divided according
to their inclination with respect to the ecliptic plane and following the classification from
Bothmer and Schwenn (1998) and Mulligan et al. (1998). The axial and the helical fields
are shown in black and in red, respectively. The letters under each flux rope represent the
four directions (North, West, South, and East, shown in the insert on the right), whilst RH
indicates right-handed and LH indicates left-handed helicity. In the sketches, it is assumed
that the flux ropes are moving towards the observer. Adapted from Paper III.

brief summary is provided here.

Observations of the pre-eruptive CME source region can give information on the flux
rope chirality after the eruption and also through interplanetary propagation, since
magnetic helicity is believed to be a conserved quantity (Berger, 2005). Statistical
studies (e.g., Pevtsov and Balasubramaniam, 2003) have found a tendency for CME
flux ropes erupting from the Northern (Southern) hemisphere to be associated with
a left-handed (right-handed) twist (i.e., the sense in which the magnetic fields are
bending in their helical pattern), property that is known as the hemispheric helicity
rule. However, this rule holds only for about 60-75% of the cases (Pevtsov et al., 2014).
Hence, chirality is a parameter that should be determined case by case and that can

be estimated from:

e Magnetic tongues (e.g., Lépez Fuentes et al., 2000; Luoni et al., 2011), which
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are visible on the photosphere during the emergence phase of active regions (or
Q-loops, see Section 2.1.2) as asymmetries in the elongation of the emerging
magnetic polarities. A positive (negative) twist is represented by the leading
polarity extending under (above) the trailing one.

Filament details (e.g., Martin and McAllister, 1996; Martin, 1998b; Chae,
2000), which can be observed both in Ha and in EUV. Several patterns can
be studied in Ha to deduce the chirality of the filament and, as a consequence, of
the erupting flux rope; e.g., the bearing of the filament legs and the orientation
of the filament barbs (i.e., the fine structure of filaments). In EUV, filaments
are often observed as a combination of emission and absorption threads, and the
geometry of the thread crossings can be used to study the associated helicity
sign. Furthermore, erupting filaments are often observed to rotate clockwise (an-
ticlockwise) upon eruption when they are right- (left-) handed (e.g., Green et al.,
2007; Lynch et al., 2009).

S-shaped structures (e.g., Rust and Kumar, 1996; Green et al., 2007), which
can be associated with either multi-loop sheared coronal arcades or single-loop
sigmoids. Forward (reverse) S-shapes form in regions dominated by right- (left-)
handed chirality.

Coronal loops’ skew (e.g., McAllister et al., 1998; Martin, 1998b), which can be
estimated in soft X-rays and/or EUV and is represented by the acute angle that
the overlying coronal loops make with the local PIL or (if present) the filament
axis. Right- (left-) skewed loops are associated with positive (negative) helicity
flux ropes.

Flare ribbons (e.g., Démoulin et al., 1996), which are two J-shaped emission
structures that are often associated with CME eruptions and that are believed to
track the footpoints of newly-reconnected magnetic field lines during a flare on
the photosphere and chromosphere. Forward (reverse) J-shapes are associated

with positive (negative) helicity of the corresponding flux rope.

CMEs always erupt above PILs, since the shear and twist necessary to stress the pre-

eruptive magnetic fields builds along the line between two polarities, i.e., perpendicular
p g g 1% ) , Perp

to the original potential field. Hence, the direction of the PIL can be used as an

indicator of the erupting flux rope inclination with respect to the ecliptic plane (e.g.,

Marubashi et al., 2015). Furthermore, the elongated coronal loops that are often visible

on the Sun and that originate from either side of the PIL after an eruption as a result

of magnetic reconnection, known as post-eruption arcades (PEAs), can also be used
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as an indicator of the orientation of the flux rope axis (e.g., Yurchyshyn, 2008). When
PEAs are visible well enough, the average between the orientations of the PIL and the

PEAs is considered a valid approximation for the flux rope tilt (Paper III).

The direction of the axial magnetic field of a flux rope can be estimated if the locations
where its footpoints are rooted are known. The footpoints of a CME can be traced
on the corona through dark features known as coronal dimmings (e.g., Thompson
et al., 2000), which correspond to the evacuation of coronal material that is fed into
the rising CME (e.g., Hudson and Webb, 1997). Thus, when the CME footpoints are
located, magnetogram data can be used to associate each footpoint to its corresponding
magnetic polarity. Then, the flux rope axial magnetic field is directed from the positive

to the negative polarity.

It was shown in Paper III that the combination of the methods described above allow
determination of the intrinsic flux rope type for various kinds of eruptions, e.g., for
CMEs erupting from an active region, from filaments lying on the quiet Sun, or from
between two active regions. Figure 3.3 shows examples of intrinsic flux rope type
determination for two CMEs that are used as showcase events in Paper III. The CME
shown in the left panels erupted as an NES-type flux rope, as can be estimated from the
right-handed magnetic tongues of its source region, the presence of forward S-shaped
loops, and the eastward-directed axial field at a low inclination to the ecliptic plane.
The CME shown in the right panels, on the other hand, erupted as an intermediate
type between WSE and NWS, as can be seen from the reverse S-shaped loops, the
left-handed crossings of its filament threads, and its axial field directed towards the

Southwest.

3.2 Coronal and heliospheric evolution of CMEs

After erupting from the Sun, CMEs commence their journey through the solar corona
and interplanetary space, being carried away with the solar wind. Since CME magnetic
fields are higher than the ones found in the surrounding environment, the internal
magnetic pressure always results in an expansion of the CME body during propagation.
The speed profiles, on the other hand, depend on the relationship between the speed of
the CME and that of the ambient solar wind. The coronal and heliospheric evolution

of CMEs after eruption is reviewed in this section.
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Figure 3.3: Examples of determination of the intrinsic flux rope type for two case studies.
Left panels: Observations of the source region of the 14 June 2012 CME. (a) Right-handed
magnetic tongues; (b) Right-handed sigmoid; (c) Axis orientation determined from the PIL;
and (d) Flux rope footpoints (circled in green) overlaid with magnetogram data (red =
positive polarity, blue = negative polarity). Right panels: Observations of the source region of
the 11 April 2013 CME. (a) Left-handed sigmoid; (b) Left-handed filament threads crossings;
(¢) Axis orientation determined from the PEAs; and (d) Flux rope footpoints (circled in
green) overlaid with magnetogram data (red = positive polarity, blue = negative polarity).
These observations are made using the Atmospheric Imaging Assembly (AIA; Lemen et al.,
2012) and HMI instruments onboard SDO and the X-Ray Telescope (XRT; Golub et al.,
2007) onboard Hinode (Solar-B; Kosugi et al., 2007). Adapted from Paper III.

3.2.1 Propagation in the corona

The propagation of CMEs in the solar corona can be followed through coronagraph
imaging (an example of a CME as observed by a coronagraph is shown in Figure 2.7).
CMESs that are seen in white-light coronagraph images can present a variety of shapes
and features. The first aspect to note is the morphology of the CME body. The classic
three-part CME structure (Illing and Hundhausen, 1985) introduced in Section 2.2.1
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is interpreted such that the dark cavity represents the flux rope, the bright outer rim
the piled-up plasma at the leading edge of the outward moving flux rope, and the
bright core the filament/prominence material (e.g., Dere et al., 1999; Vourlidas et al.,
2013). A three-part CME, however, is usually identified in about a third of the cases
(Munro et al., 1979; Vourlidas et al., 2017). In the majority of the events, CMEs
may appear in white light as bright loops or even as irregular clouds or jets with no
clear structure. It is still unclear whether different CME morphologies seen in white
light are due to projection effects (e.g., Howard et al., 2017) or to intrinsically different
structures, although recent studies have proven that the bright external loop can be
interpreted as the pileup of material at the outer edge of the flux rope regardless of
the three-part appearance and that most of the white-light shapes can be explained by
helical structures (Vourlidas et al., 2013, 2017).

When looked at in coronagraph imagery, fast CMEs may appear surrounded by a fainter
bright emission. These features have been identified as the density compression behind
the shock wave front driven by the CME that moves faster than the characteristic
speed of the ambient medium (e.g., Vourlidas et al., 2003, 2013). The turbulent and
compressed material that piles up between a CME and the shock wave that it drives is
representative of the sheath region (see Section 2.2.1) that starts to build up already
during the early phases of the CME propagation. Some CME-driven shocks can be
dected from the low corona outwards also at radio wavelengths through the emission
from electrons accelerated at the shock wave front, known as type II radio bursts (e.g.,
Vrsnak and Cliver, 2008; Magdaleni¢ et al., 2010).

One of the major goals when studying CMEs in the solar corona is the determination of
their 3D structure and properties (e.g., Cremades and Bothmer, 2004; Bosman et al.,
2012). Long-term uninterrupted coronagraph observations have been available since
1996, when the SOHO spacecraft, equipped with the Large Angle and Spectrometric
Coronagraph (LASCO; Brueckner et al., 1995), began its operations from Earth’s La-
grange L1 point. However, stereoscopic studies of CMEs in white light began about a
decade later, thanks to the Sun FEarth Connection Coronal and Heliospheric Investiga-
tion (SECCHI; Howard et al., 2008) suite onboard the twin Solar Terrestrial Relations
Observatory (STEREOQ; Kaiser et al., 2008) spacecraft that were launched in 2006 to
orbit the Sun at a heliocentric distance of about 1 AU. Simultaneous observations of
CMEs from two or more viewpoints have enabled reconstructions of the 3D morphol-

ogy, position, and kinematics of CMEs using simplified shapes, e.g. the cone (Fisher

30



and Munro, 1984) or the graduated cylindrical shell (GCS; Thernisien et al., 2006,
2009) models. The GCS model can be described as a “hollow croissant” (Thernisien,
2011), consisting of a torus-like front that is connected to two conical legs. The electron
density is placed on the shell boundary only and the whole inner structure is hollow.
The cone model model can be described as an “ice cream”, consisting of a single cone
with a spherical top, i.e., it is the limit of the GSC model where the angle between
the legs of the CME becomes zero. Figure 3.4 shows an example of a CME (top row)
reconstructed with the cone model (middle row) and with the GCS model (bottom
row). The bright feature that encompasses the CME bubble represents the white-light
shock discussed above. One limitation of such stereoscopic reconstruction methods is
that they do not provide information about the flux rope internal magnetic field, as
the envelopes used to perform the fittings are hollow and lack a magnetic structure.
In the case of the GCS morphology, the axis along which the shell elongates can be
assumed to correspond to the flux rope axis; however, the direction of the magnetic

field along such axis is characterised by a 180° ambiguity.

3.2.2 Interplanetary transit

After CMEs leave the coronagraphic field of view, their journey through interplanetary
space cannot be followed routinely anymore. Nevertheless, two main observational
approaches have been used to study how CMEs evolve between the outer corona and
1 AU. Firstly, CME evolution can be studied using in-situ data from the spacecraft
that have ventured through the inner heliosphere closer to the Sun than Earth’s orbit.
These spacecraft include missions dedicated to the study the solar wind (e.g., Helios;
Musmann et al., 1975; Schwenn et al., 1975) and planetary missions to Mercury (e.g.,
Mercury Surface, Space Environment, Geochemistry, and Ranging or MESSENGER;
Solomon et al., 2007) or Venus (e.g., Venus Express or VEX; Svedhem et al., 2007).
Planetary orbiters usually spend some part of their orbit outside of the planet’s mag-
netic obstacle, exposing their instruments to the solar wind. Data from Helios have
been used to study the properties of ICMEs between 0.3 and 1 AU (e.g., Bothmer and
Schwenn, 1994, 1998), and data from MESSENGER and/or VEX during opposition
periods with spacecraft at 1 AU have been used to study how ICMEs evolve in the
inner heliosphere (e.g., Good et al., 2018; Janvier et al., 2019; Paper V).

The second approach consists of so-called heliospheric imaging, i.e. of white-light
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Figure 3.4: Stereoscopic reconstructions of a CME that erupted on 22 May 2013 from
three viewpoints: STEREO/SECCHI/COR2-B (left column), SOHO/LASCO/C3 (middle
column), and STEREO/SECCHI/COR2-A (right column). The top row shows plain base-
difference images, the middle row shows the ice-cream/cone model overlaid, and the bottom
row shows the GCS model overlaid. Adapted from Paper IV.

imaging of the heliosphere. The first such images were taken in the early 2000s with the
Solar Mass Ejection Imager (SMEIL; Eyles et al., 2003), which observed interplanetary
space from Earth’s orbit. It was through the Heliospheric Imager (HI; Eyles et al.,
2009) instruments onboard the STEREO spacecraft, however, that the first white-light
images taken away from the Sun—Earth line were possible. HI imaging techniques
detect photospheric light scattered by electrons (K-corona) and dust (F-corona), with

further contributions from starlight and other sources. Similarly to CME observations
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in white light with coronagraphs, CMEs are observed in HI cameras by separating
the contribution coming from electrons only. The top panels of Figure 3.5 show a
series of Earth-directed CMEs observed by HI in running-difference images that are
created by subtracting from each image its previous image. The lower panels present
the same CMEs tracked in time-elongation maps (Sheeley et al., 2008; Davies et al.,
2009) produced from running-difference HI images. Elongation here means the angle
between the line from the observer to centre of the Sun and the LOS, and time—
elongation maps are created by stacking intensity slices at a fixed position angle. In
such maps, a propagating structure such as a CME appears as bright front followed
by a dark front, due to the increase and subsequent decrease in density. This allows
features to be tracked in elongation as a function of time and to determine their speed
and propagation direction. After the launch of the STEREO spacecraft, many studies
have focussed on connecting Earthbound CME-ICME pairs through HI (e.g., Savani
et al., 2012; Mostl et al., 2014; Srivastava et al., 2018; Paper IV).

However, when studying features observed in the HI cameras, it is worth to keep in
mind that, usually, the sheath region ahead of the CME is being tracked rather than
the CME front itself (e.g., Paper IV). This is because plasma accumulates at the CME
front with distance from the Sun, and consequently, sheath regions usually appear
considerably denser than the driving CMEs by the time they are detected in the HI
cameras (e.g., Lugaz et al., 2005; DeForest et al., 2013). Finally, another limitation
is given by the fact that HI observations can provide information about the CME

kinematics, but not about their magnetic field structure or magnitude.

3.3 CME arrival at 1 AU

During their journey through the heliosphere, CMEs eventually reach Earth’s orbit at
1 AU. When detected by in-situ spacecraft, ICMEs can present a variety of properties
and features, both in the sheath region and in the following ICME ejecta.

3.3.1 Sheath regions

When a CME is detected in situ, the first features that appear in the spacecraft data
are the CME-driven interplanetary shock (if the CME is driving one) and the following

sheath region. Interplanetary shocks driven by CMEs are fast-forward shocks, meaning
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Figure 3.5: Top panels: A series of CMEs observed with STEREO/SECCHI/HI1-A and
-B, shown in running-difference images. Bottom panels: The same CMEs (CME2 = blue,
CMEs2&3 = green, and CME4 = red) tracked in time—elongation maps using the HI1 and
HI2 cameras from STEREO-A (left) and STEREO-B (right). The elongation of Earth is
about 20° in both spacecraft. Adapted from Paper IV.

that they can be recognised by a sharp and simultaneous increase in the magnetic field
magnitude, solar wind speed, density, and temperature. Figure 3.6 presents a sheath
region observed in May 2002 as an example, showing the major characteristics of a
classic CME-driven sheath: shocked and piled-up (compressed) plasma and magnetic
field ahead of an ejecta, enhanced and turbulent magnetic field, and high plasma density

and temperature in comparison to the ambient solar wind.

At a first glance, the magnetic field in sheath regions may appear highly chaotic and
unorganised as a result of the turbulence formed in shocked plasma, but some organised
structures have been observed. Such structures are known as planar magnetic struc-
tures (PMSs; e.g., Jones et al., 2002; Kataoka et al., 2005; Savani et al., 2011; Paper I)
and they correspond to periods in the solar wind in which the IMF vectors are nearly

parallel to a single plane, but highly variable in both magnitude and direction within
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Figure 3.6: Example of a sheath region observed by Wind during May 2002. The parameters
shown are, from top to bottom: magnetic field magnitude, magnetic field components in
cartesian coordinates, § and ¢ angles of the magnetic field, solar wind speed, proton density,
proton temperature, and plasma beta. The sheath region lies between the two vertical lines
that mark the CME-driven shock (in purple) and the ejecta leading edge (in pink). This plot

is an updated version from a figure shown in Paper 1.

that plane (e.g., Nakagawa et al., 1989; Nakagawa, 1993). Paper I showed that PMSs
are a common phenomena in CME-driven sheath regions, being present in 85% of the

sheaths and often spanning over two-thirds of the whole sheath duration.

The left panel of Figure 3.7 shows a schematic representation of how PMSs are organised
in a sheath region. Possible mechanisms leading to the formation of PMSs in CME-
driven sheaths are the alignment of discontinuities at the CME shock resulting from
compression (Jones et al.; 2002) and the draping of the IMF ahead of an ejecta as it
propagates through the solar wind (Farrugia et al., 1990). Paper I showed that, in
most cases, it is likely that both processes contribute to the formation of PMSs, the
first favouring planarity close to the shock and the second close to the ejecta leading
edge. The right panel of Figure 3.7 (from Paper I) shows how PMSs can be visualised
in so-called #—¢ diagrams, where the IMF latitudinal (¢) and longitudinal (¢) angles
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Figure 3.7: Left panel: Idealised representation of the formation of PMSs in the sheaths
ahead of CMEs as a result of magnetic field draping. Adapted from Jones et al. (2002). Right
panel: Example of a PMS visualised in a 6—¢ diagram. The direction normal to the PMS
plane (indicated by the red curve) is displayed by the blue star symbol. The black scatter
points are the magnetic field vectors observed by Wind within the sheath region following an

interplanetary shock in January 1997. Reproduced from Paper I.

are distributed in close proximity to a specific curve representing the PMS plane.

3.3.2 ICME ejecta

After a spacecraft has encountered a CME-driven shock and the following sheath region,
there are two possible scenarios. In some cases, the spacecraft will find itself back into
the ambient solar wind because most or all of the CME is missed. This may happen
because interplanetary shocks and the following disturbed fields and plasma occupy a
larger spatial extent than the driving CME (e.g., Wood et al., 2012). It has been in fact
suggested that a majority, if not all driverless interplanetary shocks (i.e., whose driver
cannot be identified from in-situ measurements) are related to CMEs (Gopalswamy
et al., 2010; Janvier et al., 2014). In the rest of the cases, the sheath will be followed
by the actual ICME ejecta.

Although CMEs are known to erupt as flux ropes from the Sun, not all ICME ejecta
detected in situ present a flux rope structure (flux ropes are seen in about one-third
of the cases; e.g., Gosling, 1990; Richardson and Cane, 2004; Huttunen et al., 2005).
Flux rope ejecta are also known as magnetic clouds and they were first introduced
by Burlaga et al. (1981). Magnetic clouds are characterised by enhanced magnetic
field magnitudes, a smooth rotation of the magnetic field direction over a large angle,
and low temperatures (e.g., Burlaga et al., 1981; Rodriguez et al., 2016). Having in

mind the simplified flux rope representation shown in Figure 3.2, the magnetic field
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direction that exhibits a smooth rotation (and a change of sign) would correspond
to the helical field, whilst the direction that does not change sign would represent
the axial field. As a first-order approximation, flux ropes in interplanetary space can
be considered as cylindrically symmetric and force-free structures, where the electric
current density depends linearly on the magnetic field, i.e., V x B = aB, where B is
the magnetic field and « is a constant (Goldstein, 1983; Burlaga, 1988). It has become
a standard practice to fit the large-scale helical magnetic field variations observed by a
spacecraft during a flux rope passage using analytical flux rope models (e.g., Lepping
et al., 1990; Farrugia et al., 1999; Owens et al., 2006; Isavnin et al., 2011; Hidalgo and
Nieves-Chinchilla, 2012; Nieves-Chinchilla et al., 2018), many of them considering also
non-force-free effects and non-cylindrical cross-sections. These models give information
on flux rope properties such as their chirality, axis orientation, and crossing distance

from the flux rope axis.

On the other hand, ICME ejecta that do not contain a flux rope are known as complex
ejecta and are characterised by more complicated magnetic field configurations and
a lack of internal field rotation. The current consensus is that all CMEs contain in
principle a flux rope, but a flux rope may not be detected in situ because of interac-
tions with the ambient solar wind (e.g., Odstrcil and Pizzo, 1999; Savani et al., 2010;
Manchester et al., 2017) or with other CMEs (e.g., Burlaga et al., 2002; Manchester
et al., 2017), erosion of the magnetic flux (e.g., Dasso et al., 2007; Ruffenach et al.,
2012), and/or the particular spacecraft path through the CME body (e.g., Cane et al.,
1997; Jian et al., 2006a; Kilpua et al., 2011).

Figure 3.8 shows examples of a magnetic cloud (left panel) and a complex ejecta (right
panel). The flux rope type of magnetic clouds can be estimated from visual inspection
of magnetic field data, if the helical and axial components are clear enough to be
discerned, and/or by applying in-situ flux rope reconstruction techniques such as the
ones listed above. In the case of the magnetic cloud shown in Figure 3.8, the helical
component rotates from North to South and the axial component points towards the
West, making the flux rope a NWS-type. Since complex ejecta are not seen to contain a
flux rope, it is usually not possible to associate them to a flux rope type. The complex
ejecta shown in Figure 3.8 is likely the result of the interaction of at least three separate
CMEs (see Section 4.4.2 for a discussion on CME-CME interaction).
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Figure 3.8: Two ICMEs observed at Earth’s Lagrange L1 point by Wind. Left panel: A
magnetic cloud observed during July 2013. Right panel: A complex ejecta observed during
June 2015. The parameters shown are, from top to bottom: magnetic field magnitude,
magnetic field components in cartesian coordinates, # and ¢ angles of the magnetic field,
solar wind speed, proton density, proton temperature, and plasma beta. The CME-driven
shock is marked with a purple vertical line and the ICME ejecta is shaded in pink in both
panels.
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4 Forecasting CME-driven disturbances

& We touched the Sun — GARY ALLAN

Despite decades of research through theoretical, observational, and modelling efforts,
the ability to forecast reliably the geoeffectiveness of CMEs and their properties in
the near-Earth solar wind is still rather modest. The first problem is related to the
hit/miss issue, i.e. wheter an ICME will encounter Earth at all (e.g., Mostl et al.,
2014; Mays et al., 2015; Wold et al., 2018) and whether the hit will be a central one
or a skimming encounter. Once established that a CME will result in an impact, the
main challenges are related to determining when and at which speed the impact will
take place (e.g., Odstreil, 2003; Vrsnak et al., 2013) and the duration and magnitude
of southward-directed magnetic field periods following the impact (e.g., Savani et al.,
2015, 2017; Kay et al., 2017). This chapter reviews the major issues and challenges
regarding CME forecasting and the related results presented in the papers that form
this thesis.

4.1 Shock arrival time

Since CMEs often drive interplanetary shocks during their journey from the Sun to
1 AU, a major goal in space weather forecasting is to establish if, when, and at which
speed a shock will reach Earth. These parameters are important because fast shocks
are associated with high ram pressure that can abruptly compress the magnetopause
(see Section 2.3.2) and because the turbulent magnetic fields following the shock may
carry sustained and strong southward components. The methods used in the papers
that form this thesis to study and forecast the arrival of interplanetary shocks are

briefly reviewed here.

4.1.1 HI reconstructions

As introduced in Section 3.2.2, HI data can be used to track shock fronts preceding
dense sheath regions as they propagate through the heliosphere. Structures that ap-

pear in HI, however, are subject to strong projection effects that arise when making
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observations out to large elongation angles via Thomson scattering (e.g., Howard and
DeForest, 2012; Harrison et al., 2017). Hence, techniques have to be used to resolve the
shock front in 2D from tracks made using time-elongation maps (e.g., see Figure 3.5).
One such technique is the Self-Similar Expansion (SSE; Davies et al., 2012) model,
which represents the CME (or shock) front as a circle with a constant half-width that
propagates radially and with a constant speed. The STEREO mission has provided
simultanous HI observations from two viewpoints, which have enabled stereoscopic
observations. The two-spacecraft version of the SSE model, called Stereoscopic Self-
Similar Expansion (SSSE; Davies et al., 2013) model, allows to derive the position of
the apex of the tracked feature as a function of time from stereoscopic observations and
to interpolate its propagation, obtaining therefore an arrival time and speed at Earth.
Figure 4.1 shows an example of a shock front that was tracked in Paper IV resolved in
2D using the SSSE model.

The half-width that is inserted in the (S)SSE model can be obtained from remote-
sensing observations, e.g. from stereoscopic reconstructions of the CME or the CME-
driven shock using the GCS fitting technique on coronagraph data (e.g., Paper IV).
However, it is important to note that in HI imagery the shock front ahead of the
sheath is being tracked rather than the ejecta leading edge; therefore, a half-width
that is larger than the CME half-width should be used (e.g., Paper IV). A limitation of
(S)SSE reconstructions is given by the rigid, circular front that is assumed in the model,
which may result in large errors associated with the shock parameters at Earth. CMEs
and their associated shocks tend to flatten their front during interplanetary propagation
due to solar wind drag (e.g., Vrsnak et al., 2013), hence HI-based reconstructions based

on an elliptical front would be more suitable (e.g., Rollett et al., 2016).

4.1.2 Heliospheric modelling

Another useful means to forecast the arrival of CME-driven shocks at Earth is given
by 3D heliospheric modelling. Models such as Enlil (Odstrcil, 2003) or European He-
liospheric Forecasting Information Asset (EUHFORIA; Pomoell and Poedts, 2018) are
based on the ideal MHD equations that are solved for plasma mass, momentum, en-
ergy density, and magnetic field. Both models are composed of a coronal part, which is
usually driven by a Wang—Sheeley—Arge (Arge et al., 2004) empirical model that feeds

the background wind parameters and extends up to 21.5 Ry, and a heliospheric part,
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Figure 4.1: Schematic representation of SSSE fitting applied to the front associated with a
CME analysed in Paper IV using HI. (a-d) The position of the front within the ecliptic plane
(red) is triangulated from the observed leading edge in the HI cameras (dashed lines). The
position of the CME at 12 hour intervals is shown in the successive panels (a) to (d). The
half-width of the shock front is here assumed to be 69°. The labels ‘A’ and ‘B’ represent the
STEREO-A and STEREO-B spacecraft, respectively.

which allows to propagate CMEs through solar wind from 21.5 R, onwards. Because
the EUHFORIA model has been used in the work performed for this thesis, the rest of
this section will mainly focus on EUHFORIA. In the simplest version of EUHFORIA,
CMEs are launched employing the cone model described in Section 3.2.1, i.e. as spher-
ical homogeneous structures without any internal magnetic field (e.g., Pomoell and
Poedts, 2018; Scolini et al., 2018; Paper IV; Paper V). Under these assumptions and
under certain conditions, a shock wave may form ahead of a CME during its propaga-
tion. Due to the magnetic field being that of the ambient wind, the cone model is not
suitable to study the magnetic structure of ICMEs, but it can be applied to evaluate
how CMEs propagate and their arrival times. Figure 4.2 shows an example of four
CMEs modelled with EUHFORIA and studied in detail in Paper IV. The EUHFORIA

time series (depicted in blue) show a number of peaks that correspond to the shock
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Figure 4.2: Example of four CMEs modelled with EUHFORIA using the cone model.
Top panels: snapshot of the heliographic equatorial plane (left) and the meridional plane
that contains Earth (right). Bottom panels: comparison of the EUHFORIA time series
(blue) with in-situ measurements (red) from ACE, STEREO-A, and STEREO-B, during the

computational domain. Adapted from Paper IV.

arrivals at 1 AU. The CME parameters needed for the cone model, i.e. latitude, longi-
tude, half-angle, and speed, can be estimated from coronagraph observations and from
reconstructions such as the GCS fitting introduced in Section 3.2.1 (e.g., Lee et al.,
2013; Paper IV; Paper V).

Typical uncertainties associated with heliospheric models are of the order of a few
hours (e.g., Riley et al., 2018; Wold et al., 2018), mostly attributable to the mod-
elled background wind and to the initial CME parameters derived from remote-sensing

observations. Indeed, the ambient wind depends highly on the initial magnetogram
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used to drive the coronal model, and the resulting background is evolved to a steady
state. This means that the heliospheric background structure cannot account for the
time-dependent evolution of the sources of the solar wind (e.g., coronal holes or hel-
met streamers). Nevertheless, 3D MHD heliospheric models remain a valid and useful
tool in space weather forecasting, especially because of their global coverage of the
heliosphere that allows to evaluate relatively quickly the impact of CMEs at any heli-
olongitude (e.g., Witasse et al., 2017; Lee et al., 2018; Paper IV).

4.2 Sheath magnetic fields

The magnetic fields embedded in CME-driven sheath regions are of high importance for
space weather forecasting, since they are able to cause significant disturbances in the
geomagnetic field (e.g., Tsurutani et al., 1988; Gonzalez et al., 1999, 2011; Huttunen
et al., 2002; Huttunen and Koskinen, 2004; Lugaz et al., 2016). However, the properties
of sheath regions when they impact Earth and their geoeffectiveness are even more
challenging to predict than properties of ICME ejecta. This is because sheaths do
not begin their interplanetary journey as coherent structures and because the solar
wind tends to both deflect sideways away from the CME nose and to pile up ahead
of the driving CME (Siscoe and Odstrcil, 2008). As a result, sheath magnetic fields
are usually highly variable and turbulent. A critical aspect of their geoeffectiveness,
however, is their ability to carry strongly southward fields. Two mechanisms have
been proposed to generate out-of-ecliptic fields in sheath regions: compression of pre-
existing southward IMF fields at the CME-driven shock and draping of the magnetic
field ahead of the CME ejecta (e.g., Gonzalez et al., 1994; Kataoka et al., 2005; Liu
et al., 2008). As discussed in Section 3.3.1, Paper I demonstrated that these are also the
mechanisms that result in the formation of PMSs in sheath regions. It is thus natural
to assume that PMSs would be suitable regions for out-of-ecliptic fields. Figure 4.3
from Paper I shows the fraction of southward B in three different sheath sub-regions
(near the shock, in the middle of the sheath, and near the ejecta leading edge, each
spanning 33% of the sheath) for planar and non-planar parts of the sheath.

It is clear from Figure 4.3 that planar parts of the sheath tend to contain a higher
amount of southward fields, and that the difference between planar and non-planar
parts is more pronounced for strongly southward fields, i.e. B, < —10 nT. Paper I
thus demonstrated that regions of the sheath that contain PMSs tend to exhibit a
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Figure 4.3: Relationship between PMS occurrence and negative B,, i.e. southward periods
of the north-south IMF component, in different sheath sub-regions (N-SH = near shock, MID
= middle of the sheath, and N-LE = near ejecta leading edge) for a sample of 95 sheaths.
The white bars represent planar regions, the black bars represent non-planar regions, and
the error bars show the extent of one standard deviation. Left panel: Fraction of sub-region
covered by B, < —5 nT. Right panel: Fraction of sub-region covered by B, < —10 nT.
Reproduced from Paper I.

higher amount of out-of-ecliptic fields and are thus expected to be more geoeffective.

However, CME-driven sheath regions have been studied significantly less than ICME
ejecta, and their real-time prediction remains very little explored in space weather
forecasting. Recent developments regarding this issue involve modelling magnetised

CMEs in heliospheric simulations (see Section 4.3.2 for additional details).

4.3 Flux rope type

The flux rope structure of CMEs is a key parameter that determines their ability to
drive geomagnetic storms (e.g., Huttunen et al., 2005; Zhang et al., 2007; Richardson
and Cane, 2012; Paper III). In order to be able to forecast the magnetic fields embedded
in an interplanetary flux rope (or magnetic cloud, see Section 3.3.2), it is important to
know what is the initial (or intrinsic) flux rope type, how the CME flux rope will evolve
in interplanetary space, and what section of the flux rope will intersect Farth. This
section summarises the main findings and implications reported in the articles that
form this thesis and how such information can be used to improve current forecasting

capabilities.
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Figure 4.4: Change in the flux rope axis direction (shown as a clock angle) from the Sun to
L1, divided into right- and left-handed events. The clock angle at the Sun is shown in yellow,
whilst the angle at L1 is shown in black. The curve connecting the clock angles is taken as the
shortest path between solar and in-situ axis directions, i.e., clockwise and counterclockwise

rotations depending on chirality are not considered. Reproduced from Paper III.

4.3.1 Solar versus in-situ flux rope type

In Paper II, the intrinsic flux rope type of CMEs was determined using the indirect
methods summarised in Section 3.1.2 and compared to the magnetic structure of the
corresponding flux rope detected in situ near Earth. This was done in Paper III for
20 CME events that could be uniquely linked to their in-situ counterparts from the
Sun to Earth using heliospheric imaging (using time-elongation maps described in
Section 3.2.2). Whilst the chirality of all the CME-ICME pairs was conserved, as
expected for a force-free magnetic field configuration (Woltjer, 1958), this was not
always true for the flux rope type. Figure 4.4 shows how the magnetic field direction
at the flux rope axis, and as a consequence the flux rope type, changed from the Sun
to Earth for the 20 CMEs investigated in Paper III. It is evident from Figure 4.4 that
the knowledge of the intrinsic flux rope type alone is not sufficient for predicting the
flux rope magnetic fields in situ, since 35% of the events were reported to change their

orientation by more than 90°.

Differences between the flux rope type estimated at the Sun and the one observed
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in situ can arise from several mechanisms that are related to CME evolution in the
corona and in the heliosphere. CMEs may experience deflections (e.g., Wang et al.,
2014; Kay et al., 2015, 2016), rotations (e.g., Mostl et al., 2008; Vourlidas et al., 2011;
Isavnin et al., 2014), and/or deformations (e.g., Owens, 2008; Savani et al., 2010) after
leaving the Sun. The most dramatic evolution is expected to take place close to the Sun
(below 30 Rg), but there are cases where significant deflection and rotation happens
between 30 R, and 1 AU (Isavnin et al., 2014). Another factor that may contribute to
discrepancies between solar and in-situ structures is given by local deformations that
deviate from the ideal flux rope configuration. It was shown by Owens et al. (2017) that
CMEs cease do be coherent MHD structures beyond 0.3 AU, thus local deformations
would not be able to propagate through the whole CME body. Observational studies
also support the view that not all flux ropes are coherent structures and that their
properties may change considerably over relatively small longitudinal separations (e.g.,
Méstl et al., 2012; Lugaz et al., 2018). Furthermore, Bothmer and Mrotzek (2017)
demonstrated that pre-existing kinks in the CME source region are maintained in the

flux rope structure during its eruption and propagation.

Nevertheless, knowledge of the intrinsic flux rope type is an important aspect to take
into account in space weather forecasting, as the magnetic structure at the Sun can be
used as input for CME evolution models. An example showing the utility of remote-
sensing observations of the solar disc is presented in Section 4.3.2, where magnetised

CME:s in heliospheric modelling are briefly discussed.

4.3.2 Modelling magnetised CMEs

Recent efforts in 3D heliospheric modelling have focussed on the introduction of mag-
netised structures within CMEs, in order to enable analysis and prediction of the
magnetic field components (and in particular By) embedded in a CME. EUHFORIA
has implemented a spheromak (e.g., Shiota and Kataoka, 2016) CME model, where
CMEs exhibit a toroidal-like flux rope structure (Scolini et al., 2019; Verbeke et al.,
2019). In addition to the cone model input parameters described in Section 4.1.2, the
spheromak model requires as additional parameters chirality, tilt of the CME axis, and

magnetic flux.

The chirality of CMEs can be determined from observations of their solar source using

the methods described in Paper II (see Section 3.1.2), since magnetic helicity is a
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conserved quantity. The axis tilt can be estimated as a first-order approximation from
solar observations using the orientation of the PIL and PEAs (Paper II; Paper III).
Solar observations, however, are not sufficient to describe the early evolution of CMEs
(as demonstrated in Paper III); hence, the tilt angle can be alternatively determined
from coronagraph data taken as close as possible to the model’s heliospheric inner
boundary at 21.5 R, and using fitting procedures as the GCS reconstruction described
in Section 3.2.1. Finally, the magnetic flux embedded in the erupting CME can be
estimated from the magnetic field that lies under the PEAs (Gopalswamy et al., 2017)
or the flare ribbons (Kazachenko et al., 2017), which are believed to mark the area

where magnetic reconnection has occurred during an eruption.

Figure 4.5 shows as an example a CME that was analysed at the Sun and in situ near
Earth in Paper III and that was modelled using both the cone and the spheromak
models in EUHFORIA by Scolini et al. (2019). It is possible to note in the right panel
of Figure 4.5 that the simulations that use a spheromak model (in yellow and red) are
able to reproduce both a sheath region and a flux rope ejecta, in contrast with the cone

model simulation (in blue) that is able to reproduce the CME-driven shock only.

4.4 Multiple CMEs

Section 4.3 has focussed on single-CME events, but cases in which two or more CMEs
are directed towards Earth more or less at the same time are not infrequent, espe-
cially during solar maximum when several CMEs per day are launched (e.g., Webb
and Howard, 1994). The eruption of a series of CMEs may result from sympathetic
eruptions (e.g., Torok et al., 2011; Lynch and Edmondson, 2013), where one erup-
tion triggers another, from homologous CMEs (e.g., Paper V), where several CMEs
erupt from the same source region, or from two or more unrelated eruptions. Such
multiple-CME events can be distinguished into successive CMEs, where several CMEs
are launched close in time without reaching each other, and interacting CMEs, where
two or more CMEs interact during their interplanetary journey. This section provides

a brief overview of both phenomena.
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Figure 4.5: Heliospheric modelling of one of the CMEs analysed in Paper III using EUHFO-
RIA with a spheromak flux rope. Left panel: Visualisation of the CME By for EUHFORIA
Run #3, shown in the right panel in red, at three different times. Each row shows Earth
and quadrature perspectives. Right panel: EUHFORIA time series at Earth compared with
OMNI data for three different runs (Run #1 = cone, Run #2 and Run #3 = spheromak).
From top to bottom: solar wind speed, number density, magnetic field magnitude, and mag-

netic field cartesian components. Adapted from Scolini et al. (2019).

4.4.1 Successive CMEs

When a series of CMEs are launched from the Sun close in time but without ever reach-
ing each other, the presence of multiple CMEs does not affect the magnetic structure
(in terms of direction of the embedded magnetic fields) that will be observed in situ.
The preceding CMEs, however, affect significantly the arrival time and the magnetic
field magnitudes of the following CMEs. The solar wind preconditioning phenomenon
has been reported in several studies (e.g., Liu et al., 2014; Temmer and Nitta, 2015),
meaning that the solar wind where the following CME is propagating through is “swept
up” by the previous CME. A preconditioned solar wind appears more rarefied, allowing
a trailing CME to propagate faster because of its weaker drag. Furthermore, Liu et al.
(2014) have demonstrated that solar wind preconditioning is a favourable phenomenon
for the formation of “perfect storms” near 1 AU, especially because a fast CME moving

through a rarefied and stretched ambient wind would result in an enhanced magnetic
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field as fast propagation inhibits expansion.

An example of CME propagating through a preconditioned solar wind was reported in
Paper IV (i.e., the structure marked as CME4 in the EUHFORIA simulation shown in
Figure 4.2). Such CME arrived at Earth before one would expect in the case of a single
CME because of the presence of a large and relatively fast CME preceding it (i.e., the
structure marked as CMEs2&3 in the EUHFORIA simulation shown in Figure 4.2).

4.4.2 Interacting CMEs

The eruption of a series of CMEs close in time may result, in some cases, in CME—
CME interaction in interplanetary space (e.g., Lugaz et al., 2017). The nature of each
CME-CME interaction depends strongly on the kinematic and magnetic parameters
of the interacting CMEs as well as their relative propagation directions (e.g., Schmidt
and Cargill, 2004; Lugaz et al., 2013; Paper V). Possible outcomes are the formation
of a complex merged structure where the interacting CMEs have lost their identities
(Burlaga et al., 2002, see Section 3.3.2), compression of the preceding CME by the
following one (Liu et al., 2014; Paper V), and/or coalescing of two or more CMEs into
a single flux rope structure (Lugaz et al., 2013, 2017; Paper V). The corresponding
CME-driven shocks may also interact in different ways, e.g. through two or more
shocks interacting with each other or a shock interacting with an ejecta (e.g., Lugaz
et al., 2017). In some cases (e.g., Lugaz et al., 2013; Paper V), the shock driven by
the trailing CME may propagate all the way through the preceding ejecta and finally
merge with the shock driven by the leading CME. In light of these aspects, it is clear
that CME-CME interaction is an important issue in space weather forecasting, since it
always leads to changes in general CME properties such as size, speed, magnetic field
strength, and expansion rate and, thus, to higher degrees of unpredictability regarding
CME evolution.

An example (from Paper V) of two CMEs interacting and merging in interplanetary
space (between the orbits of Venus and Earth) is shown in Figure 4.6. In the plots,
two flux ropes (marked as FR2, in blue, and FR3, in green) are seen to arrive at Venus
as two mostly separate structures, whilst at Earth several interaction signatures can
be observed. The shock driven by FR3 (marked as S3) has propagated through FR2,
generating a double-shock signature ahead of it and likely accelerating the first ejecta

(e.g., Lugaz et al., 2005). It is also possible to note that FR3 has compressed FR2
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Figure 4.6: Example of successive/interacting CMEs (CME1 = orange, CME2 = blue, and
CME3 = green) observed by VEX around Venus (left panel) and by Wind and ACE at Earth’s
Lagrange L1 point (right panel). The parameters shown in the left panel are, from top to
bottom: magnetic field magnitude, cartesian components of the magnetic field, solar wind
speed, proton density, proton temperature, plasma beta, proton counts, and electron counts.
The parameters shown in the right panel are, from top to bottom: magnetic field magnitude,
cartesian components of the magnetic field, root-mean-square magnetic field vector, solar
wind speed, proton density, proton temperature, plasma beta, oxygen charge state ratio,
average iron charge state, and pitch-angle spectrogram of suprathermal 255 eV electrons.
The various interplanetary shocks are marked with a vertical line and an “S”, the ejecta with
an “E”, and the flux ropes with the notation “FR”. The interaction between FR2 and FR3
between Venus and Earth leading to the compression of FR2 and the formation of a single

flux rope structure is evident in the two plots. Adapted from Paper V.

and enhanced its magnetic field, which does not appear to have declined during the
journey from Venus to Earth (the leading edge magnetic field for FR2 is ~35 nT at
Venus and ~39 nT at Earth). Finally, the interaction of FR2 and FR3 have created a
single, merged flux rope structure near Earth, composed of a compressed FR2 and a
relaxed FR3.
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5 Concluding remarks and future challenges

& Let the Sunshine in — H.A.LR.

In this thesis, the magnetic structure of CMEs and their related interplanetary struc-
tures has been studied in a space weather context. The overall goal of the project was
to advance the current understanding of evolution of CMEs during their journey from
the Sun to Earth. This thesis makes significant contributions to space weather fore-
casting through remote-sensing observations and in-situ measurements together with

heliospheric modelling.

5.1 Main conclusions of the included papers

In Paper I, the magnetic structure of CME-driven sheath regions has been analysed
in terms of their planarity. The paper shows that planar magnetic structures (PMSs)
tend to form because of the alignment of the discontinuities downstream of the CME-
driven shock and/or because of the draping of the magnetic field lines about the ICME
ejecta. It was found that PMSs are more likely to produce long-lasting out-of-ecliptic
magnetic fields that, as a consequence, increase sheath geoeffectiveness. These findings
suggest that prior knowledge of the properties of the shock and ICME ejecta, e.g.,
from remote-sensing observations, provides paramount information for forecasting the

geoeffectiveness of CME-driven sheath regions.

In Paper II, a combination of several indirect proxies from remote-sensing observations
of the solar disc was used to determine the intrinsic flux rope type (i.e., the configuration
of the axial and helical components of the magnetic field) of CMEs at the time of their
eruption. The application of such methods to two case studies revealed that the flux
rope type at the Sun matched well with the structures observed in situ near Earth.
These conclusions suggest that solar observations are a good first-order approximation

for what to expect in situ when forecasting CMEs.

In Paper III, the methods described in Paper II for determination of the intrinsic flux
rope type were applied to 20 case studies, in order to determine the rate of “matches”

between intrinsic and in-situ flux rope types. In agreement with Paper II, this paper
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also implies that solar observations are an important first step for predicting the mag-
netic structure of in-situ flux ropes, but in some cases (35%) the orientations of the
in-situ flux ropes disagreed with the corresponding solar estimates by over 90°, thus
affecting significantly direct estimation of the geoeffectiveness of ICME ejecta. These
findings suggest that the intrinsic flux rope type is a useful parameter to be used as in-
put in CME modelling, and that CME evolution in the corona and heliosphere have to

be taken into account for predicting reliably magnetic fields in Earth-impacting CMEs.

In Paper IV, a series of four CMEs were studied in terms of their impact at 1 AU.
The events were selected because they were all relevant to the issue of forecasting
“problematic CMEs”, since they either erupted from the solar limb or because they were
faint and ambiguous in coronagraph imagery. The CMEs were analysed remotely in the
corona using multiwavelength (extreme ultraviolet, white light, and radio) observations
from multiple vantage points and their impact at 1 AU was evaluated using heliospheric
3D modelling and imaging as well as in-situ measurements. In particular, the paper
demonstrates the importance of heliospheric imaging for evaluating the Earth-directed
components of CMEs that are propagating far from the Sun—Earth line or that are
faint in the solar corona. The results presented in the paper highlight the importance
of having a complete understanding of the whole heliospheric context when forecasting

problematic events.

In Paper V, a series of three CMEs were studied in terms of their mutual interactions
on their way from Sun to Earth. The presence of the Venus Express spacecraft orbiting
Venus (that was almost radially aligned with Earth) was crucial for getting insights into
the mechanism of CME-CME interactions. In particular, the second and third CMEs
analysed in this study were just about to interact at the heliocentric distance of Venus
(i.e., 0.72 AU), and their interaction had fully taken place when the merged structure
reached Earth. The most interesting features reported in the paper are the fact that
the merged CME was preceded by a double shock, suggesting that the shock driven by
the following CME had propagated through the preceding one, and that the merged
CME appeared as a single magnetic cloud by the time it impacted Earth. The results
presented in the paper emphasise the complexity of interpreting interplanetary obser-
vations for CME-CME interaction events and suggest that considerable interaction can

take place over relatively short distances (~0.3 AU in this case).
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5.2 What to expect from the future

Although the field of space weather has progressed enormously during the last few
decades, many aspects are still not fully understood and significant further advance-

ments have to be made to achieve reliable predictions with sufficient lead times.

First of all, as emphasised in Paper IV and Paper V, continuous observations of the
Sun, the corona, and the inner heliosphere away from the Sun—Earth line, e.g. from the
Lagrange L5 point located ~60° to the east from Earth and/or the solar poles (e.g.,
Vourlidas, 2015; Gibson et al., 2018), would be hugely beneficial for space weather
forecasting. Observations from such vantage points provide off-angle views of Earth-
directed disturbances and allow following earthbound CMEs with higher accuracy than
from Earth (i.e., with minimal projection effects). When coupled to remote-sensing
observations from the L1 point, they also allow triangulation of the three-dimensional
geometric and kinematic parameters of CMEs. Indeed, the potential of these aspects
has been proven through the STEREO mission but, as the longitudinal separation of
the STEREO spacecraft changes on their orbit around the Sun (by ~22° every year
and, moreover, contact with STEREO-B was lost in 2014), they cannot be used for
continuous space weather monitoring. Furthermore, solar disc measurements from L5
would allow observations of active regions, filaments, and other structures in the solar

atmosphere well before they turn into Earth’s view.

As remarked in Paper II and Paper III, current remote-sensing observation techniques
do not allow direct measurement of coronal magnetic fields in a consistent manner that
would enable regular utilisation for space weather forecasting. As discussed in Sec-
tion 2.1.4, the biggest challenges in this regard are given by the fact that the corona is
optically thin and relatively dim compared to the bright solar disc. As a consequence,
quantitative information on the coronal magnetic field is currently derived from coro-
nal models that are extrapolated from measurements of the lower atmospheric layers
(Wiegelmann et al., 2017). A significant further improvement in forecasting CME mag-
netic fields would be given by continuous magnetic field measurements in the corona,
in order to determine how the internal magnetic structure of CME flux ropes evolves
due to interactions with the ambient corona and solar wind. The current and planned
coronal polarimetric measurements are expected to shed a new light on this issue (Gib-
son et al., 2017b). For example, it has been shown that linear-polarisation observations

of the off-limb corona can be used to quantify the magnetic topology and the open-field
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radial expansion in the low corona (Gibson et al., 2017a). Alternatively, the magnetic
field in the corona could be determined through measurements of the Faraday rotation
of distant radio sources, e.g. pulsars (Howard et al., 2016). Both methods, however,
are not currently used for systematic space weather forecasting. Coronal polarimetric
measurements need larger and more precise telescopes in order to capture the weak sig-
nals coming from the corona, and Faraday rotation measurements need a well-known

radio source constantly located behind the Sun in order to apply the technique.

Furthermore, as emphasised in Paper V, in-situ measurements taken in the inner he-
liosphere between the Sun and 1 AU are essential for understanding how CMEs evolve
with radial distance. Excitingly, new measurements of the solar wind plasma and the
IMF from various locations in the inner heliosphere will be available to the community
in the near future, from e.g. Parker Solar Probe (PSP; Fox et al., 2016, launched in
August 2018 to venture up to ~9 R, distance from the Sun in a heliocentric orbit),
BepiColombo (Benkhoff et al., 2010, launched in October 2018 towards Mercury), and
Solar Orbiter (SolO; Miiller et al., 2013, expected to be launched in February 2020 in a
heliocentric orbit as close as ~60 R and with an orbital inclination up to ~25°). PSP
and SolO are also equipped with solar disc and/or white-light imagers, thus observa-
tional data of the Sun and/or its atmosphere taken from up close (PSP) and from a
significant inclination to the ecliptic plane (SolO) will bring new, valuable information

and new perspectives on the early evolution of CMEs.

Finally, there are two main directions towards which future heliospheric modelling
efforts shall be focussed. The first regards modelling of the solar wind background,
which is currently treated as a static structure that corotates with the Sun. This
assumption works as a first approximation to model the solar wind to relatively short
heliocentric distances (e.g., 1 AU) and for short temporal domains, where no significant
large-scale changes are expected to occur. A time-dependent solar wind, in turn,
would take into account how the global structure of the solar magnetic field evolves
with time, allowing to model CME propagation with higher accuracy and to larger
heliocentric distances. The second aspect, on the other hand, regards modelling of the
magnetic structure of CMEs. The spheromak model (see Section 4.3.2 and Figure 4.5)
assumes the initial morphology of CMEs to consist of a cone with a spherical front,
whereas the introduction of, e.g., a GCS-like (or croissant-like) morphology with an
internal magnetic field (e.g., Gibson and Low, 1998; Titov and Démoulin, 1999; Isenberg

and Forbes, 2007) would allow to model with higher accuracy a larger amount of
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CMEs. In any case, magnetised CMEs in 3D heliospheric modelling need to be injected
with realistic parameters that describe the initial flux rope structure and the early
coronal evolution (i.e., how the CME is structured and oriented at the inner heliospheric
boundary of the models). The observational methods described and used throughout
this thesis can be used to constrain the intrinsic flux rope structure. Other techniques
may involve, e.g., data-driven modelling (e.g., Wiegelmann, 2008; Fisher et al., 2015;
James et al., 2018; Kilpua et al., 2019; Pomoell et al., 2019).

In conclusion, this is an exciting time in the fields of solar physics and space weather.
The data that will be provided by the newest missions, coupled with innovative and
refined forecasting models, have great potential to bring improvements and new knowl-

edge on this fascinating topic.
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6 Summary of papers and the author’s contribution

d Beyond the dark Sun — WINTERSUN

This chapter consists of a summary of the articles included in this thesis, followed by

a description of the author’s contribution for each of them.

6.1 Paperl

Palmerio, E., Kilpua, E. K. J., and Savani, N. P.: Planar magnetic structures in

coronal mass ejection-driven sheath regions, Annales Geophysicae, 34, 313-322, 2016.

Summary: This paper investigates planar magnetic structures (PMSs), which are
solar wind structures where the IMF vectors are nearly parallel to a single plane,
in CME-driven sheath regions. First, an automated algorithm for detecting PMSs
using magnetic field data is presented and applied to 95 sheaths observed near Earth
between 1997 and 2015. PMSs are found in 85% of the studied events, suggesting that
they are common structures in CME sheaths. Successively, the sheaths are divided
into groups according to their PMS occurrence and their magnetic field and plasma
parameters are analysed. The results of the statistical analysis support two PMS
formation mechanisms, namely compression and alignment of discontinuities at the
CME shock and draping of the magnetic field about the CME ejecta. Finally, it is
found that planar parts of sheaths tend to me more geoeffective than non-planar parts,
as they are able to generate stronger, sustained out-of-the-ecliptic fields.

The author’s contribution: Designed and coded the PMS detection algorithm,
performed the analysis based on the output of the algorithm, led the interpretion of

the results, wrote the manuscript.

6.2 Paper II

Palmerio, E., Kilpua, E. K. J., James A. W., Green, L. M., Pomoell, J., Isavnin, A.,
and Valori, G.: Determining the intrinsic CME flux rope type using remote-sensing
solar disk observations, Solar Physics, 292:39, 2017.
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Summary: The magnetic structure of CME flux ropes at the time of their onset is
a crucial part of the evolutionary process of solar eruptions from the Sun to Earth.
Knowledge of the “intrinsic flux rope type” can be used as input for CME propagation
and space weather forecasting models, and can be used to observationally track CME
evolution throughout the heliospheric domain. This paper aims to address this issue by
collecting a number of techniques to apply to remote-sensing data in order to determine
the magnetic structure of flux ropes at the Sun solely from solar disc observations. The
parameters needed to reconstruct the intrinsic flux rope type are 1) chirality, 2) tilt of
the flux rope axis, and 3) direction of the magnetic field at the axis. Chirality proxies
include the analysis of magnetic tongues, sigmoids, coronal arcade skew, filaments,
and other coronal and/or chromospheric features. The axis tilt is determined from the
orientation of the PIL associated to the CME source region, and the direction of the
magnetic field is extrapolated from the estimation of the flux rope footpoints. These
remote-sensing techniques are applied to two case studies and the resulting intrinsic
flux rope types are compared with measurements at 1 AU, showing good agreement
between remote-sensing and in-situ observations.

The author’s contribution: Selected the events to analyse, performed the remote-
sensing and in-situ analysis of the events, led the interpretion of the results, wrote the

manuscript.

6.3 Paper III

Palmerio, E., Kilpua, E. K. J., Mostl, C., Bothmer, V., James, A. W., Green, L. M.,
Isavnin, A., Davies, J. A., and Harrison, R. A.: Coronal magnetic structure of earth-
bound CMEs and in situ comparison, Space Weather, 16, 442-460, 2018.

Summary: This work follows and expands the techniques presented in Paper II, with
the aim to perform a small statistical study on flux ropes at the Sun and at Earth.
20 CMEs displaying a clear flux rope structure at 1 AU are connected to their solar
counterpart and their flux rope type is estimated at both locations using the methods
introduced in Paper II. One of the novelties compared to Paper II is that the dataset
contains CMEs erupting from different kinds of source regions, incuding filaments on
the quiet Sun. The comparison of the magnetic structure of the CMEs under study
at the Sun and at Earth reveals that chirality is conserved for all events, whilst the

orientation of the flux rope axis may change dramatically. It is found that the flux
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rope type is maintained in only 20% of the cases, or 55% if intermediate cases (axis
inclination close to 45°) are considered as a match. In 35% of the events under study,
the discrepancies between on-disc and in-situ flux rope types exceed 90°. The results
presented highlight the importance of determining the magnetic configuration of CMEs
as they erupt from the Sun, but also remark that CME evolution has to be taken into
account and estimated in order to forecast space weather events in a reliable way.

The author’s contribution: Selected the events to analyse, performed the remote-
sensing and in-situ analysis of the events, led the interpretion of the results, wrote the

manuscript.

6.4 Paper IV

Palmerio, E., Scolini, C., Barnes, D., Magdaleni¢, J., West, M. J., Zhukov, A. N.,
Rodriguez, L., Mierla, M., Good, S. W., Morosan, D. E., Kilpua, E. K. J., Pomoell, J.,
and Poedts, S.: Multipoint study of successive coronal mass ejections driving moderate
disturbances at 1 au, The Astrophysical Journal, 878:37, 2019.

Summary: The importance of forecasting space weather events is not related to
extreme geomagnetic storms only. This paper aims to better understand so-called
“problem storms”, i.e. CMEs that are not conventional full halos erupting from close
to the disc centre and that usually drive moderate space weather effects. Four successive
CME:s that erupted during May 2013 and that impacted Earth and/or the STEREO-A
spacecraft are investigated. The first three CMEs were limb events as seen from Earth
and/or STEREO-A, whilst the fourth CME was not visible in coronagraph images from
the spacecraft along the Sun—Earth line despite having erupted from close to the disc
centre as seen from Earth. All the CMEs, however, caused moderate disturbances at
1 AU. The events are studied in detail through multipoint observations (in EUV, white
light, and radio) and finally simulated using the EUHFORIA heliospheric model. It
is demonstrated that, in the case of problematic and unclear CMEs, a multipoint and
multi-instrument analysis may provide understanding of the whole heliospheric context
and, consequently, help assess their geoeffectiveness.

The author’s contribution: Designed the project, performed the remote-sensing
and in-situ analysis, provided the input parameters for the simulation, interpreted the

results, wrote most of the manuscript.
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6.5 Paper V

Kilpua, E. K. J., Good, S. W., Palmerio, E., Asvestari, E., Lumme, E., Ala-Lahti, M.,
Kalliokoski, M. M. H., Morosan, D. E.; Pomoell, J., Price, D. J., Magdaleni¢, J.,
Poedts, S., and Futaana, Y.: Multipoint observations of the June 2012 interacting
interplanetary flux ropes, Frontiers in Astronomy and Space Sciences, 6:50, 2019.

Summary: In this paper, a series of CMEs that erupted in June 2012 are analysed in
terms of their propagation from the solar corona to Earth. Multipoint remote-sensing
and in-situ observations are combined with heliospheric modelling in order to charac-
terise the interplanetary evolution of the events under study. The CMEs were observed
remotely on the solar disc, in coronagraphs, and in heliospheric imagers, and in situ at
Venus and Earth (that were almost radially aligned during the period under study).
Measurements at 0.72 and 1 AU show that the first CME arrived as a weak, complex
ejecta at both locations, whilst the following two evolved significantly between the or-
bits of Venus and Earth. At Venus, the third CME was just about to subsume the
second one, whilst at Earth the two CMEs looked like a single, coherent magnetic cloud
preceded by a double shock signature. A deep analysis of in-situ data together with in-
situ flux rope reconstructions reveals that the last CME had significantly compressed
the preceding one, enhancing its fields and merging with it without significantly al-
tering the magnetic structure of the two flux ropes considered separately. The results
presented show that a complete understanding of CME-CME interactions may help in
forecasting the geoeffectiveness of merged CMEs, as the events under study caused the
highest magnetic field magnitudes reported during Solar Cycle 24.

The author’s contribution: Analysed solar, coronagraph, and heliospheric remote-
sensing data, analysed in-situ measurements around Venus, produced Figures 1 and 4,
produced the HI movie and the Venus high-resolution plots included in Supplementary
Material, contributed to deriving the input parameters for the simulation, contributed

to the interpretation of the results, contributed to writing the manuscript.
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