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Abstract
This thesis is concerned with studying the interactions of interplanetary large-scale structures
with the solar wind and with each other based on multi spacecraft in-situ observations. These
structures include: interplanetary coronal mass ejections (ICMEs), stream interaction regions
SIRs and heliospheric plasma sheets HPSs.
During their propagation through interplanetary space, ICMEs can interact with each other or
with CIRs, making space weather forecasting more difficult. Interaction can change their
configurations, dynamics, magnetic field and plasma morphologies. This includes flux rope
deformation, reverse shock formation, radio emission enhancement, proton temperature
increases, and ICME deflections. Caution should be exercised regarding geomagnetic storm
forecasting that depends upon ICME magnetic field observations close to the sun, especially
when there is an interaction with co-rotating structures, because this interaction could
change the profile of the magnetic field measurements.
Chapter 3 is a case study that aims to understand more about this interaction based on multi
spacecraft in-situ measurements. During September 09- 10, 2011 the ACE, Wind and The
Solar and Heliospheric Observatory(SOHO) spacecraft measured a complex interaction
between an ICME and a co-rotating interaction region CIR associated with the HPS. A forward
shock, sheath, and magnetic cloud was followed by the CIR and a high-speed stream (HSS)
originating from a large equatorial coronal hole. Except for a few short periods, the
suprathermal electrons are unidirectional with a 180˚ pitch angle, suggesting a scenario that
the magnetic field of the ICME is open through interchange reconnection. Signatures of
interaction between the ICME, CIR and subsequent HSS is distributed throughout the event
and not concentrated in a specific position suggesting that the structures have become
entangled, or embedded. The forward shock was strong and the ICME speed is not enough to
drive it. We attributed the most likely source of the shock as the ICME-CIR interaction. Distinct
and Interesting features due to the ICME-CIR/HSS interaction are the heating flux
discontinuity upstream of the ICME front shock, the very high proton density in the shock, the
significant speed elevation within the sheath, the distortion of Bz in the magnetic cloud, the
indistinct location of the stream interface, the unidirectional domination of the suprathermal
electrons and the reverse shock at the rear boundary of the CIR. A few days earlier, The Solar
Terrestrial Relation Observatory (STEREO) B recorded the passage of the CIR in absence of an
ICME. Despite the disruption of the ICME, some general features of the CIR are preserved,
showing compression of the CIR by the ICME by a factor of ∼ 4, and enabling some qualitative
comparison and further insight into the interaction.
Chapter 4 presents an In-Situ study of a compound stream event measured by the STEREO B
on March20-25, 2011. During the period, in situ results were obtained by STEREO B measuring
a compound stream containing several interacting structures. An analysis of these results
suggests that the stream consists of two interplanetary coronal mass ejections (ICMEs)
followed by an embedded ICME/CIR. The third ICME has merged with, and is embedded
within, a CIR. A significant stream interface has appeared within the ICME3 revealing the
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ability of this structure to penetrate the magnetic flux rope and change its physical properties,
particularly its temperature. The sudden appearance of ICME3 within the fast wind side of
the CIR causes the temperature to drop suddenly to its lowest level in about 1.2 hours, from
3.89 x 105 K to 1.07 x 104 K. Conversely, the fast wind which follows the CIR influences not
only the ICME3 temperature but also its plasma β. In addition, the third ICME impacts the CIR
through expansion and deceleration. Penetration of a forward pressure wave driven by this
combined ICME-CIR causes an increase in the temperature and plasma beta of the second
ICME and part of the first. Despite the presence of signatures from four large-scale interacting
structures within the compound stream, it is difficult to reconcile the in-situ sequence with
remote sensing observations of CMEs and ejecta close to the Sun. Compound streams
therefore remain difficult to interpret, and further understanding of the subject will depend
on the future study of similar events.
Chapter 5 concentrates on tracking the evolution of a CIR during its propagation through the
interplanetary spiral pattern (180 degrees of longitude) and its interaction with other
interplanetary structures from period 20 April 2011 to 8 May 2011 based on multi spacecraft
in situ observations (STEREO B, WIND, ACE and STEREO A). The results reveal an interaction
with two-magnetic cloud flux ropes embedded within the CIR at Lagrange L1 and STEREO A
(STA) positions. The role of these interplanetary magnetic flux ropes was noticeable on the
CIR morphology by changing its reverse shock and stream interaction (SI) behaviours, with an
obvious appearance of the SI within the magnetic cloud flux rope which is embedded with the
CIR. The appearance of the reverse shock at STEREO B (STB), disappearance at L1 region, and
then an appearance at STEREO A, imply that the CIR reverse shock behaviour was subjected
to the local interplanetary circumstance, such as transient ICME interactions. It also reveals
the CIR’s ability to recover its magnetic field and plasma morphology after disruption by
ICMEs. The L1 ICME changes the CIR speed and dynamic pressure profiles. consequently, the
acting forces at both reverse shock sides have changed, leading to the disappearance of the
reverse shock at L1. At STA, the ICME deceleration has moved the position of the CIR’s
maximum speed (Vmax) back to the rear CIR boundary, similar to position at STB. The SIs
location has approached the Vmax location. These two changes made the profile of the
dynamic pressure near the rear of the CIR to return to a state similar to that seen at STB, and
thus, the reverse shock reappears. The ICME-CIR interaction at L1 and STA effects the HCS by
the growth of the heliospheric plasma sheet (HPS) at the front of the events which coincided
with the existence of the magnetic clouds within the CIR.
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Chapter 1
The Sun and Interplanetary Space
1.1 Introduction
The Sun is the source of the life on our planet, and the light and warmth that radiates from
this dynamic star influences not only the Earth but the entire solar system. The characteristics
of the so-called solar wind, although it was discovered 60 years ago, are still being
investigated by spacecraft today. Within interplanetary space, the interaction between the
solar wind and the interplanetary magnetic field which is bound to the Sun and expands along
the heliosphere has allowed solar charged particles to propagate through it in spiral patterns
due to the solar rotation. The most important interplanetary large-scale features in this
medium are interplanetary coronal mass ejections (ICMEs) and stream interaction regions
(SIRs). The following chapter is an overview of the dynamic Sun, the interplanetary medium
and the large-scale features of the interplanetary medium.

1.2 The Solar interior and Atmosphere
The Sun is an ordinary star comprised of a mass of about 73.5% Hydrogen, 25% Helium and
1.5% other elements. Figure 1.1 illustrates the solar interior and atmospheric layers. The
boundaries of these layers are identified in terms of their radial distance from the Sun.

Figure 1.1 Solar interior and atmospheric layers associated with solar features: Sunspots, Prominence and Flare
https://www.nasa.gov/mission_pages/sunearth/science/Sunlayers.html
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The solar energy is generated by the fusion of hydrogen to helium in the Sun’s core. The
energy is transported from the core to the surface through both the radiative and convective
zones. The first layer of the atmosphere is a visible one, the photosphere, which has a
thickness of about 500 km and temperature of about 5800 k. The most noticeable features of
this layer are sunspots. They are the coolest part of the surface, with a temperature of about
4200 k. Sunspots occur over intense magnetic field regions and look dark only in comparison
with the surrounding hotter and brighter photospheric regions. Above the photosphere, the
temperature increases gradually to 8500 k with 2000 km thickness. This is the chromosphere.
Here the gas density is a million times lower than in the photosphere. Noticeable solar
features of this layer are spicules- fountains which rise and fall up to about a few million
metres with a speed of about 2000 m/s. The H- alpha images of this layer display massive
loops of dense and cool gas (with temperatures of around 104 k) and look dark against the
background disk where they called filaments. When the filament is seen at the limb of the
solar disk with a bright loop, it is called a prominence. At a height of about 2000 km above
the photosphere, the temperature rises rapidly over the space of a few hundreds of
kilometres, up to 500000 k. This is the transition zone. Within this thin region, hydrogen is
stripped of its electrons due to ionization. This region is often observed through the emission
lines of ions such as C IV or O IV. The outermost part of the solar atmosphere is the Corona.
In this region, the temperature continues to rise and reaches 106 k at about 8000 km. Figure
1.2 displays the temperature and density of the solar atmospheric layers.

Figure 1.2 A 1D model of the Solar atmospheric layers showing temperature Te[k] and electron density Ne[cm -1]
(Gabriel and Mason, 1982)

1.3 The Solar Corona
The corona, from the Latin word meaning 'Crown' is the outermost solar atmosphere layer,
which continuously expands out into the heliosphere. During a total solar eclipse, it is the only
visible solar atmospheric region, as depicted in Figure 1.3. Coronagraphs are special
telescopes containing an occulting element used to observe the extended corona outside of
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a total solar eclipse. The corona can also be observed in the radio (Kruger and Schmahl, 1981),
UV (Gabriel, 1971), and Soft X Ray SXR (Vaiana et al., 1973). The transition to higher
temperatures ends in the corona with a temperature of about 106 k and starts to elevate
gradually, as illustrated in Figure 1.2. Within the corona itself, the density, magnetic field
magnitude and electron temperature vary considerably depending on the type of region (e.g.
open or closed magnetic field). Large-scale closed-field regions are associated with active
regions and sunspots in the low corona and photosphere. Open-field regions are called
coronal holes, and extend outwards into the heliosphere. Temperatures range from less than
1 MK in the solar quiet regions to more than 3 MK in active regions. The distribution of open
and closed regions changes with the 11-year solar activity cycle. The magnetic field flux is also
variable, ranging from about 10-3 T in quiet regions to about 0.4 T in active regions (Feldman
and Landi, 2008;Wiegelmann et al., 2014).

Figure 1.3 White light image of the corona during the July 11, 2010 total solar eclipse. The image has been
processed with Adaptive Circular High-Pass Filter by Habbal et al. (2013)

The light emanating from the corona contains two components: The K- and F-coronae. The
low corona shines by visible photospheric lights scattered by coronal electrons, which are
superposed with bright emission lines. This electron scattered component is called the Kcorona (from the German Kontinuum) and emits as a continuous spectrum without
Fraunhofer lines (absorption lines). The K-corona is dominant until about 2Rʘ Solar radii (Rʘ =
6.96 x 105 km) and its observations are used to infer the electrons density and other
diagnostics. The second coronal component is the F- corona, which is the sunlight scattered
from interplanetary space dust particles. This coronal component becomes dominant beyond
2.5 Rʘ.
The coronal shape changes during the 11 years of the solar cycle. At solar minimum, the
densest or brighter corona is seen confined within the helmet streamers and is long and
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symmetrical at the equator, with faint plumes at the dim poles. The helmet streamers are
sandwiched between opposite magnetic polarities and are associated with the extended
equatorial neutral current sheet. At solar maximum, the shape is more complex, less
symmetrical and can contain streamers close to the poles. Figure 1.4 shows the coronal open
and closed field lines configuration over a period of about 16 years. Panel (a) displays the
bimodal field lines distribution during solar minimum. Here it can be seen that the streamer
belt lies clearly at the equator. Coronal holes occupy mid and high latitudes. Panel (b) shows
the closed field loops dominating most of the Sun’s surface, with a streamer belt tilted around
the equator. Coronal holes are much smaller and may appear at any latitude. Panel (c) shows
the field lines returning to the solar minimum configuration as in panel (a) but with a solar
magnetic polarity flip.

Figure 1.4 The upper panels display a coronal radial plot and solar wind speed as a function of latitudes of 3
Ulysses polar orbits of the Sun during solar minimum (a), maximum (b) and (c) more than 3 quarters of the third
orbit occurring around the solar cycle declining phase. The interplanetary magnetic field shows red for inward
polarity and blue for outward. The lower panel (d) shows the solar cycle sunspots number (McComas et al., 2008).

1.4 Active regions and the Solar cycle
Active regions are areas of strong magnetic field that appear in EUV and X-ray images as nests
of bright and closed magnetic flux tubes rooted in the photosphere. These regions are caused
by magnetic flux rising from the subsurface into the corona and are associated with sunspots.
Magnetic field instabilities lead to reconnection, which can trigger the eruption of a bright
solar flare. Active regions are dense features in the low corona with a typical electron density
about 109 cm-3 (Del Zanna and Mason, 2003). They contain temperatures ranging between
about 1-4 million K (Brooks et al., 2011;Aschwanden et al., 2013;Leonard and Morgan, 2014).
In addition, active region numbers and distributions reveal a strong association with sunspots.
Sunspot locations, sizes and numbers change at all Sun disk’s latitudes on both hemispheres
during the nearly periodic 11-years solar cycle. At the beginning of the cycle, sunspots appear
at ± 30 degrees latitudes and drift down towards the equator, where they end up at the end
of the cycle. Figure 1.5 displays sunspot latitudes and areas from 1870-present in a butterfly
diagram.
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Figure 1.5 Upper: the butterfly diagram of sunspots distributions with latitudes at both hemispheres. Sunspot
positions start with mid-latitudes and move toward the equator as the solar cycle progresses. Bottom: the
average daily sunspots area as a function of time. https://solarscience.msfc.nasa.gov/SunspotCycle.shtml.

During the solar maximum period, flares, filament eruptions and coronal mass ejections
happen more often, which is associated with significant changes in solar UV and EUV radiation
and material ejections. More sunspots lead to an increase in manifestations of solar activity.
Figure 1.6 shows the progress of active regions during solar cycle 23.

Figure 1.6 Two Solar images taken by SDO/AIA in EUV composed of 171, 193 and 211 A channels, displaying the
active region changes during the solar cycle. The left half was taken in May 2010 (end of the latest solar minimum
activity period). The right half was taken in December 2014 (current solar maximum period) (Morgan and
Taroyan, 2017).
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1.5 Filaments, Coronal Mass Ejections (CMEs) and Flares
Filaments are massive loops of dense and cool material arching up from the photosphere and
suspended along magnetic field lines. By using EUV observations, filaments appear dark in
absorption on the solar disk, in contrast to the bright corona. When seen above the Sun’s
limb, they appear brighter than the surrounding corona and are called Prominences (Figure
1.7). They have a temperature of about 104 k, with electron densities ranging between 1091011 cm-3 (Labrosse et al., 2010). Filaments are often associated with Coronal mass ejections
and their cool material make up the CME core part (Vourlidas et al., 2013). Dark filaments in
H-alpha erupt and disappear on the disk when an eruption happens.

Figure 1.7 Filaments and Prominences that have formed above the chromosphere. They are typically observed in
H-alpha (656.3 nm). https://data.noaa.gov/dataset/solar-features-prominences-and-filaments.

Coronal mass ejections (CMEs) are spectacular large-scale eruptions of matter (electrons,
protons, and quantities of heaver ions such as helium, iron and oxygen) and have magnetic
fields that travel with broad distributions of velocities reaching 2000 km/s, even occasionally
exceeding 3000 km/s, with a typical mass between 1×1011 – 4 ×1013 g (e.g. (Hudson et al.,
1996;Yashiro et al., 2004)). The CME energy ranges from 10-2 – 10 J/m3 (Forbes, 2000) with
total kinetic and potential energies of 1022-1025 J, similar to solar flares (Emslie et al., 2004).
CMEs which originate from closed fields that erupt from the solar corona into the heliosphere
(Chen, 2011) are associated with flares, erupting filaments or both (Gopalswamy et al., 2003b)
CMEs can be observed in many wavelengths, including with the white light in which they were
detected for the first time by the coronagraph NASA’s seventh orbiting solar observatory
OSO-7 (Tousey, 1973), with soft x-rays (Gopalswamy et al., 1997), extreme ultra violet (Chen,
2009) and radio waves (Maia et al., 1999). According to their morphology, CMEs are classified
as belonging to one of two main shapes: 1) Narrow CMEs which display jet- like motions with
an angular width of less than 10° (Wang et al., 1998a) and 2) Normal CMEs, which consist of
a standard three-part structure: the bright front, the dark cavity, and the embedded bright
core representing the filament plasma (Illing and Hundhausen, 1985). Webb and Hundhausen
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(1987) found that about 30% of CME events have a 3-part structure. Figure 1.8 shows a typical
three-part structure CME as observed by SOHO/LASCO.

Figure 1.8 The standard three parts of the CME (core, cavity and bright front) observed by SOHO/LASCO on the
27th of February 2000. Adapted from Riley et al. (2008)

CMEs can be described as eruptions which contain a twisted flux rope originating from an
erupted filament. This filament is kept in equilibrium through closed magnetic field lines until
a magnetic instability leads to the equilibrium being lost and a flux rope rising upward. Down
the prominence and above closed magnetic field lines (see Figure 1.9), a magnetic
reconnection takes place at a current sheet (dark vertical line). The CME traps hot plasma
below it. The closed magnetic field region upper the prominence is supposed to erupted as a
magnetic flux rope in the interplanetary medium. So it contain cool and dense prominence
material (Lin et al., 2004;Chen, 2011). Figure 1.9 illustrates a CME eruption model.

Figure 1.9 A sketch of a CME eruption model. The magnetic reconnection occurs at the current sheet region (dark
vertical line). The small dark oval represents the prominence cool material. Adapted from Martens and Kuin
(1989).
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Flares are sudden rapid and intense eruptions associated with reconnection, which rapidly
convert stored magnetic energy into thermal energy (heating) and the acceleration of bursts
of highly energetic particles. The energy from flares can reach about 1025 J (Koskinen, 2011).
Their emissions can be observed by a wide spectrum ranging from radio to X ray (Howard,
2011). Solar energetic particles often originate in a flare. The relationship between them was
observed early by Forbush (1946). Flares are classified by their X-ray flux output into B, C, M
and X classes. This classification system was designed by the National Oceanic and
Atmospheric Administration (NOAA). Solar flares form over sunspots or active regions, and
tend to coincide with the 11-years solar cycle. There is no fixed relationship between flares
and CMEs, but flares are thought to be an aspect of the underlying CME process and are
associated with their eruption reconnection (Chen, 2011). Wang and Zhang (2007) found that
about 10% of X class flares were not associated with CMEs. Many models show the
relationship between H-alpha ribbons, CMEs and disappearing filaments. Figure 1.10 is an
example of such a model.

Figure 1.10 The relationship between the flare H-alpha ribbon, prominence and the CME’s three parts (Forbes,
2000).

1.6 Coronal Holes
Coronal holes are regions of open magnetic field lines located within the corona. They appear
as dark areas when observed in X-ray and EUV images (Figure 1.11). This darkness is due to
their low temperature and densities. Solar material evacuated along the unipolar field lines
of coronal holes generates high speed solar wind streams (HSSs). At solar minimum, large
coronal holes dominate the North and South Pole regions whereas small equatorial coronal
holes are seen at low- and mid-latitudes at solar maximum. They are either isolated or possess
a polar extension. Coronal holes’ HSSs are less tightly wound in the Parker spiral patterns. A
compressed boundary between a high speed solar wind and slow solar wind in front of it
8

causes stream interaction regions (SIRs). When these regions pass by the Earth, disturbances
occur within the geomagnetic field, and auroras occur more frequently.

Figure 1.11 SDO/AIA 193 A Coronal hole’s image. From http://www.thesuntoday.org/tag/coronal-hole/

1.7 The Geoeffectiveness of Halo CMEs:
A Halo CME is a subset of CMEs (Howard et al., 1985). Large CMEs will appear as halo CMEs
when they are propagating towards or away from the observer. Therefore, CMEs that appear
as halos from Earth are more likely to be geoeffective. Through the use of a coronagraph
instrument, a halo CME can be seen surrounding the occulting disk. The major period of halo
CME observations begun in 1995 with LASCO, the space coronagraph on board SOHO which
regularly observed CMEs (Brueckner et al., 1995). Halo CMEs have been classified by
Gopalswamy et al. (2003a) as either :
- Type F (full halo), with a 360° angular width; appears surrounding the occulting disk of the
coronagraph. These are classic halo CMEs and originate from the active regions near the
centre of the visible solar front disk or the solar backside disk.
-Type A (asymmetric halo), with a 360°angular width; originates from the active region near
the visible solar limb. We can see type A CMEs through LASCO/C2 as a wide halo CME, but
they do not encircle the coronagraph occulting disk. They give a full halo appearance because
their extension on the opposite side can be seen. With time, they expand by to a C3 field of
view.
-Type P (partial halo), with a ≥ 120° angular width. They appear as incomplete halos
surrounding the occulting disk.
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The ability of CMEs to cause geomagnetic storms is known as geoeffectiveness. This is
measured in terms of geomagnetic index such as the Dst index (Gopalswamy et al.,
2007;Gopalswamy et al., 2008). CMEs have a high geoeffectiveness when they impact the
Earth with propagation angles exceeding 90° from the Earth’s line of sight, and their dominant
axial magnetic field faces southward (therefore more likely to reconnect with Earth's
magnetic field). Front side halo CMEs are potential sources of geomagnetic storms (Zhao and
Webb, 2003). This type of CME increases in geoeffectiveness when they originate from near
the central meridian (Cid et al., 2012). From 1996 to 2005, about 75% of disk halos were
geoeffective (Dst≤-50), whereas 60% of limb halos were geoeffective (Gopalswamy et al.,
2007). Likewise, ''the difference in flare sizes among geoeffective halos is not
significant''(Gopalswamy et al., 2007). The geoeffectiveness of halo CMEs is reduced with
increasing distance of their solar source locations from the central meridian. The overall
geoeffectiveness is smaller for limb halos and most of the huge magnetic disturbances are
caused by front side disk halos (Gopalswamy, 2009b). The probability of geoeffectiveness for
halo CMEs originating from the limb was investigated with 25 limb halo CMEs during solar
cycle 23, and only 4 of them were found to be geoeffective- all of these originating in the west
limb (Cid et al., 2012). The earth encountering front side halo CMEs are believed to be one of
the main drivers of hazardous space weather (Wang et al., 2014) . Figure 1.12 shows an
example of the geoeffectiveness of three types of halos.

Figure 1.12 Examples of (left) disk, (middle) limb, and (right) backside halo CMEs from LASCO/C2 with GOES XRay and Dst index plots (Gopalswamy et al., 2007).
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1.8 The Interplanetary medium
1.8.1 Solar wind and Interplanetary Magnetic Field (IMF)
The high temperature rising from the photosphere to the corona and then into interplanetary
space requires a high amount of energy input to the corona in order to maintain this large
temperature difference and the bulk outflow of the corona into interplanetary space. The full
details of this process are not yet known. To have a pressure decrease eventually with values
close to the interstellar medium pressure values, the continues rising in temperature make
the corona be not as a hydrostatic equilibrium medium, but a region of continuously
expanding of plasma. From 1951 to 1957, Biermann published a series of reports based on
the observations of comets tails, which led him to assume continuous solar radiations and
particles in all the time. The comet tail images revealed clouds moving along the rear, which
were used to measure speeds and accelerations of these particle emissions (Brandt, 1970).
Sydney Chapman (1957) formulated the first theory about coronal expansion by testing the
coronal expansion distance assuming a statistical formula and using the hydrostatic
equilibrium and thermal conduction:
𝑑𝑃
𝑑𝑟

(1.1)

= -𝜌𝑔

𝑑𝑇

F=-4𝜋r2k

(1.2)

𝑑𝑟

Where P is the coronal gas pressure at distance of r from the Sun’s centre. 𝜌 is the coronal
gas density at distance of r from the Sun’s centre. G is gravitational acceleration. F is the heat
flux, K is the thermal conductivity and T is the temperature in degree Kelvin (k).
Chapman considered the thermal conductivity important in sustaining the corona and its
expansion, and posited that the gaseous medium close to Earth is part of the coronal
extension. The different pressures between the corona and the interstellar medium hot gas
can produce enough pressure to contract the gravity, to ensure a constant material outflow
from the Sun. With this idea, Parker (1958) began to calculate the coronal expansion speed
as a function of height for various temperatures with the consideration of mass, momentum
and energy conservation. This study suggests that the corona base requires being heated with
a more active mechanism than the simple thermal conductivity, which is the thermal
convection (Akasofu and Chapman, 1972). Parker (1958) derived an equation of motion which
no longer relied on the idea of a hydrostatic corona: a supersonic spherical and isothermal
flow radially away into the interplanetary space like that of Biermann’s corpuscular radiation.
The outflow plasma kinetic pressure is much greater than the magnetic and thermal pressure.
This outflow was termed the Solar Wind. The driven equation of motion is:

Vr

𝑑𝑉𝑟
𝑑𝑟

1
= - 𝑛m

𝐺 MSun
𝑑
(2nRT)
𝑟2
H 𝑑𝑟
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(1.3)

Where n is total particle density, mH is hydrogen mass (1.6x10-24 gm), Vr is the radial velocity
of the coronal gas expansion, r is distance from the Sun’s centre, R is the Boltzmann constant
(1.4x10-16 erg/k), T is the temperature(k), G is the gravitational constant (6.67x10-8
cm3/gm. s2) and MSun is the Sun’s mass (1.99x1033 gm). This new view took into account the
solar wind outflow speed as a function of heliocentric distance for different coronal
temperatures (Figure 1.13).

Figure 1.13 Original solution for the solar wind expansion outward the Sun. Adapted from Parker (1958)

In addition, Parker suggested a magnetic field shape which was frozen-in to the radial outflow
of the solar wind, with the condition that the solar kinetic energy should be greater than the
magnetic field energy density. Since the magnetic field is about 10-9 tesla, this means that the
magnetic energy density should be about 4x10-13 J/m3, which is far smaller than the solar
wind kinetic energy density (4x10-10 J/m3). Consequently, the solar wind carries the
magnetic field outwards (Ratcliffe, 1972). The dominant orientation angle of the magnetic
field relative to the radial depends on the local solar wind velocity, distance and latitude.
The solar wind consist of electrons, protons, alpha particles and a low amount of other
elements. In situ measurements have discovered typical solar wind proton temperatures,
densities and speeds of about 1.2 x 105 k, 468 kms-1 and 8.7 cm-3. Table 1.1 shows the solar
wind statistical properties at 1 AU.

Table 1.1 Solar wind parameters at 1AU (around solar minimum), compiled by Schwenn (1990), (Schwenn, 2006).
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The Sun’s magnetic field is usually approximated to a dipole. It is generally tilted relative to the
Sun’s rotation axis and changes as the 11- year solar cycle progresses. Due to this rotation, the
interplanetary magnetic geometry, as proposed by Parker (1958), to be an Archimedian spiral,
which was later termed the Parker Spiral (Figure 1.14).

Figure 1.14 The Parker spiral in the solar ecliptic plane. The straight lines are the radial solar wind propagation
with a speed of 400 kms-1 (considered slow wind today). The spiral curves are the IMF lines which are embedded
in the rotating Sun and carried out radially by the solar wind. Arrows added to the field directions indicates their
polarity at the Sun (Parker did not specifically predict the interplanetary magnetic polarity and avoided electric
fields(E) and currents(j).adapted from (Parker, 1963)

With the solar rotation, the solar wind particles which are emitted from the same source
lines up to form the Archimedean spiral and Since the magnetic field lines extending through
these particles originate from the same source origin, the interplanetary field lines also form
these same spiral patterns, at an angle about 45° to the solar radial direction, and they rotate
with the constant angular solar wind velocity (Figure 1.15). The final configuration is a
magnetic axis aligned with the rotation axis (Russell, 2001).

Figure 1.15 Solar wind parcels leave the sun analogous the fluid spirals formed from the rotating sprinkler.
Adapted from Hundhausen (1995). (Russell, 2001)
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A more complex IMF configuration has been proposed by Fisk (1996) in an attempt to interpret
Ulysses high energetic particles at heliospheric high latitudes. This model showed that the
magnetic field foot points on the solar wind source rotate differentially around their axis. In the
process of moving away from the solar equator, the magnetic field line becomes gradually less
tightly wound with latitude, until a magnetic field line originating exactly from the point of the
pole remains purely radial. This means that the Sun’s magnetic field is not only constantly
expanding, but it is offset slightly from the Sun’s axis of rotation. The field lines in this model
connect directly from low to high heliospheric latitudes. Figure 1.16 shows three different IMF
models.

Figure 1.16 Three different IMF models. Top: Parker field configuration (without foot point motion). There is no
transport in latitude. The field lines are helices lying on cones with half angles equal to the source lattitudes. At
a given radial distance, the fields are tightly spiraled in the equator and radial over the pole. Middle: Fisk IMF.
Differential rotation into an asymmetric corona assumption(with foot point motion). Adapted from Zurbuchen et
al. (1997). Lower: random, with diffusive motions. Adapted from Jokipii and Kota (1989).(Zurbuchen, 2007).
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Between the opposite polarities of the northern and southern solar hemispheres, a neutral
boundary sheet arises, termed the heliospheric current sheet (HCS), expected to have a flat,
inclined shape near the sun.The HCS wraps around the Sun in the shape of a ballerina’s
twirling skirt (Figure 1.17).
IMF is a vector quantity B and has three directional axis components in the cartisian
coordinate system (Bx, By, and Bz). B is often weak and expressed in units of nano Tesla (nT)
with an average value of about 6 nT. Bx and By are oriented parrallel to the elliptic, whereas
Bz is perpendicular to the elliptic. When the IMF and the Earth magnetospheic field lines are
oriented antiparallel to each other, reconnection is more likely to occur, resulting in an energy
transfer from the solar wind to the magnetosphere. The strongest coupling between them
occurs when Bz oriented is southward.

Figure 1.17 A computer-generated visualisation of the HCS showing two oppositely-directed ridges (sectors) of
the skirt per solar rotation. Both of them adopt the parker spiral feature (Jokipii and Thomas, 1981). Image is
courtesy of J. Jokipii, University of Arizona.

The Sun’s rotational axis is tilted at 7 degrees to the Sun-Earth equatorial plane which explains
the 14-day polarity inversion. The changes over the Earth year is because the 7 degree angle
varies relative to Earth’s orbit. With the Sun’s rotation, the polarity pattern sweeps over the
Earth, causing a magnetic sector configuration in which the IMFs are inward for about 7 to 14
days and then outward as the Earth travels from the southern to the northern hemisphere.
During this interval, the streamer belt sweeps across the Earth twice with every solar rotation
(Figure 1.18).
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Figure 1.18 Three-dimensional scheme of the interplanetary pattern with the streamer in relation to the ecliptic
plane. Because of the streamer belt’s 7.2 degree tilt, it will sweep across the Earth twice every solar rotation.
Adapted from Hundhausen (1977)

1.8.2 Magnetohydrodynamics (MHD)
Magnetohydrodynamic describes electrically conducting fluids (hydro), such as plasma, in the
presence of the magnetic field (magneto). The MHD equations combine the reduction of the
non-relativistic approximation of Maxwell’s equations and the dynamics of the neutral plasma
equation of Navier-stokes extended by the Lorentz force term, the equation of mass
continuity of the plasma Ohm’s law and the adiabatic gas law.
The fundamental equations of the MHD use the assumption:
𝜕𝜌
𝜕𝑡

+ 𝛻.(𝜌𝑉) = 0

(1.4)

This is the continuity equation which describes the relationship between the plasma density
(𝜌) and the fluid velocity (V ) in time(t ).
Another equation that describes the conservation of momentum is the equation of motion:
𝜌

𝜕𝑉
+ 𝜌(𝑉. 𝛻)𝑉 = −𝛻𝑃 + 𝑗 × 𝐵 + 𝑞𝐸 + 𝜌𝑔 + 𝐹
𝜕𝑡

(1.5)

Where 𝛻𝑃 is the plasma pressure gradient, 𝑗 is the current density (given by the Maxwell
1
equation: 𝑗 = 𝜇 𝛻 × 𝐵), B is the magnetic induction, 𝑗 × 𝐵 is Lorentz force per unit volume, 𝑞
is the charge density, 𝐸 is the electric field strength, 𝜌𝑔 is the gravitational force and 𝐹
indicates the effect of viscosity.
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Equation (1.5) relates the fluid velocity (𝑉) to density (𝜌) and to the electromagnetic Lorentz
force acting on the fluid element.
The heat elevations or reductions can express by the energy equation as the net effect of
energy production and loss, as the plasma propagate in the space:
𝜕𝜌
+ 𝑉. 𝛻𝑃 + 𝛾𝑃𝛻. 𝑉 = 𝐸𝑙
𝜕𝑡

(1.6)

Where 𝐸𝑙 is the total energy loss function and 𝛾 is the ratio of specific heat at constant
pressure to specific heat at constant volume. The temperature 𝑇 of the plasma can be
determined from the ideal gas pressure 𝑃 and the density 𝜌 using the equation of state:
𝑃 = 𝑅𝜌𝑇 = 𝑛𝐾𝐵 𝑇

(1.7)

Where 𝑅 is the universal gas constant (8.3×103 m2 s-2 deg-1), 𝑛 is the total number of particles
per unit volume and 𝐾𝐵 is Boltzmann constant (1.381× 10-23 J deg-1).
These fundamental equations follow the assumption that the concept of charge
conservations is irrelevant, which means:
𝑞𝐸 → 0 under MHD approximation, and Poisson’s equation (𝛻𝐸 =

𝜌𝑒
𝜖

) becomes:
(1.8)

𝛻𝐸 = 0

Where ρe is the charge density and 𝜖 is the permittivity of free space.
Calculating the curl of the electric field 𝐸 and using one of Maxwell’s equations:
𝛻×𝐸 =−

𝜕𝐵

(1.9)

𝜕𝑡

The magnetic field B must satisfy the condition of Gauss’ law for B:
𝛻. 𝐵 = 0

(1.10)

This equation means that there are no magnetic sources or monopoles.
By merging of Ampere’s law (𝛻 × 𝐵 = 𝜇0 𝑗) and Ohm’s law ( 𝑗 = 𝜎(𝐸 + 𝑉 × 𝐵)) leads to the
induction equation, which eliminates the electric field and relates 𝑉 to 𝐵 and finally leads to
the derivation of Alfven’s frozen flux theorem.
𝛻 × 𝐵 = 𝜇0 𝜎(𝐸 + 𝑉 × 𝐵)

(1.11)

Using Faraday’s law and assuming that 𝜎 is constant:
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𝛻 ×(𝛻 × 𝐵)= 𝜇° 𝜎 (−

𝜕𝐵
𝜕𝑡

+𝛻 ×(V× 𝐵))

𝛻 ×(𝛻 × 𝐵)= 𝛻(𝛻. 𝐵) − 𝛻 2 B = −𝛻2B

𝜕𝐵
𝜕𝑡

= 𝛻 × (𝑉 × 𝐵) +η𝛻2𝐵

Where η (Ohmic magnetic diffusivity) =

(1.12)

(1.13)

(1.14)

1
𝜇0 𝜎

The MHD induction equation expresses that a magnetic field can change due to plasma
motion or diffusion.

1.8.3 Plasma and Electromagnetic Field
Plasma react strongly to electromagnetic fields and therefore, the field of electric and
magnetic forces is important to understanding the behaviour of solar and interplanetary
plasma. Charged particle (q) in the plasma moves under the influence of Lorentz force.
Subsequently, its equation of motion is:
𝑚

𝑑𝑉
= 𝐹 = 𝑞(𝐸 + 𝑉 × 𝐵)
𝑑𝑡

(1.15)

Where V is the velocity of the charged particle, E is the electric field and B is the magnetic
field.
In the Lorentz force, the electric field accelerates negative and positive charges in opposite
directions, whereas the magnetic part is always perpendicular to the velocity of the particle.
Therefore the magnetic field can only change the particle’s path(it cannot work on the
charge). Figure 1.19 displays the charged particles movements in a circular motion about the
magnetic field lines within a static and homogeneous magnetic field, with an angular
frequency, also called gyro frequency, for species α :

𝜔𝛼 =

𝑞𝛼 𝐵

(1.16)

𝑚𝛼
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Figure 1.19 Left: positive and negative charges accelerate to opposite directions by the electric field of the
Lorentz force. Right: the magnetic part of the Lorentz force change the path of the particle(right-hand rule).

The Lorentz force per unit volume acting on electric current density ( J= ρqV ) and charge
density is given by :
f = ρq E+J ×B

(1.17)

Equation (1.17) describes a simple harmonic oscillator at the gyro frequency. For an electron
𝜔𝛼 = 1.76 X 1011 B , while for proton 𝜔𝛼 = 9.58 X 107 B. The unit of gyro frequency is rad s-1
and B is given in Tesla. The radius of this gyro motion is gyroradius:

r=

𝑚𝑣

(1.18)

𝑞𝐵

Where 𝑣 is the particle velocity perpendicular to the magnetic field.
The particle motion is divided into two components: 1- linear motion along the magnetic field
at a constant velocity. 2- circular motion in the plane perpendicular to the magnetic field. The
trajectory of a charged particle can illustrated in Figure 1.20.

Figure 1.20 The helical trajectory of an charged particle in a homogeneous magnetic field.
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1.8.4 Heliospheric Current Sheet (HCS), Sector Boundary Crossing (SBC), and
Heliospheric Plasma Sheet (HPS).
The HCS was discovered by Wilcox and Ness (1965) and defined as the boundary which
divides interplanetary space into two hemispheres with oppositely directed magnetic fields
polarities (outward and inward) originating from the Sun (
Figure 1.21) (Svalgaard et al., 1975). During the Earths passage through the sheet, its magnetic
field orientation changes, which is referred to a sector boundary crossing (SBC). This
orientation is displayed by the interplanetary magnetic field azimuthal angle (ϕB), and
changes based on changes to the Bx and By magnetic field components. It is oriented outward
when its values are between 90 and 270 degrees. Sector boundary crossing areas are
associated with a rising in plasma density and a reduction of solar wind speed (Smith, 2001).

Figure 1.21 Heliospheric current sheet dividing the towards (red points) and away (blue points) magnetic field
lines from the Sun. Adapted from Smith et al. (1978).

The Heliospheric Plasma Sheet (HPS) is defined as a sheath which encases (Crooker et al.,
2004a) straddles (Winterhalter et al., 1994) or borders (Suess et al., 2009) the HCS. It can be
identified by the presence of an enhancement in the solar wind plasma density, plasma beta,
a decrease of the He/H in the vicinity of the HCS as well as the inversion of the interplanetary
magnetic field sector (Winterhalter et al., 1994;Borrini et al., 1981;Simunac et al., 2012).
Figure 1.22 displays a HPS scheme which extends the helmet streamer and surrounds the HCS.
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Figure 1.22 A plasma sheet scheme view of a heliospheric extension of the coronal streamer belt surrounding the
HCS with a high-density region (Gosling et al., 1981).

The sector boundary is assumed to be the equivalent of the current sheet, which allows for
the possibility of its identification from the magnetic field invasion from inward to outward
the Sun (or vice versa) along the interplanetary Parker spiral. This assumption is not always
correct, as the advent of the suprathermal electron pitch angle distribution has shown. Using
energies > 2kev, Kahler and Lin (1994) and Kahler and Lin (1995) found a high degree of
mismatch between the sector boundaries which were identified by the magnetic field
reversals and those which were identified by electrons streams polarity reversals. Crooker et
al. (1996) and Kahler et al. (1998) used an adaptive technique assuming that the heat flux
would flow outwards from the Sun strahl through the magnetic field lines either parallel or
antiparallel to the interplanetary magnetic field direction. The electron direction relative to
the magnetic field displays a real polarity even as the local field lines folded back on
themselves. The new technique allowed scientists to identify true and false sector
boundaries. By using low energy solar wind electrons heat flux, Crooker et al. (1996) tested 2
days of October 1978 of ISEE data, encountering 14 reversals of the magnetic field lines, and
proposed predictions for the directions of heat flux and the magnetic field scheme (Figure
1.23).
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Figure 1.23 An ecliptic cross section illustrating the electrons heat flux- magnetic field relation with the local and
global current sheet (HCS). It shows the magnetic field B direction (solid-headed arrows) and the electron heat
flux Q direction (open- handed arrows) during a spacecraft passage through a folded HCS (from a to b) which
separate an inward sector on the left from outward sector on the right, indicated by shading. The HCS is folded
back on itself in a limited region (local). Across the HCS, the sign of Q.B changes but remains the same across the
local region where both Q and B change sign. Adapted from Crooker et al. (1996) (Crooker, 1999)

Crooker et al. (1996) proposed a flux tube structure wrapped around another such structure.
Due to these structures, a pocket of local reversed polarities occurs. The false polarity pockets
can be created through this occurrence (Figure 1.24).

Figure 1.24 A schematic diagram intended to interpret the directions of the magnetic field lines and the heat
flux along the passage of the spacecraft through the folded heliospheric current sheet. A pocket of locally flipped
polarity is produced as a result of the flux tube wrapping around another. Adapted from Crooker et al. (1996)
(Crooker, 1999)

The solar wind heat flux electrons pitch angle distributions have been used to identify the
magnetic polarities of IMF around the HCS (Kahler et al., 2003). By using suprathermal
electron pitch angles (3DP wind) with energies of > ∼ 80 eV, solar wind ion and magnetic field
data, and analysing eight cases of inversions during nine successive solar rotation for the
period of Dec 1994-Aug 1995, Crooker et al. (2004b) discovered mismatches between sector
boundaries identified by both sets of data. Many sector boundaries without magnetic field
azimuth angle (φB) reversals have been found. The mismatched intervals are attributed to the
local magnetic fields inversions during their travel through the sector boundary location. This
signature is consistent with the passage of coronal stream belt loops which are magnetically
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opened by the interchange reconnection released by one of the two loop legs from the Sun,
and the polarity of each of the two legs matches the SB structure. The details of the
interchange reconnection process are discussing in the section 1.9.10. Figure 1.25 displays
an example of the sector boundary not always fitting with the Winterhalter et al. (1994) HPS
definition and coinciding with the HCS.

Figure 1.25 Diagram showing the time variations of 92s values of suprathermal electrons (3DP Wind) 320 eV
pitch angle distribution (first panel), SWE Wind azimuthal magnetic field ɸB in GSE coordinate (second panel),
ion beta (third panel) and proton density n and magnetic field magnitude B in the last panel. The sector boundary
crossing CS is identified by the red dashed lines depending on the electrons heat flux reveals in case: (a) there
was HPS, HCS and Sector boundary crossing matching. The HPS defined by the coincidence of sector boundary,
high plasma beta and ɸB reversal (HCS). (b) a HPS-sector boundary matching with a complicated HCS. (c) a sector
boundary without HCS and a sector boundary without HCS and HPS. (d) a sector boundary with a HCS but no HPS.
(Crooker et al., 2004a)

Owens et al. (2013) have proposed five possible heliospheric magnetic field configurations
and corresponding sector boundary crossings and heliospheric current sheet relative positions
(Figure 1.26). These new categories clarify the relationship between the suprathermal
electron pitch angle distributions and the interplanetary azimuthal magnetic field Bϕ and
explain how the SB-HCS mismatch is caused as a result of the local magnetic fields, which turn
back over themselves during their way to the sector boundary.
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Figure 1.26 Five types of configurations of HCS and SBC. (a) the ideal configuration with HCS-SBC matching. (b)
ideal HCS with a SBC amongst a double streaming electrons period (HCS-SBC mismatching). (c) a local magnetic
field has turned back on itself (mismatching and matching). (d) a HCS without SBC and a local magnetic field
flipped back on itself. (e) HCS-SBC mismatching because of the interchange reconnection near the sun. (Owens
et al., 2013)

1.9 Interplanetary Coronal Mass Ejections (ICMEs)
1.9.1 ICME structure
Interplanetary coronal mass ejections (ICMEs) are interplanetary manifestations of coronal
mass ejections (Zurbuchen and Richardson, 2006). They are large-scale interplanetary
magnetic structures which propagate through interplanetary space and sometimes impact on
Earth (Richardson and Cane, 2010). The main substructure of the ICME is the magnetic cloud
(MC). So, Some ICMEs are called magnetic clouds (details in section 1.9.3). During their
movement from the Sun, MCs move through the interplanetary medium, and when they are
fast enough (being faster than the surrounding solar wind), plasma and magnetic field
accumulates at their front boundary, forming high magnetic strength, speed and temperature
fronts called shocks, which are identified by in situ observations as a sudden increase in
magnetic field, proton temperature, density and speed. The separated turbulent region
between the front shock and the MC is called the Sheath (Gosling, 1990). It is a compressed,
dense and heated solar wind region compared with the MC and the ambient solar wind
(Mitsakou and Moussas, 2014), and contains large amplitude fluctuations of the magnetic
field, which often contains a high southward Bz magnetic field component that can affect the
Earth’s magnetosphere (Tsurutani and Gonzalez, 1997;Gonzalez et al., 2002). When the ICME
has a shock it is called an ICME-driven shock (Wimmer-Schweingruber et al., 2006) (Figure
1.27).
Propagating fast shocks in the interplanetary space are divided with respect to the ambient
solar wind frame of reference to forward shock that propagate toward the encountered
slower solar wind, and reverse shock propagate back into the following solar wind. During the
ICME propagation, deformations in the shock surface can arise both from asymmetries in the
ICME’s internal structure and in the ambient solar wind into which the ICME propagates.
Many studies suggest that shocks can be observed over about 90 degrees in longitude from
the position of solar energetic events compared with up to about 50 degrees for related
ICMEs(Richardson and Cane, 1993).
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Figure 1.27 Schematic of an ICME, turbulent sheath region and an ICME- driven shock (after Liu et al. (2006)

In situ instruments on spacecraft that measure the solar wind identify ICME shocks by
recording a sudden rise in plasma magnetic field, speed, temperature and density. The
earliest remote measurement of a shock in the corona is a metric type II radio burst (Nelson
and Melrose, 1985), which is thought to occur due to the acceleration of the non-thermal
electrons by the plasma emission mechanism at the front of the shock (Gopalswamy, 2009a).
Energetic particles are another feature of interplanetary shocks (Wild and Smerd, 1972). Ion
and electron acceleration at the ICME-driven shock leads to the emission of energetic
particles (Kahler et al., 1978). ICMEs also interact with the ambient solar wind, therefore the
identification of ICME boundaries ‘has been highly subjective and controversial’
(Gopalswamy, 2006). It is difficult for the spacecraft to detect the sheath region (Zhang and
Burlaga, 1988), but there is a higher chance of detecting the shock wave because it occupies
a larger spatial region than the magnetic cloud (MC) (Schwenn, 2006).
As the ICME propagates itself through interplanetary space, many of its internal
characteristics and configurations change and extend. This means that is signatures are not
always noticeable in all events (Gopalswamy, 2006). One of the parameters which remains
the same is the charge state or ionization level, which stays high inside the MC (Rodriguez et
al., 2004). It can be used to identify the ICME in the Heliosphere by using a sum of properties
related to its temperature, velocity, magnetic field and density.

1.9.2 ICME in situ signatures and parameters
The term Magnetic cloud was first suggested by Morrison (1954), and is used to refer to the
magnetic field and plasma ejections from the Sun (Klein and Burlaga, 1982). It is a
substructure of the ICME (Richardson and Cane, 2010). Using multi-spacecraft observations,
Burlaga et al. (1981) confirmed the distinct substructure of a MC, which follows a turbulent
region behind a front shock wave. They defined the MC as a solar wind structure with a
coherent smooth magnetic field direction rotation and a high magnetic field magnitude in
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comparison with the ambient background (Figure 1.28). This signature is associated with a
low proton temperature and is displayed over a time interval of about 24 hours. At the orbit
of the Earth, the MC characteristically displays a magnetic field magnitude enhancement (>10
nT) and a radial size of about (0.25) AU, while the direction rotates smoothly during a large
angle (Klein and Burlaga, 1982). However, these measurements are not detected in all ICMEs
(Richardson and Cane, 2010). One of the most important changes in the MC is the rapid
decrease in plasma pressure with solar distance. This process means that the flux rope will be
driven into radial expansion (Démoulin and Dasso, 2009).

Figure 1.28 The idealized view of the proposed MC magnetic field line geometry on a global scale based on the
Lundquist (1950) solution and the global configuration sketch of a MC and four spacecraft (Helios A and B, IMP8
and Voyager 2) where the in situ measurements have been taken from them (Burlaga et al., 1990). Modified with
permission from L. Burlaga, Global configuration of a magnetic cloud, pp. 373-377 in Physics of Magnetic Flux
Ropes, Geophysical Monograph 58, C.T. Russell, E.R. Priest, and L.C. Lee, eds., American Geophysical Union,
Washington, D.C., 1990 by"3 Formation of Structures and Transients" National Research Council.

On average, MCs account for about 30% of ICMEs (Wu and Lepping, 2011). Du et al. (2010),
however, found that about 43% of ICMEs were MCs. This percentage is not constant, but
changes with the sunspot cycles, from about 15% at solar maximum to about 100% at solar
minimum (Kilpua et al., 2012).
The solar wind possesses complex structures of plasma and magnetic field. In order to detect
ICMEs, scientists use many practical criteria, such as plasma beta, which displays the ratio of
the solar wind thermal pressure to its magnetic pressure, forming a scale of domination in
the solar atmosphere and heliosphere.
The magnetic pressure PB is calculated using the magnetic field transverse to its direction:

PB =

𝐵 2 (𝑇𝑒𝑠𝑙𝑎)

(1.19)

2𝜇o
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Where B is the magnetic field magnitude, and 𝜇 o is the permeability of free space (4𝜋 x 10-7
NA-2).
Thermal pressure Pth is generated by the hot coronal plasma owing to thermal motion of its
particles:

Pth = NkT

(1.20)

Where N is the particle number density, k is Boltzmann constant (1.38065 x 10-23 JK-1), and
T is the temperature.
Pth and PB become equal for B :

B =[(2𝜇 ok) NT ]1/2

(1.21)

The value of Plasma β in the solar atmosphere varies from greater than 1(β˃1) in the lower
region (photosphere), to less than 1(β˂˂1) in the mid Corona, and β˃1 in the upper region of
Corona. Within MCs, the magnetic pressure is typically high which dominates this region and
that leads them to have a low plasma (>1) compared with the ambient solar wind where β is
relatively high. Figure 1.29 shows a plasma beta model over an active region and illustrates β
as a function of height. The gas pressure here dominates the magnetic pressure in the
photosphere and upper corona.

Figure 1.29 A plasma beta model of the solar atmosphere for the assumed field magnitudes of between 100 G
and 2500 G (grey area). Adapted from (Gary, 2001), taken from (Lang, 2013).

Similarly, lower temperatures are recorded in MCs than in the ambient solar wind, due to
their expansion through the interplanetary medium (Richardson and Cane, 1995;Cane and
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Richardson, 2003). An unusually low proton temperature during anomalous solar wind
intervals has been recorded by Gosling et al. (1973). This phenomenon has been linked to
interplanetary MCs by Richardson and Cane (1995) based on an empirical correlation that was
computed between the solar wind speed and its proton temperature (Lopez, 1987). They
concluded that Tp < 0.5Tex can be considered as a criterion to identify these interplanetary
ejecta, where Tex is the expected proton temperature obtained from Lopez (1987), with the
empirical correlation computed based on two solar wind velocities:

(0.031 VSW - 5.1)2 × 103,

VSW < 500 Km/s

(0.51 VSW - 142) × 103,

VSW ≥ 500 Km/s

Tex (K) =

Although the ICME temperature reduction and Tp <0.5Tex ration are different in MC and nonMC ejecta, and during ICME-ICME interaction, the authors still use it as one of the main
reliable in situ signatures for ICMEs (Zurbuchen and Richardson, 2006). The ICME propagation
and evolution through interplanetary space are significantly dependent on its ejecta velocity.
The individual MC speed plasma morphology often displays steady decelerations in
accordance with its expansion ranges, taking into consideration that not all MCs appear to
have an expansion signature. This behavior is changeable when MCs are associated with
corotating interaction regions and a coronal high-speed stream.
In spite of the radial reduction in the density of the solar wind ions, the relative abundance of
helium remains constant throughout a large distance of the heliosphere (Von Steiger and
Richardson, 2006). It has been put forth that helium abundance is the best signature with
which to track an ICME in interplanetary space. The He+2/H+ ratio is one of the most utilized
and reliable ICME composition signatures which reflects the enhanced alpha particles to
proton ratio. The typical ICME Nα/Np is about > 8% (Borrini et al., 1982).
Table 1.2 provides a summary of in situ ICME signatures at 1 AU. ICMEs have many distinct
characteristics, but they have no one unique set of properties. Just a few ICMEs have all the
listed characteristics (Richardson and Cane, 2010). Figure 1.30 shows a sample event of ICME
magnetic and solar wind morphologies:
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Signature
B1: B Rotation
B2: B Enhancement

Description
>>30˚, smooth
> 10 nT

Selected reference
Klein and Burlaga (1982)
Hirshberg and Colburn (1969);
Klein and Burlaga (1982)
Pudovkin et al. (1979); Klein and
Burlaga (1982)
Janoo et al. (1998)

B3: B Variance decease
B4: Discontinuity at ICME
boundaries
B5: Field line draping around
ICME
B6: Magnetic clouds

(Gosling and McComas, 1987);
(McComas et al., 1989)
(B1, B2 and 𝛽=

∑𝑛𝑘𝑇
𝐵2 /(2𝜇0 )

<1)

P1: Declining velocity
profile/expansion
P2: Extreme density decrease
P3: Proton temperature decrease

Monotonic decrease

P4: Electron temperature decrease
P5: Electron temperature
increase
P6: Upstream forward
shock/” Bow Wave”
C1: Enhanced α/proton ratio

Te < 6 x 104 K
Te >>Tp

C2: Elevated oxygen charge states

O7+/O6+ > 1

C3: Unusually high Fe charge

‹Q›Fe > 12; Q Fe>15+ > 0.01

C4: Occurrence of He+

He+/ He2+ > 0.01

C5: Enhancements of Fe/O

(Fe/O)CME
>
(Fe/O)photosphere

C6: Unusually high 3He/4 He

(3He/4He)CME
>
(3He/4He)photosphere

≤1 cm-3
Tp < 0.5Texp

Rankine-Hugoniot relations
He2+/H+ > 8%

5

2

W1: Ion acoustic waves
S1: Bidirectional strahl electrons
S2: Bidirectional ~ MeV ions

2nd harmonic > 1st harmonic

S3: Cosmic ray depletion
S4: Bidirectional cosmic rays

Few % at ~ 1GeV
2nd harmonic > 1st harmonic

(Klein and Burlaga,
(Lepping et al., 1990)

(Klein and Burlaga, 1982); (Russell
and Shinde, 2003)
(Richardson et al., 2000)
(Gosling et al., 1973);(Richardson
and Cane, 1995)
(Montgomery et al., 1974)
(Sittler and Burlaga, 1998);
(Richardson et al., 1997)
(Parker, 1961)
(Hirshberg et al., 1972); (Borrini et
al., 1982)
(Henke et al., 2001); (Zurbuchen
et al., 2003)
(Bame et al., 1979); (Lepri et al.,
2001); (Lepri and Zurbuchen,
2004)
(Schwenn et al., 1980); (Gasling et
al., 1980); (Gloeckler et al., 1999)
(Ipavich et al., 1986)

(Ho et al., 2000)

(Fainberg et al., 1996); (Lin et
al., 1999)
(Gosling et al., 1987)
(Palmer et al., 1978); (Marsden
et al., 1987)
(Forbush, 1937); (Cane, 2000)
(Richardson et al., 2000)

Table 1.2 Summary of ICME properties at 1 AU. Adapted from (Zurbuchen and Richardson, 2006)
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1982);

Figure 1.30 A standard ICME-driven shock recorded by STEREO B. The panels display: the magnetic field strength
with RTN components, proton speed, proton density, proton temperature, plasma beta and total perpendicular
pressure. The ICME consists of the forward shock, sheath, MC flux rope and reverse shock (Möstl et al., 2009).

1.9.3 ICME, Ejecta and the Magnetic cloud (MC)
During the last 40 years, ICME had various names such as, ejecta, piston, and driver gas
(Richardson and Cane, 2010). Burlaga et al. (1981) defined an ICME possessing a flux rope as
a magnetic cloud (MC). During the passage of a spacecraft into the inner regions of the ICME,
all plasma and magnetic field parameters experience significant changes, including plasma
temperature, velocity and density. Also, the characteristic magnetic field magnitude and
direction will manifest differently depending on the spacecraft’s trajectory within the ICME.
This trajectory has six general scenarios (Gopalswamy, 2006) as is shown in Figure 1.31:
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Figure 1.31 Illustrates the six general tracks of a spacecraft through an ICME. The six tracks are divided into two
possibilities: ICME with a shock, sheath, and MC (left), and ICME with only a MC (right).(Gopalswamy, 2006)

Track 1: the spacecraft traverses the ICME only through the shock.
Track 2: the spacecraft pass through the shock and the sheath of the ICME (track 1 and 2
never encounter the nose of the ICME).
Track 3: the spacecraft passes through the shock, the sheath and the MC.
Track 4: the spacecraft trajectory travels the path of shock+ sheath+ ejecta (the flank of the
MC where there is no flux rope).
Track 5 and 6: the trajectories are similar to 4 and 3 respectively, but without shock and
sheath.
According to the above scenarios, the passage trajectory of the spacecraft decides the
appearance of the flux rope. One of the most significant questions is how to explain the
relationship between MC and ejecta. The answer can be determined by the spacecraft’s
trajectory scenario in Figure 1.32 .

Figure 1.32 Schematic illustration of a spacecraft travelling through an ICME (Riley and Richardson, 2013).
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The Riley and Richardson (2013) scenario depicted in Figure 1.32 suggests that all ICMEs have
a magnetic cloud (the flux rope region), which is embedded inside the huge ejecta. When the
spacecraft passes sufficiently close to the flux rope region, the MC can be observed. By
assuming a flux rope launched in a heliographic equator with a cross section as illustrated in
Figure 1.32, it can be expected that the spacecraft will intercept the MC over a wide range of
longitudes (magnetic field rotation) but confined to near-equatorial latitudes. On the other
hand, when the spacecraft trajectory occurs at higher latitude, it will pass through the shock,
the sheath and finally the ejecta, and there is no magnetic field rotation because of the
absence of the flux rope in this area. ICMEs can be classified into three classes according to
their plasma properties and magnetic field signatures (Al-Haddad et al., 2013):
1- Magnetic cloud (MC): has a high magnetic field magnitude with a smooth rotation, low
proton temperature (Burlaga et al., 1981) and low plasma beta.
2- Ejecta or Magnetic Cloud-like: its typical magnetic field is less than that of the MC, and
sometimes it is weak and has little smooth rotation. This type has been noticed during
spacecraft passage through the legs of the ICME, where the magnetic field configuration is
different than that of the MC (weak strength and little rotation) (Zhang et al., 2007;Marubashi
and Lepping, 2007). Möstl et al. (2010) confirmed this fact with STEREO observations. The
proton thermal velocity of the ejecta is higher than of the MC and lower than that of the shock
(Lepping et al., 2006).
3- Complex ejecta: this type of ejecta results from the interaction of successive coronal mass
ejections (Burlaga et al., 2002). ‘The relationship of MCs to ICMEs (ICMEs-drive shocks) is still
an open issue in space research’ (Kilpua et al., 2013). In their in-situ regions, only about onethird of MC signatures can be detected during ICME events.

1.9.4 Magnetic Clouds MCs and Flux Rope
The absence of a MC signature due to spacecraft trajectory has been studied by using multiple
spacecraft observations (Kilpua et al., 2011). Most of the previous remote and in situ analysis
of CME has sparked debate on whether all CMEs have a flux rope or not. Gosling (1990)
concludes that in an in situ region about 30% of interplanetary coronal mass ejections have
flux ropes. Marubashi (2000) estimates that about 80% of ICMEs have MCs, however this
percentage decreases in the work of Li et al. (2011) to approximately 48%, about 33% with
Richardson and Cane (2010) and about 40% with Vourlidas et al. (2013) .
In order to better understand the MC, Goldstein (1983) described the magnetic field in an MC
by using a cylindric force free structure (∇×B=αB), where α is a function of position. In the
case of the flux rope, Burlaga (1988) assumed that α is a constant depending on the Lundquist
(1951) solution, meaning that the variable α indicates that there is an infinite number of
possible configurations. This is currently the most respected model describing the cloud's
magnetic field. Figure 1.33 illustrates the cylindrical MC force-free structure. The magnetic
field has rolled up around itself in the magnetic cloud.
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Figure 1.33 The force-free structure of the MC as proposed by Goldstein (1983), developed by Marubashi (1986)
and adapted by Bothmer and Schwenn (1997). The MC sits with its axis in the equatorial plane and normal to the
radial direction.

Due to counter streaming heating flux within the MCs, it has suggested that they have closed
magnetic loops with two legs connected to the Sun. Because of solar rotation, the MC legs track
the Parker spiral rotation. These basic facts led to the production of several MC models as an axial
magnetic field extending from the Sun surface, propagated through interplanetary space and
passing the Earth with a twisted toroidal magnetic field flux rope along its length. Several studies
considered the MC to be the main part of the ICME. MC models were also developed based on
force-free models and Burlaga’s modification, such as is the case with Marubashi (1986) whose
model depends on the previous model while neglecting α. Other researchers made different
assumptions, including assuming a cylindrical symmetry to the MC (Burlaga et al., 1990), selfsimilarly expanding cylindrical fitting (Marubashi and Lepping, 2007) and the elliptical model
(Hidalgo et al., 2002). Figure 1.34 shows different MC models. According to Démoulin (2013): ‘So
far, no model has been proven to best represent a large set of MCs’.
To understand the contrast between the different ICME types , the six tracks of Gopalswamy
(2006) could be the key to understanding (Kim et al., 2013). However, the most important
questions are whether all CMEs have a flux rope structure, and whether MC and ejecta have the
same origin. It has been suggested that according to the post eruption arcades, they should have
the same origin (Gopalswamy et al., 2008). Ejecta observations of solar cycle 23 show a significant
deflection, especially in the case of ejecta and MC which do not have a shock. In this case the ejecta
and MC sources are close to the disk centre.

33

Figure 1.34 illustrates MC global structure models and sketches: (a) CME near-Sun structure from Subramanian
et al. (2014) (b) partial open MC flux rope with constant α inferred from heat flux and energetic electrons from
Larson et al. (1997) (c) in situ MC fitting model from Démoulin and Dasso (2009) (d) interplanetary flux rope
numerical simulation from Vandas et al. (2002) (e) MCs global structure sketch from Marubashi and Lepping
(2007) (f) MCs global structure cartoon from Zurbuchen and Richardson (2006). (Owens, 2016)

Another question is whether ejecta have the standard flux rope configuration initially near
the Sun, and whether there is another solar large scale structural effect on them, which makes
them drift from the Sun-Earth line. It has been proposed that this large structure could be
coronal holes which are positioned between the centre of the CME and the Sun-Earth line
(Gopalswamy et al., 2008). Mäkelä et al. (2013) found a coronal hole influence on 54 MC and
non-MC associated with CMEs originating from locations between 15E- 15W on the solar disk.
By using a coronal hole influence parameter which depended on the coronal hole average
magnetic magnitude, area, and distance from the CME source position, they concluded that
ejecta-associated CME tend to be deflected by nearby coronal holes. The deviation of the
CME away from the disk centre and the small CME's angular width are the main reasons why
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the spacecraft trajectory passes only through the ICME flank and misses the flux rope. This
suggests that all CMEs have flux rope eruptions (Xie et al., 2013). The Direction parameter (D)
displays how much the CME propagation is directed towards Earth and computes the degree
of the CME asymmetry (Moon et al., 2005;Kim et al., 2008). The deflection of the ejecta which
accompany CMEs tends to be away from the disk centre whereas the deflection of MC tends
towards the disk centre. Kim et al. (2013) proposed that ‘all CMEs have a flux rope structure
and the trajectory of the CME essentially decides the observed ICME structure’.
In a recent study, Owens (2016) found that the interplanetary twisted magnetic flux rope
structure is restricted or trapped within the MC’s leading edge, and its two legs which
magnetically connect the flux rope with the solar surface are non-twisted rope legs. This may
explain the lack of the flux rope structure in the MC legs when they pass through the
spacecraft. The new feature of the MC and its two non-twisted rope legs is illustrated in Figure
1.35 .

Figure 1.35 illustrates the Owens (2016) vision of the magnetic cloud flux rope. It is noticeable that the twisted
flux rope is confined to the leading front (the grey cloud) and the untwisted MC legs connect the flux rope with
the Sun. The black arrows refer to the heating flux electrons directions. The sketch is modified from Zurbuchen
and Richardson (2006).

1.9.5 Flux rope categorisation and classification
In a study based on Helios 1,2 measurements of MCs in the inner heliosphere, Bothmer and
Rust (1997) came up with a model of the magnetic configuration which classified MC
structures and their magnetic helicity into four different categories based on the conception
of the flux tube and the field lines orientations within the MCs. According to the leading and
trailing north-south field polarities and east-west field polarities in the flux rope centre, the
four flux ropes categories divided into SEN(SWN) types MC, where the magnetic field vector
turns firstly from south(S) to east(E) (west(W)) in the MC axis, and finally to north(N) at the
MC rear boundary, and vice-versa in the case of NES(NWS). The four MC configurations are
shown in Figure 1.36 (upper panel). Two of these structures display right hand flux ropes and
two left hand.
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Mulligan et al. (1998) found that all MCs cannot be forced into these four classifications, so
they proposed another four categories of MC with the same conventions and depending on
the main axes as perpendicular to the ecliptic plane. These new structures are: WNE, ESW,
ENW and WSE (Figure 1.36, lower panel). All these new configurations start with the
orientations E or W, since the rope turns from west to east or vice versa, with two right hand
helicities and two left hand helicities also. In contrast to the previous four categories, the Bz
component does not change its signal. Based on the north-south component, the MCs have
been divided into bipolar, which means that Bz changes its sign within the MC rotation, and
unipolar, which means that Bz maintains its sign (Mulligan et al., 1998). Both reflect the flux
rope axis tilt with respect to the ecliptic plane.

Figure 1.36 Two tables showing schematics and labels of the eight MC categories (Mulligan et al., 1998) . The
MC configurations and their helicity laying in the ecliptic plane are shown in the upper panel after Bothmer and
Rust (1997). MC perpendicular to the ecliptic plane are shown in the lower panel after Zhao and Hoeksema
(1996).

Bothmer and Schwenn (1994) determined that the sites of the solar prominences magnetic
field structures are related to their associated magnetic flux ropes. From filaments polarities
and orientations, it may be assumed that prominences have the four different types of flux
ropes (SEN, SWN, NES and NWS) (Figure 1.37). For the three different MCs types that they
observed (SEN, NES and SWN), four out of five prominences were associated with the MCs of
the same flux rope type.
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Figure 1.37 Magnetic field configuration sketches of prominences and the expected MC flux rope types (Bothmer
and Schwenn, 1994)

Within MCs, the magnetic field rotation direction is found to be correlated with the solar
cycle. Based on the Helios 1 and Helios 2 measurements for the period of 1974 to 1980 at
distances between 0.3 to 1 AU, a study by Bothmer and Schwenn (1998) on MC flux ropes
found that 74% of MCs display south to north rotations of the magnetic field vector. Their
additional measurements for of prominence and sunspots bipolar regions revealed that MCs
dominate with SN type rotation in odd cycles and NS type rotation in even cycles (Figure 1.38).
These behaviours are due to their source regions which have a solar hemispheric dependence.

Figure 1.38 The solar cycle dependence of the filaments and the magnetic field structures of MCs. For simplicity,
MCs flux ropes orientations are drawn with respect to the ecliptic plane. Adapted from Bothmer and Schwenn
(1998) by Wimmer-Schweingruber et al. (2006).
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1.9.6 ICME Multiple-Spacecraft Observations
Multi-point measurements of ICMEs show that each event has its own individual complicated
evolution and configuration. Thus, there is no single simple model that can cover all ICME
behaviours. This variety can be seen in the morphology of the ICMEs which have been
observed (Kilpua et al., 2011). On the Sun, and also during the ICME propagation through
interplanetary space, the erupting flux rope can develop an axial twist and interact with the
ambient solar wind (Lynch et al., 2009). The signature of this rope is difficult to detect, or
becomes absent, as the spacecraft distance from the ICME centre increases. Multipoint ICME
observations support this assertion. Multi-spacecraft observations aid in the interpretation of
flux-rope structure and help scientists make progress in their research on the evolution of
CME in the inner heliosphere (Kilpua et al., 2011) .
The observations of the STEREO and L1 spacecraft allow for more accurate comprehension of
ICME behaviours, and for more accurate identification of their boundaries, especially when
STEREO is at a normal angle with the Earth. Over the last three decades, there have been
many studies which depend on multi-spacecraft measurements.
In this section, a few of these multi-spacecraft studies in different decades are described in
order to show their importance with regards to researching ICME properties and
characteristics. Mulligan et al. (1999) present many ICME events, using WIND and Near-Earth
Asteroid Rendezvous – Shoemaker (NEAR) spacecraft data for each event, with angular
separations from 1.2° to 33.4° in longitudes and ∼ 1AU to 5.4 AU. They found that the ICME
which were seen by WIND and NEAR have similar signatures when the separation angle of the
spacecraft is about 1° in azimuth relative to the Sun. However, the vector signatures (at NEAR)
begins to differ from those observed at WIND when NEAR is separated by about 5.4˚ in
azimuth from the Earth even though the strength of the field and the background solar wind
in the events display similarities at both spacecraft. By increasing the separation angle
between them to 11.3°, the magnetic field signatures became more different, but the most
significant thing was the magnetic helicity of the MC, which was the same at both spacecraft.
Basing their research on other spacecraft measurements, Crooker and Intriligator (1996)
examined a MC observed by the Interplanetary Monitoring Platform spacecraft IMP 6-8 near
1 AU and by Pioneer 11 which was located 4.8 AU away from the IMP spacecraft in Oct. 1974.
They found that the MC had similar magnetic field signatures even though there was a huge
separation between the two observations. On the other hand, they concluded that the crosssectional length of the MC exceeded the radial width by about a factor of 8. This could be
estimated because the longitudinal separation between the two spacecraft gave an
approximation for the cross-sectional length of the MC. Mulligan and Russell (2001) used the
observational data of the International Sun-Earth Explorer 3 spacecraft (ISEE3) and Pioneer
Venus Orbiter (PVO) to study an ICME event in August 27, 1978. The angular separation
between the two spacecraft was found to be 0.02 AU radially and 0.21 AU in longitude.
After 2006, the advent of STEREO resulted in many multi-spacecraft studies. Kilpua et al.
(2009) studied many ICME events with the help of two L1 spacecraft (WIND and ACE), and
STEREO during 19-23 May 2007. The separation between STEREO A and B at that time was 9 ͦ.
Romero-Hernandez and Gonzalez-Esparza (2013) studied the physical properties of five ICMEs
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events as detected by five spacecrafts: Helios 1, Helios 2, IMP-8, Voyager 1 and Voyager 2
during the ascending phase of solar cycle 21 (November 1977- March 1978) (See Figure 1.39).
Although the shock and the MC parameters show a significant dispersion around 1 AU, they
found radial widths of MCs and their sheaths continued in their expansion at greater
heliocentric distance, making the forward shock separate from its driver with a small Mach
numbers (˂2). Due to the ejecta expansion beyond 1 AU, the total pressure classification might
not be useful at these distances.

Figure 1.39 Trajectories of five spacecraft for the period of Nov. 1977 to Mar. 1978. Black squares represent the
ICME events in each spacecraft (Romero-Hernandez and Gonzalez-Esparza, 2013).

Because of the huge dimensions of ICMEs and the lack of multipoint observations, the real
three-dimensional configurations of ICMEs is still poorly understood (Kilpua et al., 2011). The
successful identification of the in-situ ICME signature depends on the available data, in
addition to the ICME occurrence and varying timespans of different events.

1.9.7 Total perpendicular pressure
Most ICME parameters (velocity, density, temperature, and magnetic field) cannot be used
to uniquely identify the ICME occurrence, because any of these signatures could be missing.
The total plasma pressure perpendicular to the magnetic field (Russell et al., 2005) is a
physical parameter which represents information from multiple components of the plasma,
and can help identify the start and end of the ICME constituent parts. Both the plasma and
the magnetic field of the solar wind bestow a pressure force perpendicular to the magnetic
field direction, which cannot happen with the magnetic field alone because it exerts no
pressure along its length (Jian et al., 2005b).
Russell et al. (2005) define total perpendicular pressure (Pt) as the sum of the magnetic
pressure and thermal pressure (B2/2µ°+nkT). As stated in Figure 1.40, they have drawn a flux
rope sketch as the magnetic obstacle to the flow in Spreiter et al. (1966) gas dynamic model
of solar wind interaction with the Earth’s magnetosphere.
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Figure 1.40 An illustration of the three groups of Pt profiles in terms of the trajectory of the space craft encounter
the magnetic flux-rope depending on Spreiter et al. (1966) gas dynamic simulation results (Jian et al., 2006a).

Within the ICME, each solar wind parameter changes at a different way and at a different
time. Regarding to the Pt behavior inside the ICME, the first measurements taken by the
spacecraft show a sharp increase in the Pt during its traverse through the shock, followed by
a slight gradient through the sheath. The most significant signature appears when the
spacecraft enters the flux rope and crosses the centre of the ICME, where the Pt becomes
high, and subsequently, decline corresponding with the flux-rope expansion. So, a sharp drop
in Pt at the rear of the magnetic cloud and at the front expected to occur. The Pt profiles of
ICMEs have been classified into three groups depending on the location of the spacecraft
(obstacle) passage (Jian et al., 2005a;Russell et al., 2005;Jian et al., 2006b):
Group 1: agree with ICME events and the enhancement of Pt is in the middle of ejecta. That
means the spacecraft penetrates the ICME from the nose (the centre of the flux-rope). Group
3: Corresponds to ICME events where the Pt rises rapidly and then decays gradually. This
means that the spacecraft traverses the ICME from the flank or far away from the flux rope
centre. Group 2: The spacecraft encounters the ICME near the magnetic obstacle. In this case,
the ICME has a rapid increasing of Pt if it is preceded by a shock, with a pressure plateau and
then returns to its low-pressure state.The following figures and text look in more detail at
examples of each group.
Figure 1.41 shows an example of a group 1 standard ICME event (shock, sheath and flux-rope
obstacle). It illustrates an ICME event observed by Wind on November 6-8, 2000. It shows a
sharp Pt rise through the shock, followed by a roughly constant Pt (plateau) during the sheath.
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Figure 1.41 An example of group 1 ICMEs total pressure profile (lower panel) for the period of November 6-8,
2000, showing a central rise in total pressure.(Russell et al., 2005)

Next to the magneto- sheath Pt plateau, the spacecraft samples the slow smooth rotation
region of the MC with an obvious Pt elevation because of the magnetic flux-rope. This increase
continues until the spacecraft reaches the centre of the rope, after which the pressure begins
to decline, and a second Pt plateau appears. Eventually, the total perpendicular pressure
returns to its original state.
The total perpendicular pressure is not an indicator of where the spacecraft leaves the sheath
and accesses and leaves the MC flux-rope. It simply identifies the place that is influenced by
the ICME (Russell et al., 2005). Group 1 is a standard ICME/magnetic flux-rope, consisting of
a leading Pt jump at the shock, followed by a first pressure plateau in the sheath, and then an
arise in the first half of the MC flux-rope, a central maximum peak due to part or full magnetic
pressure being balanced by the curvature force. It is the same as in the Magnetosphere of the
Earth, pursues by a reduction (second plateau) and ultimately a sharp drop at the rear. The Pt
profile does not often display a central maximum, which means that the central region
sometimes has a reasonably constant pressure or there is a maximum pressure at the end of
the ICME, perhaps because of a compression of a stream overtake to the ICME rear region,
making the flux rope continue to compress and expand after its central Pt maximum (Gosling
et al., 1994). It could also be due to the spacecraft passage through the ICME flank where the
magnetic pressure is weak (maybe there are little twisted field lines in the rope), leading the
plasma pressure to dominate the magnetic (dynamic) pressure. This type of event is
categorised as Group 2. Figure 1.42 shows five examples of Group 2 events (Russell et al.,
2005).
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Figure 1.42 Total pressure profiles for five group 2 events, showing a central flat plateau of total pressure and
an elevation toward the end of events. (Russell et al., 2005)

The last group (Group 3) is illustrated in Figure 1.43. This figure shows five events which show
a rapid rise of pressure at the beginning, followed by a monotonic decay. The spacecraft
crosses through just the shock front, leading the temperature and density to be elevated. The
spacecraft is far away from the flux-rope and there is no magnetic obstacle behind this region.
It is rarefied and cool, so Pt will decrease monotonically.

Figure 1.43 Total pressure morphology for five group 3 events. A monotonic decrease of pressure after the initial
jump.(Russell et al., 2005)
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1.9.8 Suprathermal electrons pitch angle distributions
Suprathermal electrons (>80 eV) are one of the most important indicators used to study ICME
properties (Gosling et al., 1987). They exist in a continual stream emitted from the Sun along
the magnetic field lines which connect to the Sun by one or both ends. Their distribution
indicates whether these magnetic field lines are open or closed (Crooker and Webb, 2006).
The strahl, which are the anti-sunward heat flux electrons that typically travel away from the
Sun either parallel or antiparallel to the interplanetary magnetic field direction (centred on 0˚
or 180˚ pitch angle) (Gosling, 1990) reveal the polarity of the interplanetary magnetic foot
point connected to the Sun, regardless of the occurrence of any local magnetic field flipping
or folding (Burlaga et al., 1998) between the observation position and the Sun. Figure 1.44
illustrates the relationship between the interplanetary magnetic field and the strahl.

Figure 1.44 An illustration of the interplanetary magnetic configuration as inferred from heat flux electrons
observations. Left side: the black arrows are the magnetic field lines as seen from an ecliptic plane and the red
arrows are Sun outward heat flux electrons. Right side: the suprathermal electrons pitch angle distributions seen
by a spacecraft at L1 position. At (a), the suprathermal electrons strahl is anti-parallel to the interplanetary
magnetic field because the interplanetary field has a Sunward direction (part of an inward polarity sector). At
(c), the strahl are parallel to the field direction because the field is part of an outward sector. At (b), the
suprathermal electrons are parallel and anti-parallel to the field because the interplanetary field forms a closed
loop and is connected to the sun at both ends. At (d), no strahl is seen because there is no connection with the
sun at all. (Owens and Forsyth, 2013)

The suprathermal electrons stream is either unidirectional and distributed along open field
lines or is a bidirectional electron (BDEs) stream (counter-streaming) which typically
represents the signature of an ICME magnetic cloud having closed flux rope fields connected
to the Sun at both ends (Gosling, 1990), (see Figure 1.45). While they are in interplanetary
space, the solar wind electrons have two populations: a low energy, dense and thermal core
(about 95% of the total electrons), as well as a hot and more tenuous suprathermal tail
(Anderson et al., 2012;Kajdißc et al., 2013).
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Figure 1.45 An example of the distribution of suprathermal electrons within a MC. Dashed vertical lines refer to
the MC boundaries. It starts with unidirectional heat flux (upper panel) parallel (0˚) to the local field direction
(lower panel). Bidirectional stream dominates in the middle, with an antiparallel (180˚) unidirectional stream at
the rear. (Crooker et al., 2008)

The presence of counter-streaming electron distributions is the best indicator of closed
interplanetary magnetic field lines (Figure 1.46), but they are not unique to ICMEs, nor are
they a necessary signature for them (Anderson et al., 2012). Sometimes the ICME have
intermittent intervals of counter-streaming electrons, which means they have a mixture of
open and closed magnetic field lines (e.g. (Shodhan et al., 2000;Crooker and Horbury, 2006))
or just open field (Rouillard et al., 2009). In addition, there are many other mechanisms that
can be considered as sources of the bidirectional electron distributions, such as the Earth’s
bow shock connections (Feldman et al., 1982;Haggerty et al., 2000) and the connection with
interplanetary shocks, whether ICME or SIR shocks (Steinberg et al., 2005). On the other hand,
Gosling et al. (2001b); Gosling et al. (2002); Skoug et al. (2006) have referred to another
bidirectional electron distribution which is caused by the depletion of the halo particles at
around a 90˚ pitch angle.

Figure 1.46 An interplanetary MC flux rope is connected the Sun by its both legs. Heat flux electrons (strahl)
streaming away from the Sun (four grey wide arrows emerging from the Sun) along the magnetic field lines
creates a bidirectional streaming (counter streaming) on the flux rope closed field lines (oppositely directed grey
arrow within the MC) (Crooker and Horbury, 2006)
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Because of the difference in initial conditions at the coronal source, the widths and
amplitudes of the two streams are different (Anderson et al., 2012). The multiple current
sheets at the sector boundaries are ‘waves superposed on the HCS by turbulent eddies in the
solar wind’ (Suess et al., 1995). These waves should possess an amplitude high enough to
generate enough energy for the HCS to fold back on itself with false and true sequences of
magnetic polarities (Crooker et al., 1996) . The suprathermal electron pitch angle distributions
on PAD diagrams of ACE often show clear depletions which are symmetric to about 90˚ pitch
angle at the upstream of the reverse shocks. According to Skoug et al. (2006), ‘depletions are
produced by a combination of adiabatic mirroring and focusing of electrons due to magnetic
moment conservation associated with a magnetic field enhancement beyond the spacecraft’
(see Figure 1.47).

Figure 1.47 The pitch angle distributions observed by ACE in January 10, 1999. The upper panel displays the
colour- coded 272 eV PAD for 12 hours. The colour scale is from 1.6x10 -31 to 2x10-29 s3 cm-6. The lower panel is
the PAD at 19:16:38UT and 22:54:14UT which is indicated by the two black and red arrows (Gosling et al., 2001b).

1.9.9 Heat flux dropouts (HFDs)
Heat flux dropouts (HFDs) can also be used to detect magnetic flux that is disconnected from
the Sun. Since the suprathermal electrons strahl always flows outward from the Sun, the HFD
can detect either the interplanetary field lines that have been completely disconnected from
the Sun, or the strahl being dispersed into other pitch angle distributions (Chollet et al., 2010).
This second occurrence indicates the disconnection is not the only cause of the phenomenon
(Figure 1.48). HFD is a ‘necessary but insufficient condition’ (Pagel et al., 2005).
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Figure 1.48 A sketch of the two-possible interplanetary field line configurations during HFDs. Upper panels:
disconnection field line process. Lower panels: interplanetary scattering (Chollet et al., 2010).

The sectors near the boundary crossing regions often witness a heat flux dropout (Fitzenreiter
and Ogilvie, 1992;Crooker, 2003). HFDs can last between 1.6 to 18 hours, with a mean
duration of about 4.4 hours (McComas et al., 1989). Most HFD events are consistent with
rising plasma beta (Crooker, 2003). Figure 1.49 displays examples of HFDs.

Figure 1.49 Three typical HFDs. Panel (a): the colour-coded suprathermal electrons PAD with a log scale electron
number flux from 3.2x103-105 cm-2s-1. Panel (b): heat flux electrons. Panel (c): electrons total number flux at
E=275 eV. Panel(d): pitch angle anisotropy A. The red and blue vertical lines mark the start and end of the HDFs
(Pagel et al., 2005).
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Based on the findings from 25 HFD events containing ISEE3 electron data, magnetic field
disconnection from the Sun has been proposed as one of the two reasons which can explain
HFD events (the other being pitch angle scattering) (McComas et al., 1989). At high electron
energies (between 2-8 KeV ), at least 8 of the 25 HFD events maintained their connection with
the Sun (Lin and Kahler, 1992).
HFDs outside of ICMEs are ‘relatively common’ (Pagel et. al, 2005). Approximately 10% of
HFDs were found to coincide with disconnected flux, while 15% were due to the pitch angle
scattering and 82% were associated with a rise in proton plasma beta (Pagel et al., 2005).

1.9.10 Magnetic reconnection
Magnetic reconnection is a fundamental dynamical process which explain many physical
processes in solar corona, interplanetary space and magnetosphere. It occurs when opposite
directed magnetic field lines approach each other and interact, resulting in a change in the
conductivity of plasma elements in a magnetic field. In region where there is a central current
sheet with opposing directed field lines at its both sides, the opposite magnetic field lines are
pulled inwards because the opposition between the plasma’s electrical resistivity between
the opposing magnetic field lines and the currents which are necessary to sustain the shear
in the magnetic field lines. This can be displayed by the Maxwell equation:

⃗

⃗ = 𝜇0 𝐽 + 𝜇0 𝜖0 𝛿𝐸
𝛻⃗ × 𝐵

(1.22)

𝛿𝑡

Where 𝜇0 is the permeability of free space and 𝜖0 is the permittivity of free space.

Magnetic reconnection occurs when the conditions for frozen-in flux break down and the
diffusion term in the induction equation becomes more important than plasma motion.
Consequently, a conversion of magnetic energy into kinetic energy and heat, and an
alternation in the magnetic field topology. Figure 1.50 shows reconnection between two
plasma regions with oppositely oriented fields flow towards each other. Such situation arises
for example at the interface between the southward interplanetary magnetic field and Earth’s
magnetosphere. A thin current sheet forms between the regions introducing a large magnetic
field gradient.
The current sheet’s resistivity leads to an approaching of the magnetic flux from each sides of
the current sheet, meet at the current sheet and hence to cancel the magnetic flux arriving
from the opposite side. The total pressure becomes balanced between the current sheet and
its surrounding on both side.
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Figure 1.50 Reconnection between two ideal MHD plasma regions with oppositely oriented magnetic field
flowing towards each others. Open arrows indicates the plasma flow direction.

1.9.11 MC and Interchange Reconnection
In Solar-terrestrial physics applications, the magnetic field can be considered to have two
significant configurations: the open magnetic field line which has one end rooted in the Sun
and the other end drawn outward into the heliosphere, and the closed magnetic field line
which forms a flux loop which is connected and rooted at both ends with the active regions
on the solar surface. During their propagation through interplanetary space, ICMEs interact
with the ambient solar wind, and sometimes this interaction leads to a process called
interchange reconnection, which is a change in magnetic topology. It can be recognised in
suprathermal electron pitch angle distributions (Crooker et al., 2008).
The disconnection process is thought to be the only interpretation of the problem of
balancing CME magnetic flux added to the heliosphere. This mechanism leads to the
formation of a completely disconnected U-shaped structure of plasmoids (in two dimensions),
due either to the open field lines merging or to several closed field lines merging. In order to
avoid or reduce the high interplanetary ‘magnetic field magnitude catastrophe’ (Gosling,
1975;McComas, 1995) brought on by the continuous increase of magnetic flux in the
heliosphere, ‘interchange reconnection’ has been suggested as an alternative to the
disconnection process. The term ‘interchange reconnection’ was coined by Crooker et al.
(2002) to describe the reconnection between a closed magnetic loop of a CME and an open
field line, and to describe how this closed loop become open during this reconnection (Owens
et al., 2011). This process suggested to occurs with a CME leg until it becomes completely
open and its leading edge has leaved the vicinity of the sun, meaning that it is not a complete
disconnection which is taking place, but rather a merging between the open and closed
magnetic field lines. The term ‘interchange reconnection’ helps to distinguish this process
from disconnection. Figure 1.51 shows the difference between disconnection and
interchange reconnection (in two dimensions).
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Figure 1.51 Upper sketch: The disconnection is either a merging of two open magnetic field lines (solid curves)
at the front edge of the helmet streamer or a merging of a closed magnetic field line (dashed curves) in the CME,
which releases a plasmoid. Lower sketch: interchange reconnection, a merging of an open magnetic field line
with one leg of the closed CME loop which leaves the sun towards the interplanetary medium. The CME loop
becomes opened and there are no field lines disconnected from the Sun. This process reduces the extending field
lines into the heliosphere from three to one.(Crooker et al., 2002)

Interchange reconnection was used for the first time by Gosling et al. (1995) in order to
explain the unidirectional heating flux (strahl) beams associated with open ICME field lines.
They posited a partial disconnection process which was the three-dimensional version of the
Figure 1.51a disconnection. In this version of the process, closed magnetic field lines
reconnect with neighbouring field lines instead of with themselves. There are two ways in
which this can occur: an interchange reconnection can happen if the neighbouring field lines
are open, or a partial disconnection will occur if they are closed. Figure 1.52 illustrates the
partial disconnection of a CME flux. This process reduces the contribution of CME closed flux
ropes to the heliosphere.

Figure 1.52 Left panel: an open flux rope nested in a closed coil. Right panel: Sketches (a-d) illustrate many
examples of the possibility of the 3- dimensional CME reconnection (reconnections with the magnetic legs of a
CME) (Gosling et al., 1995).
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Due to their belief that most of ICMEs observed out to 5 AU are closed, the researchers came
to the inaccurate conclusion that this process occurs on a small fraction of magnetic field
lines. Subsequent studies demonstrate that the opposite is true. By analysing 48 MCs,
Shodhan et al. (2000) found that the presence of open magnetic field lines ranged from 0100% with an average of about 41% at 1AU. This result supports the suggestion that
interchange reconnection continues until ICMEs are completely open. It was also discovered
that larger MCs have more closed field lines, especially at solar maximum.
Interchange reconnection can occur at various locations. Figure 1.53 shows a threedimensional view of interchange reconnection between a negative leg of a CME and a positive
open field line, but the process can also occur in the foot of a simple arcade loop along the
flank or at the end of the MC flux rope.

Figure 1.53 Illustrates interchange reconnection between a coiled field loop and an open field line emerging from
a coronal hole. The process creates an open helical loop and a small closed loop (dotted lines). Modified from
Harra et al. (2007).

The open and closed fields within the interplanetary magnetic cloud can be identified in
measurements by 0 or 180 degrees unidirectional suprathermal electrons pitch angle
distributions (Figure 1.54).
Interchange reconnection has been described and proposed by many researchers, without
use of the actual term ‘interchange reconnection’, including Wang and Sheeley Jr (1993) and
Fisk et al. (1999), and many modified schemes and scenarios have been suggested to describe
this process. Many studies also note indications of the process based on remote sensing
observations.
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Figure 1.54 Two successive magnetic clouds with different suprathermal electrons distribution profiles. Dashed
vertical lines represent their boundaries. The first one (cloud 59) is unidirectional (upper panel) and antiparallel
(180˚) to the local field direction (lower panel). The second cloud (cloud 60) starts as unidirectional, and is then
bidirectional along the middle , then ends with an open unidirectional heat flux (Crooker et al., 2008)

Interchange reconnection is thought to be responsible for high proton density of transient
plasma sheets as well as the mismatch at sector boundaries between true interplanetary
magnetic polarity reversals and local magnetic field reversals in the heliosphere (Crooker et
al., 2004ab). The high overall HPS proton density has been attributed to the discontinuous
plasma parcels released in the HPS as a result of the reconnection between open and adjacent
closed field lines (Wang et al., 1998b;Wang et al., 2000). The blobs which originate and are
released from the belt streamer’s core sometimes take the shape of puffs or moving features
and depart as bundles or packages of magnetic flux. Wang et al. (1998b); Wang et al. (2000)
and Zurbuchen et al. (2001) use interchange reconnection to interpret the transient plasma
sheet’s high proton density as well as the magnetic field reversals through this region (Figure
1.55).

Figure 1.55 The dashed line is the open magnetic field line which approaches the helmet streamer (closed solid
line). X is the reconnection point of the two magnetic field lines. The lower panel shows the new configuration
where the plasma parcel (blob) is released and resides on the open magnetic field line where previously it was at
the loop’s cusp. The magnetic field line turns back on itself between localized current sheets marked by the two
tiny dotted lines. The whole frame moves away ‘’as a transient plasma sheet’’ (Crooker et al., 2004a).

Mismatches have been found between true sector boundaries and local polarity reversals in
Bɸ (Figure 1.56). In most cases, the field does not tend to continue to point along the Parker
spiral in a sense opposite to its true polarity. Here Bɸ looks to be hovering approximately
orthogonal to the interplanetary Parker spiral. The figure displays many interplanetary
longitudal field inversions without sector boundary crossing, but most of these SBC align with
field flips.
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Figure 1.56 Mismatching between true sector boundaries and local polarity reversals in Bɸ during December
1994 to August 1995. The red lines refer to true sector boundaries identified by the Wind suprathermal electrons
3DP spectrograms. The yellow shade highlights mismatches between true sector boundaries and local Bɸ
reversals. Adapted from (Crooker et al., 2004b).

The schematic in Figure 1.57 offered an opportunity to understand these mismatching. The
pattern of outflowing loops- sector boundary embedded and magnetically opened by the
interchange reconnection can interpret how the true sector boundary which is independent
of any local current sheet reversals, can be separated from the HCS temporarily.

Figure 1.57 A toward sector follows an away sector, and a loop intervenes. at the leading leg of the loop, the
field points outward the sun, whereas point inwards in the trailing leg, thus matching the fields in the adjacent
sectors. The leading leg of the loop has connected with an open field line there. The dotted field line extends from
the loop represent the outer part of the new open field line and is supposed to lie up or below the plane of the
figure. This process opened the closed loop and produced an inverted field line in the loops’ leading leg. Finally,
the true sector boundary is located between the leading leg and the ahead away field line whereas the field
reversal marking the HCS lies between the two legs. (Crooker et al., 2004b)
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1.9.11 ICMEs and the Streamer belt
The streamer belt is the extension of the helmet arcade apex into interplanetary space, and
is the boundary between the two opposite magnetic field hemispheres which encloses the
HCS. CMEs occur primarily under the helmet stream belt umbrella and close to active regions
(Hundhausen, 1993), and are considered to be bulging bubbles or huge occlusions in the HCS
(Crooker and Intriligator, 1996). The streamer belt extends above regions of closed field lines
near the Sun. It is often a conduit for CME activity and is also the location of the slowest and
highest-density solar wind (Schwenn, 1990) and CMEs. Streamer belts are heliospheric
pathways for CMEs (Crooker et al., 1993). Two models have been proposed by Gosling (1990)
(Figure 1.58) to illustrate the interplanetary extension of the rising coronal closed loops. The
upper sketch has not undergone the reconnection process wheras, the lower having done so.
The reconnected coronal loops form a closed flux rope rising into the interplanetary space
with both ends rooted in the Sun. Due to solar rotation, the coronal loops will bend, and a
coherent magnetic field rotation of the flux rope may be recorded during its passage past a
spacecraft.

Figure 1.58 A set of rising coronal loops drawn roughly perpendicular to the ecliptic, which having reconnection
assumption (lower panel) and have not undergone reconnection (upper panel).(Gosling, 1990)

Crooker et al. (1993) considered the appearance of the streamer belt to be that of a disk of
variable thickness depending on the number and size of its base helmet configurations,
meaning that the HCS consists of more than a single surface, but is instead an extension
changing layer with variable number of current sheets streaming from multiple helmet
arcades of finite length. It is therefore a compound heliospheric current disk of variable
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thickness. The discontinuities in streamer belt measurements obtained from spacecraft can
be attributed to the highly variable number of current sheets surrounding the flux tubes (see
Figure 1.59).

Figure 1.59 Multiple current sheets (heavy lines) and small helmets bordered by large helmets over high latitude
filaments.(Crooker et al., 1993)

The coronal streamer belt outflows can either be (a) quiet, (b) small-scale ejections that
expand slowly from multiple helmets, or (c) large scale CME eruptions with or without flux
rope signatures (Figure 1.60). Consequently, interplanetary space is filled with plaited
magnetic flux tubes and multiple current sheets with cross-sections spread out parallel to the
plane of the streamer belt.

Figure 1.60 Illustrates the three features of coronal streamer belt as an outflow channel. Adapted from Crooker
et al. (1993)
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From the heliospheric topology depicted above, there should be increased expectation of
observing MCs at sector boundaries. In Figure 1.61, showing the middle of the solar disk, the
coil over the equator represents a CME flux rope (panel a) which was produced by the
reconnection between the magnetic field arcade and the foot point shear (Gosling, 1990). The
lower right a-a’ cross section shows the reconnecting fields role to re-establish the helmet
arcade below the coil. The local polarity of the flux rope’s two legs will be the same as that of
their sides’ open field lines (panel b) (which are the true polarities). Panel (c) shows the
Ulysses measurements of an azimuthal magnetic field of a MC at a sector boundary location
of 4.4 AU (Forsyth et al., 1997). During the MC passage, there was a magnetic reversal from
270 to 90 degrees. Unexpectedly, the magnetic polarity change occurred during the long
interval of the MC. The HCS has been locally replaced by the CME. The reversals of Bɸ within
the MC confirms that the polarities of the legs cannot identified based on the local magnetic
field where they have the opportunity to turn back on themselves, but rather based on the
suprathermal electrons pitch angle distributions relative to their magnetic field
polarity(Kahler et al., 1999).

(a)

(b)

(c)

Figure 1.61 The relationship between sector boundary crossings, streamer belts, and CME flux ropes. a) The CME
flux rope formation from the helmet arcade at the base of the HCS. aa’ shows how the reconnecting fields reestablish the helmet arcade below the coil (Crooker et al., 1998). b) The fieldlines of the flux rope’s legs match
the toward and away direction of adjacent sectors. c) Magnetic longitudal Bɸ profile measured by Ulysses
spacecraft. It rotates from outward to inward polarity across the magnetic cloud flux rope at the sector boundary
(Forsyth et al., 1997). (Crooker and Horbury, 2006)
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1.9.12 Deflections of Halo CMEs in Interplanetary Space
Assuming the interplanetary magnetic field is frozen in the interplanetary solar wind plasma
and that the CMEs travel in a radial direction, the background solar wind ahead of fast CMEs
cause a pile up of the magnetic field and an enhancement in the total ahead pressure, which
deflects the CME from the radial direction to the east (when the CME is faster than the
ambient solar wind). This means that CMEs are deflected not only in the corona, but also in
the interplanetary medium(Wang et al., 2014). CME-CME interaction is another cause of CME
deflections. The deflection angle can be 10° or more (Shen et al., 2012;Lugaz et al., 2012) and
in many cases may be more than 20° eastward or westward (Lugaz et al., 2010).
CME deflection was proposed for the first time by Wang et al. (2002) (Wang et al., 2014).
Because of the Parker spiral, CMEs undergo east-west deflections during their propagation
through the interplanetary medium (Wang et al., 2002;Zhang et al., 2003). By analysing 124
structured CMEs with their locations listed by Cremades and Bothmer (2004), and using the
Extreme ultraviolet imaging telescope and the Michelson Doppler imager on board SOHO,
along with Hα measurements, Cremades et al. (2006) found that CME deflections exist in the
lower corona. After the STEREO era, many studies showed that CME deflections in the corona
could be more than 20˚ (Gui et al., 2011;Shen et al., 2011). Kilpua et al. (2009) studied the
ICME rate during the period of Jan 2007-Jan 2009 using data from STEREO and WIND
spacecraft, and found that CME deflections tend towards lower latitudes than their source
locations during solar minimum, whereas the deflections have no overall trends during solar
maximum. In the case of a CME traveling more slowly than the ambient solar wind, the
background solar wind following the slow CME will push it and cause an accumulation in the
magnetic field and an enhancement in the total pressure behind it, which provides the force
to deflect it to the west. According to Wang et al. (2004) ‘slow CMEs can be deflected more
easily than fast ones’ (Wang et al., 2004). Figure 1.62 shows schematic illustrations of both
slow and fast CME propagation through interplanetary space.

Figure 1.62 Schematic illustration of a slow(left) and fast(right) CME propagation through interplanetary space.
Adapted from Wang et al. (2004).
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Based on a statistical examination of halo CMEs from March 1997 to 2000, Wang et al. (2002)
suggested that the distribution of geoeffective halo CMEs possess an east-west asymmetry.
They found that the number of west hemisphere geoeffective halo CMEs is larger than that
of east hemisphere ones by a magnitude of 57%. This result has also been confirmed by Cane
and Richardson (2003) and Zhang et al. (2003). Indeed, this east-west asymmetrical
distribution also occurs with sunspots and other solar magnetic structures, such as solar flares
(Meunier, 2003).
Recently, STEREO unveiled a new approach to study CME propagation in interplanetary space
by using large field of view observations and tracking CMEs continuously from the Sun to in
situ locations via elongation-time maps called J-maps (Davies et al., 2009). By comparing CME
features in the outer coronagraph (COR2) and the heliospheric imager (HI) images, scientists
can use the J- maps to locate the front edge of the CME and then track its path with the Jmap HI2 image. Many studies use indirect links between remote sensing images and in situ
data to identify the probability of CME deflection in interplanetary space (Rodriguez et al.,
2011;Isavnin et al., 2013).

1.9.13 ICME Catalogues and Criteria
When a spacecraft passes through an ICME at its outer boundary, the observation data
changes. As soon as it travels into the inner regions of the CME, all plasma and magnetic field
parameters experience significant changes including magnetic strength, plasma temperature,
velocity and density. Despite several catalogues containing lists of ICMEs events, the ICME
criteria are still in dispute (Russell and Shinde, 2005). These catalogues are based on different
criteria taken from spacecraft databases (ACE, Wind, STEREO A&B and other interplanetary
observations), and follow the general structural identification of ICMEs. ICMEs can be
identified by many criteria, even if an universal ICME is not determined yet (Richardson and
Cane, 2010). When the standard ICME signatures are compared with the ambient solar wind,
they may consist of one or more of the following: High magnetic field magnitude with smooth
rotation through the magnetic cloud, low plasma beta, low proton temperature and plasma
speed decline in the flux rope region, and He/H ratio and ion charge states enhancement.
Zurbuchen and Richardson (2006) have concluded that there is ‘no crisp answer on how to
identify an ICME’.
In order to highlight this further, this section discusses two studies: Russell and Shinde (2005)
and Mitsakou and Moussas (2014), and describes their approach to different criteria of ICME
identification. Russell and Shinde (2005) compare the ICME lists of different authors in
separate studies: Larson (2002), Cane and Richardson (2003), Leppings’ list of Lepping (2004)
and Russell and Shinde (2005), with events lists being based on WIND spacecraft data for the
period 1995-2002. First, they examined rates of occurrence and the coincidence of events.
The analysis aimed to highlight the range of their results rather than determining which one
was the correct one. The first difference between them was in the ICME selection criteria.
Table 1.3 shows a number of Magnetic Clouds (MCs) events identified by each group. There
is a contrast between the numbers for different authors. The right column displays the
number of events which were identified by at least one group.
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Year

Cane and
Richardson

Larson

Lepping

Russell and
Shine

Events in one
or more lists

1995
1996
1997
1998
1999
2000
2001
2002
Total

-

8
4
21
13
3
12
15
76

8
4
17
11
4
14
10
10
78

3
3
6
12
3
11
5
3
46

10
5
26
40
28
58
47
26
240

4
22
38
28
53
47
22
214

Table 1.3 Number of ICME events identified by each authors (Russell and Shinde, 2005)

Table 1.4 shows events which were identified by only one group. It reveals a significant
difference for Cane and Richardson. Their criteria are more flexible, or liberal, and this is
perhaps due to their reliance on multiple solar wind measurement sources. Also, Larson
(2002) and Lepping (2004) lists are focused on the ICMEs which possess MCs whereas Cane
and Richardson’s (2003) list was more comprehensive (focused on both MC and Ejecta). The
diversity of ICME criteria prove that there is no consensus on how to identify them (Russell
and Shinde, 2005).

Year

Cane and
Richardson

Larson

Lepping

1995
1996
1997
1998
1999
2000
2001
2002
Total

0
2
20
22
30
15
22
124

1
0
2
0
0
1
0
4

1
0
1
1
1
1
0
1
6

Russell and
Shine
1
1
0
1
1
1
0
0
5

All agreed
2
5
5
1
7
3
23

Table 1.4 Number of ICME events identified by only one author (Russell and Shinde, 2005)

A statistical study performed by Mitsakou and Moussas (2014) compared the ICME properties
they obtained (1996-2008) with other published ICMEs characteristics. They also identified
the boundaries of ICMEs and their sheaths during solar cycle 23. Table 1.5 shows a
comparison of the statistical properties of ICMEs at in situ position from many researchers.
They determined that ‘It is obvious that every ICME case is different from any other’
(Mitsakou and Moussas, 2014). They used the following criteria based on typical ICMEs
signatures to determine their boundaries. These were: 1- High magnetic field magnitude, 2Low proton temperature, 3- low proton density, 4- low plasma beta, 5- Large and smooth
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magnetic field rotation, 6- Decreasing proton speed and 7- a driven shock. It is not necessary
for all these signatures to be measured in every ICME, but traits 1 or 5 should be present with
at least two of traits 2,3,4,6 or 7.
The same comparison period was performed with the Richardson and Cane (2010) and Jian
et al. (2006a) lists, which have been updated online. Richardson and Cane (2010) identified
310 ICMEs, whereas Jian et al. (2006a) identified 274, compared with 325 ICMEs by Mitsakou
and Moussas (2014). All of them agreed with 210 events, and 81% of Mitsakou and Moussas
(2014) cases were mentioned in Richardson and Cane’s (2010) catalogue versus 77% that
were mentioned in Jian et al. (2006a). However, 85% of Richardson and Cane (2010) cases
were mentioned in Mitsakou and Moussas (2014) versus 91% of Jian et al. (2006a).
It was concluded that the authors agreed on the average values of the properties in some
cases, whereas they disagreed in others. The most important reasons for these differences
were that it was ‘difficult to objectively identify ICMEs, as there are many different signatures
that are taken into consideration in each study’ meaning that the ICMEs boundaries or the
time periods for the same cases were often not the same in different catalogues. The different
origins of the databases may also lead to different mean values in ICME properties.

Temporal
window

B [nT]

V [km s−1]

D [cm−3]

1974 – 1981

17.7

478

6.47

Liu, Richardson, and Belcher
(2005)

1975 – 2002

7.35

458

6.16

0.354×105

0.25

Wang, Du, and Richardson
(2005)

1975 – 2003

8.3

456

6.7

0.292×105

0.19

Forsyth et al. (2006)

1975 – 1980

10.3

483

7.03

0.443×105

0.31

Gopalswamy (2008)

1996 – 2005

18

487

8.5

0.9×105

Mitsakou, Babasidis, and
Moussas (2009)

2003 – 2006

9.2

525

6.5

1.28×105

0.29

Richardson and Cane (2010)

1996 – 2009

10.1

476

6.9

0.487×105

0.33

this work

1996 – 2008

10.1

467

6.8

0.76×105

0.27

Bothmer and Schwenn (1998)

T [K]

W [AU]

0.24

(magnetic clouds)

(magnetic clouds)

Table 1.5 A comparison of statistical properties of ICMEs at 1 AU from many authors (Mitsakou and Moussas,
2014)
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1.10 Corotating Interaction Regions (CIRs)
Slow dense plasma flows originate in the closed solar magnetic field lines (Gosling et al.,
1981), while the fast plasma streams arise in open field lines, such as coronal holes (Krieger
et al., 1973). During its propagation away from the Sun, a fast stream collides with the slower
streams ahead. This interaction between them forms a compression ridge and a rarefaction
on the trailing edge of the fast stream (Parker, 1963;Hundhausen, 1972).
When the fast solar wind stream overtakes the slower one, this results in a formation called
the Stream Interaction Region (SIR) (Pizzo, 1978). During the solar rotation (27 days), the SIR
pattern co-rotates with the Sun and forms a spiral flow called the Corotating Interaction
Regions (Gosling and Pizzo, 1999). This is a recurrent stream structure in the solar equatorial
plane (Balogh et al., 1999;Crooker et al., 1999). The fast-slow interaction begins in the inner
part of the heliosphere and expands with increasing distance (Richter and Luttrell, 1986). The
leading boundary of the CIR propagates toward the slower stream, forming a forward wave
(shock), while the trailing boundary propagates back into the trailing high stream, forming a
reverse wave (shock) (Hundhausen and Gosling, 1976). The compression region between
them is called the Stream Interface(SI) (Burlaga, 1974). Shocks at 1 AU are not ‘completely
developed’ (Gonzalez et al., 1999). Figure 1.63 shows a co-rotating stream structure in the
inner heliosphere.
As with the ICME, the morphology of an SIR varies on a case by case basis. During the period
of 1995-2004, Jian et al. (2006b) found that the occurrence rate of SIR shocks at in situ regions
is about 24% and only 70% of this rate are forward.

Figure 1.63 A Co-rotating stream structure sketch of the inner heliosphere. Left panel: magnetic field lines within
fast (red) and slow (blue) solar winds. A stream interface (black line) lies within the compression region between
forward and reverse waves. Right panel: M is the solar magnetic axis. The solar wind belt is inclined to the solar
rotation axis(R). The SI is the ridge in interplanetary space where the fast stream catches up to the slow stream
ahead of it (black). The fast stream is slowed where the slow is accelerated. Also, both are deflected along the SI.
Right panel adapted from Pizzo (1991). (Owens and Forsyth, 2013) .
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Stream interfaces were first observed by (Siscoe et al., 1969) as a flow shear. Belcher and
Davis (1971) were the first to study the boundary separation between the slow, cold, dense
stream and the hot, fast, tenuous stream of the solar wind. Burlaga (1974) called this
boundary the ‘Stream Interface’. The two plasma streams of the SI originate in different
regions of the corona (Wimmer‐Schweingruber et al., 1999). Later, the SI was described as a
sudden drop in the plasma density associated with a rise in the proton temperature and
occurring at speeds less than 459 km/s with discontinuous changes in alpha particles. Within
the solar wind flow, SIs are sites of discontinuous shears (Gosling et al., 1978). The high proton
elevation of SIs has been attributed to an increase in entropy (Intriligator and Siscoe,
1994;Lazarus et al., 2003) and plasma velocity across the SI (Jian et al., 2006b).
The highest total perpendicular pressure of the CIR plasma appears in the vicinity of the SI
(Gosling and Pizzo, 1999). The Pt parameter is a good indicator with which to study the
morphology of ICMEs and CIRs (e.g. Russell et al., 2005) because it presents the sum of the
magnetic and plasma thermal pressure perpendicular to the magnetic field, meaning there is
a contribution of magnetic field and plasma to the pressure. The peak pressure and the
dynamic pressure of the stream on the opposite sides of the SI are equal. Therefore the
maximum pressure is a good indicator to use when identifying the passage of the SI (Jian et
al., 2006b). Sometimes many discontinuities in the pressure morphology are apparent, which
is due to shocks arising to a supersonic across the SI and exceeds the compressional wave
speed. The characteristics of SIRs can be summarized as: 1. An overall increase in the solar
wind velocity. 2. The Pt reaches a maximum at the SI. 3. The increase in the gradient of the Pt
causes the plasma streams to drift towards the SI from each side (maximum Pt at the SI with
gradual decrease to both sides). 4. A sudden reduction and a compression in the proton
density and magnetic field strength at the location of the SI. 5. An increase in temperature
and flow deflection at an SI. 6. An increase in the entropy per proton (Ln (TP3/2/NP)). These
signatures are not necessarily present in all events (Jian et al., 2008c). Figure 1.64 illustrates
the morphology of SIRs, including forward and reverse shocks.
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Figure 1.64 A scheme illustrating the geometry (upper panel) and profiles of SIR with forward shocks (S) , reverse
shocks (F), compression regions (S’,F’) , stream interface SI (curved line between S’ and F’) and rarefaction region
R (Richardson et al., 1996), after Belcher and Davis (1971).

The variations in SIR characteristics may display the effect of other structures on them, for
example the meeting of a transient slow solar wind of the SIR with a slow coronal mass
ejection (Jian et al., 2006b). Suprathermal electrons also appear within high-speed solar
winds, which are emitted from the solar coronal holes and associated with CIRs. BDE streams
are sometimes associated with these CIRs at the head and follow the passage of their reverse
shocks or waves at 1 AU, but occur most frequently at the reverse shock and can last a period
of about 2 days after the spacecraft connection to the stream interaction region at 3 to 5 AU
(Steinberg et al., 2005). The electron heat flux enhancement appears at both the forward and
reverse shocks of the CIR at distances of between 2-5 AU, based on Ulysses data (Gosling et
al., 2001a). This enhancement flux is a consequence of the energizing electrons at the shocks
leaking out of the CIR upstream towards the solar wind, producing beams of field aligned
electrons which are directed away from the CIR on both sides. At 1 AU, the CIR is more likely
to have forward and reverse waves than shocks at its boundaries According to Gosling and
Pizzo (1999): ‘whereas shocks are known to be sources of suprathermal electrons, forward
and reverse waves are not generally recognized to be significant producers of suprathermal
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electron enhancements’ (Steinberg et al., 2005). On the other hand, the counter streaming
electrons at forward and reverse CIR shocks can be produced through other mechanisms,
such as the connection with the Earth’s bow shock (Feldman et al., 1982) and the depletions
occur around the 90˚ pitch angle because of the magnetic focusing and mirroring (Gosling et
al., 2001b). Figure 1.65 illustrates the geometry of the magnetic field lines during the SIR.

Figure 1.65 A schematic illustration of the SIR field line geometry. The compression area is shaded in grey. The
solid line refers to the SIR area which is bounded by the shock, whereas the dotted line refers to the SIR area
(near in situ) bounded by a pressure wave. (Steinberg et al., 2005)

1.11 Magnetic storms at Earth
Magnetic storms that are caused by ICMEs occur in three main phases: Storm Sudden
Commencement (SSC) (the initial phase), the main phase, and the recovery phase (Guarnieri
et al., 2006). Storms which are caused by CIRs have the same phases, with the differences
between them being: 1) In the initial phase of the ICME storm, there is a SSC, whereas in the
CIR storm there is a gradual initial phase without an SSC (Tsurutani et al., 1995), 2) During the
main phase, the reduction of Dst (the index of storm strength) of the ICME storm is higher
(hundreds of nT) than in the deceasing of SIR storm (which makes the ICME storms more
intense) (Gonzalez et al., 1999), 3) ICME storms have a recovery phase that is shorter than
that of the CIR. 4) ICME storms mainly occur during the ascent phase of the solar cycle (solar
maximum) due to an increase of CME events. Figure 1.66 compares the response of the Dst
index for both ICME and CIR.
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Figure 1.66 The typical Dst response during magnetic storms due to an ICME (top), an a CIR (bottom) (Tsurutani
et al., 2006) . The Dst derived from a network of near-equatorial geomagnetic observatories that measures the
intensity of the equatorial electrojet (the ring current)

Kataoka and Miyoshi (2006) present a schematic illustration of two typical CME and CIR
plasma structures (Figure 1.67) after studying the interfaces between interplanetary shocks
and SI during CME- and CIR-associated magnetic storms. The flux enhancement was more
effective with CIR-associated storms than with CME-associated ones. The existence of all
three ICME parts (MC, sheath and shock) in the same event changed the general configuration
of the geomagnetic disturbance morphology due to compression of the magnetosphere by
the shocks. The geomagnetic storms were classified into five groups according to the
reduction values of Dst: Weak: (-30 to -50) nT, Moderate: (-50 to -100) nT, Strong: (-100 to 200) nT, Severe: (-200 to -350) nT, and Great: (˂-350) nT (Loewe and Prölss, 1997). Both CME
and CIR can be responsible for the weak and moderate storms, whereas only CMEs can be
responsible for the other types (Gopalswamy et al., 2007).
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Figure 1.67 A schematic illustration of two typical CME and CIR parameters accompanied magnetic storms. B:
the magnetic field strength, Bi: one of the Cartesian component, V: solar wind speed, N: density, T: temperature,
Dst: expected response of the geomagnetic index and e-: > 2.0 MeV electron flux at geosynchronous orbit.
(Kataoka and Miyoshi, 2006).

1.12 ICMEs and Space Weather
Solar activity plays an important role in most of the variations which take place in the solarterrestrial environment. This is due to changes in the amount and the energy of
electromagnetic radiation and high energy particle emissions resulting from solar events.
Solar activity can be divided in to two categories: 1) long-term activity as represented by the
11 years’ sunspot cycle, where the number of sunspots changes from a minimum to a
maximum and again to minimum values. During the ascent phase, the solar atmosphere
witnesses an increase solar flares, filament eruptions and CMEs, which leads to a solar wind
energy enhancement and a rise in the number of geomagnetic storm events. In the descent
phase, however, these events decline in frequency (Figure 1.68). 2) Short-term activity, as
represented by short (lasting from a few to several minutes) and temporary rises in solar
electromagnetic radiations and energetic particles associated with the above events. This can
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cause many short-lived impacts on our space environment, such as magnetic storms,
ionospheric storms, auroras, and high frequency fadeout.

Figure 1.68 A display of the correlation between the annual sunspots numbers (yellow area) and the
geomagnetic disturbed days with the geomagnetic Ap index ≥ 40 (red area). Courtesy NOAA Geophysical Data
Centre Boulder, CO, USA.

Space weather is the term used to describe the physical variations and disturbances which
begin in either the solar atmosphere, interplanetary space, magnetosphere, or the Earth’s
upper atmosphere and occur over the above-described solar activity time scales. Space
weather can impact the safety of humans and technology both in space and on the ground.
Electromagnetic radiation and energetic particles can harm astronauts’ safety, damage
spacecraft equipment and degrade satellite sensors, while magnetic disturbances can lead to
damage to power pipelines, ionospheric increased ionization, interruption of high frequency
radio waves and GPS fadeout and power systems outages (Cannon et al., 2013).
Coronal mass ejections events are deeply influenced by the solar activity cycle, with values
ranging from < 0.5 per day at solar minimum to > 6 per day at solar maximum (Gopalswamy
et al., 2003a). They are often associated with phenomena such as flares, radio bursts and solar
energetic particle events, as observed by Radio waves, EUV, X rays, and H-alpha, in either
spectra or images. The interplanetary Bz magnetic field under quiescent conditions is very
weak, except for some small-amplitude Alfvenic fluctuations. The relationship between ICMEs
(encompassing MCs, sheaths and shocks), and geomagnetic storms stems from the fact that
ICMEs are the source of the interplanetary southward magnetic field enhancement. Every
part of the ICME contributes to changes in geomagnetic indices, such as Dst, but in different
ways.
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The ICME shock is the first remarkable signature of an ICME arrival due to the associated solar
energetic particles (SEPs). Through the interplanetary medium, shocks continue to produce
SEPs as long they are strong. The Geostationary Operational Environment Satellite System
(GOES) was the first to record the impact of ICME particles on space weather by observing an
energetic storm particle with the ICME forward shock passage. Solar energetic particles can
pose a risk to high-flying aircrafts, damage spacecraft and satellite electronic devices, and
harm astronauts (Turner, 2006). As the CME departs the Sun, many factors will determine the
geoeffective level of the ICME and therefore its ability to change the Earth’s space weather.
These factors include its magnetic field strength, its shocks energetic particles, deflection,
deceleration, speed, and the Earth arrival time. Gopalswamy (2009b) has summarized two
key space weather aspects of CMEs and their geospacer consequences. The two
interplanetary consequences of CMEs are SEPs and Geomagnetic storms (Figure 1.69).

Figure 1.69 SEPs and Geomagnetic storms, the two interplanetary consequences of CMEs. CMEs speed VCME more
than the solar wind speed VSW should exceed the magneto sonic speed VMS to drive a shock. CMEs cause
geomagnetic storms when they have southward magnetic field direction (Bz<0) (Gopalswamy, 2009b).
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Chapter 2
Instrumentations
The remote sensing and in situ observations presented in this work comes from multiple
instruments onboard several spacecraft. This chapter presents and describes these spacecraft
and their instruments. The wide range of measurements available from these instruments
helps us to understand the connection between solar events and their interplanetary
signatures.

2.1 The Solar and Heliospheric Observatory (SOHO)
The Solar and Heliospheric Observatory (SOHO) is a joint NASA-ESA spacecraft (Domingo et
al., 1995) which was launched in December 1995. Its objective was to study the Sun, from the
deep core to the outer corona, and to understand more about the solar wind from its orbit
around the L1 Lagrange point, the location of Sun-Earth gravitational equilibrium with a
distance of about 1.5x 106 km upstream of the Earth with a spin axis directed toward the Sun.
SOHO had 12 instruments on board, consisting of telemetry instruments that worked in
ultraviolet and visible light, and in situ measuring instruments.

2.1.1 Large Angle and Spectroscopic Coronagraph (LASCO)
This consists of a set of three optical telescopes with different fields of view (Brueckner et al.,
1995), which are designed to block the white light coming from the solar disk and obtain the
faint emissions of the corona. The three optical systems used are C1, C2, and C3, which
capture images the solar corona from 1.1 to 30 solar radii. C2 and C3 are externally occulted
coronagraphs observing the regions between 1.5 to 6 and 3.7 to 30 solar radii respectively,
and they are still working well.

2.2 The Solar Dynamics Observatory (SDO)
SDO is a NASA mission, the flagship of the living with a star (LWS) programme (Pesnell, 2015),
which was designed to provide images of the Sun with a level of detail impossible previously.
Its goal is to study the solar atmosphere in many wavelengths and understand more its impact
on the Earth and on near-Earth interplanetary space. SDO was launched in February 11, 2010
with a circular geosynchronous orbit, and including three instruments: the Helioseismic and
Magnetic Imager (HMI), The Extreme Ultraviolet Variability Experiment (EVE), and The
Atmospheric Imaging Assembly (AIA). The HMI (Schou et al., 2011) was designed to study
oscillations and the magnetic field of the solar photosphere. Full-disk observations of the
magnetic field are provided at the wavelength 6173 A with 1 arc second resolution.

2.2.1 The Atmospheric Imaging Assembly (AIA)
AIA (Lemen et al., 2012) consists of four telescopes that provide full solar disk images with
high spatial and temporal resolutions in seven EUV channels: Fe XVIII (94 A), Fe VIII, XXI (131
A), Fe IX (171 A), Fe XII, XXIV (193 A), Fe XIV (211 A), He II (304 A), and Fe XVI (335 A), and
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three UV to Visible channels, covering the solar atmosphere in temperatures ranging between
6000 to 2x107 ˚k. Table 2.1 display the ten AIA wavelength channels and their uses.

Table 2.1 The AIA 10 channels, the dominant ions observed in each channel, and the corresponding temperature
regime for that ion. (Lemen et al., 2012).

2.3 The WIND spacecraft
The WIND spacecraft (Harten and Clark, 1995) was launched in November 1, 1995. Its main
object was to study the interplanetary medium by measuring the magnetic field, charged
particles and continuously monitoring the solar wind conditions near Earth. WIND’s orbit was
a very complicated petal orbit ranging between 10RE and 80RE away from the Earth, and
taking the spacecraft up to angle of 60° from the ecliptic plane with respect to the Earth. It
spent a long time in the magnetotail before beginning to orbit the Sun at the L1 Lagrange
point.

2.3.1 WIND Solar Wind Experiment (SWE)
A two solar wind data analyser instruments undertaken by the Faraday Cup(FC) sub-systems
which designed to measure the thermal protons and positive ions (Ogilvie et al., 1995). To
analyse the solar wind, it considered to be as a fluid with velocity ⃗⃗⃗⃗⃗
𝒱𝑝 , thermal speed ωp, and
density np as a function of position and time (Steinberg et al., 1996). The instrument deal with
particles as accounts to generate accurate values of these plasma parameters. The FC
instrument investigate the 3D distribution of protons and alpha particles with velocity space
⃗ ) and f𝛼 (𝒱
⃗ ) through measurements of the reduced distribution function. The FC principle
fp (𝒱
of the ion instrument is: the particles’ flux passage through the FC instrument produces a
current which clash with one or more electrically-insulated collector plates (Figure 2.1)
(Kasper, 2002). In the left panel (a), positive particles q+ (red arrows) and negative particles
q– (blue arrows) pass through the instrument entrance area A with various parallel speeds 𝒱II
to the symmetric axis instrument, and hit the insulted collector plate. Because of the collector
location which grounded the green wire, surplus charge does not accumulate on the collector.
The current flows through the wire measure by an ammeter.
The properties of positive and negative particles are interwined because they have different
average speed. The left design was improved as can be seen in the right panel (b) by inserting
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two wire grids. The outer grid grounded the green wire and a high positive charge voltage VH.V
was supplied to the inner grid in order to fend off particles of the desired charge. This
operation is like shielding the collector plate from positively charged particles with insufficient
energy to penetrate the region between the two grids. The particle with charge q and mass
m are reflected unless
1
2
𝑚𝑣II
2

𝑞

≥ VH.V

(2.1)

Figure 2.1 Illustrates a simple scheme of a Faraday Cup measurement of charged particle flux. (Kasper, 2002)

2.3.2 WIND Magnetic Field Investigation (MFI)
This is comprised of a dual triaxial fluxgate magnetometer that measures the DC vector
magnetic fields up to a time resolution of 22 or 11 vectors/sec. The MFI is an instrument
developed from the legacy of magnetometers carried by Voyager, ISPM, GIOTTO and the Mars
observer mission. The advantage of using the dual magnetometer can be seen especially in
weak interplanetary magnetic field measurements. It provides high temporal resolution of
the interplanetary magnetic field 3-D measurements. For 24 hours, the 92 sec Kp data is
publicly available at the Coordinated Data Analysis Web (CDAWeb). After about 1 week, the
MFI team produces data calibrated to 3 sec, 1 min, and 1 hr averages in both GSE and GSM
coordinates.

2.4 The Advanced Composition Explorer (ACE)
The ACE spacecraft was launched in August 25, 1997, and carries a set of instruments to
measure the elemental, isotopic, and ionic charge-state composition of the corona, solar
wind, the local interstellar medium and galactic matter. ACE orbits the L1 Lagrangian point
(Figure 2.2) and provides continuous measurements of the interplanetary magnetic field, the
solar wind parameters, solar energetic particles and heliospheric and galactic accelerated
particles.
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Figure 2.2 ACE trajectory and mission orbit from the Earth to L1 position (August 25, 1997 to December 17, 1997)
http://www.ssg.sr.unh.edu/mag/ACE.html.

2.4.1 ACE Magnetic Fields Experiment/Magnetometer (MAG)
The Magnetic Fields Experiment MAG (Smith et al., 1998a) consists of twin vector triaxial
fluxgate magnetometers which measure IMF characteristics in three dimensions over a wide
range of frequencies using the flight spare of WIND MFI. It provides high-resolution
measurements of the magnetic field ranging between 3 and 6 vectors S-1 resolution. It is
normal to use MAG data averaged over 16 secs, 5 min, 1 hr or even 1 day depending on the
requirement.
Various coordinate systems are used to study the solar terrestrial environment. The
Geocenteric Solar Magnetospheric (GSM) coordinate system has been used commonly to
measure Real Time ACE. GSM is centered along the Earth’s magnetic dipole axis and is useful
for identifying the Earth’s magnetosphere variations. Bx is perpendicular to the By-Bz plane,
extending between the Earth and the Sun’s centre and points towards the Sun, whereas By is
perpendicular to the Bx-Bz plane, containing the Earth’s dipole axis and completing the
orthogonal coordinate system. Bz represents the Earth’s north magnetic dipole. For STEREO
spacecraft, the Radial-Tangential-Normal (RTN) system has been used. This system can be
aligned with the spacecraft, the Earth or with any other planet. R points radially away from
the Sun’s centre towards the observer, T is perpendicular both to R and to the solar rotational
axis, and N represents the product of R and T.

2.4.2 ACE Solar Wind Electron Proton Alpha Monitor (SWEPAM)
The SWEPAM instruments (McComas et al., 1998) measure the three-dimensional
characteristics of solar and suprathermal electrons. They provide detailed
knowledge of the solar wind conditions and ideal data set for both heliosphere and
magnetospher, which can be used in conjunction with concurrent data from spacecraft such
as Ulysses. SWEPAM-I collects full 3-D plasma measurements of protons and alpha particles
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every 64 s with an energy resolution ΔE/E ≈ 5 %, an angular resolution of 5˚ in the polar
heading, and 3˚ to 4.5˚ in the azimuthal orientation. SWEPAM-E collects full 3-D plasma
electron measurements within the same timeframe as SWEPAM-I, with an energy resolution
of ≈ 12% wide.
The SWEPAM-E plots of suprathermal electrons pitch angle distribution display functions at
10 energies, ranging from 73 eV to 1137 eV. Each pitch angle bin is 9° degrees, spanning from
0° to 180°. 272 eV energy is typically representative of the suprathermal population, however
lower energies can still be part of the thermal core distribution, depending on the conditions.
Higher energies can more easily be contaminated by energetic particles, light or other
substances, since they are typically lower in numbers.

2.5 The Solar Terrestrial Relation Observatory (STEREO)
STEREIO (Kaiser et al., 2008) is NASA’s third solar-terrestrial programme mission. Twin
spacecraft were successfully launched in October 26, 2006 to their orbits around the Sun.
During their orbital journey, one of them travelled further ahead (STEREO A), whereas the
other (STEREO B) fell behind the Earth (Figure 2.3). These two positions allow for unique and
3-D views of the Sun and the interplanetary medium, including CME evolution and
propagation. Each year the separation angle between the two spacecraft increases by about
44 to 45 degrees. Each spacecraft has on board four instruments packages, two instruments
and two instruments suites, with a total of 13 instrument each.

Figure 2.3 Left panel: the leading (red) and trailing (blue) trajectory of STA & STB to the Earth. Right panel:
STA & STB opposite orbital paths around the Sun.(Kaiser and Adams, 2007)

2.5.1 Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI)
SECCHI (Howard et al., 2008) consists of a suite of remote sensing instruments that study the
3-D evolution of CMEs originating from the Sun, travelling to the interplanetary space and
eventually to Earth. These instruments are:
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Two White Light Inner and Outer Coronagraphs (COR1, COR2) which capture images
of the solar corona in a field of view ranging from 1.4 to 4 solar radii for COR1 with a
pixel size start from 512x512 with 15 arcsec pixel-1 resolution to 2048x2048 with 3.75
arcsec pixel-1 resolution (Thompson et al., 2010) and a field of view ranging from 2.5
to 15 solar radii for COR2. It provides a full-resolution images of 1024x1024 with 14.7
arcsec pixel-1 resolution (Howard et al., 2008).
Extreme Ultraviolet Imager (EUVI): used to observe the upper chromosphere in the
ionized helium emission at 304 A wavelength, and the inner corona in the ionized iron
emissions at 171A, 195A, and 284A (Howard et al., 2008).
Heliospheric Imager (HI1, HI2): observes CMEs with field of view of 15 to 215 solar
radii on the respective Earthward side of the Sun (Howard et al., 2008).

2.5.2 In Situ Measurements of Particles and CME Transient (IMPACT)
IMPACT (Luhmann et al., 2008) consists of seven instruments distributed over two suites:
 The boom suite, which includes: Solar Wind Electron Analyzer SWEA, Suprathermal
Electron Telescope SET, and Magnetometer MAG, located on the IMPACT boom mast.
MAG (Acuña et al., 2008) measures the three components of the vector magnetic field
in a range of +/- 512 nT.
 The SEP suite, which includes: the Solar Electron Proton Telescope (SEPT), the
Suprathermal Ion Telescope (SIT), the Low Energy Telescope (LET), and the High
Energy Telescope (HET). This suite of instruments samples the 3-D distribution and
provide the plasma characteristics for solar energetic ions and electrons and the local
vector magnetic field.

2.5.3 Plasma and Suprathermal Ion Composition (PLASTIC) (Galvin et al., 2008)





This measures the in situ solar wind characteristics of protons and alpha particles, as
well as the mass and charge state composition of heavy ions in order to distinguish
CMEs plasma from the ambient solar wind. It consists of a package of three sensors:
Solar Wind Sector (SWS) proton channel: measures the solar wind proton density,
velocity, temperature and alpha to proton ratio with a time resolution of up to 1 min.
Solar Wind Sector (SWS) composition channel: measures the charge state distribution,
elemental composition and heavy ion temperature and speed.
Wide Angle Partition (WAP): measures the suprathermal ion distribution functions.
Figure 2.4 displays an artist’s rendition of STB instruments.
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Figure 2.4 An artist’s scheme of STB and its instruments. SECCHI and PLASTIC instruments are pointed sunward,
whereas SWAVES antennas and IMPACT boom are placed on the opposite end (Kaiser and Adams, 2007).
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Chapter 3

Properties of the HPS-ICME-CIR interaction event of
09-10/09/2011*

__________________________
* This chapter has been accepted for publication in the Journal of Geophysical ResearchSpace Physics (DOI:10.1002/2017JA024849).
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Abstract
During September 09-10, 2011 the ACE, Wind and SOHO spacecraft measured the complex
interaction between an interplanetary coronal mass ejection (ICME) and a co-rotating
interaction region (CIR) associated with the heliospheric sector boundary. Except for a few
short periods, the suprathermal electrons are unidirectional, suggesting the ICME magnetic
field has opened through interchange reconnection. Signatures of interaction are distributed
throughout the event suggesting that the structures have become entangled, or
embedded. Since the ICME speed is relatively low, the strong forward shock must be caused
by the ICME-CIR interaction. Other interesting features are the upstream heating flux
discontinuity, the very high proton density in the frontal boundary of the heliospheric plasma
sheet and the forward shock, the significant speed elevation within the sheath, the distortion
of Bz in the magnetic cloud, the indistinct location of the stream interface, the unidirectional
domination of the suprathermal electrons and the reverse shock at the CIR rear
boundary. There is an unusual delay between the proton density and temperature
profiles. Furthermore, large differences in proton speed and forward shock density measured
between L1 spacecraft indicates high variation at small spatial scales. A few days earlier,
STEREO B recorded the undisturbed CIR, which shows that (i) some general features of the
CIR are preserved (ii) the CIR is compressed by a factor of ∼4 by the ICME and (iii) a magnetic
exhausted region at the front of the CIR is a continuous feature and is not formed due to the
ICME interaction.
A survival of a magnetic exhausted region at the front of the CIR before and with the
interaction, suggests that care must be taken in the interpretation of many other similar
cases. Accurate interpretation of many complex in situ interaction events is difficult without
a comparison of events in the absence of interaction.
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3.1 Introduction
Coronal mass ejections (CME) are eruptions of magnetised plasma from the solar
atmosphere, with a broad range of propagation speeds and mass (Gopalswamy and Kundu,
1992;Hudson et al., 1996). Interplanetary coronal mass ejections (ICME) are the
interplanetary manifestation of CMEs, identified by in situ measurements of the solar wind
(Burlaga et al., 1981;Zurbuchen and Richardson, 2006;Richardson and Cane, 2010). Slow,
dense solar wind, which manifests itself as streamers or pseudostreamers in the corona, are
associated with closed field regions of the Sun (Gosling et al., 1981;Morgan et al., 2013), whilst
the fast, low-density streams arise from open field regions (Krieger et al., 1973). The
distribution of slow and fast winds can be complex, and changes rapidly during the solar cycle
in relation to the magnetic configuration of the photosphere (Morgan and Habbal,
2010;Morgan, 2011). The interaction between streams form compression or rarefaction
termed Stream Interaction Regions SIR(Parker, 1963;Hundhausen and Gosling, 1976;Pizzo,
1978) or Co-rotating Interaction Regions (CIR) when an SIR recurs with solar rotation (Gosling
and Pizzo, 1999;Jian et al., 2006b).
ICMEs may interact strongly with the ambient solar wind, making precise identification of
their boundaries difficult (Gopalswamy, 2006). Two common complex interaction cases are
ICME-ICME interaction and ICME-SIR interaction. For example, Burlaga et al. (1987) studied
the interaction between a magnetic cloud (MC) and a CIR using 3 spacecrafts at different
longitudes. Lepping et al. (1997) described an event measured approximately 175 RE
upstream of the Earth, consisting of a shock wave observed ahead of an MC whose speed
exceeded the ambient solar wind speed. Furthermore, the MC was followed and overtaken
by a CIR that compressed the rear of the MC, and a two-stream interface (SI) observed an
hour later. Significant to this case was the sudden rise in the magnetic field magnitude from
21 nT to 30 nT within the MC and an abnormal twin-peaked density in the solar wind following
the MC. The sudden increase of the MC magnetic field could have been the result of CIRinduced compression at the rear boundary of the MC. The CIR interaction with the MC may
have produced an instability which formed a complex boundary. Alternatively, it might have
been part of another solar event, or the high stream interaction with the current sheet. This
ambiguity highlights the difficulty of interpreting complex interacting streams and ICMEs.
Wei et al. (2003) studied many cases of interaction between MCs and the ambient solar wind,
concluding that these interactions complicate the identification of the MC boundaries.
Another well-studied case of ICME-CIR interaction occurred during the passage of an MC
following a CIR during January 1997 (Burlaga et al., 1998). Its most remarkable feature was a
very high density and 4He++/H+ ratio in the rear of the MC originating from the prominence
material core of the CME. The further development of ICME-HSS interaction studies was made
possible by the Sun Earth Connection Coronal and Heliospheric Investigation
(SECCHI,(Howard et al., 2002)) instruments on board the Solar Terrestrial Relations
Observatory (STEREO(Kaiser, 2005)), in particular the Heliospheric Imagers (HI). Rouillard et
al. (2009) used HI to identify the geometry of CIRs and their interaction with ICMEs at 1 AU
based on HI-1B and HI-2B time-differenced images of the July 19, 2007 event. Farrugia et al.
(2011) studied a complex MC-CIR interaction near the heliospheric current sheet on
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November 19-20, 2007. Multiple spacecrafts measurements enabled a reconstruction of the
flux rope structure, and clear signatures of forward and reverse shocks near Earth.
Often associated with CIRs are sector boundaries (SBs), or the heliospheric current sheet
(HCS), between large-scale regions of inward and outward directed magnetic fields (Wilcox
and Ness, 1965;Svalgaard and Wilcox, 1975). SBs are associated with increased ion flux,
plasma density and a decreased solar wind speed(Crooker et al., 2004a;Blanco et al.,
2006;Khabarova and Zastenker, 2011). In the context of ICME-SIR interaction regions, the
identification of a single sector boundary becomes more difficult or impossible. Furthermore,
there is often considerable mismatch between sector boundaries identified by magnetic field
reversals and those identified by electron polarity reversals (Kahler and Lin, 1994;Kahler and
Lin, 1995;Crooker et al., 2002). For example, Crooker et al. (1996) found 14 reversals of the
magnetic field during 2 days of measurements, and proposed a multiple flux tube structure
resulting in pockets of ‘false’ polarities and a folded heliospheric current sheet.
CME-coronal hole interaction can result in interchange reconnection between the closed
magnetic loops of CMEs and a neighbouring open field (see, for example Crooker et al.,
2002;Crooker et al., 2004b;Wang and Sheeley Jr, 2003;Harra et al., 2007;Fisk, 2005).
Interchange reconnection leads to localized magnetic field reversals near sector boundaries,
particularly in the presence of ICMEs. In the case of closed neighbouring field lines, a partial
disconnection will be the dominant mechanism. Gosling et al. (1995) used interchange
reconnection to explain the unidirectional heating flux (strahl) beams associated with opened
field lines in ICMEs resulting from partial disconnection. By analysing 48 MCs, Shodhan et al.
(2000) found sizeable signatures of open magnetic field at 1AU, and suggested a process of
continual interchange reconnection which continued until the ICMEs became completely
open.
Winslow et al. (2016) conclude that caution should be exercised regarding geomagnetic storm
forecasting that depends upon ICME magnetic field observations close to the sun, especially
when there is an interaction with co-rotating structures, because this interaction could
change the morphology of the magnetic field measurements. They studied HPS/HCS-ICME
interaction using Messenger (ANDREWS et al. (2007)) and Stereo A observations and found a
turbulent region within the STEREO A MC flux rope observations; however, no change in
Messenger data was observed. They attributed this turbulence to the ICME- HPS/HCS
interaction during the ICME propagation through interplanetary space.
This study investigates the properties and characteristics of three large-scale interacting
structures (a CIR, associated with a HPS, and an ICME), and seeks to measure the extent to
which this interaction affects their magnetic field and plasma properties. In section 3.2, we
present the remote sensing and in situ instruments; in section 3.3, we examine the coronal
observations of the September 06 CME observation, and its L1 in situ interplanetary magnetic
field and plasma observations on September 09, also examine the HPS, HCS, SBC and the CIR
in situ measurements. In addition, the section included a comparison with a CIR recorded in
September 04, 2011 by STEREO B in the absence of an ICME. Conclusions are given in section
3.4.
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3.2 Instruments
Remote sensing observations used in this study are made by the C2 instrument of the Large
Angle Spectroscopic Coronagraph (LASCO)(Brueckner et al., 1995) on board The Solar and
Heliospheric Observatory (SOHO)(Domingo et al., 1995) and the COR 2 coronagraph of
STEREO A, Extreme Ultraviolet (EUV) images of the low corona are from the Atmospheric
Imaging Assembly (AIA)(Lemen et al., 2011) instrument aboard the Solar Dynamics
Observatory (SDO)(Pesnell, 2015). Photospheric magnetic map observations are made by the
Helioseismic and Magnetic Imager (HMI/SDO(Scherrer et al., 2011)). These remote
observations are used to provide context and to interpret the in-situ measurements made by
spacecraft near Earth.
The in-situ data are from the Advanced Composition Explorer (ACE)(Stone et al., 1998) and
Wind spacecrafts near L1. The in-situ instruments are listed in Table 3.1. The proton density
is missing or contain data gaps in the ACE 64s cadence data. The ACE 5 minutes browse is
available but not suitable for the scientific studies, so it has used the SOHO/CELIAS 5-minute.
There are large gaps also in the corresponding Wind 1 min magnetic field and plasma
measurements. Wind observations, when available, are used for comparison with ACE. The
suprathermal electron pitch angle distributions measured by SWEPAM-E/ACE are provided at
10 energy channels ranging from 73eV to 1.37 KeV. Here we use the. 272 eV channel because
data at that energy are typically representative of the suprathermal population, although
lower energies can still be part of the thermal core distribution, depending on conditions.
Higher energies are more prone to contamination by energetic particles or other effects, and
the count rates are typically lower. The low counts can also mean that the high energies are
more sensitive to errors arising from combining data from detectors with very different gains.
This study also used in-situ measurements which mentioned in Table 3.1.

Spacecraft
ACE
Wind
STEREO B

SOHO

Magnetic field Instrument
Magnetic Field Experiment, MAG
(Smith et al., 1998a)
Magnetic Field Investigation, MFI
(Lepping et al., 1995)
In situ Measurements of Particles and
CME Transients, IMPACT (Luhmann et al.,
2008)
-

Solar wind Plasma Instrument
Solar Wind Electron Proton Alpha
Monitor, SWEPAM (McComas et al.,
1998)
Solar Wind Experiment, SWE
(Ogilvie et al., 1995)
PLASMA AND SUPRATHERMAL ION
COMPOSITION (PLASTIC)(Sauvaud et
al., 2008)
Charge, Element, and Isotope
Analysis System/Mass Time-of- Light
(CELIAS/MTOF) (Ipavich et al., 1998)

Table 3.1 The in situ Magnetic field and Solar wind plasma instruments of ACE, Wind, STB and SOHO
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Since the ACE magnetometer and SOHO proton measurements are available throughout the
event, they are shown together for the purpose of comparison in many figures. From the
relatively close locations of the three L1 spacecraft as shown in Figure 3.1, similar
measurements would be expected. However, as will be shown, significant differences are
seen during some periods. Large differences over small spatial scales have also been reported
for Helios measurements for two spacecraft separated by only 1˚ latitude in the same coronal
hole (Schwenn, 1990). Based on STEREO and ACE measurements, Rouillard et al. (2009) found
different CIR speed profiles over small latitudinal ranges.

Figure 3.1 The L1 spacecraft positions ACE, Wind and SOHO on September 09, 2011 (1Re= 6371.2 km)

3.3 Results
3.3.1 Eruption and low-coronal propagation
Figure 3.2 shows the solar disk as observed in EUV during September 06, 2011. A large active
region (NOAA AR11283), the source of the ICME under study, is situated at N14 W18, with a
complex beta-gamma-delta configuration. Also of relevance to this study is the equatorial
coronal hole to the east of the meridian (CH475). The coronal hole extends from latitude -25˚
to 30° and is 15° wide in longitude. The coronal hole is a persistent feature for several
rotations, and is the source of a CIR. During September 06, there is two halo CME erupted at
02:24 UT from the location N14 W07 and 23:05 UT from the location N14 W18 (the first one
mentioned in SOHO/LASCO catalogue as poor event). Also, on September 07, there are two
partial halo CMEs erupted at 18:48 UT from the location N23 E54 and at 23:05 UT from the
location N14 W28. It has tested the estimated transit times of these CMEs based on the onset
times and speed, and the space speed. The September 06, 23:05 UT CME is the optimise to
matching with the September 09 ICME. Its estimated transit time is about 61 hours (with
space speed about 680 km/s). This value is close to Wu et al. (2016) who have tested these
four CME candidates sources of the ICME September 09, 2011 forward shock that emitted
during September 06 and 07, 2011, erupted from N17 W07, N14 W18, N23 E54 and N14
W28.They concluded that the September 06 (N14 W18) is the most likely driver of the
September 09 ICME forward shock.
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AR11283
CH475

Figure 3.2 Composite EUV image of the solar disk and low corona made using AIA/SDO observations during
2011/09/06 12:00. The three-color red-green-blue image channels are composed of observations made in three
AIA channels: 171Å, 193Å and 211Å respectively, corresponding to their most dominant emission lines of Fe IX,
Fe XII and Fe XIV with formation temperatures∼ 0.7, 1.2 and 2.0 MK. The images have been processed using
Multiscale Gaussian Normalization (MGN, (Morgan and Druckmüller, 2014)).

As shown in the AIA/SDO sequence of Figure 3.3, there is a sigmoid magnetic structure
(indicative of a twisted flux tube/toroid instability) embedded within the heart of the west
footpoint of the active region. The sigmoid is clearly seen at 22:03 UT. Immediately following
there is a very rapid (impulsive) eruption, and a post-flare arcade appears by 22:51 UT.
Associated with the eruption is a massive X2.1 flare on September 06, 22:20 UT, accompanied
by Type II and IV radio bursts. The pre-eruption configuration and initial stages of the eruption
have been simulated in detail using a non-linear force-free model by Jiang et al. (2013). They
suggest that reconnection at the null-point cuts overlying tethers and probably triggers the
torus instability of the flux rope, which results in the eruption.
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22:51 UT

22:03 UT

22:52 UT

22:53 UT

22:54 UT

22:56 UT

Figure 3.3 The September 6,2011 AR11283 flux rope. The upper left panel displays the S sigmoid at 22:03 UT
whereas the other panels show the magnetic flux rope sequence for a few minuites. These images have been
processed using MGN. The two arrows on the upper left panel determine the two ends of the S sigmoid and the
the black circules on all panels display the flux rope progress position during the panels times.

At around 23:00 UT, the CME of interest from AR11283 appears as a fast halo CME in the
LASCO C2 field of view, shown in the top row of Figure 3.4. This is a halo CME skewed towards
the north-west corona. In the LASCO C2 image, part of the halo CME shares the field of view
with the previous 3-part CME in the north-west, making it difficult to interpret its structure.
The bottom row of Figure 3.4 shows the same CME as viewed by STEREO COR2 A.
From this viewpoint, the bulk of the CME of interest is seen just northward of the equator.
The other 3-part CME is at apparent high latitude, with only a small overlap between the two.
The large CME from AR11283 has an extremely complicated structure, seemingly composed
of a main frontal system of distinct loops. These propagate outwards at high speed. Behind,
or within, these loops are myriad dense clouds of material that may be interpreted as the
CME core. This is not a compact core sitting tidily near the CME centre - it is distributed as
several spread-out blobs across a wide portion of the CME. Hours after the main front of the
CME has passed from the COR2A field of view, sizeable, fast and dense material continues to
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propagate outwards. The last sizeable blob passes out of the field of view at around 05:00 UT
on 2011/09/07. The central latitude of the CME is around 20° north, and although the bulk of
the CME lies north of the equator, there is considerable material propagating along the
equator. The southern extremity of the CME is approximately 30° south.

Figure 3.4 Top row shows a LASCO C2 image of 2011/09/06, 23:36 UT, showing a halo CME skewed towards the
north-west and a previous 3-part CME in the north-west. Bottom row shows a STEREO COR2 A image of
2011/09/06, 23:39 UT. The CME of interest is distributed from around -30 to +60 from the equator. The previous
3-part CME is at high latitude, although there is some overlap between the two CMEs. The left images have been
processed using a Dynamic Separation Technique to remove quiescent radial structure (Morgan and Habbal,
2010), and the right images have been processed using the Normalizing Radial Graded Filter of Morgan et al.
(2006).

3.3.2 ICME measurements
ACE in situ plasma and magnetic field measurements are displayed in Figure 3.5 for
September 09, 00:00 UT to September 11, 12:00 UT, spanning the occurrence of the ICME
arising from the 2011/09/06 eruption (the proton density data is from SOHO/CELIAS). The
ICME is interacting with the SIR arising from the equatorial coronal hole 475 seen in Figure
3.2. This interaction region is clear given the values of the solar wind flow speeds immediately
following the disruption of the ICME, which reaches a maximum of >600 km s-1. During
September 09, both the ACE and Wind spacecrafts recorded multiple inversions of the
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azimuthal magnetic field and a frontal large increase in density (SOHO and Wind), plasma
beta(Wind)(see Wind magnetic and plasma morphology for September 09 in Figure 3.10) and

Pitch angle(deg)

0-

Sheath

MC

CIR

Figure 3.5 displays the event Magnetic field and plasma parameters. From the upper panel: the ACE color-coded
electrons pitch angle distributions f(v) (cm-6 s3) at 272 eV energy (Color-coding for f(v) is logarithmic and ranges
from 5×10-31s3cm-6(dark blue) to 2×10-29s3cm-6(dark red)), Magnetic field strength B(nT), Bφ(deg), Bθ(deg),
proton temperature Tp(k), SOHO proton temperature Tp(k), ACE(black) and SOHO(red) proton speed Vp(km s -1),
Dst index(nT), ACE/SOHO combine total pressure Pt(pPa) and proton density Np(cm -3) from SOHO.
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solar wind speed elevation, consistent with an interplanetary forward shock (first vertical
dashed line). The increase in the magnetic field magnitude during the shock and the sheath
region exceeded 20 nT at times. This shock seems extremely strong, inconsistent with ideal
MHD. Later in this chapter we attribute the strength of the shock to the interaction between
the ICME and the CIR (section 3.3.6 and 3.3.8). The ICME was geoeffective (Dst ∼ -69nT). The
ICME is driving a forward shock as the cloud front boundary speed relative to the upstream
solar wind exceeded the magnetosonic speed (50-70 Km/s).The shock passes over ACE at
2011/09/09, 12:14 UT and is followed by a sheath. The solar wind proton temperature jumps
from 4.63×104 to 1.98 ×105 k and is accompanied by increases in: magnetic field strength
(from ∼ 5 to 20 nT); proton density to values of about 40 cm-3(from SOHO); and proton flow
speed. The sheath duration is very long (over 15 hrs) suggesting that ACE is traversing the
ICME flank. This is largely consistent with the configuration of the CME as viewed by
coronagraphs in the low corona.
A distinct region of the ICME follows the sheath, bounded by the 2nd and 3rd vertical dashed
lines at 2011/09/10, 03:30 UT and 14:00 UT, and is characterised by an abrupt reduction of
proton temperature to values lower than the ambient solar wind e.g. (Richardson and Cane,
2010) , a magnetic field strength increase from 6.2 to 14.4 nT and an azimuthal magnetic field
Bφ rotation. The Tp/Tex ratio (Richardson and Cane, 1995) was used to identify the Magnetic
cloud MC boundaries. The magnetic field component during this period, shown in more detail
in Figure 3.6, reveals a coherent rotation in the Bx and By components and a less clear rotation
in Bz. These characteristics suggest that ACE is traversing the main flux rope (magnetic cloud)
region of the ICME. The magnetic field vectors rotate for 10.5 hrs through an angle >30˚. The
sudden variation of Bz in the mid-point of the MC is maybe due to the ICME-SIR interaction,
which can distort the flux rope whilst maintaining the general helical field topology (Zhang et
al., 2013).

Figure 3.6 The interplanetary magnetic field vectors (Bx,By and Bz) and their directions through the MC. Blue
vertical lines are the MC boundaries. The symbols W, S and N refer to the flux rope directions: West, South and
North respectively.
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Within the magnetic cloud, the By component has a unipolar negative polarity as the Bx and
Bz components rotate from negative to positive (south to north). From this, the MC has a
South-West-North (SWN) signature and has a Right hand (RH) helicity as viewed by an
observer looking towards the Sun (Bothmer and Rust, 1997;Mulligan et al., 1998), and the Bz
bipolar signature exhibits an elliptically aligned magnetic flux rope (Mulligan et al., 1998). The
short duration of the flux rope, preceded by a long sheath duration, may supports the
scenario of the spacecraft passing through the ICME flank (qualitatively matching track 4 of
Gopalswamy (2006) where the spacecraft traverse through the Shock, Sheath and finally the
MC from the flank). The ACE/SOHO combine total perpendicular pressure profile (Pt) can give
an indication of the distance of the spacecraft path from the ICME centre. Pt increases at
the leading edge of the ICME (Figure 3.5) followed by a long plateau and then another
increase at the rear part of the ICME. This Pt morphology matches the Group 2 morphology
of (Russell et al. (2005);Jian et al., 2006a) and confirms that the spacecraft traverses the ICME
flank.

3.3.3 CIR measurements
The transequatorial coronal hole CH475 (Figure 3.2) persists for several rotations and is the
source of the CIR that follows the ICME, readily identified by an overall increase in the solar
wind velocity, an enhancement of proton density, temperature and compression of the
magnetic field magnitude (Siscoe and Intriligator, 1993;Neugebauer et al., 2004;Jian et al.,
2006b). The MC rear speed is slower than the following fast wind, and there is an interaction
region at the rear boundary of the MC, including what seems like a slow shock (Figure 3.5, 3rd
vertical line), seen at 2011/09/10 13:59 UT and characterised by an increase in proton
temperature, an abrupt increase in density and a drop in the magnetic field magnitude. The
CIR ends with a distinct fast reverse shock at 21:54 UT, identified by a clear increase in proton
speed and a decrease in the magnetic field magnitude and temperature. The formation of the
reverse shock and the apparent front slow shock within 1AU is due to the existence of the
ICME (see, for example Gosling et al., 1976;Smith and Wolfe, 1976)(more details in section
3.3.7). The high-speed stream (HSS) follows the CIR reverse shock. The proton speed increases
abruptly from 480 to 559 Km/s and exceeds 615 Km/s after about 5 hours, and the HSS of
CH475 continues for a few days.
The presence of the CIR and HSS may have affected the ICME bulk speed morphology. The
decrease of the ICME speed (from almost 600 km/s) within the sheath to ∼450 km/s at the
trailing edge of the MC indicates an overall deceleration of the ICME from the low coronal
speed, and an expansion of the structure. The size of the sheath is estimated as ∼0.18 AU and
that of the MC as ∼ 0.12 AU are less than the typical sizes at 1 AU, despite the continual
expansion. This expansion suggests that, besides the possibility of the spacecraft’s trajectory
passing through the flank, the ICME may have witnessed a deflection due to the neighbouring
coronal hole (CH475 high stream) and the SIR overtaking the rarefied region of the MC (e.g.
(Gopalswamy et al., 2009).
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3.3.4 Geomagnetic response
During the ICME-CIR arrival at Earth, the magnetosphere was under the influence of both
structures. Panel 8 of Figure 3.5 shows the Dst index, which increases with the arrival of the
ICME in response to the shock compression (B magnitude peaked to 20-22 nT). At 2011/09/09
15:00 UT, the main phase (which represents the ring current injection) started with a
substantial decrease of Dst values to < -69 nT - a moderate storm. The main phase occurs in
response to the southward interplanetary magnetic field, when Bz dipped to 21 nT south, and
followed by a recovery phase where the Dst increased gradually until 2011/09/10 16:00 UT.
In response to the CIR, the Dst varied and dropped again to -41 nT at 2011/09/10 23:00 UT,
followed by the CIR recovery phase.

3.3.5 Heating flux distribution and interchange reconnection
Panel 1 of Figure 3.5 shows the suprathermal electron pitch angle distribution at 272 eV
energy in the solar wind frame. In general, the suprathermal electrons are unidirectional with
a 180° pitch angle, except at a few times at the CIR boundaries. The unidirectional strahl
displays a temporal variation with a sporadic broad intense strahl (between 40°- 50°) at the
front region of the sheath, MC and during the CIR duration. The strahl became narrower
during the rarefied region of the MC and after the CIR reverse shock. We notice that 90°
electron depletions are observed on all three days. The appearance of the 180° unidirectional
pitch angle during the ICME-CIR passage suggests that the ICME magnetic field lines are
predominantly open, which is probably due to interchange reconnection between ICME and
the neighbouring coronal hole.
Figure 3.7 highlights the solar photospheric magnetic field map and a schematic of the MC
flux rope structure and its footpoints. The flux rope has an SWN signature rotation with a right
hand (RH) helicity. The map displays the negative (inward) rooted polarity of the MC left leg
and the positive (outward) leg polarity of the right.
During its interval, the MC local magnetic field longitude Bф was steady (hovering between
inward and orthogonal with an inward domination of ∼ 315° (in accordance with the Parker
spiral distribution of the interplanetary magnetic field). Since the suprathermal electron
distribution remained unidirectional at 180° (opposite to the magnetic field direction), and
the strahl always travels away from the sun, it can determine the overall magnetic direction
as an inward and the left MC inward leg as the immersed side of the flux rope in the
photosphere. Figure 3.7 suggests an interchange reconnection scenario: In conjunction with
the growth and expansion of the closed flux loop, the negative and inward CH475 open field
lines might swerved or diffused toward the photospheric area where the closed magnetic
field lines domination and intercepted the propagation of the ICME neighbour outward leg
field lines, making the MC completely open during the passage of the spacecraft at 1 AU. This
view is supported by the suprathermal electrons streaming distribution within the MC which
stayed antiparallel to the magnetic field.
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Figure 3.7 displays the photospheric magnetic field map of September 6, 2011 and a schematic of the magnetic
flux rope structure. The EUV image is by AIA/SDO, and the photospheric field measurement is gained through
Gaussian smoothing of HMI/SDO. It also illustrates interchange reconnection (IR) between the September 6 CME
from AR11283 and coronal hole CH475. coronal hole inward field lines diverge towards the flux rope leg outward
field line and an IR has occurred. Red arrows refer to the inward field line, blue arrows refer to the outward field
lines and grey arrow refer to the site of IR (Modified from Harra et al. (2007)).

The sporadic, short periods of counterstreaming electrons are likely due to: 1) energized
electrons leaking from the enhanced flux CIR shock boundaries into the upstream solar wind,
producing a ‘’field-aligned’’ beam of electrons which take the outward direction from both
CIR shocks (see, for example, Gosling et al., 1993;Steinberg et al., 2005); 2) depletions around
a 90˚ pitch angle as a result of magnetic focusing and mirroring (Gosling et al., 2001b),
particularly after the CIR reverse shock e.g. (Skoug et al., 2006). Before the CIR reverse shock
there is a unidirectional antiparallel stream (at a 180˚ pitch angle) (Figure 3.5 panel 1).
Immediately after the CIR reverse shock, the suprathermal electrons pitch angle distribution
displays a 90˚ depletion (Figure 3.8), associated with a strahl enhancement at a 180˚ pitch
angle. This is likely due to energizing at the CIR reverse shock and a leak in the sunward
direction into the upstream solar wind (Steinberg et al., 2005).

88

Figure 3.8 Displays the pitch angle distributions of the suprathermal electrons before/during (solid line) and after
(dashed line) the CIR reverse shock. The depletion around 90˚ is clear after the shock arrival. Each profile is the
median of distributions measured over a period of around 9 hours before and after the shock. The error bars
show the standard deviation of values during this 9-hour period.

It is likely that interchange reconnection led to multiple field reversals within both the HCS
and the sheath (Figure 3.5, panel 3) whilst the suprathermal electrons remained at a 180°
pitch angle (panel 1). Since the strahl usually travels away from the Sun, the overall magnetic
field direction of the event remained inward, even with the presence of the local magnetic
reversals. This result implies that the pitch angle distributions of the suprathermal electrons
are independent of any local magnetic field line torsion, not just in the HCS area, but also in
the ICME sheath. In addition, the duration of reversals in the sheath were longer than those
in the HCS, despite the high sheath compression by both the HCS at the front and the MC, CIR
and HSS at the rear.

3.3.6 HPS/HCS-ICME Interaction region
On September 08, 2011, the suprathermal electron pitch angle distribution was parallel to
the magnetic field. During September 09 02:00 UT- 09:00 UT (Figure 3.9, panel 1), there are a
series of heat flux dropouts (HFDs), a signature of magnetic reconnection or electron pitch
scattering. From approximately (09:00 UT-11:30 UT), the upstream suprathermal electrons
showed a distribution peaking at 90 degrees followed by a discontinuity of electron heat flux,
likely a shock, coinciding with a clear rising of plasma density and beta (Figure 3.9, panel 3
and Figure 3.10 panel 3 & 6). This is the appearance of the initial boundary of the heliospheric
plasma sheet (the first blue vertical line in Figure 3.9).
The heat flux discontinuity seems to be indicative of the arrival of a high speed solar wind
stream (HSS). After about 30 minutes (12:14 UT), ACE showed spikes in magnetic field, proton
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temperature and total pressure referring to an ICME forward shock (the grey vertical line).
During this time (at 11:44 UT), the 180˚ pitch angle distribution of the suprathermal electrons
first appeared (the red dashed vertical line in Figure 3.9 and Figure 3.10), indicating a sector
boundary crossing (SBC) and associated with Bφ flipping from outward to inward, which
means that the heliospheric current sheet (HCS) had the same SBC position (SBC- HCS
matching).

180 Pitchangle(deg)
angle(deg)
Pitch

Region A

0_

Figure 3.9 This figure highlights the Ace and SOHO region A where the HPS, HCS, SBC and the ICME forward shock
occurs (the SOHO proton density profile is to cover the ACE missing data). From top to bottom, the panels show
heat flux distribution, Bφ, Np, B, ACE(black) and SOHO(red) proton speed Vp(km s-1), and ACE(black) and
SOHO(red) proton temperature Tp(K). The two blue vertical lines refer to the HPS boundaries, the dotted red
vertical line refers to the SBC-HCS region and the brown dashed vertical line refers to the ICME forward shock.
Note that the heat flux distribution (top panel) shows the electron flux on a log scale to visualise variations of
low signals.

For further clarification, we designate the green-shaded region as region A in Figure 3.9. This
is the HPS, which has two boundaries (two vertical blue lines) identified by three main criteria:
an enhancement in proton density, plasma beta enhancement and the inversion of the
interplanetary magnetic field sector (see, for example, Winterhalter et al., 1994;Crooker et
al., 2004a;Suess et al., 2009;Simunac et al., 2012;Liu et al., 2014). For the purposes of
comparison and to compensate for missing ACE data, Wind data is shown in Figure 3.10. At
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the HPS boundaries, two spikes in plasma beta can be seen: the first peaking at approximately
β=11 and the second at β=28 in Wind (ACE data is missing). These are associated with a high
reduction of the magnetic field magnitude and short discontinuities of the heating flux.

180 -

Pitch angle(deg)
0_

Figure 3.10 Properties of region A as measured by Wind. From top to bottom: heat flux distribution (measured
by ACE), Bφ, Np, B, Vp, Plasma beta, Vth, Tp(k), Entropy, Dynamc pressure (nPa) and Pt (nPa). The ACE
suprathermal electron distribution is included (1st panel) for comparison. The green shaded region(Region A) is
the HPS.The dotted red line refers to the SBC-HCS region and thedotted brown vertical line refers to the ICME
forward shock.
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The sector boundary lies at the point at which the suprathermal pitch angle distributions
changes (Liu et al., 2014). In ideal conditions, the SBC appear to synchronize with the HCS, but
in many previous instances this has not been the case (see, for example, Kahler et al.,
1996;Crooker et al., 1996). This mismatch has been attributed to many processes associated
with magnetic reconnection such as heat flux dropout (McComas et al., 1989) or interchange
reconnection (Crooker et al., 2002). The SBC start time was at the same time for all SWEPAM
energy channels. The HCS location bordered the first HPS’s boundary (the HPS did not straddle
the HCS), supporting our finding that interchange reconnection is a dominant process.
Guerrero et al. (2011) reference an SBC location at about 13:19 UT without referring to the
HCS or HPS. We rule out the possibility of the SBC being located at this position because the
first appearance of the 180˚ pitch angle of the suprathermal electrons precede it by more
than 1.5 hours. On the other hand, it is possible that the HCS was located at this position (SBCHCS mismatching) because of the azimuthal magnetic field reversal, the plasma beta spike of
the second boundary of the heliospheric plasma sheet, and the dynamic and total pressure
balance which were clear in Wind observations (Figure 3.10).
The important features of the plasma and magnetic field measurements made by all three
spacecrafts within this interaction region are summarized as:
1. The region begins with a small increase of proton speed (from 321 to 394 kms-1),
magnetic field magnitude (from 2.5 to 7 nT), thermal velocity (from 18.3 to 29.3) and
total pressure (from 0.02 to 0.05 nPa) associated with a high increase of proton density,
reaching 40/cm3 at SOHO and exceeding 90/cm3 at Wind. Despite resampling the highertime-resolution proton data of Wind to match the 5-min sampling of SOHO, this
considerable difference in density remains. The SOHO density decreases at the brown
dashed line, where the Wind density peaks and decreases later, roughly coincident with
the temperature change. There is a delay of about 13 minutes between the temperature
increase at ACE/SOHO and the temperature increase at Wind. However, the increase in
the magnetic field magnitude occurs at the same time at both ACE and Wind. The
differences between ACE/SOHO and Wind are likely due to the small separation between
spacecraft (and thus high local variations in the event's properties) and/or to variations
in the IMF(Weimer et al., 2002;Weimer et al., 2003;Weimer and King, 2008).
We attribute the high proton density at the first HPS boundary to interchange
reconnection between the ICME and the neighbouring coronal hole open field, which
releases a stream of discontinuous plasma parcels into the HPS-ICME interaction region,
at the front of the ICME shock, similar to (Wang et al., 2000;Song et al., 2009;Rouillard et
al., 2010). The second significant increase of magnetic strength, proton temperature (at
ACE and SOHO) and total pressure occurs around 30 minutes after the initial increase,
and this is the forward shock. Because of its low speed, it is not possible for the ICME to
drive this forward shock. The most likely source of the shock is the ICME-CIR interaction.
The impact of the interaction is the suprathermal discontinuity at the front boundary of
the HPS, the first small increase in proton speed, magnetic field magnitude, thermal
velocity and total pressure, and the noticeable increase of speed within the ICME sheath
(see section 3.3.8).
2. The ICME forward shock speed is low due to its position within the HPS, which
decelerates and delays the shock inside the HPS (see, for example, Hu and Jia, 2001;Smith
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et al., 1998b;Mitsakou and Moussas, 2014). This low speed is perhaps due to energy
dissipation during the passage of the forward shock through the HPS (Watanabe, 1989),
which reflected on the narrow electron heating flux at the shock position.
The density decrease after the shock is due to either a bulk movement of material to the
front boundary of the HPS through interchange reconnection or the dissipation that we
mentioned in point 2 above. In addition, the high-level density at the HPS front boundary,
when compared to the shock density, exaggerates the decrease. The presence of the
magnetic strength, total pressure and proton temperature increase supports the
existence of this shock at this position.
At the onset of the HPS, Wind experience a decline in entropy (Figure 3.10, panel 8),
followed by a sharp rise during the ICME forward shock passage, before stabilizing
between the shock and the second HPS boundary, due to stable density and temperature.
This entropy behaviour, where the increase occurs within the HPS, is rather different
from the cases documented by Simunac et al. (2012), in which an increase is reported at
the second HPS boundary. We attribute this difference to the existence of the ICME
forward shock within the HPS.
The total pressure increased at the onset of the first HPS boundary until the ICME shock.
This is unprecedented in previous studies of HPS (Winterhalter et al., 1994;Crooker et al.,
2004a), which consistently observe total pressure stability within the HPS. This contrast
is due to HPS penetration to the ICME front, and subsequent influence of the forward
shock. This varying total pressure stabilises after the shock passage because the change
in magnetic pressure is balanced by a corresponding change in plasma thermal pressure
(Winterhalter et al., 1994).
Both the forward shock and the HPS have their imprint on each other. The existence of
the forward shock within the HPS change some of its behaviours and vice versa. Their
physical parameters are different than when both are individual.

3.3.7 CIR compression due to the ICME
The yellow shaded region in Figure 3.11 supposed to be a transformation area between the
ICME rear and the September 10 CIR. lasting for about 80 minutes and distinguished by a
steep drop in magnetic field magnitude and a significant rise in plasma density and
temperature. The first impression refer to a magnetic reconnection exhaust regions (Gosling
et al., 2005), where magnetic field energy is converted into a plasma flow energy (Gosling et
al., 2006;Xu et al., 2011).
There is a limited bidirectional pitch angle distribution of suprathermal electrons around the
front boundary. We attribute this to the high heating at this first boundary although the
general state of this event was unidirectional; however, the second boundary maintained a
unidirectional field. In addition, the strahl witnessed a reduction in 180˚ heating flux
distribution during this region; by contrast it was higher before the first boundary (during the
MC duration) and more intense with broader beam high energies after the second boundary.
The different characteristics of this region compared with the two-bounded large
interplanetary structures has to do with it being a transition region with its own individual
properties. The appearance of the shock-like structure may be attributed to two causes: 1)
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the high ICME-CIR compression; and 2) the interplanetary shock, which was recorded by STB
on September 04 at 12:38 UT with Mach no. 1.34.
180 -
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Figure 3.11 Highlights the ICME-CIR interaction region (yellow area). From the upper panel: ACE suprathermal
electrons pitch angle distributions(deg), Magnetic field magnitue B(nT), Proton density Np(cm -3) from SOHO,
Proron temperature Tp(k), Total pressure Pt(pPa) from Wind, Magnetic pressure PG(pPa), ACE/SOHO combine
data of total pressure Pt(pPa) , Solar wind velocity three components in GSE coordination (km/s): Vx, Vy, Vz, and
Proton speed Vp(km/s). Purple vertical line refer to the MC onset, the green vertical line is the CIR reverse shock
and the three dotted red vertical line are the nominated SIs. P1 & P2 in panel six are the two magnetic pressure
peaks at the front and rear boundary of the ICME.

To evaluate the interpretation of the CIR and the transformation region observations, a
comparison was made with the same CIR measured in the absence of an ICME by STEREO B
on September 04, 2011 19:00 UT. STEREO B had a ∼95° separation angle east to the Earth,
and measured a total CIR duration of approximately 34 hours. A comparison of the behaviours
94

of the CIR by STEREO B and then L1 spacecraft reveals many similarities in their properties,
despite the interaction described above. The left and right sides of Figure 3.12 show the
available measurements of the CIR by the L1 and STEREO B spacecraft respectively. We
identify similar features between the two sets of measurements by the blue oval shapes, with
the ‘P’ labels showing peaks or plateaus. The most significant patterns are:
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Figure 3.12 Left panels: CIR L1 spacecraft data of Np(cm -3) from SOHO, Plasma beta from Wind, Plasma beta
from ACE/SOHO combine,Tp(k) from ACE, B(nT) from ACE, total pressure Pt(nPa) from Wind, total pressure
Pt(pPa) from ACE/SOHO combine, magnetic pressure P G (pPa), ane Proton speed(kms-1) from ACE for the period
(10/09 09:00 UT- 11/09 06:00 UT). Right panels: CIR STB data with the same magnetic field and solar wind
parameters for the period (04/09 06:00 UT- 07/09 00:00 UT).
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1. In panel A1, we label 4 distinct peaks in SOHO proton density by P1-4, and their
counterparts in STEREO B in panel A’ and note that the STEREO B CIR duration was
approximately 34 hrs in comparison to an SOHO CIR duration of approximately 8 hrs (all L1
spacecrafts have the same duration). A comparison of panels B1(Wind plasma beta) and B'
similarly shows four pairs of matching peaks of plasma beta. Because of Wind missing data,
P1 and P2 do not appear in B1 panel. For just comparison, it has used the ACE/SOHO combine
data (panel B2). It displays a noticeable P1 that missing on panel B1. C/C’ show the comparison
of proton temperature.
2. Similarly, panels D and D' reveal four pairs of magnetic field matches between ACE and CIR
STB. The two green-shaded areas in D and D' reveal a magnetic reduction region within the
STB CIR and indicates that the magnetic exhaust region in the ICME-CIR compression region
is already present before the interaction. From this, it may be concluded that the role of ICMECIR interaction is merely to compress and reduce the duration of this exhaust region. This
runs counter to our previous conclusion that the ICME-CIR interaction is responsible for the
creation of the exhausted region. Furthermore, this result suggests that care must be taken
in the interpretation of many other similar cases. Accurate interpretation of many complex in
situ interaction events is difficult without a comparison of events in the absence of
interaction.
3. Panel E1 shows the total pressure morphology from Wind (albeit with a few hour data gap).
There is a match between E1 and E’ at both P1 and P2. For verification, the ACE/SOHO
combined data profile E2 displays the same P1 and P2 and a significant large peak of the total
pressure at the CIR frontal edge when it overtakes the MC tail (the area within the green oval).
The large value of Pt at the frontal boundary of the CIR implies a high compression because
of the interaction with the preceded ICME. Furthermore, the valid magnetic pressure profile
F, compared to the STB magnetic pressure F’, confirms that the STB CIR witnessed a large
compression in magnetic pressure at the frontal region during its travel from the STB to L1
position, in particular at the magnetic exhausted region (green shade). This raises the overall
STB CIR magnetic pressure, especially the values of P1 and P2, and reduced the duration
between them.
Panels F and E2 provide details of the rise in Max magnetic pressure and the total pressure of
the CIR frontal edge when it overtook the MC tail. It has changed hugely due to the interaction
from the rear when the CIR is isolated (panels F' and E’) to the leading edge after the
interaction with the ICME, despite the existence of the magnetic exhausted region between
the two structures.
The similarities between magnetic field and plasma profiles emphasise that both spacecrafts
traverse the same CIR pattern, and that the different duration is caused by the high
compression of the ICME-CIR interaction at the Earth’s in situ region. The high compression
characteristic of the CIR duration observed by the L1 spacecraft is shorter by about a factor
of 4 and produces a fast reverse shock at the rear boundary of the CIR. The first six hours of
the unperturbed STEREO B CIR was absenting in ACE measurements, which means that this
region was out of the interaction zone.
4. Panels G and G' show very different CIR velocity profiles, with a large contrast between the
front and rear boundary in G'(ACE proton speed is less decline, perhaps due to the expansion
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with the ICME) which reflects the high impact of this interaction on the CIR speed morphology
more than the other solar wind parameters.
5. The values of the magnetic field and plasma at L1 Region have increased coincided with the
high compression.
It is reasonable to expect some structural change in the CIR magnetic and particles profiles
between the six days’ separation of STEREO B and L1, even without the disruption of large
ICMEs. A future study will quantify such changes through a long-term study of this CIR, which
recurs over several solar rotations during 2011. During the period 4-10 September, the CIR
may have been disrupted by a small number of weak CMEs accompanied by class-C flares and
one CME with an M5.3 flare in addition to our main ICME event. Also, the September 06 CME
was the only halo during this period. The fact that some signatures/parameters are clearly
preserved whilst others are completely disrupted suggests a useful method for interpreting
ICME-CIR interaction.

3.3.8 ICME-CIR/HSS interaction impacts
The remote sensing observations give a possibility of CME-CME interaction, but the in-situ
observations support the September 09- 10, 2011 event as an ICME-CIR embedded. The MC
has a clear azimuthal magnetic field rotation (magnetic flux rope) and a weak southward Bz
(Dst≤ -69) which is incompatible with the ICME-ICME criteria who is often have a non-smooth
magnetic rotation(Burlaga et al., 2001;Burlaga et al., 2002) and associated at Earth extended
periods of strong southward Bz with intense geomagnetic storms(Dst≤-100 nT)(Farrugia et al.,
2006a;Farrugia et al., 2006b) or (Dst≤ -200)(Wang et al., 2003). In addition, the ICME- ICME
ICME can have a long duration and may drive the magnetosphere for an extended period (≥
3 days) (Lugaz and Farrugia, 2014), while a typical CME passes over Earth in ∼ 24 h e.g.(Klein
and Burlaga, 1982), some events last well in excess of 30 hrs (Marubashi and Lepping, 2007).
The September 09-10 event (ICME- CIR) interval is about 1.5 days with a magnetic cloud
duration of about 10 hours. Moreover, the ICME-ICME have a higher proton temperature than
the MC on average because of the compression and interaction e.g.(Lugaz et al., 2012;Lugaz
et al., 2016).
The effect of the ICME-CIR/HSS interaction was clear from the magnetic strength of the rear
tail of the MC. An elevation of the magnetic field magnitude formed a second magnetic
pressure peak P2(Figure 3.11). The first magnetic pressure peak P1 was at the front of the
ICME (during the shock and the beginning of the sheath). This is also obvious at the ACE/SOHO
combine total pressure profile. The role of the embedded CIR/HSS was noticeable by the very
high increase of speed within the sheath at ACE between 16:39 UT, September 09 (467.7 kms1) and 17:54 UT, September 09 (596.6 kms-1) (see Figure 3.9), followed by a gradual
deceleration and expansion that continues until the rear of the MC (Figure 3.5, panel 7),
reflecting the high compression between the two interplanetary structures. This expansion
and deceleration may be due to the coronal hole CH475 which caused the sheath and the MC
deflect away to the west. This may also be the reason that the ICME impacted the Earth from
the flank. The prominent speed increase is also obvious at Wind (Figure 3.10). Conversely, the
SOHO speed is significantly lower than the other two. This suggests that there is some
difference after 15 UT, either caused by the different spacecraft locations or by some other
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factor (Figure 3.5and Figure 3.9). The differences in velocity between spacecraft remains even
after the resampling of data to matching time steps.
It was difficult to identify the stream interface (SI) because of the total pressure missing data
(a main criterion) in the CIR interval, and also because approximately 20% of stream
interaction regions have a sharp boundary between fast and slow flows (Jian et al., 2008b).
We nominated three points to act as an SI based on the criteria: a decrease in proton density;
a rise in proton temperature; a flow shear and an increase in proton speed(Burlaga,
1974;Gosling et al., 1978;Jian et al., 2006b;Jian et al., 2008a). The effect of the ICME-CIR
interaction was clear insofar as none of the nominated SIs met all the major criteria in an
unambiguous and obvious way, and this was probably due to the complexity of ICME-CIR
interaction. One of the SIs likely occurred at 19:34 UT, 2011/09/10 (second vertical red line).
In this location, the proton density starts to decline accompanied by unclear behaviour of the
proton temperature. The most significant phenomena is the change in the azimuthal proton
flow speed direction (Vy) from west to east (flow shear). Another potential apparent SI was
noticed at 20:49 UT, 2011/09/10(third vertical red line) in the form of a reduction in the
proton density accompanied by a rise in temperature and a Vz shear. The third nominated
location was at 15:29 UT, 2011/09/10(first vertical red line): here a steep decrease in proton
density, an increase in proton temperature, and a Vy flow shear. Within the CIR, there must
be at least one SI(Crooker et al., 1999). We think that, because of the complicated interaction,
the probability of more than one SI appearing is large in this turbulent CIR region.

3.4 Summary and Conclusions
Over the course of the September 09-10 event, the effect of the HPS-ICME-CIR/HSS
interaction was noticeable on the ICME magnetic and particles parameters morphology. Both
HPS and CIR/HSS added more complexity to the ICME morphology at the in-situ region and
the whole event was ICME-CIR embedded. High elevations in magnetic field magnitude and
total pressure at the front of the ICME and high magnetic field magnitude rising at the and
the rear, formed the two significant magnetic peaks P1 and P2 respectively. The appearance
of the HPS at the front of the ICME and its penetration through the ICME forward shock
perhaps assisted in increasing the strength of compression regions. The general features of
the magnetic field and total pressure morphology reflect the effect of the ICME interaction
with the HPS at the front and the ICME interaction with the CIR at the rear. It is also reflected
in the ICME deceleration and expansion from the middle of the sheath until the MC rear
boundary. These may be due to the coronal hole CH475 which made the sheath and the MC
deflect away to the west and the ICME impact the Earth from the flank even though the CME
was a halo. The overall interplanetary magnetic field feature was unidirectional during the
event, which led us to propose an interchange reconnection scenario depending on the
remote and in situ data.
A significant shift between the high density and the magnetic field magnitude peaks at the
front of the ICME. It is attributed to the HPS penetration of the ICME frontal. The ICME
forward shock speed was not high, and this was because of its intra-HPS existence which
delayed the shock a little. Based on the strahl distributions and Bφ morphology, there was a
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match between the SBC and HCS, and the HPS bordered the HCS because of the interchange
reconnection. The high proton density within the HPS has attributed to the open magnetic
field loop which released the material blob in the HPS. The multiple Bφ reversals during the
sheath did not affect the general direction of the interplanetary magnetic field, although it
lasted for several hours. The same held true for the local Bφ reversals during the HPS. The
multiple magnetic field reversals during the HPS interval, the high elevation of the HPS proton
density, and the HPS location where it bordered rather than straddled the HCS, supported the
interchange reconnection. Based on the magnetic cloud and the sheath duration, the
spacecraft predominantly traversed the ICME from the flank. The forward shock was strong
and the ICME speed is not enough to drive it. We attributed the most likely source of the
shock is the ICME-CIR interaction. The ICME-CIR/HSS interaction impact was distributed along
the September 09-10 event in different locations with different features represented by 1)
The HSS imprint on the 272 eV suprathermal electron discontinuity at the ICME frontal
forward shock upstream 2) the noticeable high speed elevation in the middle of the sheath 3)
the magnetic cloud flux rope Bz rotation distortion 4) ICME unidirectional suprathermal
electrons distribution due to the interchange reconnection 5) Difficulty determining the
stream interaction(SI). A three potential SIs were nominated.
This event is very unusual. There are considerable differences in the timing of proton density
and temperature features between spacecraft. The SOHO proton speed before ∼ 18 UT,
September 09, is significantly lower than the other L1 spacecraft, and the Wind forward shock
density is much larger than at SOHO, which is likely to be due to the difference in the
spacecraft locations or the fluctuations in the interplanetary magnetic field.
On September 04, 2011, STB recorded a CIR passage. The HSS resource was the same coronal
hole. A significant matching was noted in the CIR’s physical parameter morphologies of both
September 04 and 10, and this means that both STB and ACE traverse the same CIR spiral
pattern with different durations because of the L1 ICME-CIR interaction. The compression
made the ACE CIR duration shorter by about a factor of 4 and some of the CIR physical
parameters value has changed. The survival of a magnetic exhausted region at the front of
the CIR before and with the interaction, suggests that care must be taken in the interpretation
of many other similar cases. Accurate interpretation of many complex in situ interaction
events is difficult without a comparison of events in the absence of interaction.
The main finding of the study is that the interaction has its impact on all the three
interplanetary structures with varying proportions. The major features are: the unusual
density of the HPS, the ability to drive a strong forward shock, the unidirectional heat flux
along the event, the Bz distortion of the MC, the reverse shock, and the high compression of
factor 4 of the CIR.
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Chapter 4

The compound stream event of March 20-25, 2011 as
measured by the STEREO B spacecraft
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Abstract
The interaction of interplanetary coronal mass ejections (ICMEs) with each other and with corotating interaction regions (CIR) changes their configuration, dynamics, magnetic field and
plasma characteristics and can make space weather forecasting difficult. During the period of
March 20–25, 2011, the Solar Terrestrial Relation Observatory (STEREO B) encountered a
compound stream containing several interacting structures. Our analysis suggests that the
stream consists of two interplanetary coronal mass ejections (ICMEs) followed by an
embedded ICME/co-rotating interaction region (CIR). A significant stream interface (SI) has
penetrated the magnetic flux rope of ICME3 and has effected its physical properties,
particularly the temperature. The sudden appearance of ICME3 within the fast wind side of
the CIR causes the temperature to drop suddenly to its lowest level in about 1.2 hours, from
3.89 x 105 K to 1.07 x 104 K. The fast wind which follows the CIR influences not only ICME3's
temperature but also its plasma β. In addition, third ICME impacts the CIR through expansion
and deceleration. Penetration of a forward pressure wave driven by this combined ICME-CIR
causes the second ICME and part of the first one to increase in temperature and plasma beta.
Despite the presence of signatures from four large-scale interacting structures within the
compound stream, it is difficult to reconcile the in-situ sequence with other, remote sensing
observations of CMEs and ejecta close to the Sun. Compound streams therefore remain
difficult to interpret, and further understanding of the subject will depend on the future study
of similar events.
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4.1 Introduction
During their propagation through interplanetary space, ICMEs can interact either with each
other or with CIRs, making space weather forecasting more difficult. This interaction can alter
their configurations, dynamics, and their magnetic field and plasma morphologies (Winslow
et al., 2016). Examples of alterations include flux rope deformations, reverse shock
formations (Lugaz et al., 2005), radio emission enhancements, proton temperature increases,
and ICME deflections (Lugaz et al., 2012;Liu et al., 2012;Oliveros et al., 2012;Farrugia et al.,
2012;Lugaz et al., 2016;Shen et al., 2012).
At 1 AU, interplanetary streams are classified as either ‘’simple’’, ’’irregular’’, or ‘’compound’’
(Burlaga and Ogilvie, 1972;Burlaga, 1975). Burlaga et al. (1986) defined the compound stream
as the interaction between a fast and slow stream. Between 0.85 and 6.2 AU, they found that
a compound stream formed as a consequence of the interaction between and the
coalescence of two exceptionally fast transient streams overtaking two co-rotating streams
and a slow transient stream. They defined a stream as an interplanetary flow with speed
greater than 475 km/s. Furthermore, Burlaga et al. (1987) suggest that compound streams
are formed by the interaction of two or more fast interplanetary ejecta flows, with fast being
defined as greater than 450 km/s. They also state there should be at least two interaction
regions (two magnetic field magnitude peaks) present. Their study includes many examples
of interactions between different transient ejecta, or between transient ejecta and corotating streams, and described the results of these interactions in terms of compound
streams. During the period of 1972–1983, nine out of 17 intense magnetic storms (Ap ˃ 90)
occurred as a consequence of amplified magnetic magnitudes as a result of structures
interacting within compound streams. Both magnetic field strengths and densities were
higher here than for isolated flows. Jian et al. (2008c) identified many hybrid CIR-ICME events
and found that their structures sometimes possessed an irregular profile or some complexity
in addition to their original morphology. Cane and Richardson (2003) found that only about
8% of ICMEs were identified within the High-Speed Stream (HSS) passage at 1 AU. Perhaps
due to the ICME sources always being located far away from the weak field regions, the ICMEs
are infrequently embedded within HSS (Forsyth et al., 2006). Over more, ICMEs were found
more frequently at the leading front of the HSS or within the slow interstream solar wind. The
CIR which follows the ICME is able to overtake the trailing region of the ICME, compressing
the rear region and deforming the magnetic cloud (MC) flux rope.
Burlaga et al. (2001) classified the faster ejecta into magnetic clouds and complex ejecta. They
defined complex ejecta as fast non-co-rotating interplanetary flows (˃ 600 km/s) with a
disturbed magnetic field (not flux ropes) and an average plasma beta β of 0.25 ± 0.09, which
is greater than that found in MCs. The features of the individual CMEs disappear as the
interaction progresses towards 1 AU (Burlaga et al., 2002). On the other hand, Wang et al.
(2003) considered multiple magnetic clouds overtaking each other due to successive CMEs as
a sort of complex structure. They concluded that each sub cloud is always consistent with
isolated MC criteria except for proton temperature, due to the sub cloud compression and a
rising plasma beta in the interaction regions.
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The formation of ICME-ICME and ICME-CIR interactions within compound streams takes many
forms. Sometimes ICME-driven shocks interact with each other without ejecta interacting, or
the two ejecta interact with each other and an associated magnetic reconnection exhausted
region appears between them as a result of these different interacting structures. Sometimes
the ICME-driven shock which follows, blows through the preceding ICME and interacts with
its ejecta (Lugaz et al., 2015;Mishra et al., 2015;Liu et al., 2012). The consequence of these
interactions lead to an enhancement of the southward geomagnetic field, which occurs in
intense magnetic storms (Farrugia and Berdichevsky, 2004;Farrugia et al., 2006a;Liu et al.,
2015) .
Throughout the solar cycle duration, the rate of large CMEs increases from 2–3 per week at
solar minimum to 5-6 per day at solar maximum. Therefore, ICME-ICME interactions occur
more frequently (but not exclusively) at solar maximum, making space weather forecasting
difficult. Interacting ICMEs may originate from different source regions near the Sun, or from
the same region: remote and in situ observations reveal that many ICME-ICME interactions
occur due to recurrent CMEs which are launched from the same solar active region.
Tracking the propagation of CMEs from their launch at the Sun and through interplanetary
space leads to a better understanding of the interaction of ICMEs with each other, the solar
wind, and other structures, and also allows improved predictions of their arrival time at Earth
(Mishra et al., 2015). The launch of STEREO (Kaiser, 2005) enabled this tracking by providing
continuous imaging from the Heliospheric Imagers (HI) on board The Sun Earth Connection
Coronal and Heliospheric Investigation (SECCHI, Howard et al. (2002)). Recently, many ICMEs
interaction events have been studied by combining in situ measurements with wide angle
point of view observations from HIs onboard STEREO; examples of this include the May 2324, 2010 event (Lugaz et al., 2012), the August 1, 2010 event (Temmer et al., 2012;Harrison
et al., 2012), and the February 13-15, 2011 event (Maričić et al., 2014;Temmer et al., 2014).
Numerical modeling is an important factor in understanding ICME propagation and
interaction (Prise et al., 2015;Winslow et al., 2016).
This chapter is a study of an in-situ compound stream encountered by STEREO B (STB) over
the period March 20 – 26, 2011. Sections 4.2 and 4.3 present remote sensing and in situ
observations. Sections 4.4, 4.5 and 4.6 presents an analysis and interpretation of the results.
The impact of the merged ICME/CIR is discussed in the last section.
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4.2 Remote sensing observations
In this section, remote sensing observations from the March 17 active region are presented,
which is the likely source of the March 20-25 in situ event. Figure 4.1 a and b show the Extreme
Ultraviolet Imager (EUVI/STB) 195 A images of the low corona. The images show two flares at
12:15 UT (left) and 14:15 UT (right) originating from the same active region.

Figure 4.1 STEREO B EUVI 195 A images, with an active region circled in red. The time of the images is 12:15 UT
(left) and 14:15 UT (right), coinciding with the occurrence of two flares in the active region. These images have
been processed using Multiscale Gaussian Normalization Morgan and Druckmüller (2014).

Figure 4.2 shows a sequence of events as observed by the LASCO C2 (Brueckner et al.,
1995)coronagraph. Before the launch of the large CME, there is a large system of expanding
loops above an active region (indicated by the black ellipse). These loop systems are similar
to those described by Morgan et al. (2013). This system of expanding loops is a precursor for
a large CME originating from the same active region. This CME can first be seen in the top
right panel of Figure 4.2, as indicated by the green ellipse. Over the next few panels, the CME
is seen to be a wide, complicated CME containing several sub-structures. Some of the more
prominent of these sub-structures are indicated by red and purple ellipses in the second and
third row of Figure 4.2. In the wake of the CME, several complicated ejecta can be seen, as
indicated by the green, blue, yellow and other ellipses. The flare at 12:15UT from the active
region is clearly associated with the large CME (inside the dark blue ellipse). The large CME is
mentioned in the STEREO A/B List of ICMEs (Jian et al., 2013) as a possible source of the in
situ ICME which is described in the next section, but no reference is made to multiple ICMEs.
Unfortunately, the STEREO B HI images do not show this large CME due to the viewing
direction.
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Figure 4.2 SOHO/LASCO C2 images for 17-03-2011 (11:48 UT- 21:36 UT) display multiple dynamic features.
Different coloured elliptic outlines indicate different events as described in the main text. These images have
been processed to remove large-scale quiescent structures (i.e. streamers) using the Dynamic Separation
Technique (Morgan et al. (2012);Morgan, 2015).
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Figure 4.3 shows more detail of the active region that is the source of much of the activity
seen in the coronagraph data, as observed by EUVI/STB in the 195A channel. Following the
12:15UT flare, the active region has two large separated loop systems (1 and 2). After the
second flare at 14:15UT, the outline of these loops becomes clearer, and then they gradually
seem to merge into one arcade. The second flare is not associated with a large CME, but it is
probably linked to smaller ejecta seen by LASCO C2 in the wake of the first large CME.
The presence of only one large CME in the remote sensing results seems to be inconsistent
with the in-situ data that will be presented in the next section, which suggests the presence
of two or more ICMEs. However, the remote sensing results do clearly show the complexity
of the active source region, the system of expanding loops in front of the CME, the complexity
of the CME itself and the presence of ejecta following the CME.

Figure 4.3 Further detail of the active region circled in red in figure 4.1 as observed by EUVI/STB in the 195 A
channel. Two separated systems of coronal loops are labelled 1 and 2 and detailed in the main text.
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Figure 4.4 shows a large CME observed on March 21, 2011, 15:36 UT by SOHO/ LASCO C2 with a linear
speed of 963 km/s. The estimated transit time imply that it is the reference of the last in situ ICME
(details in next sections).

Figure 4.4 SOHO/LASCO C2 image of the March 21, 2011, 15:36 UT large CME.The left image has been processed
using a Dynamic Separation Technique(Morgan and Habbal, 2010) , and the right image has been processed
using Normalizing Radial Graded Filter of Morgan et al. (2006).

4.3 In situ observations
Figure 4.5 displays the 1 min magnetic field and plasma measurements taken from the
magnetometer (MAG) (Acuña et al., 2008) and the In Situ Measurements of Particles and CME
Transient (IMPACT) instrument (Luhmann et al., 2008) onboard STEREO B over the period
March 20, 00:00 UT to March 26, 00:00 UT. The suprathermal electron data was obtained by
the Solar Wind Electron Analyser (SWEA) (Sauvaud et al., 2008). The event begins with a
forward shock (S1) on March 20 at 17:20 UT(1st vertical line), manifesting an enhancement of
the magnetic field magnitude, proton temperature, and a gradual elevation in proton density
and speed. The duration between the 1st and 3rd vertical lines is highly variable and complex,
which implies the passage of a sheath region. Within the sheath, there is a large reduction in
magnetic field strength (shaded yellow) for about three hours (March 21 00:30 – 04:10 UT)
associated with high density and increasing plasma beta. The heating flux distribution angle
changed from 0° to 180°, and a magnetic clock angle reversal (2nd vertical line) indicates the
presence of a heliospheric plasma sheet. The magnetic field strength then underwent a
second reduction (March 21, 07:35 – 10:15 UT), with a large increase in density and plasma
beta (higher than that of the surrounding), which is associated with a change in the magnetic
field orientation.
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The 18hr duration between the 3rd and 4th vertical lines can be identified as a MC flux rope
based on several criteria Zurbuchen and Richardson (2006): a drop in the proton temperature
and plasma beta accompanied by a smooth coherent rotation of the magnetic field. Between
the 4th and 5th vertical lines, the coherent magnetic rotation becomes less smooth for about
12 hours, but it appears to be a continuation of the MC flux rope (panel 5). The magnetic
strength maintains its value in the range of 7.2 – 10.8 nT and the suprathermal electrons
maintain their bidirectional distribution, implying a closed magnetic field region. The broad
flat profile of the magnetic clock angle suggests that the MC has somehow broken out of a
larger MC structure. This may be due to the long duration of the complex series of ejecta
emerging from the active region in the wake of the initial large CME following the March 17
CME. This ICME will be referred to as ICME1.
Within the ICME1 flux rope, there is a noticeable shock structure (S2) which first appears on
March 21, 18:40 UT, accompanied by a small but sharp increase in magnetic field magnitude
(from 9.3 to 12.7 nT), an increase in proton speed Vp from 445 to 487 km/s, a rise in total
pressure Pt, and a short, transient elevation of the proton temperature. Unfortunately, there
is a short data gap of around between 19:30UT to 22:05UT. Between March 22, 14:05- 15:10
UT following ICME 1 the magnetic field magnitude decreases, associated with a heat flux
discontinuity and an increase in plasma beta, proton temperature, speed and total pressure
in comparison to the ambient solar wind. The duration between the 5 th and 6th vertical lines
is a magnetic reconnection exhaust region. During the interval between the 6 th and 7th
vertical lines, the magnetic field strength varies between 6.1 and 9.3 nT, associated with low
plasma beta (average value 0.15) and very low density. The 194 – 314 eV suprathermal
electron pitch angle distributions also display counter-streaming, associated with closed
magnetic field lines. This leads us to consider this interval as another ICME (labelled ICME2,
discussed in section 4.4 & 4.5). The dominant heat flux direction for both magnetic clouds
(panel 1) rotates with the magnetic field (panel 5), maintaining an inward direction, consistent
with the passage of the spacecraft close to the flank of both MCs (with both MC sides
connected to the Sun).
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ICME1

ICME2

ICME3

Figure 4.5 The magnetic field and plasma parameters of the event. From the top the panels display the
suprathermal electron pitch angle distribution (194–314 eV), the magnetic field strength B(nT), Br, Bt, Bn(nT),
cone angle (deg), clock angle (deg), proton density Np(cm-3), proton speed Vp(kms-1), proton temperature
Tp(K)(black) and experimental temperature Tex (K)(red), solar wind plasma beta , dynamic pressure (nPa), and
total perpendicular pressure (pPa).

After ICME2, there is a heat flux dropout, followed by a merged ICME-CIR (labelled ICME3).
The CIR appears on March 23, 13:10 UT (7th vertical line), accompanied by an increase in solar
wind speed from 390 to 466 km/s, and a small rise in density and plasma beta. A sudden
magnetic field magnitude drops (shaded green) represents the impact of the interaction
region between ICME2 and CIR/ICME3. The magnetic field reduction reaches its lowest value
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at 3.7 nT, which is associated with a sharp rise in proton density Np and plasma beta β,
suggesting a magnetic reconnection exhaust region (Gosling et al., 2007). After this, the solar
wind speed experiences a substantial yet gradual increase (March 23, 19:50 UT) with a
significant jump in magnetic field strength, total pressure, and enhanced heat flux at 0°, all
suggesting the presence of a CIR. A SI feature appears at the 8 th vertical line - the total
pressure peaks with a gradual decline to both sides, there is a drop-in density, and
temperature starts to increase.
The signature of ICME3 begins around March 24, 05:10 UT (9th vertical line), identified by an
initial non-smooth rotation in the Bn component for about 4.5 hours, followed by a smooth
and coherent magnetic field rotation until March 24, 17:30 UT- a duration of about 14 hours.
This period has variable temperature, beginning with a considerable decrease followed by a
large increase (for about three hours) and then a decrease that is less than the experimental
temperature Tex throughout the remainder of ICME3. The period also exhibits low plasma
beta and bidirectional suprathermal electron pitch angle distribution. After March 24, 17:30
UT, following an initial variation, Bn maintains its rotation until the 10th vertical dotted line
(March 25, 00:50 UT). The estimated transit time of 21 March, 2011 CME (based on the onset
time and speed, and the space speed) imply that it is the most likely source of the ICME3. The
CIR has mentioned in the Jian et al. (2013) list as a hybrid stream interaction region.The
CIR/ICME3 interaction with the other preceding structures is discussed in Section 4.4 & 4.5.

4.4 Pressure wave analysis
The STB March 20 event is composed of several interplanetary structures (three ICMEs and a
CIR). Their magnetic and plasma profiles can be distinguished, and they satisfy the definition
of a compound stream (Burlaga et al., 1987), from which it can be deduced that they are not
complex ejecta (Burlaga et al., 2001). The ICME boundaries are identified based on
discontinuities in the magnetic field, heat flux, temperature, plasma beta, and density (Figure
4.5). The structural interactions may have a considerable effect on the proton temperature
profile. Plasma beta will therefore be used here as the main parameter for identifying the
ICME boundaries (Liu et al., 2012). The appearance of the heliospheric current sheet (2nd
vertical line) within the sheath is a temporary change of the interplanetary magnetic field
sector boundary during the passage of ICME1, the ICME therefore disrupts the coronal
streamer belt locally(Zhao and Hoeksema, 1996).
Figure 4.6 displays the magnetic and solar wind profiles for the duration of March 20, 12:00
UT– March 24, 00:00 UT. The figure illustrates two different interplanetary structures, ICME1
and ICME2, which are separated by a magnetic reconnection exhausted region(between 4th
and 5th vertical blue lines), which suggests that ICME1 and ICME2 did not merge even after
their collision. Their similarity in size and energy may be the main reason why this event was
a multiple ICME event (Lugaz et al., 2016). Within ICME1(between 2nd and 4th vertical blue
lines), S2(3rd vertical blue line) looks like a pressure wave because the Alfven speed is about
185 km/s and the proton speed increase is less than 50 kms-1 with Mach number MA =2.3.
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ICME1

ICME2

Figure 4.6 The Magnetic field and plasma parameters for the duration of March 20, 12:00 UT – March 24, 00:00
UT. From the upper panel: Magnetic field strength B(nT), proton density Np(cm -3), proton speed Vp(kms-1),
proton temperature Tp(K)(black) and experimental temperature Tex(K)(red), solar wind plasma β, Entropy, Alfven
speed Av, Mach number MA, Dynamic pressure Pdy(nPa), and total perendicular pressure Pt(pPa).
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The solar wind profiles suggest two possible sources for the S2 feature. The first possibility is
due to the following ICME (ICME2). Both the density and plasma beta morphology perhaps
support this scenario because of the noticeable gradual increase in both values going from
the rear boundary of ICME1 to the S2 location.
A second possibility is due to the combination of both CIR and ICME3, passing through ICME2
and then ICME1 causing heating, compression and acceleration in many locations. The high
temperature of ICME2 support the penetration of S2 through ICME2. furthermore, the
location of the maximum Alfven speed which is close to the middle of ICME2, is likely to
dissipate the coming shock from the fastest region(CIR/ICME3). In addition, the heat flux
profile throughout ICME1 and ICME2 supports this posibility(discussed in the next section).
The penetrating S2 is likely to decay because of the enhanced Alfvenic speed in the middle of
ICME2. Efficiency in particle acceleration is expected to change due to modifications in the
shock strength and structure by the ICME2, and particles accelerated at S2 may be trapped
by the closed magnetic fields within the preceding ejecta or guided along the helical field
lines.
The shock weakens due to the large upstream Alfvenic speed (250 km/s), an increase from
about 150 km/s from the trailing boundary to the center of ICME2. The proton speed also
increases by about 80 km/s, which is sufficient to ensure that the shock does not continue as
a fast mode shock while it propagates itself. We interpret the speed profile of S2 as a
magnetosonic pressure wave decaying from a magnetosonic shock due to the reduction of
the local plasma beta, and dissipating while advancing into ICME2.

4.5 ICMEs analysis
The suprathermal electron pitch angle distribution displays a similar heat flux distribution
along the three ICMEs (Figure 4.5): a bidirectional behavior with a significant enhancement at
0°. The dominant suprathermal electron pitch angle direction for both ICME1 and ICME2
rotate with the magnetic field clock angle, maintaining an inward direction along the magnetic
field consistent with the STB path close to the flank of both MCs (with both MC sides rooted
on the solar surface). The total pressure morphology supports the possibility of spacecraft
passage through the flanks (Russell et al., 2005). The non-smooth profile of the longitudinal
magnetic field may be due to the legs of the ICME. As suggested by Owens (2016), the flux
rope may be confined to the MC and not to its legs, even though the legs are magnetically
connected with the Sun. Throughout the event, the only disappearance of the 0° heat flux
enhancement is during the short period before the ICME1 pressure wave, which implying that
the pressure wave S2 (which started as a forward shock driven by CIR/ICME3 and travels
through ICME2 and ICME1) plays a role in energizing the 0° heat flux in every region that it
penetrates, and that it rotates with the magnetic field. Due to this, the S2 upstream region
maintains its suprathermal electron distribution at both sides without any enhancement.
The pressure wave S2 has an effect on the temperature profile. Despite the high temperature
along ICME2 (the highest of all the ICMEs), this is mostly due to the collision with ICME1 and
ICME3, thereby resulting in its compression. It is also possible that the passage of the forward
shock driven by ICME3 increases compression. We believe that the effect of S2 on ICME2 was
greater than on ICME1. The shock reaches the pressure wave level with access to the rear
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ICME1 boundary, and this reduces the compression and is followed by plasma heating. The
temperature of ICME2 is greater than ICME1 due to ICME1 being an MC and ICME2 being an
ejecta. Naturally the ejecta temperature is greater than the MC temperature. Within ICME1
and after the pressure wave passes, β is between 0.5 and 0.15, with an average value of 0.31,
whereas its average value is 0.15 throughout ICME2. The β profile supports the scenario of
the shock path propagating through both ICMEs, causing a rapid and immediate effect on the
plasma β profile. This is apparent from the high value in the middle of ICME1 where S2 is
located; with the move towards the rear of ICME1, β declined gradually. The plasma β values
during both ICME1 and ICME2 are higher than the typical isolated ICME β values.

4.6 CIR/ICME3 embedded
Figure 4.7 focuses on the merged CIR/ICME3 region. The first signature of this region is seen
on March 23, 13:10 UT (see the 1st vertical dotted line) accompanied by an increase in the
solar wind speed, density, and plasma β, followed on March 23, 17:50 UT by a sudden
magnetic field magnitude drop (shaded green) associated with a sharp rise in Np (1.6 to 19.6
cm-3) and plasma β (0.1 to 8.2), suggesting a magnetic reconnection exhausted region caused
by a transferring of magnetic energy into particle energy (Gosling et al., 2007). Following this
region, the solar wind speed increases gradually, with a significant jump in the magnetic field
strength and total pressure occurring on March 23, 17:45 UT (from 7.2 to 15.7 nT). There is
also an enhancement in heat flux at 0° associated with the CIR and indicating an SI at 20:55
UT. Pt peaks and Np decreases, but there is no change in Tp (see the 2nd vertical dotted line).
The heat flux direction rotates with the magnetic field, maintaining an inward direction along
the magnetic field. A second magnetic field decrease occurs on March 23, 22:30 UT, and is
associated with decreasing density, increasing plasma β, and magnetic field cone and clock
angle reversals. This suggests the existence of a Heliospheric current sheet HCS (see the 3 rd
vertical line) which matches a sector boundary crossing (a 180° suprathermal pitch angle
distribution as a consequence of the magnetic field’s outward direction). A third magnetic
field reduction can be seen on March 24, between 1:00 and 03:55 UT. Here the heat flux
remains enhanced, with no significant rise in either density or plasma β, meaning that any
magnetic reconnection exhaust is either weak or absent. This may be due to the symmetrical
nature of the particles at the boundaries of this region because of the embedded state. The
ICME3 start time is close to 03:00 UT on May 24 (see the 4th vertical line), with a high elevation
in the magnetic strength and total pressure. The plasma profile properties before and during
this time are complicated, especially during the preceding drop in the magnetic field. As
mentioned before, this supports the probable symmetric nature of the boundary plasma as a
result of the merger of the CIR and ICME3.
A second Pt peak (see Figure 4.7) is accompanied by a gradual proton speed reduction (see
the 5th vertical dotted line). The solar wind parameters at this peak show a second potential
SI location (maximum Pt, temperature about to increase, shear velocity location). However, a
sudden drop in proton temperature to its lowest value (see the 6th vertical dotted line) occurs
for a short time (about three hours), followed by a high rise for about five hours, associated
with a large jump in Vp. The large temperature drops at the 6th vertical dotted line is an
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indicator of the MC start time. This is associated with a decrease in plasma β, a counterstreaming heat flux, and a decline in proton speed due to the high expansion and deceleration
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Figure 4.7 The magnetic field and plasma parameters for the duration March 23, 00:00 UT – March 25, 12:00
UT. From the upper panel: the suprathermal electron pitch angle distribution (194–314 eV), magnetic field
strength B(nT), Br, Bt, Bn(nT), cone angle (deg), Clock angle(deg), proton density Np(cm-3), proton speed Vp(kms1
), proton temperature Tp(K) and experimental temperature Tex (K)(red line), solar wind plasma β, entropy,
dynamic pressure (nPa), and total perpendicular pressure (pPa).
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of the MC in the fast wind side of the CIR as the structures interact. The MC clock angle (5th
panel) starts with a small crank rotation for about 4.5 hours and becomes smooth until March
25, 00:45 UT, reaching an angle ˃30˚ for a duration of about 20 hours and confirming the
existence of a MC flux rope within the CIR. The Bn profile displays a smooth magnetic field
with coherent rotation lasting from March 24, 06:05 (see the 7th vertical dotted line) to March
24, 17:30 UT (see the 8th vertical dotted line) and lasts about 11.5 hours in total. The Bn
appears bent or flexed, and maintains its rotation until the 9th vertical dotted line on March
25, 00:50 UT. The clock angle rotation continues with a very short reversal at the 8th vertical
dotted line. However, this is a local reversal, because the dominant heat flux is sunward within
the counter-streaming; this may be attributed to the large-scale helicity (Crooker et al., 1996).

4.7 The impact of the ICME3/CIR merger
ICME3 has an impact on both the CIR speed and temperature profile. The sudden appearance
of ICME3 within the fast wind side of the CIR causes the temperature (which would usually be
expected to increase after SI2 in the absence of interaction with the MC) to drop suddenly to
its lowest level in about 1.2 hours, from 3.89 x 105 K to 1.07 x 104 K. Furthermore, the fastsolar wind speed is reduced during its expansion and deceleration within this area (see the
1st blue heavy straight line in Figure 4.7). The impacts of the CIR/ICME3 interaction include
the high temperature elevation following the initial large reduction (Figure 4.7, the 2nd blue
heavy straight line) and the large increase in solar wind speed. The ICME3 temperature is
higher than expected due to the high-speed acceleration and its position within this hot, highspeed stream. Another relevant factor is the location of a second SI(SI2) within the MC. The
presence of an SI is supported by a clear increase in entropy, accompanied by a decrease in
proton density and an increase in proton temperature and a pt peak, which are typical SI
criteria. After about five hours the MC temperature decreases as a result of its deceleration
and expansion towards the final boundary, but remains higher than typical MC temperatures
in most regions (Tp ˂ 0.5 Tex). The fast wind which follows the CIR influences not only the
ICME3 temperature but also its plasma β. The average β value of ICME3 is 0.16 with a peak of
0.4, which is a little higher than typical values for the MC (0.06 ± 0.04) (Farrugia et al.,
1993;Burlaga et al., 2001). The entropy is also unstable compared to that of the two previous
ICMEs. The weakness of the magnetic reconnection exhausted region within the CIR/ICME
shows that the two structures are embedded. It also suggests that the interaction between
the two wide, coherent total pressure peaks (P1 and P2) is greater and more complicated
than the ICME1-ICME2 interaction within the same compound stream.

4.8 Discussion & Conclusions
The in-situ measurements taken by STEREO B reveal three ICMEs or interplanetary ejecta.
These findings are difficult to reconcile with remote sensing observations. The results suggest
either that ICME2 is a compressed interplanetary ejecta region between ICME1 and
CIR/ICME3, or that there were originally three CMEs, but due to the complexity and the
position of the active region, the remote sensing images were unable to display the sequences
of events clearly. The in-situ data at 1 AU shows a penetration of a forward pressure wave
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driven by the ICME3/CIR, associated with a rise in temperature throughout the second ICME
and in part of the first one. The third ICME is merged with and embedded in a CIR. The lack of
magnetic energy conversion into particle energy at the magnetic reconnection exhausted
region between the CIR and ICME3 supports the interpretation that these are an embedded
structure.
The magnetic reconnection exhausted region between ICME1 and ICME2 shows that they are
separate structures with distinct region boundaries, and that they are two different
interplanetary ejecta. This exhausted region is weaker than its counterpart between
ICME2rear boundary and ICME3/CIR, possibly due to the asymmetric distribution of plasma
between the ICME2 rear boundary and the CIR front boundary.
The appearance of the first heliospheric plasma sheet within the sheath is a temporary change
of the interplanetary magnetic field sector boundary during the passage of ICME1, the ICME
therefore disrupts the coronal streamer belt locally. Whilst a reverse shock is expected to
follow ICME2 as its speed is decreased due to ICME1, none is present in this case. This may
be due to the dissipation and decay of the second shock (S2). A significant appearance of a SI
within the ICME3 magnetic flux rope suggests that the SI has penetrated the flux rope and
has changed its characteristics. The sudden appearance of ICME3 within the fast wind side of
the CIR causes the temperature to drop suddenly to its lowest level in about 1.2 hours. ICME3
impacts the CIR through expansion and deceleration. Later, the ICME3 temperature is higher
than expected due to the high-speed acceleration and its position within this hot, high-speed
stream.
The suprathermal electron pitch angle distribution throughout the event displays an absence
of interchange reconnection, although there is an interaction between open and closed
magnetic field structures (CIR and ICMEs). This result implies that the CIR magnetic field
direction is inwards during the interaction with the ICME inward flank which is not conducive
to reconnection.
The main finding of the study is is the significant impact of the MC on the CIR temperature
and speed. The MC has reduced the temperature by about factor of 36 during about 1 hour.
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Chapter 5

Evolution of a Co-rotating Interaction Region and its
interaction with other structures over 180 degrees of
longitude
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Abstract
In situ measurements by multiple spacecraft of a Corotating Interaction Region (CIR) from 20
April 2011 to 8 May 2011 reveals interaction with two magnetic clouds (MC) embedded within
the CIR at both near Earth and STEREO A (STA) positions. The impact of these interplanetary
magnetic flux ropes on the CIR changes its reverse shock(RS) and stream interaction (SI)
behaviour, with the SI signature appearing within the MC flux rope which is itself embedded
within the CIR. The presence of a reverse shock at STEREO B (STB), subsequent absence at L1
region, and then an appearance at STEREO A, implies that the CIR reverse shock behaviour is
sensitive to interaction with interplanetary coronal mass ejections (ICME). It also reveals the
CIR’s ability to recover its magnetic field and plasma characteristics after disruption by ICMEs.
The L1 ICME changes the CIR speed and dynamic pressure profiles. consequently, the acting
forces at both reverse shock sides have changed, leading to the disappearance of the reverse
shock at L1. At STA, the ICME deceleration has moved the position of the CIR’s maximum
speed (Vmax) back to the rear CIR boundary, similar to position at STB. The SIs location has
approached the Vmax location. These two changes made the profile of the dynamic pressure
near the rear of the CIR to return to a state similar to that seen at STB, and thus, the reverse
shock reappears, which means that the RS behaviour is subject to the local interplanetary
conditions.
The ICME-CIR interaction at L1 and STA effects the HCS through the growth of the heliospheric
plasma sheet (HPS) at the front of the events, and coincided with the existence of the
magnetic clouds within the CIR.
The flux ropes complicate the CIR solar wind morphology and affects the location of the SI, or
to cause the appearance of more than one SI. There is also an obvious signature of a SI
penetration through the magnetic cloud flux rope at STA, which is itself embedded within the
CIR.

118

5.1 Introduction
Stream interaction regions (SIRs) are the consequence of the interaction between the fast
solar wind originating from solar coronal holes and the preceding low speed interplanetary
solar wind (Pizzo, 1978). When the fast plasma catches up with the slow plasma, a
compression region will start to appear at the front boundary and a rarefaction region will
appear at the rear of the fast-solar wind, as shown in Figure 5.1. The fast-slow SI starts in the
inner stream (Richter and Luttrell, 1986). The coronal holes are long-lived structures that
rotate with the sun, which means that the SIRs may recur over several solar rotations, and
are called co-rotating interaction regions (CIRs) (Smith and Wolfe, 1976;Gosling and Pizzo,
1999). At 1AU, CIRs are not always bounded by forward and reverse shocks (RSs) - they are
commonly formed by around 2AU (Gosling et al., 1976;Hundhausen and Gosling, 1976).
During solar rotation, the flow patterns defined by SIRs/CIRs form a spiral in the equatorial
solar plane(Crooker et al., 1999). Somewhere within the SIR, the plasma density drops, the
temperature rises, and a flow shear appears. This is the stream interface (SI): a distinct
boundary between fast and slow flow (Burlaga, 1975), accompanied by a significant total
perpendicular pressure Pt enhancement (Jian et al., 2006b) and a gradual decline at both peak
sides. The coronal sources of fast and slow streams sometimes witness dramatic changes
within one solar rotation, which can make the interplanetary interaction regions disappear
within one solar rotation (Balogh et al., 1999). During their propagation through the
heliosphere, interplanetary coronal mass ejections (ICMEs) and SIRs have time to interact and
merge (Du et al., 2007;Whang et al., 2001). They are occasionally deformed from the
interplanetary Parker spiral (Jian et al., 2008c), which adds complexity to the SIR morphology.
Most of the fast streams emerging from high- or mid-latitude coronal holes can extend to
lower latitudes and form SIRs, and sometimes they emerge directly from equatorial or lowlatitude coronal holes, particularly at solar maximum (Jian et al., 2008b).
Stream Interface

Figure 5.1 A schematic of the 2D solar equatorial plane of a SIR structure in the inner heliosphere. The grey shaded
area is the compression region include the stream interface. Solid lines show the magnetic field lines and the
length of the arrows is a measure of the flow speed (Pizzo, 1978).
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The launch of the Solar Terrestrial Relations Observatory (STEREO)(Kaiser et al., 2008), which
includes STEREO A (STA) and STEREO B (STB), offered a new opportunity for multiple
viewpoint studies of CIRs and ICMEs. Many studies of CIRs and their interactions with the
ambient solar wind during their propagation through the heliosphere have depended on STA
and STB remote sensing and in situ measurements (Rouillard et al., 2009;Rouillard et al.,
2010;Jian et al., 2009;Mason et al., 2009).
Jian et al. (2009) studied the differences in SIR properties by using multi spacecraft
measurements (ACE, WIND, STA and STB, and Ulysses) for the period May to November 2007
near solar minimum. They discussed the effect of the temporal and spatial variations of the
SIR’s characteristics at these spacecraft positions. During this duration, Ulysses passed
through the latitudinal region near the solar South Pole on March 2007 and it then moved
northward, passing the ecliptic plane on 19 August 2007. In the August case (for example),
the SI that is seen in STA has disappeared two days later at ULYSSES, whereas in the November
case the SI that appeared in STB cannot be seen in the westward spacecraft STA. Jian et al.
(2009) found that density and temperature variations do not clearly trend to “steepen” or
“widen” in a particular way near the stream interface of the SIRs. However, the
competitiveness of the compression and expansion effects on the entire SIR is noticeable.
Provornikova et al. (2012) studied the effect of merging CIRs (at solar minimum) on their
driven shocks during their propagation into the heliosheath by using Voyager 2 observations
and a three-dimensional MHD model. They found that reverse shocks disappear, and forward
shocks weaken due to the CIRs interaction with their rarefaction regions. They proposed that
the interaction of the CIRs shocks and the rarefaction regions could be the reason for these
RSs disappearing in the heliosheath. Broussard et al. (1978) found that the evolution of
coronal holes leads to long-term variations in the high speed stream (HSS) and to changes in
the CIR morphology at 1 AU.
Schwenn (1990) used Helios mission (1974–1985) data to study the impact of latitudinal
separation on multiple-spacecraft measurements of high speed streams and CIR. The
separation between two different spacecrafts’ heliographic latitudes can lead to considerably
different CIR measurements despite having the same coronal hole source. Gosling et al.
(1993) used ULYSSES measurements at a heliocentric distance of about 5 AU to show that the
transit to high heliographic latitudes leads to systematic flow deflection for both CIRs’ forward
and reverse shocks. With the beginning of the STEREO era, many authors have pointed to the
importance of latitudinal separation on the energetic particles emitted from CIRs shocks
(Mason et al., 2009;Leske et al., 2010). During 2007 and 2008 (solar minimum period) and
depending on multi spacecraft measurements (ACE, WIND, and STEREO), Mason et al. (2009)
described spatial and temporal effects on the CIRs’ He and heavy ions spectra emissions.
These authors found that the changes in CIRs energetic particles over periods of up to 5 days
are due to the small and irregular changes in the coronal hole’s size, in addition to the
different latitudinal separations. Gómez-Herrero et al. (2011) added another contribution to
the evolution of CIR particle energy, which is the presence of transient structures such as
ICMEs in the vicinity of, or embedded in, the CIR. They presented a comparison of multi
spacecraft observations of the same CIR event for the period from 21 February 2008 to 5 April
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2009 (Carrington rotations 2067–2082). Several ICMEs were in the vicinity or embedded
within the CIRs and they accelerated the ions from hundreds of Kev to a few MeV.
In this chapter, we try to understand more about changes in a CIR’s magnetic and plasma
properties at 1 AU when it interacts with a magnetic flux rope (MFR) and ICME, in comparison
to the undisturbed CIR. This is achieved through multiple spacecraft measurements of the CIR
through 180 degrees’ longitudinal rotation during solar maximum. We also highlight the
impact of this interaction on the ICME and HCS behaviour. In Section 5.2, we present the in
situ magnetic and plasma observations of four spacecraft (WIND, ACE, STA and STB). The same
CIR is recorded by the four spacecraft with a MFR and ICME/CIR interaction at L1 and STA
respectively. Section 5.3 highlights the properties and characteristics of the large-scale
structures during their interaction and the effects on their characteristics during 180 degrees
of rotation. Conclusions are given in section 5.4.

5.2 In Situ observations
For both STA and STB, we use the 1 min magnetic field measurements from the
magnetometer (MAG Acuña et al. (2008)), the suprathermal electron distributions from the
solar wind electron analyser (SWEA Sauvaud et al. (2008)) and the plasma and suprathermal
ion composition (PLASTIC) (Galvin et al., 2008). The period of the study was from 20 April 2011
to 8 May 2011. During this period, the angular longitude separation between STB and STA
grew from about 185.2° to 186.1° while the separation angle with Earth grew from about
94.7° to 94.1° for STB and from about 90.5° to 92° for STA.
At STB, a CIR signature was measured on 23 April 12:06 UT (Figure 5.2a, fourth vertical dotted
line). It is preceded by a sector boundary crossing (SBC) of about 56 hrs (first vertical dotted
line), which is recorded on 20 April 10:03 UT. When the SBC stars, the suprathermal electrons
pitch angle distribution (1st panel) flips from 0 to 180 degrees. To distinguish the true position
of the SBC from a local magnetic field inversion, we depend on both the heat flux distributions
and the magnetic field measurements. The SBC is matched with the HCS location, which is
displayed as the first vertical dotted line. When the CIR starts, there is a 180 degrees heat flux
enhancement. An initial identification of the SI (pile up of total pressure with gradual declines
at both sides) is at the fifth vertical dotted line (about 23 April, 19:30 UT), and an obvious fast
RS appears at the sixth vertical dotted line. An interplanetary shock (third vertical dotted line)
appears before the CIR by about 11 hours, associated with a brief enhancement in magnetic
strength and a small increase in proton speed Vp, temperature Tp and density Np. It preceded
by a magnetic plateau region of about 55 hrs (between the second and third vertical dotted
lines).
At the L1 position, the WIND spacecraft 1 min data of the magnetic field investigation (MFI
Lepping et al. (1995)) and solar wind experiment (SWE Ogilvie et al. (1995)) are used, shown
in Figure 5.2b. For comparison, and also due to missing data in some instruments, we also
show in Figure 5.3 the Advanced Composition Explorer (ACE) 16 sec magnetic field
measurements from the magnetic field investigation (MAG) Smith et al. (1998a) and
(SWEPAM/SWICS merged data, see:
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http://www.srl.caltech.edu/ACE/ASC/level2/sweswi_l3desc.html). Since WIND and ACE are
closely separated, we have also included in Figure 5.2b the 273 eV ACE suprathermal electrons
pitch angle distributions. The first sign of the CIR passage started on 29 April, at about 13:50
UT (Figure 5.2b, 2nd vertical dotted line) with an increase in magnetic strength, Vp, Np and total
pressure Pt . The CIR start is accompanied with a magnetic cone angle rotation and a plasma
beta reduction, which is the signature of a magnetic flux rope MFR (blue shade) embedded
within the CIR, with a magnetic field rotation duration of about 6.5 hrs (April 29, 14:30 UT20:55 UT) and a 180 degrees’ heat flux enhancement. The existence of the MFR in this location
may mean that some of other CIR criteria are absent (further details are given in the next
section).
The high-speed stream (HSS) source is coronal hole CH446, which is the same source as that
measured by STB. Vp ranges between 477–770 km/s under the influence of the HSS. A SI is
identified from a maximum peak in total pressure Pt (3rd vertical dotted line).The SDO Fe XII
193 A and STEREO EUVI 195 A solar images shown in Figure 5.4 confirm the correct coronal
hole source. The SBC at WIND is associated with a heliospheric plasma sheet (HPS) (i.e.
increase in proton density, low proton entropy), and the plasma beta elevation at ACE is very
clear (Figure 5.3). In addition, the Vp profile in both is flat throughout the HPS. The fast RS has
disappeared at the L1 position. The magnetic plateau region has compressed to about 19 hrs
and is followed by the appearance of a magnetic exhausted region (orange shade). In addition,
the magnetic plateau front boundary has approached and reached the SBC position(1st
vertical dotted line).
As indicated by the second vertical dotted line in Figure 5.2c, the CIR is measured by STA on
6 May 22:00 UT, followed by the HSS from the same coronal hole source. There is an ICME
signature at the front boundary of the CIR (second vertical dotted line) with a clear magnetic
flux rope apparent from the coherent magnetic field rotation for about 6 hours (blue shade),
from 7 May 00:36 UT to 06:19 UT, a bidirectional suprathermal electrons distribution, a
magnetic strength between 10.5–17.1 nT, and a low plasma beta with an average 0.53. A SI is
identified from a maximum peak in total pressure Pt on 7 May, at 07:10 UT, shown by the
third vertical dotted line. The HPS maintains its position at the front boundary of the magnetic
plateau whereas the HCS location within the HPS has shifted closer to the HPS front boundary
(first vertical dotted line). The magnetic plateau region experienced an extension in the
duration, which looks is probably a recovery phase, and it is now close to its duration as was
at STB but with an increase in the magnetic magnitude and an enhancement of the heat flux
at 180 degrees. The magnetic exhausted region at the rear of plateau (orange shade) became
very prominent (larger decrease in magnetic field and increase in plasma beta). The fast RS
reappeared with a magnetic strength, Tp, Vp and Pt properties as were at STB’ fast RS (fourth
vertical dotted line).
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Figure 5.2 In situ measurements of STB, WIND and STA. For both STA and STB (a and c panels): Suprathermal electrons pitch angle distributions (194-314 eV), Magnetic field
magnitude B(nT), Cone angle(deg), Clock angle(deg), Proton speed Vp(kmsec-1), Proton density Np(Cm-3), Proton temperature Tp(˚K) and and experimental temperature Tex
(K)(red line), Plasma beta and total perpendicular pressure Pt(pPa). For Wind (b panel): ACE Suprathermal electrons pitch angle distributions (272 eV), Magnetic field
magnitude B(nT), Cone angle(deg), Clock angle(deg), Proton speed Vp(km sec-1), Proton density Np(Cm-3), thermal velocity, Plasma beta and Total perpendicular pressure
Pt(pPa).
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Figure 5.3 Ace measurements: Suprathermal electrons pitch angle distributions (272 eV), Magnetic field
magnitude B(nT), Bϴ(deg), Bφ(deg), Proton density Np(cm-3), Proton speed Vp(kmsec-1), Proton temperature
Tp(˚K) and experimental temperature Tex (K)(red line), and Plasma beta. The first blue shaded is the HPS region,
whereas the second is the magnetic flux rope.

Figure 5.4 Images of the coronal hole (circled red) by STB EUVI 195A (April 19, 2011, left), SDO/AIA 193A (April
25, 2011, middle) and STA EUVI 195A (May 03, 2011, right) (available at http://eagle.imaps.aber.ac.uk/)
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5.3 Analyses and Discussion
In this section, we discuss the main changes to the CIR characteristics as measured by STB, at
L1 and by STA. We also discuss the properties and characteristics of the ICMEs and HCS that
interact with the CIR through this period.
STB measures magnetic and plasma profiles typical of a CIR with a strong RS. The unusual
thing in this event is the large separation between the HCS/SBC and the CIR position, but this
is not unprecedented. Neugebauer et al. (2004) reported on several SIRs without sector
boundaries. The last vertical dotted line in Figure 5.2a shows the end of the CIR. A 90 degrees’
heat flux depletion is clear at the end of the CIR (Figure 5.2a, 1st panel). About 20% of SIRs
have a slow/fast sharp boundary (Jian et al., 2009) and not all SIs display clear signatures of
discontinuities (Crooker et al., 1999); therefore, we identify an initial SI location at the second
vertical dotted line of Figure 5.5a (To clarify more, it has added this figure with shorter
duration) through a peak in total pressure with gradual declines at both sides. Indeed, the Pt
morphology in STB looks like a plateau with multiple peaks. We believe that the fast-slow
stream interaction (SI) is in the growth stage, so it is difficult to place too much confidence in
the exact location of the SI. Criteria other than Pt (e.g. the proton density drop, temperature
and entropy jump) suggests another possible locations for the SI as the third and fourth
vertical dotted line (Figure 5.5a).
At the L1 Position (Figure 5.2b), the significant appearance of the HPS (which is absent in STB)
is perhaps due to the MFR/CIR interaction. The interaction may cause a temporary increase
in interchange reconnection and subsequent propagating transient blobs between the
coronal hole open field and the adjacent closed field of the MFR near the cusp of the streamer
belt near the Sun. The magnetic plateau duration is shorter than at STB because of
compression and, therefore, it reduced the duration time between the CIR front boundary
and the SBC. It shortened to about 24 hours, and the slight increase in the magnetic field at
its front boundary resembles a pressure wave. In addition, the front boundary of the magnetic
plateau became close to the HCS location and adjacent to the rear boundary of the HPS.
However, the HCS position at the HPS boundary supports the idea that an interchange
reconnection assisted to release the parcels through the HPS. The orange shaded region is a
magnetic exhausted region at an early stage of its formation (a small drop in magnetic
strength, plasma beta increase and a low-density elevation). The formation of a magnetic
exhausted region may be due to the asymmetric nature of the plasma at the region
boundaries. The magnetic reduction is clearer in the magnetic magnitude measured by ACE
(Figure 5.3, the orange shaded region).
The flux rope duration is about 6.5 hours (Figure 5.5b, blue shaded). It looks like a small-scale
flux rope (i.e. a short duration with magnetic field shear angles at the two boundaries across
the two magnetic exhausted boundaries) (Cartwright and Moldwin, 2008;Tian et al.,
2010;Zheng and Hu, 2016). The temporary magnetic field reversal at the flux rope front
boundary is due to the MFR being replaced locally by the HCS and connecting with solar winds
of different magnetic field polarities.
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Figure 5.5 In situ measurements of STB(a), WIND(b) and STA(c). For both STA and STB, the panels display: Magnetic field magnitude B(nT), Cone angle(deg), Proton speed
Vp(km sec-1), Azimuthal velocity Vn, Proton density Np(Cm-3), Proton temperature Tp(˚K), Plasma beta, Entropy, Dynamic pressure(nPa) and Total perpendicular pressure
Pt(pPa). For Wind panels: Magnetic field magnitude B(nT), Cone angle(deg), Proton speed Vp(kms -1), Azimuthal velocity Vy, Proton density Np(Cm-3), Thermal velocity Vth,
Plasma beta, Entropy, Dynamic pressure(nPa), Total perpendicular pressure Pt(pPa). The blue shaded are the flux ropes regions at Wind and STA.
a
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The MFR has been listed in the WIND ICME Catalogue with start time 29 April, 09:07 UT, as a
magnetic obstacle from 13:55–20:52 UT and ICME end time at 29 April, 22:04 UT. The
Richardson & Cane ICME Catalogue does not refer to this ICME, which confirms the diversity
of ICME definitions and criteria. In addition, we have checked the Wind magnetic cloud list
Lepping et al. (2015) and there are no events listed in this period. It is quite difficult to identify
the L1 MFR source because remote sensing of the low corona only reveals a few small CMEs
between 24 May and 25 May, but we believe it was from one of two potential sources: 1) the
narrow 24 April CME (about 07:24 UT), which is a faint, narrow and small-scale eruption
(Figure 5.6) or 2) a local magnetic reconnection in the extended corona or solar wind.
Within the flux rope, Tp is higher than the typical MC (Tp ˂ 0.5Tex)(see Figure 5.3), which means
that it is either truly not an ICME (just a flux rope), and not necessarily be associated with a
decreased temperature (Rouillard, 2011), or the temperature profile reflects the impact of
MFR/CIR interaction on the Tp characteristics. The unidirectional 180 degrees pitch angle
distributions along the MFR (Figure 5.2b) suggest that the magnetic field lines forming it are
open with one end rooted at the solar surface, which is likely due to interchange reconnection
with the transequatorial coronal hole CH446. In addition, the enhancement of the 180
degrees heating flux through the FR duration compared to what it is at the follower CIR
implies that the spacecraft traverse through a different plasma nature.

Figure 5.6 The faint signature of a CME observed on April 24 07:54 UT from the STA Cor2 coronagraph. The image
has been processed to remove static radial structures (i.e. streamers).
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The CIR start time is difficult to identify due to the embedded MFR/CIR. The first vertical
dotted line in Figure 5.5b tended to fit the CIR criteria. The magnetic field strength and proton
speed start to increase present a CIR and MFR matching location in their onset time. There is
a considerable decrease in magnetic strength following the flux rope, indicative of a magnetic
exhausted region between regions of quite different natures. The second vertical dotted line
in Figure 5.5b displays a SI with a peak in magnetic strength and total pressure, gradual decline
in density, and temperature elevation. It is more obvious than at STB.
The impact of the MFR/CIR interaction is considerable on the entropy profile. The large
entropy increases at STB (Figure 5.5a, 3rd vertical dotted line) is absent at WIND (Figure 5.5b)
and becomes flat, which may be interpreted as overlap between the MFR and CIR.
The most notable change in the L1 CIR morphology is the disappearance of the RS. The
interaction with the flux rope at the CIR front boundary and the clear appearance of the SI
makes the speed increase steeper at the front region, which predominantly reduces the speed
shear strength at the RS. In other words, the flux rope and the SI have changed the position
of the CIR’ maximum speed (Vmax) to move forward away from its rear location after what it
was at the rear boundary of the CIR on STB, as shown in Figure 5.5 a&b, 3rd panels.
Subsequently, the acting forces at both RS’ sides have changed, with a domination of the
rarefaction leading boundary region (CIR up stream), which led to weakening the RS. This
interpretation is supported by the dynamic pressure Pdyn panels (Figure 5.5 a& b). At STB, Pdyn
was very low at the rarefaction region (CIR upstream) compared with that at the CIR rear
boundary (CIR downstream). This situation is reversed completely at WIND (see blue arrows
in the two dynamic pressure panels), referring to a new feature.
At the STA position (Figure 5.2c), the HPS maintains its position within the front boundary of
the magnetic plateau but the HCS location (first vertical dotted line) is closer to the HPS front
boundary. This may be due to the magnetic plateau region that has expanded since the L1
position and has returned to the longer duration measured at the position of STB. This
expansion is associated with a magnetic strength elevation and a 180 degrees suprathermal
electron distribution enhancement, referring to energizing by inward electrons. As the
plateau, magnetic magnitude increases, the magnetic exhausted region (orange shade)
became clearer (with more magnetic magnitude drop and plasma beta rising). This may due
to the different distributions of the particles at the magnetic exhausted boundaries or
because of the multiple local magnetic fields reversals appeared in this region as a result of
its location at the front of a MC flux rope.
The ICME and CIR appear at the first vertical dotted line (Figure 5.5c) - this agree with the
STEREO A/B Lists of SIRs and ICMEs (Jian et al., 2013) (Dr Lan K. Jian, University of Maryland
College Park, e mail correspondence March 27, 2017). Figure 5.7 shows a large CME observed
on 3 May by STA COR1 and EUVI 195 and SOHO LASCO C2. The huge 3 May CME (which is
mentioned in the list of interplanetary coronal mass ejections observed by STA and STB(Jian
et al., 2013)) and the associated filament eruption is the likely source of the ICME measured
by STA.
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it was in STB. This process may have stimulated in appearing the other SI.

Filament eruption

Figure 5.7 May 03, 17:43 UT CME. The left panel displays the active region with a filament eruption circled in red
(observed by STA EUVI 195). The right panel shows the CME which observed by SOHO LASCO C2 (available at
http://eagle.imaps.aber.ac.uk/).

Within the magnetic cloud (shaded blue in Figure 5.5c), the plasma beta values are higher
than the values when the MC may be isolated(example (Wang et al. (2003)). This reveals the
CIR role in increasing this value when the MC is within it. For the first 4 hours of the MC
duration, the Tp is less than Tex . A sudden temperature and entropy high jump (2nd vertical
dotted line) on May 7, at 04:15 UT associated with a sudden high drop in density and a Vn
shear. These signatures refer to a stream interface location within the magnetic cloud FR. The
third vertical dotted line refers to the SI location that we determined in Figure 5.2c, depending
on the maximum total pressure. We believe that this SI is the same SI at WIND. The
appearance of more than one SI supports the idea in the previous chapters about the
possibility of more than one SI appearing during the ICME/CIR embedded. It also reflects the
role of CIR in building a SI within the MC. The CIR and ICME front region witnessed a
deceleration and expansion, which make the CIR’ Vmax position move back towards the rear
boundary, as it was in STB (Figure 5.5c, 3rd panel). This process may have stimulated the
appearance of the SI within the MC.
The flow shear changes on the SIs at WIND and STA perhaps due to the spatial changing and
temporal coronal hole variations (Figure 5.4), which is the source of the fast flow. The
noticeable feature at the STA is the return of the RS to appears again. The ICME deceleration
has moved the position of the CIR’s maximum speed (Vmax) back to the rear CIR’ boundary,
similar to position at STB. The SIs location has approached the Vmax location. These two
changes made the profile of the dynamic pressure near the rear of the CIR to return to a state
similar to that seen at STB (see Figure 5.5c, 3rd and 9th panels), and thus, the reverse shock
reappears.The Pdyn become lower at the rarefaction region (CIR upstream) compared with
129

that at the CIR rear boundary (CIR downstream). As in STB, the last vertical dotted line refers
to the end of the CIR. The 90 degrees’ heat flux depletion was clear at the end of the CIR (see
Figure 5.2, Panel 1).
The proton speed profiles at all the spacecraft reveal the role of this parameter in controlling
the RS behaviour. The blue arrows in Figure 5.5, third panels, show the CIR Vmax position
displacement during the three spacecraft positions.

5.4 Conclusions
Our conclusions are summarized as follows:
In all spacecraft positions, although the global HCS was far away ahead of the events, the HCS
has affected by the FRs/CIR interaction. The obvious appearance and growth of the HPS at
wind and STA is due to the interchange reconnection which assists to release the parcels
through the HPS.
The impacts of the CIR- FR interactions have distributed along the events. The presence of a
reverse shock at STB, subsequent absence at L1 region, and then an appearance at STA,
implies that the CIR reverse shock behaviour is sensitive to the interaction with transient
interplanetary structures. It also reveals the CIR’s ability to recover its magnetic field and
plasma characteristics after disruption by ICMEs.
The L1 ICME changes the CIR speed and dynamic pressure profiles. consequently, the acting
forces at both reverse shock sides have changed, leading to the disappearance of the reverse
shock at L1. At STA, the ICME deceleration has moved the position of the CIR’s maximum
speed (Vmax) back to the rear CIR boundary, similar to position at STB. The SIs location has
approached the Vmax location. These two changes made the profile of the dynamic pressure
near the rear of the CIR to return to a state similar to that seen at STB, and thus, the reverse
shock reappears, which means that the RS behaviour is subject to the local interplanetary
conditions.
The flux ropes complicate the CIR solar wind morphology and affects the location of the SI, or
to cause the appearance of more than one SI. There is also an obvious signature of a SI
penetration through the magnetic cloud flux rope at STA, which is itself embedded within the
CIR.
The main finding of the study is: 1- the CIR reverse shock behaviour. It is subject to the local
interplanetary circumstance. 2- the SI ability to change the magnetic flux rope plasma profiles
but no magnetic rotation deformation. 3- the long traviling separation(about 185 degree of
longitude) reveal that the CIR can recover its magnetic field and plasma characteristics after
disruption by ICME.
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Chapter 6
Conclusions
6.1 Overall conclusions
The September 09-10, 2011 event of the HPS-ICME-CIR/HSS interaction affected the
properties and characteristics of the three interplanetary structures. The impact is significant
along the whole event, including a driven strong forward shock, a heating flux discontinuity
upstream of the ICME front shock, the very high proton density at the frontal boundary of the
HPS and forward shock, the significant speed elevation within the sheath, the distortion of Bz
in the magnetic cloud, the indistinct location of the stream interface, and the reverse shock
at the rear boundary of the CIR. Interchange reconnection is invoked to interpret the
dominant unidirectional component of the suprathermal electron distribution throughout the
event. Despite the disruption caused by the ICME, some general features of the CIR are
preserved, as seen by a comparison with the CIR seen in the absence of an ICME a few days
earlier by STEREO B. This allows an estimate of the compression of the CIR by the ICME as a
factor of ∼ 4, and further enables some qualitative comparison and further insight into the
interaction.
A compound stream of three ICMEs and a CIR which displays another type of interaction
between the interplanetary large-scale structures. The third ICME has merged with, and is
embedded within the CIR. These findings are difficult to reconcile with remote sensing
observations. The results suggest either that ICME2 is a compressed interplanetary ejecta
region between ICME1 and CIR/ICME3, or that there were originally three CMEs, but due to
the complexity and the position of the active region, the remote sensing images were unable
to display the sequences of events clearly. The in-situ data at 1 AU shows a penetration of a
forward pressure wave driven by the ICME3/CIR, associated with a rise in temperature
throughout the second ICME and in part of the first one. The magnetic reconnection
exhausted region between ICME1 and ICME2 shows that they are separate structures with
distinct region boundaries, and that they are two different interplanetary ejecta. This
exhausted region is weaker than its counterpart between the ICME2 rear boundary and
ICME3/CIR, possibly due to the asymmetric distribution of plasma between the ICME2 rear
boundary and the CIR front boundary. The presence of a SI within the ICME3 magnetic flux
rope suggests that the SI has penetrated the flux rope and has changed its characteristics. The
sudden appearance of ICME3 within the fast wind side of the CIR causes the temperature to
drop suddenly to its lowest level in about 1.2 hours, from 3.89 x 10 5 K to 1.07 x 104 K. ICME3
impacts the CIR through expansion and deceleration. Penetration of a forward pressure wave
driven by this combined ICME-CIR causes the second ICME and part of the first one to increase
in temperature and plasma beta.
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Based on multi-spacecraft in situ measurements (STB, Wind, Ace, and STA), we tracked the
evolution of a CIR through 180 degrees of longitude, including interaction with two-magnetic
cloud flux ropes embedded within the CIR at the L1 and STA positions. In all spacecraft
positions, although the global HCS is situated ahead of the events, the HCS is affected by the
interaction. The obvious appearance of the HPS at Wind and STA is due to the interchange
reconnection which assists to release plasma parcels along the HPS.
The effects of the CIR- FR interaction is distributed throughout the events. The presence of a
reverse shock at STB, subsequent absence at L1 region, and then an appearance at STA,
implies that the CIR reverse shock behaviour is sensitive to the interaction with transient
interplanetary structures. It also reveals the CIR’s ability to recover its magnetic field and
plasma characteristics after disruption by ICMEs. The L1 ICME changes the CIR speed and
dynamic pressure profiles, consequently, the acting forces at both reverse shock sides have
changed, leading to the disappearance of the reverse shock at this location. The ICME
deceleration at STA enabled the CIR to recover its maximum speed (Vmax) position and back
to the rear boundary as was at STB. Also, the SIs location has approached the Vmax location.
These two changes made the CIR rear force which encounters the follower rarefaction to have
the same strength that it had before (at STB) and thus, a reverse shock got back to appear
again. The flux ropes complicate the CIR solar wind morphology and affects the location of
the SI, or even cause the appearance of more than one SI. There is also an obvious signature
of SI penetration through the magnetic cloud flux rope at STA, which is itself embedded within
the CIR.

6.2 Future work
Multi-point observations of ICMEs-SIRs interaction shows that each event has its individual
evolution and configuration, and the relationship of MCs to ICMEs-drive shocks is still an open
issue in space research. Following the results of chapter 3, a future study will investigate more
complex HPS-ICME-CIR in situ cases, possibly establishing common interaction features and
quantifying the degree of variation between interacting events. This will aid the
understanding of the impact of these interactions on the propagation of large-scale structures
through interplanetary space. The survival of a magnetic exhausted region at the front
boundary of the CIR before and with the interaction, suggests that more studies of many other
similar cases should be conducted. Accurate interpretation of many complex in situ
interaction events is difficult without a comparison of events in the absence of interaction.
Through the result of chapter 4, the presence of the stream interface SI within the flux rope
is noteable, and more similar cases should be investigated to establish their probability of
occurrence. Additional studies of similar compound stream cases which show poor matching
with solar remote-sensing observations may tell us to what extent in situ measurements can
be interpreted without the additional constraint of remote observations.
Following the results of chapter 5, a study is planned to track the evolution of the CIR during
its propagation through the interplanetary spiral patterns between 90 to 180 degrees of
longitude based on L1, STEREO A and B measurements over several solar rotations. This will
give us information on the ability of CIRs to maintain their magnetic field and plasma profiles
over long periods.
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