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Abstract

Earth-directed solar Coronal Mass Ejections (CMEs) often interact with the magnetosphere,
causing geomagnetic storms that disrupt a range of technologies we routinely rely on. A
good understanding of the CME-magnetosphere interactions are key to mitigating the con-
sequences of such storms. The extent of CME-magnetosphere interaction is governed sub-
stantially by conditions in the CME sheath (which is the leading part of Earth-directed
CMEs). It is possible that turbulence in the sheath and magnetic obstacle (MO) of CMEs
could show different characteristics compared to background/ambient solar wind. We have
attempted to characterize the CME sheath based on a comparison with power present inside
the turbulent high-frequency fluctuations in CME sheaths, MO and background solar wind
by the help of Power Spectral Density (PSD) calculation where frequencies were around the
inertial subrange. This comparison was based of a quantity (modulation index) is a mea-
sure of power inside these high-frequency fluctuations to that of low-frequency fluctuation.
Previous studies have shown that there is a difference in the geomagnetic impact of sheath
and MO based on Dst Index values, we have tried to check for such differences through
correlations with the modulation index. The comparison was carried out with data from
NASAs WIND spacecraft for proton density (Np), magnetic field magnitude (B) and veloc-
ity magnitude (V). This data was separated into two different set of events one consisted of
130 events with ICME shock and another with 271 events that have mix of events with and
without shock along with Dst index values. We found that the modulation index effectively
characterizes the sheath as a highly turbulent structure, MO is comparatively less turbulent,
and the chosen background solar wind is the least turbulent. Spectral indexes furthermore
show that there is a similarity in MO and sheath spectra however, background solar wind
spectra is different.
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Chapter 1

Introduction

The sun and coronal surface is a place of constant unrest and with the influence of magnetic
fields, resulting in phenomena such as sunspots, solar flares, and coronal mass ejections.
It sends a steady flow of charged particles called the solar wind, which ultimately travels
to distant corners of our solar system and beyond before being obstructed by the interstel-
lar medium. This forms an enclosure around the solar system along with the magnetic
field of the sun, known as the Heliosphere. It acts as a shield from galactic cosmic ra-
diation, in a similar way Earth’s magnetosphere also acts as a shield, protecting us from
the energetic charged particles coming towards it. During a strong influx of such charged
particles during solar storms, a strong interaction between the Earth and solar wind can be
seen through increased geomagnetic disturbances. [1] This can raise auroral activity in the
polar regions where such charged particles collide with the atmospheric contents, energy
exchanges of which create glowing effects. Apart from the spectacle they create, these dis-
turbances/storms are a prime source of disruption in satellite operations, they affect GPS
navigation, interfere with communication systems, and also cause power outages by over-
loading power grid infrastructures. Therefore, it is crucial to study the phenomena that lead
to geomagnetic storms thoroughly.

Figure 1.1: Image of Aurora (aurora australis) captured from space over the Indian Ocean
by astronauts in International Space Station. Image Credit: Image Science & Analysis
Laboratory, NASA Johnson Space Center (http://eol.jsc.nasa.gov)

1
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Introduction

Coronal mass ejection (CME) is a phenomenon that is associated with geomagnetic
storms. It is a large eruption characterized by the expulsion of plasma and magnetic fields
from the Sun’s corona.[1] It is worth noting that CMEs that travel well ahead into the helio-
sphere are called Interplanetary Coronal Mass Ejections or ICMEs.

Figure 1.2: An illustration depicting ICME interacting with the outer atmosphere of the
Earth. Image credit: NASA space weather awareness

ICME speeds often exceed the sound speed and magnetosonic speed in the background
solar wind creating a shock or ICME shock and giving a structure to the ICME, which is dif-
ferentiable based on some specific signatures. To better understand the differences in causes
when ICME impacts the Earth, characterization of these structures becomes essential.
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Introduction

1.1 Coronal Mass Ejections

CMEs consist of large-scale plasma fragments entwined with magnetic fields that burst
forth from the solar corona into the heliosphere. They possess an average kinetic energy
around 1025 joules and thus rank among the most energetic eruptive phenomena in the solar
system. [2] CMEs that travel deep into the heliosphere is known as interplanetary coronal
mass ejection (ICME). It can carry a mass ranging from 1011 to 1012 kilograms and travels
at speeds from 350 to 1000 km/s. [3]

CMEs and solar flares are two types of eruptions that occur in the Sun’s atmosphere
and are the main phenomena driving storm activity. The occurrence rate of CMEs varies
with the solar cycle. It is an 11-year cycle that describes the changes in the Sun’s activity
and appearance, which includes variations in the number of solar flares, sunspots, CMEs
and the Sun’s irradiance. For a long time, flares were thought to drive solar and magnetic
storms, yet a direct connection between storms and flares was never established: a flare
can occur without leading to a magnetic storm, and similarly, a storm can occur without a
solar flare.[4] Eventually, it was found that CMEs are the main drivers of magnetic storms.
During the solar maximum, solar flare and CME activity usually increase, with up to ∼ 4-5
CMEs per day, and decreases to about ≈ 1 during the solar minimum. [5]

1.1.1 CME and ICME Observations

CMEs are studied via remote sensing observations, whereas ICMEs are studied through
in-situ measurements. Each can offer a different perspective on the CME. Remote sensing
observations provide early observations of CMEs by capturing their initial stages just after
sprouting out, which is a less evolved state of a CME, and its trajectory near the Sun. In
contrast, in situ measurements give direct insights into the more evolved version of CMEs as
they travel through interplanetary space and are typically measured at about 1AU. As CMEs
travel they undergo a lot of changes. In situ measurements give insights into changes in their
structure, composition, and dynamics. When remote sensing and in-situ observations are
used together, they offer a much better viewpoint, from the CME’s initiation near the Sun
to its more mature form away from the Sun.
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Remote Sensing Observations

Remote sensing observations of CMEs primarily rely on the analysis of images captured by
coronagraphs. A coronagraph is an instrument designed to simulate an artificial eclipse by
using an occulter to block out the Sun’s bright disk. This allows for the observation of the
Sun’s faint outer atmosphere, or corona, and the structure CMEs as they occur. In white-
light coronagraph observations, a halo coronal mass ejection appears as an expanding ring
that completely surrounds the coronagraph’s occulting disk. Since images are 2D and the
structure of CME is 3D, taking into account the directionality of the projection of CME can
impact the observation.

CMEs that are directed towards or away from the observing coronagraph are interpreted
as halo CMEs. The CME is called a partial halo coronal mass ejection when the expanding
ring does not surround the occulting disk entirely and has an angular expanse of more than
120 degrees around the circumference of the disk. Partial and full halo CMEs account for
about 10% of all CMEs, and among these, full halo CMEs represent about 4%. In remote
sensing observations, we have practically limited to observing partial helo CMEs which
face the coronagraph. [6]

Figure 1.3: Coronagraph images of a CME by SOHO LASCO C2 (left) and SOHO LASCO
C3 (right) on December 2, 2002, and December 27, 2002, respectively. The image on the
left shows the classic three-part structure of CME (see section 1.1.2). Image Credit: SOHO
(NASA and ESA)
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Ground-based coronagraphs are limited by atmospheric interference and thus have re-
duced use for CME studies. In contrast, space-based coronagraphs, such as the LASCO
on the SOHO spacecraft, offer much clearer observations. LASCO features three corona-
graphs—C1, C2, and C3—with varying occulter radii. The combined field of view studied
by them ranges from ≈ 1R⊙ to 32R⊙.Where C1 and C2 are inner coronagraphs and C3 is
an outer coronagraph.Inner coronagraphs are used for observations closer to the solar limb;
a smaller occulter radius is used in them, which allows the telescope to capture the inner
corona, starting from just above the solar surface. However, a smaller radius can lead to
increased stray light and diffraction effects.Outer coronagraphs, on the other hand, have a
larger occulter radius which reduces the amount of light from the lower corona reaching
the detector, focusing on the fainter, more extended features of the corona and CMEs in the
middle to the outer corona.

In-Situ Observations

In-situ observations provide insights into the internal dynamics and composition of ICMEs,
something remote sensing observations cannot directly probe into. As an ICME passes
through a spacecraft, it captures magnetic and plasma parameters such as the total mag-
netic field (B), magnetic field components and their rotations (Bx, By, Bz), temperature (T),
velocity components (Vx, Vy, Vz), plasma beta (β ), the number density of particles (n),
azimuthal and polar angles of ICME rotation, and more. Since this is time series data,
these parameters are recorded by the spacecraft as a function of time during the passage
of the ICME. The Solar and Heliospheric Observatory (SOHO), the twin Solar Terrestrial
Advanced Composition Explorer (ACE), Relations Observatory (STEREO) spacecraft, and
the WIND Spacecraft are known for their significant contributions to our understanding of
CMEs through in-situ measurements and excellent working track record. These spacecraft
are positioned at the L1 point, close to 1 AU from the Sun.
In situ observatories like the ones mentioned typically contain the following instruments.

• Magnetometers: They measure the magnitude and direction of the magnetic field. A
commonly used type is the fluxgate magnetometer, which works by detecting changes
in the magnetic field’s effect on the magnetic material inside the sensor.

• Solar Wind Ion Composition Spectrometers: Used for finding the composition of
charged particles (ions) in the solar wind. They primarily work by first ionizing col-
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lected particles and then sorting these ions based on their mass-to-charge ratio using
electric and magnetic fields. This process helps find the elemental and isotopic com-
position of particles.

• Plasma Analyzers: They measure plasma parameters like velocity, density, and tem-
perature inside the plasma. They use electrostatic analyzers (ESAs), which filter
particles by energy per charge ratio through which finding the velocity distribution
function of solar wind ions.

• Electron Spectrometers: Used to find the energy distribution of electrons. Like ion
spectrometers, they can utilize ESAs to differentiate electrons based on their energy.

• Faraday Cups: These devices measure the flux of charged particles by collecting them
in a conducting cup where the current produced by their impact is measured.

Wind Spacecraft houses a Plasma analyzer (SWE), Magnetic Field Investigation Mag-
netometers (MFI), 3D Plasma Analyzer (3DP), Energetic Particles: Acceleration, Compo-
sition and Transport (EPACT) WAVES experiment and Gamma-ray instrument.

1.1.2 CME onset and evolution

A lot of questions are still unanswered about the dynamics, origin, onset and evolution;
propagation, and structure of CMEs, even when they have been quite extensively studied
for the past 70 years. Based on observation, new theories or CME models are constantly
constructed and discarded. We still do not have a good understanding of the CME onset
process.

The CME plasma expands due to an expansion of the magnetic field, which is shaped
like helical field lines with varying pitch angles; it is called a flux rope.[7] CME is thought
of as having a three-part structure that consists of a leading front/edge, a dark cavity, and
a bright core. The dark cavity follows the leading front, followed by the bright core. It
is believed that an erupting flux rope corresponds to the dark cavity, while the accumula-
tion of coronal loops above this erupting flux rope forms the bright frontal loop, and the
bright core is identified as an internal filament. Thus, a CME can be described as the ex-
pulsion of a magnetic flux-rope structure from the lower corona, appearing as a three-part
configuration.[8][9]

6
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CMEs are typically classified as slow and fast CMEs, which is related to the early ac-
celeration and onset phase of the CME evolution. [7] Fast CMEs have high acceleration
and originate with a strong explosion like a solar flare. The primary theoretical challenges
are about understanding the energy release mechanisms behind fast CMEs. Slow CMEs
have slow acceleration and are related to helmet streamers which are formed above regions
where the Sun’s magnetic field is closed and loops back down to the surface, creating a
stable structure that can extend several solar radii into space.

Disrupting the corona’s hydrodynamic, magnetic, and gravitational balance should trig-
ger the onset of a CME, leading to an eruption. If the eruption is sufficiently strong and
faces minimal obstructions, plasma gets expelled into interplanetary space. The disruption
to equilibrium can arise from different processes: It could be a flux rope, from below the so-
lar surface, magnetic reconnection within the coronal field, or minor alterations to the local
field.[3] CME onset models are generally divided into two categories based on the pres-
ence or absence of magnetic reconnection. Magnetic reconnection is believed to restructure
magnetic field lines, lessening stress caused by flux emergence and the Sun’s differential
rotation. [10] Alternatively, models that do not rely on reconnection encompass methods
like flux injection, kink, and torus instability. [11][12][13]

The development of a CME unfolds through distinct phases [14]. Initially, following
its emergence from the solar corona, the CME enters a phase of rapid acceleration. Subse-
quently, it transitions into a phase characterized by movement at a nearly constant velocity,
albeit with occasional minor fluctuations in speed throughout its journey. [14] Slower CMEs
may pick up speed and accelerate, while faster ones tend to decelerate in regions around the
outer corona. [15] This acceleration-deceleration mainly happens near to the Sun, with fur-
ther movement guided by the obstructions in space through which the CME travels. Past
a certain distance from the Sun, the magnetic field’s influence weakens, and the hydrody-
namics of the plasma become more significant in determining the CME’s path.[16] After its
projection, the CME continues on its journey through interplanetary space.
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1.1.3 ICME Structure

An ICME consists of an ejecta and a sheath. The ejecta of ICME is sometimes referred to
as ICME. The sheath describes the space between the shock front and the leading edge of
the ejecta when a fast ICME propels an interplanetary shock (slower CMEs also precede
with a sheath area). The ejecta might remain connected to the Sun or become disconnected,
forming a magnetically enclosed entity, referred to as a “plasmoid” or Magnetic Obstacle
(MO). [17]

Despite the acceleration and deceleration of ICMEs (slow and fast ICMEs) and veloc-
ity changes, they typically are faster than the surrounding solar wind. When their speeds
surpass the local magnetosonic speed, a shock (or ICME shock) is formed, and this shock
precedes sheaths.

Shock signatures are identified in in-situ data as a rise in magnetic field, proton density,
temperature, plasma speed and other plasma parameters. In the sheath, the solar wind is
compressed, which leads to an increased magnetic field along with large amplitude fluctu-
ations. These fluctuations often produce high negative values of the parameters. [19] It is
interesting to note that not all ICMEs have shock and even a well-defined MO. Previous
studies have shown that around 66% of observed ICMEs have some sort of shock signature
present.[20]
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1.1.4 ICME and Sheath Signatures

The signatures that are used to identify ICME can vary from source to source and It is
very evident that every ICME is not the same, yet certain characteristic features in specific
parameters help in recognizing it and defining its boundaries. These signatures vary in in-
tensity, shape, and sensitivity based on parameter type. For instance, Kilpua et al. (2017)
[21] identified ICMEs by looking for: i) magnetic field strength, ii) magnetic field strength
compared to the surrounding solar wind, iii) reduced proton temperature, iv) low plasma
beta value, v) reduced proton density, vi) large magnetic field rotation, vii) decreasing ve-
locity, and viii) presence of shock. Now in this study specific to what we are using (velocity,
magnetic field and proton density) the observations of ICME events and their average values
in the previous known studies are listed below. However, it must be noted that studies ded-

Study Time window B [nT] V [km s−1] Np [cm−3]
Bothmer and Schwenn (1998) 1974 – 1981 17.7 478 6.47
Liu et al. (2005) 1975 – 2002 7.35 458 6.16
Wang et al. (2005) 1975 – 2003 8.3 456 6.7
Forsyth et al. (2006) 1975 – 1980 10.3 483 7.03
Gopalswamy (2008) 1996 – 2005 18 487 8.5
Mitsakou et al. (2009) 2003 – 2006 9.2 525 6.5
Richardson and Cane (2010) 1996 – 2009 10.1 476 6.9
Mitsakou and Moussas (2014) 1996 – 2008 10.1 467 6.8

Table 1.1: Comparison of ICMEs signatures for at 1 AU from different observational studies
as discussed in Mitsakou et al. [20]

icated exclusively to identifying ICME sheaths and their characteristics are uncommon, and
the works shown in Table 1.1, might not be consistent in observational data and considered
parameters. Moreover, variations in catalog and event selection, as well as the definitions
and boundaries employed to distinguish sheaths, contribute to inconsistencies and do not
rightfully show a typical sheath signature. Consequently, interpretations of these signatures
can vary significantly across different sources.

A statistical study by Mitsakou et al. [20] had shown that in the sheath region, the mag-
netic field strength, the speed, the proton density and temperature, and the plasma β have
higher mean values than in the ICME and are shorter in duration than an ICME, suggest-
ing that sheaths have higher plasma pressure, Alfvén Mach number. Other recent studies
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have shown that compositional characteristics of sheaths, such as the alpha-to-proton ratio,
O+7/O+6 ratio, and the iron-to-oxygen (Fe/O) ratio, are helpful in distinguishing plasma
of different origins.[22] These studies demonstrate the difference in solar wind properties
within ICMEs.

Parameter ICME Sheath
B (nT) 10.1±0.2 11.3±0.3
Np (cm−3) 6.8±0.2 12.1±0.5
T (K) (0.76±0.05)×105 (2.06±0.01)×105

V (km s−1) 467±6 504±7
Plasma β 0.84±0.05 2.1±0.2
Duration (hours) 24.8±0.7 9.2±0.4
Width (AU) 0.27±0.01 0.111±0.005

Table 1.2: Statistical properties of ICMEs and Sheaths from 325 events by Mitsakou et al.
[20]

Observing CME signatures often presents a lot of difficulties. A CME usually takes
several days to travel from the corona to the point where the spacecraft is present, about
1 AU away from the Sun. Its composition can alter considerably throughout this journey
due to interactions with the background solar wind, which can make it challenging to figure
out its state during ejection. Apart from that, information about the evolution of ICME
beyond the typical observation distance of 1AU and its interaction with the heliospheric
boundary remains less known. Magnetohydrodynamic (MHD) simulations have shed light
on the shape changes ICMEs go through while moving through the heliosphere, revealing
a stretching and flattening of ICMEs, described as “pancaking”. Yet, there is a lack of
observational evidence to back these results. Thus creating and proving an all-inclusive
theoretical model for CME is a challenge.

1.2 Geomagnetic Impact

ICMEs are primary sources of geomagnetic storms on the Earth, which are prolonged distur-
bances in Earth’s geomagnetic field, lasting from hours to weeks Since ICMEs-magnetosphere
interaction poses a significant threat to human health and technology, which includes com-
munication channels. Our dependence on these technologies makes it essential to under-
stand the ICME-magnetosphere interaction in greater depth.

11



Introduction

Geomagnetic storms are caused by a complex interplay of ICMEs, ionospheric and magne-
tospheric activity. The mechanism of magnetic storms revolves around the large-scale ad-
vection or convection within the Earth’s magnetosphere, a process first proposed by Dungey
in 1961. This interaction begins when magnetic reconnection at the subsolar magnetopause
allows for the solar wind to transfer magnetic flux into the Earth’s magnetotail which gets
accumulated in the tail lobes. Over time, this accumulation triggers reconnection in the dis-
tant magnetotail, closing the magnetic flux and propelling it back towards the side (with a
day) of the magnetosphere. This cyclical process is known as the Dungey cycle. [23] which
results in the energization and transport of charged particles into the near-Earth space en-
vironment, leading to a strong ring current around Earth. The ring current is primarily
composed of drifting electrons and ions in the energy range of a few tens to several hun-
dreds of keVs that can have a large impact on Earth’s geomagnetic field.
The intensity of this ring current is found by the hourly Dst index, which is calculated
from observations made by low-latitude magnetometers. [24] A Decrease in the Dst index
signifies an enhancement of the ring current, which can signify the development of a mag-
netic storm. This relationship underscores the connection between the dynamic processes
in the magnetosphere induced by solar wind-magnetosphere interactions and the observable
changes in Earth’s geomagnetic field during magnetic storms.
The strength of a magnetic storm is defined by the minimum Dst value. The z component of
the IMF is a good indicator of geomagnetic storms.[25] A severe storm will typically have
B z ≤ 10 nT lasting ≥ 3 hours, with Dst ≤ 100 nT.
It is interesting to note that storm strength varies between sheath region-induced storms and
those caused by MO or ejecta, as either can independently trigger a storm due to their dis-
tinct structures. A portion of the thesis will look at such differences along with MO-induced
storms.

12



Chapter 2

Solar Wind Turbulence

In his 1975 lectures, Alexander J. Chorin [26] makes a note on turbulent flows which beau-
tifully demonstrates the complexity and intriguing dynamics of turbulence. He noted:

“In turbulent flows, the velocity field appears to be random and varies unpre-

dictably; the flow, however, does follow a set of equations that are not random.

This contrast is the source of much of what is interesting in turbulence theory.”

Navier stocks are the fundamental equations that describe hydrodynamic turbulence, which
are valid for incompressible flows.

∇ ·u = 0, (2.1)

∂u
∂ t

+(u ·∇)u =−∇P+R−1
e ∇

2u+F, (2.2)

where u represents the velocity field of the fluid, P represents the pressure field, Re is the
Reynolds number (Re =

LU
ν

, with L being the characteristic length and ν is the kinematic
viscosity), and F is the body force per unit mass acting on the fluid.
Hydrodynamic turbulence theory describes that turbulence begins as large-scale motion by
excitation of waves of large wavelength eddies and, through a chained effect, produces
eddies of smaller wavelengths. Kolmogorov’s work on the energy cascade in turbulence
attempted to interpret and explain the complex phenomenon of turbulence within the frame-
work provided by the Navier-Stokes equations by creating a phenomenological model that
describes the behavior of energy in hydrodynamic turbulent systems with the assumption of
isotropy and local k-space interaction. He concluded that energy transports scales as

E(k) ∝ k−5/3 (2.3)
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where k is the wavenumber and E(k) is energy dependent on the eddy wavelength. This en-
ergy scaling law is valid for the inertial subrange, which contains wavenumbers between the
forcing scale at small wavenumber and dissipation scale at large wavenumber. Wavenumber
(k) value can be written interchangeably with frequency (f) by Taylor’s hypothesis.

Plasma turbulence works very similarly to hydrodynamic turbulence and in most of the
astrophysical observations, Kolmogorov’s scaling law is still valid but it should also involve
additional forcing due to electromagnetic effects and charged particle dynamics, which
are governed by the magnetohydrodynamics (MHD) equations. This kind of turbulence
is present throughout the universe and a wide range of environments, which includes accre-
tion disks, galaxy clusters, interstellar medium, planetary magnetospheres, and stellar/solar
winds. While being a fascinating aspect of our universe, it has an essential effect on the
large-scale properties of such astrophysical systems. For example, it can be involved in
galactic magnetic field amplification [27], can create angular momentum transport in accre-
tion disks [28], it could also determine the dispersal of elements in the interstellar medium.
[29] Turbulent plasmas exhibit chaotic, unpredictable, and complex fluctuations. These are
typically understood as a scale-invariant cascade of energy from larger scales to smaller
scales, that is, from where the energy is injected to where it is dissipated. Yet, numerous
questions still exist regarding both the cascade and dissipation of this energy. The solar
wind poses to be the best place to understand the physics of plasma turbulence and is also
regarded as a laboratory for understanding plasma behavior.

2.1 MHD and Alfvénic Turbulence

Unlike purely hydrodynamic turbulence, MHD turbulence involves the coupling between
the kinetic energy of the fluid motions and the magnetic energy associated with the mag-
netic field. This coupling leads to a complex cascade process, where energy can be trans-
ferred not only through the velocity field (similar to hydrodynamic turbulence) but also
through the magnetic field, mediated by Alfvén waves. It has been established that the solar
wind contains large-scale fluctuations that are Alfvénically polarized and are predominantly
moving away from the Sun [30]. Such fluctuations are considered to be Alfvén waves that
are produced at or near the Sun’s vicinity, and these waves then move into the expanse of
interplanetary space, creating a cascade of turbulence. Observational evidences reveal that

14



Solar Wind Turbulence

these large-scale magnetic fluctuations exhibit a frequency spectrum of 1/ f , It has been
explained either as the result of disparate, uncorrelated processes occurring on the Sun [31]
or as the outcome of a cascade propelled by wave reflections. Our primary interest is in
the turbulence at relatively smaller scales that is stimulated by these large forcing scale
fluctuations.

Magnetohydrodynamics (MHD) equations govern the dynamics of Alfvénic turbulence
with incompressibility assumption, represented in the context of fluctuating Elsasser vari-
ables as,

∂δ z±

∂ t
∓ vA∇∥δ z±+δ z∓ ·∇δ z± =−∇P, (2.4)

∇ ·δ z± = 0, (2.5)

(without considering forcing and dissipation influences)
wherein δ z± = δv±δb denote the Elsasser variables in their fluctuating states, with v repre-
senting the flow velocity, b = B/

√
µ0ρ shows the magnetic field expressed in Alfvén units,

ρ indicating the mass density, and vA = B0/
√

µ0ρ is Alfvén velocity, P shows total pressure
( magnetic and thermal), and ∇parallel shows the gradient aligned with the mean magnetic
field B0. Iroshnikov (1963) and Kraichnan (1965) proposed an initial model to understand
Alfvénic turbulence (also referred to as IK). The nonlinear interaction terms, (δ z∓ ·∇δ z±),
shows the engagement between oppositely moving Alfvén wave packets (δ z+ and δ z−).
Assumptions of isotropy in turbulence imply that only weak interactions will happen in
a strong magnetic field, so multiple interactions would be required for energy to cascade
to smaller scales. If a constant energy flux is considered, based on the cascading time, it
provides the inertial range spectrum of energy (total), which is given by,

E(k) ∝ k−3/2, (2.6)

where k is the wavenumber associated with the fluctuations.

2.2 Turbulence in ICME

The structure of ICMEs comprises a highly compressed and turbulent sheath region in which
fluctuations are so large that it is hard to get a clear picture of the inherent fields (average
values) on top of which fluctuations are riding. It is present following the shock and is
succeeded by a colder, quieter magnetic obstacle. In MOs, fluctuations are not as intense as
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sheath. The differences in the speed, size, geometry, and magnetic configuration of ICMEs
and their regions can give diverse dynamical properties, for which statistical observations
might help in predicting some sort of “expected” behavior. Their interactions with the inho-
mogeneous background/ambient solar wind can also play a significant role in determining
their expansion and related properties, including magnetospheric coupling.

2.2.1 Significance of turbulence in Sheath Region

The sheath acts as a barrier between shock and the MO. Turbulence within this sheath is
not just a mere consequence of the interaction between the ICME/MO and the solar wind;
it creates a mechanism for energy transfer and dissipation along with it; this turbulence
in the sheath plays a significant role in the ICME’s ability to affect the Earth’s magneto-
sphere. Understanding the turbulence characteristics within the sheath can be critical for
understanding the geomagnetic impact of ICMEs.

Turbulence in the interplanetary plasma is influenced by encounters with ICMEs, which,
in turn, affects the propagation of the ICMEs themselves. The dynamics of how sheaths
and solar wind interact show difference in turbulence spectra which currently is uncharted
territory. Highly turbulent ICME sheaths significantly influence the magnetosphere of the
Earth and are a greater cause of geomagnetic disturbances. Our ability to mitigate the effects
of space weather on technological systems and infrastructure on Earth depends on a good
understanding of ICME sheaths.[32]

2.3 Motivation and Objectives of the thesis

Previous research on the interactions between turbulence and ICMEs typically views each
ICME as a monolithic structure—essentially as one cohesive unit. However, this approach
glosses over the internal complexities of ICMEs, particularly the varying turbulence charac-
teristics found within different regions of these space phenomena. Our study seeks to delve
into these complexities.

Turbulence within an ICME isn’t uniform; it varies widely and has different properties
depending on where you look within the ICME. To explore these variations, we are focusing
on the role of high-frequency fluctuations, which are essential elements of these turbulent
characteristics.
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In the analysis of time series data, which captures various signals including those from
space phenomena like ICMEs, two primary types of frequency components are observed:
lower-frequency components and high-frequency components. Lower-frequency compo-
nents are stable, forming the foundational or baseline frequencies of the signal. These
frequencies are crucial as they define the core characteristics of the signal. In contrast,
high-frequency components are more volatile and contribute to the signal’s noise. It is these
high frequencies that introduce randomness and fluctuations, creating what can be described
as a “turbulent” signal.

We aim to examine how these high-frequency fluctuations influence the behavior and
properties of space plasma turbulence. We are particularly interested in their impact across
different environments such as the sheath (the region between a shock and the front of
the ICME), the background solar wind, and the Magnetic Obstacle (MO) — the region
within the ICME characterized by enhanced magnetic field strength and distinct from the
surrounding solar wind. By analyzing these high frequencies, we hope to gain a deeper
understanding of the internal dynamics of ICMEs and their interaction with surrounding
space plasma, thus offering a more nuanced view than the prevailing assumption of ICME
uniformity.

This approach not only challenges existing models but also aims to refine our under-
standing of space weather phenomena by acknowledging and characterizing the intricate
internal structures and turbulence behaviors within ICMEs.

• We analyze time series data for plasma density (Np), velocity magnitude (V ), and
magnetic field magnitude (B). Through Fourier transforms, we decompose this data
into its frequency components. Our goal is to isolate and compare the power in high-
frequency fluctuations against the power in low-frequency fluctuations, which consti-
tute the baseline signal.

• We also assess the impact of different ICME regions on the Earth’s geomagnetic
field, specifically using the Dst Index. By correlating changes in the Dst Index with
plasma conditions within ICMEs, we aim to understand better how these solar events
affect geomagnetic disturbances. This approach is informed by prior studies, such as
[21], which highlighted the sheath region as a significant contributor to geomagnetic
disturbances. Our analysis will consider correlations between Dst indices and the
measured values of density, magnetic field magnitude, and velocity magnitude as
ICMEs encounter Earth.
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• The tasks outlined will be applied across a broad spectrum of events to discern pat-
terns of large-scale statistical behavior. Additionally, we will explore the influence of
shock presence or absence on the outcomes, assessing its significance in the observed
results.
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Chapter 3

Data and Methodology

3.1 Data

3.1.1 About the Spacecraft

The data used for this study was taken from WIND spacecraft. It was launched by NASA
in November 1994 with the aim of making in-situ solar wind measurements and detecting
disturbances in interplanetary space. It is currently operating at L1 point and it had earlier
spent a few years at the Lagrangian point L1 after the commencement of the mission, but
after a while, it acquired an elliptical orbit that took it further away from the Sun-Earth line
till it completed L2 operation in 2003. [33]

3.1.2 Data

The data distribution portal for WIND Spacecraft https://wind.nasa.gov/mfi_swe_
plot.php is an open-source portal that provides a comprehensive list of plasma and mag-
netic field parameters that can be used for any investigation. For this study, our analysis is
limited to using 1-minute spaced time series data of magnetic field magnitude (B), velocity
magnitude (V), and proton Number Density (Np), readings of which are taken from Mag-
netic Field Investigation (MFI) and Solar Wind Electron (SWE) instrumentation present
onboard WIND Spacecraft. In essence, velocity magnitude is the overall speed at which the
bulk of the plasma is moving past the spacecraft, and Np is the concentration of protons in
a given volume of space measured in cm−3.
Magnitudes for magnetic field and velocity are the net resultants produced from the read-
ings in x, y, and z directions in the geocentric solar ecliptic (GSE) coordinate system. Units
for which are nT and km/s, respectively.
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Data and Methodology

A catalog of Interplanetary Coronal Mass Ejection (ICME) events is made available online
by Nieves-Chinchilla et al. [34] at the NASA Wind mission website. The catalog can be
accessed through the following URL: https://wind.nasa.gov/ICME_catalog/ICME_
catalog_viewer.php. This catalog serves as a central repository from which modified
lists of ICME events are derived (discussed in the sections ahead). It consists of ICME
events that are not susceptible to other solar wind transients since it is important to consider
ICME events that have a definite detectable structure. The strategy involves a two-step
process centered around the retrieval and utilization of data. Initially, the task is to iden-
tify and gather events devoid of interference from other solar transients from the catalog,
also referred to as the central list, based on meeting predetermined criteria for shortlisting.
Following this initial selection, the focus shifts to leveraging the time information (start
and end times) of these shortlisted events. This time information is then used to retrieve
corresponding datasets from the WIND data repository/portal.

The catalog (central list) mentioned here is documented in Table A.3 of the appendix.
It contains ICME events from 1995 to 2021 containing an array of parameters like ICME
sheath start time, shock, magnetic obstacle (MO) start and end times, MO Type, mean
magnetic field magnitude value in the MO interval (B), mean solar wind bulk velocity in
the MO interval (Vsw), expansion velocity (Vexp) and Disturbance storm time (Dst) index.
For this study, all MO types ( Flux-rope (Fr), Small rotation flux-rope (F-), Large rotation
flux-rope (F+), Complex (Cx), or Ejecta (E)) in ICME events were included.

3.2 Event and Region Selection Criteria

We shortlist instances where there is a gap of at least 3 days between successive events from
the catalog (Table A.3), so if the gap is smaller than 3 days, the event is rejected. This is
to ensure that the ambient/background solar wind is free of any solar transients that could
potentially add fluctuations in the background solar wind.
As our aim is to compare the power inside the sheath and MO and the background solar
wind, we need concrete criteria to define the background; that is, it should be quiet and in
the vicinity of the sheath and MO. Since we exclude events occurring less than 3 days apart
to prevent interference from transients, the three-day interval before the detection of a shock
or the onset of a sheath serves as the background solar wind.
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Data and Methodology

3.2.1 Defining Sheath and Magnetic Object

As stated earlier, the sheath is defined as the region between shock or sheath start to the
leading edge of the MO/ICME. It follows the background solar wind and is immediately
followed by the MO. While the sheath-ICME boundary could be very turbulent, it is rel-
atively short-lived, about 1.7-3 hours [35], and because of the broad nature of this study,
the boundary layer as a region is ignored. Magnetic obstacle (MO) begins from the sheath-
MO/ICME frontal boundary (leading edge) and ends at the rear boundary. Our MO start
and end times follow catalog times similar to the sheath.

Figure 3.1: A cartoon depiction showing the definition of background solar wind along
with sheath and MO start timings of a propagating ICME.
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3.2.2 Events with Shock and Mixed Events

Typically, an ICME event that has a clear shock shows a discontinuity at the shock front.
However, in many cases, these discontinuities are not vivid in observations; they appear
as subtle signatures of shock. In the catalog used, events with a clear shock show a de-
fined discontinuity. The shock signatures are subtle for the other events, and the sheath
start boundary acts as a proxy for the shock boundary. Based on this, events are classified
into two categories: those accompanied by a defined shock and also meeting the previously
mentioned 3-day gap criterion are labeled “shock = Y”. A list of 130 events fitting these cri-
teria is compiled in Table A.1 of the Appendix. These are referred to as ICME events with
shock. Additionally, another list, comprising 271 events that include both categories—with
and without shock (where the sheath start boundary is taken as the shock)—but also adher-
ing to the 3-day gap criterion, is presented in Table A.2 of the Appendix. These are referred
to as mixed ICME events.

This classification is pivotal because ICMEs that feature shocks may exhibit distinct
characteristics compared to those ICMEs lacking shocks. For an ICME to drive a shock,
its speed in the solar wind frame must exceed the speed of the MHD wave. The presence
of shock is marked with a discontinuity, and an encounter with sheath subsequently shows
increased values in the magnetic field, velocity, density, and temperature. ICMEs that prop-
agate faster than the preceding solar wind but not fast enough to drive a shock also deflect
and compress the plasma flow ahead, creating a sheath. However, there is a possibility that
the properties of the sheaths with and without a shock or with shock might differ. Our fun-
damental assumption rests on defining the sheath as the region between the shock and the
leading edge of the MO, which holds true exclusively in the cases where a shock is present.
Detecting the sheath in case shock is present is fairly straightforward because of its distinct
signatures. The time of detection of shock is calculated using algorithms that detect the
discontinuity in solar wind properties that is with the help of the ratio of the downstream
density to the up-stream density ρ2/ρ1 and the ratio of fast-mode Mach numbers in the
upstream and downstream regions M f 1/M f 2 [36], where upstream is the region behind the
shock and downstream is the region ahead of the shock towards the direction of propaga-
tion of the shock front. While shock detection is relatively straightforward, identifying the
Sheath-MO boundary is a complex subject.

The detection of event boundaries can vary significantly depending on the chosen cata-
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log.[37] To ensure consistency across this study, the catalog by Nieves-Chinchilla et al.[34]
was exclusively used. This approach means that Tables A.1 (events with a shock) and A.2
(a mixed list of events) were derived using the ICME catalog by Nieves-Chinchilla et al.
(Table A.3), with a specific focus on selecting only those events that meet the criterion of
a minimum 3-day gap between successive events. The catalog (Table A.3 in the appendix)
provides detailed timing for the detection of shocks, leading edges, and the end of ICME
events.

3.3 Power-Frequency Analysis

We employ Discrete Fourier Transform (DFT) on the magnetic field, density, and velocity
data retrieved from the WIND data portal, which essentially operates based on the time in-
formation (start and end times) from events. The analysis is applied separately to time series
data from three distinct regions: the background solar wind, the sheath, and the MO region.
This DFT process is performed for every event in our dataset, including those categorized
as having a shock and those in the mixed events list (A.1 and A.2, respectively).

DFT, in general is a mathematical operation that translates a discrete signal from its time or
space domain into the frequency domain and vice versa, while Fourier transforms are used
where the signal is a continuous time function. In reality, in almost all practical situations,
time series signals are discrete, thus making DFT highly useful for analyzing time series
data. The use of power-frequency analysis is not only essential here, but it also extends
to practical applications across diverse domains such as telecommunications, seismology,
audio processing, etc.

3.3.1 Discrete Fourier Transform (DFT) and Short Time Fourier Trans-
form (STFT)

The DFT converts a finite sequence of equally-spaced samples of a function into a sequence
of coefficients of a finite combination of complex sinusoids, ordered by their frequencies.
For converting to the frequency domain from the time domain, these coefficients are of the
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form,

X(k) =
N−1

∑
t=0

x(t) · e− j 2π

N kt (3.1)

Where X(k) represents the k-th element in the frequency domain coming from the t-th
sample x(t) in the time domain, where N denotes the total number of samples. The index
k is associated with a specific frequency, denoted as fk =

k fs
N , with fs being the sampling

frequency. These frequencies in the Discrete Fourier Transform (DFT) output are uniformly
allocated between 0 and fs. The sampling frequency fs is inversely proportional to Tmax,
which is the longest duration within the sample set. Given that our signal data is sampled
every 100 seconds, the resolution fs

N approximates to 1/100 seconds.

This study primarily focuses on identifying the power distribution across various fre-
quencies. However, converting from the time to the frequency domain leads to the loss of
time-specific information. To overcome this, one of the effective ways is to involve seg-
menting the DFT into shorter time frames and applying Fourier transforms individually
to these segments. This approach addresses the loss of temporal details to an extent as it
navigates the trade-off between time and frequency resolution inherent in Fourier analysis.
Specifically, enlarging the time window enhances the transform’s accuracy but at the cost
of reducing time resolution and vice versa. This is frequency-time uncertainty. An optimal
balance between time and frequency resolution is vital for obtaining accurate results from
the analysis.

The STFT, particularly, is used to determine the sinusoidal frequency and phase content
of local sections of a signal as it changes over time. This can be achieved by multiplying
the signal by a window function that isolates a particular section of the signal very similar
to fourier transform. The STFT is defined as:

ST FT{x(t)}( f ,τ) =
∫

∞

−∞

x(t) ·w(t − τ) · e− j2π f t dt (3.2)

where w(t −τ) is the window function centered around time τ , and f is the frequency. This
allows for the analysis of the signal in both time and frequency. Use of STFT will come
in our case when slicing the time series data inside ICME events to find out the smallest
possible slice time width, which can basically replicate the results for a smaller duration.

The Power Spectral Density (PSD) measures the power of a signal as a function of fre-
quency, which is useful for identifying power distribution across frequencies. For a signal,
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the PSD can be estimated using the periodogram, which is the square of the magnitude of
the Fourier Transform of the signal per unit frequency. The power in a small frequency
range df can be calculated by:

Power =
∫ f2

f1
PSD( f )d f (3.3)

where frequencies vary from f 1 to f 2 , PSD ( f ) = |X( f )|2, X( f ) is the Fourier transform of
the signal.

Power Spectral Densities (PSDs) were generated for the background, sheath, and mag-
netospheric object (MO) regions across all events featuring shocks as well as mixed events,
as cataloged in Tables A.1 and A.2. Subsequently, we quantified the aggregate power within
the designated ”high frequency” spectrum, the parameters for which are elaborated in the
next section and chapter 4. Figure 3.2 showcases the PSD of the magnetic field’s magnitude
plotted on a log-log scale. Although these power estimations on a log-log scale act primar-
ily as approximations rather than exact measures of power, they suffice for our analytical
purposes. Our principal objective centers on comparing the power ratios between the high
and low-frequency components.
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Figure 3.2: PSD, displayed on a logarithmic scale, illustrates the spectrum of magnetic
field fluctuations in the background solar wind. It includes a spectral index or fitted slope
(refer to section 3.3.2) and marks a high-frequency cutoff line (detailed in section 4.1).
The Modulation Index is calculated as the ratio of the areas of two trapeziums, BCDA and
ABEF, defined by this cutoff line.
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PSD in Figure 3.2 and, for the most part, show roughly a frequency range ≈ -6 to -1,
which takes in part of forcing scale and inertial scale fluctuations.

3.3.2 Spectral and Modulation Index

The Spectral Index is the slope obtained from linear least squares fitting of the Power Spec-
tral Density (PSD) on a log-log scale. It is crucial for understanding energy scaling laws
in turbulence, as discussed in earlier sections. A steeper slope indicates more rapid energy
dissipation. These scaling laws differ based on the origin and location of the turbulence,
leading to variations in turbulence signatures across the Sheath, MO, and background solar
wind regions of an ICME.

We look at the following parameters:

• Power in frequencies: Earlier discussions highlighted that fluctuations within the
solar wind or ICME sheath comprise both high and low-frequency components, con-
tributing to turbulence. Analyzing the power in high-frequency regions is key to
understanding this turbulence. However, defining a precise cutoff for high-energy
fluctuations is challenging, so we explore multiple cutoff points to compare outcomes
(see section 4.1). Based on the linear fits obtained (or the spectral index) in the PSDs
and the cutoff used, the PSD produces two trapezoidal regions, for example, in Figure
3.2, trapezium BCDE and trapezium ABEF. Power present inside trapezium BCDE is
contributed by “high frequencies” present in the spectrum since the cutoff is defined
in such a way that the frequencies above the cutoff are “high” and below it are called
“low frequencies”. Using this, it can be justified that the power in trapezium ABEF
contributed by “low frequencies”. We calculate the power by calculating the area of
the trapeziums.

Power in high frequencies = Area (BCDE) (3.4)

=
(BE +CD)

2
ED (3.5)
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Power in low frequencies = Area (ABEF) (3.6)

=
(AF +BE)

2
EF (3.7)

With this, we aim to compare the power of higher frequency components to lower
frequency components within the PSD of the background solar wind, the sheath, and
the MO, highlighting variations in turbulence among these regions.

• Modulation index: The modulation index for the background solar wind, sheath, and
MO is calculated using the PSD as exemplified in Figure 3.2. While Figure 3.2 specif-
ically showcases the PSD for the background solar wind using magnetic field data, it’s
important to note that the PSDs for the sheath and MO, including those derived from
velocity and density data, follow a similar pattern. For the sake of understanding,
look beyond the specific example of a magnetic field PSD presented in Figure 3.2.
Instead, consider this as a general model for PSD applicable to any dataset, whether
it be the background solar wind, sheath, or MO, encompassing a range of data types,
including density, velocity, or magnetic field.

Modulation Index is defined as:(
δA
A

)
X
=

Power in high-frequency trapezium
Power in low-frequency trapezium

(3.8)

(3.9)

=
Area(BCDE)
Area(ABEF)

(3.10)

(3.11)

=
(BE +CD) ·ED
(AF +BE) ·EF

(3.12)

The variable X in the modulation index
(

δA
A

)
X

represents the specific region being
analyzed in the PSD. This variable X can refer to one of the following regions:

1. The background solar wind, denoted as BG,

2. The sheath region, denoted as sheath,
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3. The Magnetic Obstacle, denoted as MO.

Accordingly, we calculate three modulation indices:
(

δA
A

)
BG

,
(

δA
A

)
sheath

, and
(

δA
A

)
MO

,
corresponding to each region. These indices are derived for three types of data (or “A” vari-
able) which can be density (Np), magnetic field (B), and velocity (V), respectively.

The general idea behind the modulation index is that solar wind carries baseline fluctuations
or low-frequency signals that make up the basic construct of the signal. High frequencies
act as noise. ICMEs introduce these additional fluctuations on top of baseline frequencies,
which is noise. This can be considered modulation of the pre-existing baseline solar wind
signal. In summary, the modulation index acts as a measure of turbulence.
For each ICME event listed in the tables for events with shocks and mixed events, we per-
form linear fitting to obtain spectral indices and modulation indices. This analysis covers
density, magnetic field, and velocity data across the background solar wind, sheath, and MO
regions for every individual event.

3.4 Summary of Procedure and Definitions

• We began by selecting ICME events from catalog A.3, ensuring a minimum gap of
3 days between events to maintain clarity in the analysis. Based on this criterion,
we compiled two lists: A.1 and A.2. Events featuring a shock were included in both
tables, while those without a shock were cataloged exclusively in table A.2.

• To maintain consistency in background conditions, we designated a fixed duration of
3 days prior to the onset of the shock or sheath start as the background period for
each event. The sheath is the region between shock (or sheath start) and MO start.
Whereas the region between MO start and MO end is the MO region.

• For all events in A.1 and A.2 spectral index, Modulation index were calculated using
PSDs separately for background, sheath, and MO inside that event along with Dst
index data.
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Chapter 4

Results: ICME Turbulence Profiling

4.1 Organization of Chapter 4 (Results)

This chapter is organized as follows:

• Histogram for Duration: This section starts by examining the duration of the sheath
and MO in the mixed events. It also investigates any potential correlation between the
duration of the sheath and MO with the strength of magnetic storms, as indicated by
the Dst index.

• Modulation Index Cutoff Selection: Here, we establish the methodology for select-
ing the cutoff for the modulation index and assess which cutoff is most effective.

• Histograms for Density: This part presents histograms of the density modulation
index and spectral index for the events listed in Tables A.1 and A.2. It also examines
the correlation between these indices and the Dst index.

• Histograms for Magnetic Field: In this section, we analyze histograms of the mag-
netic field magnitude modulation index and spectral index for the events in Tables
A.1 and A.2, alongside exploring their correlation with the Dst index.

• Histograms for Velocity: Finally, we evaluate histograms of the velocity modulation
index and spectral index for the events in Tables A.1 and A.2, investigating their
correlation with the Dst index.

Each section dedicated to presenting histogram results begins with a description of the
findings, followed by a brief discussion of the results.
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4.2 Histogram for Duration

• The duration of the sheath and MO were found using the aforementioned definitions
for the mixed events list.

• The results indicate that the sheath is shorter than the MO by ≈ 2.68 times. Where
most sheaths lie between 0 to 600 minutes having a mean duration (⟨t⟩Sheath) of ≈ 566
± 24.8 minutes and MOs have a mean duration (⟨t⟩MO) of ≈ 1520 ± 47.6 minutes.

• The median duration of MOs (1382 minutes) in the histogram is greater than sheaths
(482 minutes).

Results are close to what Mitsakou and Moussas [20] found out in their statistical study of
ICME sheaths. The comparison between mean and medians can suggest that there is a lot
of variability and a wider range of physical conditions and processes that can affect their
formation and structure, as opposed to the relatively more uniform conditions under which
sheaths are formed.

Figure 4.1: Combined histograms showing the duration distribution of sheath and MO for
ICME events (mixed events), highlighting the fact that sheaths have a shorter mean duration
compared to MOs. ⟨t⟩Sheath ≈ 566 minutes and ⟨t⟩MO ≈ 1520 minutes
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Figure 4.2: Dst index correlations with tSheath (left) and tMO (right) for events in the mixed
events list.

Correlations between the Dst index and the durations of the sheath and MO were investi-
gated, as depicted in the scatter-plots in Figure. 4.2. However there is no definitive pattern
emerges that strongly correlates the duration of sheaths and MOs with higher Dst index
values in the histograms. One possible interpretation from this can be that the most intense
geomagnetic storms (Dst ≤−100 nT) are predominantly associated with ICMEs that have
sheath and MO durations close to their respective average values.

4.3 Modulation Index Cutoff Selection

A cutoff is required to categorize frequencies into high and low frequencies. This cutoff acts
as a separator between high and low-frequency fluctuations. Identifying the optimal cutoff
that accurately characterizes turbulence within ICME regions poses a challenge, as there is
no definitive method to ascertain the best cutoff a priori. So the best possible way is to try
the analysis with a variety of cutoffs and look at how they compare at the characterization
of turbulence or at separating ICME regions.
For this reason, the analysis was carried out with 1/n cutoff, where ’n’ was chosen as (5,4,3,2
and 3/2) here 1/n cutoff implies 1-(1/n) of the total frequencies in the PSD calculated act as
low frequencies where they start from the lowest frequency, and the rest 1/n of the remaining
are labeled as high-frequency fluctuations.
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Figure 4.3: A PSD includes a cutoff line defined by fmin +
∣∣1− 1

n

∣∣ f , where f is the entire
frequency range ( fmax− fmin). As detailed in Chapter 3, this cutoff line delineates two trape-
zoidal areas: high-frequency (BCDE) and low-frequency (ABEF). We adjust n to values of
5, 4, 3, 2, and 3

2 to compute the modulation indices.

The characterization of turbulence of ICME regions depends on the separation of sheath,
MO, and ambient/background solar wind inside the in the combined histogram distributions
(see figure 4.4 - 2/3 cutoff). For which separation ability of the cutoff is calculated by,

Separation value =
|Median[data1]−Median[data2]|

Mean MAD

Mean MAD =
MAD[data1]+MAD[data2]

2
Separation value takes into account that the separation in distributions is proportional to the
difference between the medians of the distributions and inversely proportional to the MAD
values, Where MAD is the median absolute for each region within the distribution. The
reason for using median and MAD values instead of mean and standard deviation depends
on the nature of the distribution, which, most of the time, is skewed. Here data1 and data2
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can be (sheath and background) or (sheath and MO), respectively. Thus it gives two sep-
aration values for the distribution of the sheath. The separation values can vary from 0 to
positive infinity, 0 meaning the distributions are completely identical and are overlapping,
whereas values close to 1 (this is true only for the distributions we are dealing with) would
imply a good separation between distributions. We are interested in the characterizability
of the turbulence, especially the sheath thus, our ideal condition would be to have as high
separation values as possible.

• For the above separation values, based on Figures 4.4, 4.5, and 4.6, it can be confirmed
that the 2/3 cutoff works best for fluctuations of density (Np) and velocity (V ).

• A similar was true for the magnetic field fluctuations. It has a separation value of ∼
0.622 and 0.473 for sheath-background and sheath-MO histograms, respectively, for
mixed events.

• Figure 4.6 shows histograms for events with shock, and they are analogous to the
histograms in Figure 4.5. It suggests there is not much difference between events
with and without shock (events with shock and mixed events), which was also true
for Np and B histograms.

It can also be visually seen that the 2/3 cutoff works reasonably better in separation from the
selected cutoff values however it might be possible that the optimal cutoff lies somewhere
between 1/2 and 2/3. One possible reason behind cutoff ≈ 2/3 working better than others
could be that the frequencies ≈ 2/3 cutoff are part of the forcing scale fluctuations, which
would be the same for all sheath, MO, and background solar wind, and the difference in the
turbulence of the regions comes in the inertial subrange. A large value of this cutoff makes
the spectral index more sensitive to high-frequency data. To keep uniformity in the analysis,
all of the results discussed below are based on 2/3 cutoff for the modulation index.
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Figure 4.4: Histograms of modulation index (δNp/Np) of proton density Np data for mixed
events gives separation values of (0.190,0.034), (0.113,0.006), (0.048,0.088), (0.455,0.355),
(0.538,0.343) for the cutoffs of 1/5, 1/4, 1/3, 1/2 and 2/3 respectively. The bracket structure
represents separation values as follows: each pair within the brackets corresponds to the
separation values between the sheath and background (first value) and the sheath and MO
(second value).
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Figure 4.5: Histograms of modulation index (δV/V ) of velocity (V ) data for mixed
events gives separation values of (0.052,0.063), (0.052,0.125), (0.246,0.236), (0.586,0.450),
(0.593,0.371) for the cutoffs of 1/5, 1/4, 1/3, 1/2 and 2/3 respectively. The bracket structure
represents separation values as follows: each pair within the brackets corresponds to the
separation values between the sheath and background (first value) and the sheath and MO
(second value).
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Figure 4.6: Histograms of modulation index (δV/V ) of velocity (V ) data for events with
shock gives separation values of (0.185,0.009), (0.085,0.078), (0.121,0.179), (0.510,0.386),
(0.622,0.423) for the cutoffs of 1/5, 1/4, 1/3, 1/2 and 2/3 respectively. The bracket structure
represents separation values as follows: each pair within the brackets corresponds to the
separation values between the sheath and background (first value) and the sheath and MO
(second value).
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4.4 Histograms for Density

Figure 4.7: Histograms comparing the density modulation index (δNp/Np) for mixed
events (left) and events with shocks (right). They show the distribution and variability
within background solar wind, sheath, and MO regions.

• For density (Np) fluctuations (Figure 4.7), the mean value for background fluctuations
⟨δNp/Np⟩BG is ≈ 1.55 ± 0.01, for sheath fluctuations ⟨δNp/Np⟩Sheath is ≈ 8.58 ±
1.41 and for MO ⟨δNp/Np⟩MO is ≈ 6.69 ± 3.04 for mixed events.

• For events with shock the results were similar, with mean values ⟨δNp/Np⟩BG, ⟨δNp/Np⟩Sheath

and ⟨δNp/Np⟩MO being ≈ 1.58 ± 0.01, 7.73 ± 1.00 and 3.78 ± 0.62 respectively.

• The medians of background, sheath, and MO were ≈ 1.51, 3.42, and 2.22, respec-
tively, for mixed events. Events with shock showed medians of 1.58, 3.25, and 2.06
for background, sheath, and MO, respectively.

The spread of the values of the modulation index in background solar wind is compar-
atively smaller than that of MO and sheath. Since the median values of mixed events and
events with shock are fairly similar, except that the modulation index for MO is a little
shrunken, it can concluded that for density fluctuations (δNp/Np) having shock makes a
small difference.
Previous research by Bhattacharjee et al. [38] [39] discovered that the density modulation
index within the solar wind background is lower compared to that within Magnetic Clouds
(MCs), a specific type of Magnetic Obstacle MO. However, it’s important to note that their
approach to calculating the modulation index differed. They employed a moving time win-
dow of 40 and 60 minutes to calculate fluctuations (δNp) from the mean particle density
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(Np) within the window. The modulation index was then determined by the ratio of these
fluctuations to the mean. The results shown here also suggest the same thing but addition-
ally generalizing into MOs. The fact that the modulation index in sheaths is very widely
spread may also suggest the fact that turbulence in sheaths is stronger than that in the MO.
in Figure 4.8 Spectral index is double-peaked. This could be because of the power spectrum
that shows a bulge at intermediate frequencies of positive slopes f 1/2 and f 1/3.[40]

The spectral index for sheath and MO are very alike, with the mean spectral index of -
0.73 ± 0.03 and -0.72 ± 0.03, respectively, and median values of ≈ -0.69 for both sheath
and MO. Background solar wind shows a different mean and median value -0.975 ± 0.03
and ≈−1.15, respectively. Dst index correlation suggests that most common value for den-
sity modulation index in the geomagnetic storms for MO is ≈ 1.80, for the sheath is ≈ 3.60,
and for the background is ≈ 1.35.

Figure 4.8: Histogram for spectral index of sheath, background, and MO for density spec-
tral index close to inertial range. It shows a double-peaked non-Gaussian spectral index
distribution, with the peak on the left close to -5/3
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Figure 4.9: Scatter plots showing correlations between density modulation index
(δNp/N p) for background, MO, sheath, and the Dst index.
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4.5 Histograms for Magnetic Field Magnitude

Figure 4.10: Histograms comparing the magnetic filed (magnitude) modulation index
(δB/B) for mixed events (left) and events with shocks (right). They show the distribu-
tion and variability within background solar wind, sheath, and MO regions.

• For magnetic field magnitude (B) fluctuations (Figure 4.9) shows that the mean value
for background fluctuations ⟨δB/B⟩BG is ≈ 1.25 ± 0.01, for sheath fluctuations
⟨δB/B⟩Sheath is ≈ 26.80 ± 20.35 and for MO ⟨δB/B⟩MO is ≈ 5.58 ± 2.53 for mixed
events.

• For events with shock the mean values are ⟨δB/B⟩BG, ⟨δB/B⟩Sheath and ⟨δB/B⟩MO

being ≈ 1.26 ± 0.01, 7.38 ± 1.30 and 7.47 ± 4.17 respectively.

• The medians of background, sheath, and MO were ≈ 1.24, 3.13, and 1.79 for mixed
events. Events with shock showed medians of 1.25, 2.86, and 1.67 for background,
sheath, and MO, respectively.

Median values of mixed events and events with shock are also similar to histograms
from the density fluctuation modulation index. It can be inferred that for magnetic field
fluctuations (δB/B), having a shock or not is not a cause for a significant difference.
The spread of the value of the (δB/B)BG is remarkably small and most of the events line in
this narrow range.
The spectral index for total magnetic field fluctuations in sheath and MO follows IK spec-
tra with mean values of -1.65 ± 0.01, -1.63 ± 0.01. Background solar wind has a mean
value of -1.81 ± 0.02. Unlike the density spectral index, the magnetic field spectral index
histogram exhibits a single-peaked Gaussian distribution. A possible explanation for this
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behavior is that, unlike the density spectral index, the magnetic field spectra manifest a
bulge that resembles a flat line, now characterized by scaling of f 1/6, as suggested by [40].
This difference could explain why fitting a single slope to the magnetic field spectral index
results in the observed behavior. Previous studies have shown that dst index is very strongly
influenced by Bz component.[21] Figure 4.12 shows a scatter plot to compare correlations
with the magnetic field (magnitude) modulation index and dst index, which do not show
any strong pattern, which was confirmed in previous studies.

Figure 4.11: Histogram for spectral index of sheath, background, and MO for magnetic
field magnitude. It shows a single-peaked Gaussian spectral index distribution, with the
peak close to the IK spectral index
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Figure 4.12: Scatter plots showing correlations between magnetic field modulation index
(δB/B) for background, MO, sheath, and the Dst index.
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4.6 Histograms for Velocity Magnitude

Figure 4.13: Histograms comparing the velocity (magnitude) modulation index (δV/V ) for
mixed events (left) and events with shocks (right). They show the distribution and variability
within background solar wind, sheath, and MO regions.

• For velocity magnitude (V ) fluctuations (Figure 4.12) shows that the mean value
for background fluctuations ⟨δV/V ⟩BG is ≈ 8.68 ± 0.01, for sheath fluctuations
⟨δV/V ⟩Sheath is ≈ 1.45 ± 0.47 and for MO ⟨δV/V ⟩MO is ≈ 6.42 ± 2.98 for mixed
events.

• For events with shock the mean values are ⟨δV/V ⟩BG, ⟨δV/V ⟩Sheath and ⟨δV/V ⟩MO

being ≈ 1.47 ± 0.01, 7.86 ± 1.21 and 3.60 ± 0.80 respectively.

• The medians of background, sheath, and MO were ≈ 1.42, 3.34, and 2.14 for mixed
events. Events with shock showed medians of ≈ 1.48, 3.32, and 2.06 for background,
sheath, and MO, respectively.

In Figure 4.14 spectral index is again double-peaked like the density spectral index. The
spectral indices for background, sheath, and MO are also very similar, with a mean spectral
index of -1.11 ± 0.02, -0.92 ± 0.01, -0.93 ± 0.03 respectively and median values of ≈
-1.28, -0.83, -0.84 respectively. This histogram shows a higher mean than the density and is
closer to what was seen in the magnetic field histogram. The modulation index for magnetic
field magnitude and density are also very similar this could potentially suggest the presence
of alfvénic turbulence.
Given that the mean values of mixed events and events with shocks are similar, as observed
in the histograms for density and magnetic field fluctuation modulation indices, it can be
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deduced that the presence of shocks also does not significantly influence the magnetic field
fluctuation (δV/V ) outcomes. Dst index correlation (Figure 4.15) for background shows
the two values 0.30 and 0.38 that are most common velocity modulation index across all
background solar wind in ICMEs causing a geomagnetic storm. In contrast, correlations for
sheath and MO look similar to Np and B histograms.

Figure 4.14: Histogram for spectral index of sheath, background, and MO for velocity
magnitude. It shows a double-peaked non-Gaussian spectral index distribution.
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Figure 4.15: Scatter plots showing correlations between velocity modulation index (δV/V )
for background, MO, sheath, and the Dst index.
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Chapter 5

Conclusions and Future Work

5.1 Sheath Duration

On average, sheath regions are significantly shorter in duration than MOs, with sheaths
lasting approximately 566 ± 24.8 minutes and MOs extending to about 1520 ± 47.6 min-
utes. This result, indicating that sheaths are shorter by a factor of ≈ 2.68 times than MOs,
highlights the distinct physical processes and structures that define these two components
of ICME.

5.2 Modulation Index Cutoff

Based on separation values using a cutoff of 2/3 in the PSD provides a more effective modu-
lation index for distinguishing between sheath, MO, and background solar wind. However,
we used only select cutoffs. It might so happen that some other cutoff value which is close
to 2/3 is more effective at characterization via the modulation index. It is not very clear
why 2/3 cutoff is the best, but it could be related to the fact somewhere close to the cutoff
frequency, the energy cascade dynamics change from forcing scale fluctuations to inertial
scale fluctuations.

5.3 Modulation and Spectral Indices

We found that for density (Np) fluctuations the mean value for background fluctuations
⟨δNp/Np⟩BG is ≈ 1.55 ± 0.01, for sheath fluctuations ⟨δNp/Np⟩Sheath is ≈ 8.58 ± 1.41 and
for MO ⟨δNp/Np⟩MO is ≈ 6.69 ± 3.04.
Magnetic field magnitude (B) fluctuations show that the mean value for background fluctu-
ations ⟨δB/B⟩BG is ≈ 1.25 ± 0.01, for sheath fluctuations ⟨δB/B⟩Sheath is ≈ 26.80 ± 20.35
and for MO ⟨δB/B⟩MO is ≈ 5.58 ± 2.53.
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A previous study by Bhattacharjee et al. (2022) [39] found modulation indices for the
selected background and MC (a subset of MO) using a moving time window of 40 and
60 minutes to calculate fluctuations (δNp and δB) from the mean values within the win-
dow. The modulation index was then determined by the ratio of these fluctuations to the
mean. The mean and median for ⟨δNp/Np⟩BG for 40 minutes time window were 0.11,0.1
and ⟨δNp/Np⟩MC were 0.24, 0.2. For magnetic field fluctuations, mean and median of
⟨δB/B⟩BG for a 40-minute window were 0.067, 0.06 and for ⟨δB/B⟩MC were 0.044, 0.042
respectively. These results indicate that the modulation index ⟨δNp/Np⟩BG < ⟨δNp/Np⟩MC

and ⟨δB/B⟩BG > ⟨δB/B⟩MC

Our results indicate that ⟨δNp/Np⟩BG < ⟨δNp/Np⟩MO < ⟨δNp/Np⟩sheath and a similar trend
for magnetic field modulation index but a much higher value for sheath compared to back-
ground and MO. In essence, the modulation index characterizes the sheath as a highly tur-
bulent structure, MO is comparatively less turbulent, and the chosen background solar wind
is the least turbulent. The similarity of (δB/B) and (δV/V ) histograms could also be in-
dicative of the presence of alfvénic turbulence in both the sheath and MO, but this can be
explored further. Characterizing MO and sheath based on the Spectral Index is challenging,
whereas the background solar wind exhibits a slightly distinct spectral Index.

5.4 Dst index Correlations

Correlation between the Dst Index and the modulation index, when applied to the back-
ground solar wind, MO, and the sheath regions, indicates that the modulation index might
not be a reliable metric for evaluating their impact on geomagnetic storms. Moreover, we
found no substantial distinctions between ICMEs with shocks and those in mixed events,
suggesting that the presence of a shock does not significantly alter the inherent character-
istics of ICMEs as measured by the modulation index. Uniformity across different ICME
types highlights the complexity of predicting geomagnetic disturbances based solely on the
modulation index. We rule out the fact that magnetic field magnitude holds much value
here, but since studies have shown that the value of Bz component shows a positive correla-
tion with Dst index [21], a modulation index created with Bz instead of B (magnitude) could
improve the correlation results.
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5.5 Future work

As this thesis concludes, we present a roadmap for future work into the characterization of
ICMEs based on turbulence.

• We are currently limited to using the time series data for the entire sheath, MO, and
background wind regions. We plan to find the smallest time slice can be found in
which characterization or separation between regions of ICME would be possible.
This could be potentially be converted into an algorithm that would demarcate these
ICME regions based on the modulation index and the sliding window, which will be
of the size of the smallest time slice.

• It is worth looking into the creation of a composite modulation index which would be
an amalgamation of two different modulation indices, to check whether the separa-
tions of ICME regions based on turbulence can be improved.

• Future studies could explore the potential of developing a modulation index that in-
corporates directional aspects of velocity and magnetic field. This approach may
reveal more nuanced correlations with the Dst index.

• As an extension, an application of power frequency-based modulation index to an-
swer if turbulent fluctuations inside sheaths and MOs can contribute to anomalous
resistivity and associated Joule heating inside the plasma similar to Bhattacharjee et
al. (2022) [39] but instead treating power inside high-frequency regions in PSDs as
turbulent fluctuations.
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Appendix A

Data Tables from Chapter 3

A.1 ICME Events with Shock

Sheath start Shock MO start MO type MO/ICME end Dst
1995 03 04, 00:36 Y 1995 03 04, 11:23 Fr 1995 03 05, 03:06 -90
1995 08 22, 12:56 Y 1995 08 22, 22:19 Fr 1995 08 23, 18:43 -61
1995 10 18, 10:40 Y 1995 10 18, 19:11 Fr 1995 10 20, 02:23 -127
1997 01 10, 00:52 Y 1997 01 10, 04:47 F+ 1997 01 11, 03:06 -78
1997 02 09, 12:50 Y 1997 02 10, 02:52 F- 1997 02 10, 18:28 -68
1997 05 26, 09:09 Y 1997 05 26, 15:35 Fr 1997 05 28, 00:00 -73
1997 09 02, 22:40 Y 1997 09 03, 08:38 Fr 1997 09 03, 20:59 -98 (SA)
1997 11 22, 09:12 Y 1997 11 22, 17:31 F+ 1997 11 23, 18:43 -108
1997 12 10, 04:33 Y 1997 12 10, 19:11 Cx 1997 12 12, 00:00 -60
1997 12 30, 01:13 Y 1997 12 30, 09:35 Fr 1997 12 31, 08:51 -77
1998 05 01, 21:21 Y 1998 05 02, 11:31 Fr 1998 05 03, 16:47 -85
1998 08 10, 00:31 Y 1998 08 10, 04:47 E 1998 08 10, 23:30 -27
1998 08 19, 18:40 Y 1998 08 20, 08:38 F+ 1998 08 21, 20:09 -67
1998 08 26, 06:40 Y 1998 08 26, 21:07 E 1998 08 28, 00:28 -155
1998 10 23, 12:57 Y 1998 10 23, 19:55 F- 1998 10 24, 19:26 -52
1999 02 18, 02:48 Y 1999 02 18, 09:14 E 1999 02 19, 00:00 -123
1999 07 02, 00:27 Y 1999 07 03, 08:09 Fr 1999 07 05, 13:13 -26
1999 07 06, 14:23 Y 1999 07 06, 19:12 Cx 1999 07 07, 16:46 -4
1999 09 22, 12:09 Y 1999 09 22, 17:59 E 1999 09 23, 09:35 -173
2000 02 11, 23:34 Y 2000 02 12, 12:20 Fr 2000 02 13, 00:35 -135
2000 02 14, 07:11 Y 2000 02 14, 13:11 E 2000 02 15, 15:33 -68
2000 02 20, 21:03 Y 2000 02 21, 14:24 Fr 2000 02 22, 13:16 -25
2000 06 08, 09:07 Y 2000 06 08, 16:47 E 2000 06 10, 01:18 -90
2000 06 23, 12:57 Y 2000 06 24, 09:00 E 2000 06 25, 23:58 -34
2000 07 28, 06:38 Y 2000 07 28, 14:24 F+ 2000 07 29, 10:06 -49
2000 08 11, 18:49 Y 2000 08 12, 06:05 F+ 2000 08 13, 05:05 -234
2000 09 06, 17:02 Y 2000 09 07, 03:24 Cx 2000 09 08, 14:22 -47 (SA)
2000 10 03, 01:02 Y 2000 10 03, 09:36 F+ 2000 10 05, 03:34 -143
2000 10 05, 03:28 Y 2000 10 05, 19:11 Fr 2000 10 06, 19:39 -181
2000 10 12, 22:33 Y 2000 10 13, 18:24 Fr 2000 10 14, 19:12 -106
2000 10 28, 06:38 Y 2000 10 28, 23:18 F- 2000 10 30, 00:16 -126
2000 11 06, 09:30 Y 2000 11 06, 23:05 Fr 2000 11 07, 18:05 -159
2000 11 26, 11:43 Y 2000 11 27, 09:30 Fr 2000 11 28, 09:36 -79
2001 01 23, 10:47 Y 2001 01 24, 08:38 Cx 2001 01 25, 19:12 -61
2001 04 21, 15:29 Y 2001 04 22, 00:28 Fr 2001 04 23, 01:11 -102
2001 04 28, 05:00 Y 2001 04 28, 17:59 Cx 2001 05 02, 04:48 -47
2001 05 27, 14:45 Y 2001 05 28, 07:12 Cx 2001 05 29, 21:34 -42
2001 08 17, 11:01 Y 2001 08 17, 23:59 F- 2001 08 18, 19:12 -105
2001 09 25, 20:16 Y 2001 09 26, 10:04 F- 2001 09 26, 16:47 -102
2001 09 30, 19:14 Y 2001 09 30, 22:33 F- 2001 10 01, 21:34 -148
2001 10 21, 16:39 Y 2001 10 22, 01:17 Fr 2001 10 23, 00:47 -187
2001 10 28, 03:13 Y 2001 10 29, 16:19 E 2001 10 30, 10:47 -157
2001 10 31, 13:46 Y 2001 10 31, 22:04 Fr 2001 11 02, 04:47 -106
2001 11 24, 05:51 Y 2001 11 24, 15:47 Fr 2001 11 25, 13:17 -221
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2001 12 30, 20:05 Y 2001 12 30, 23:10 F- 2001 12 31, 07:46 -31
2002 02 28, 05:06 Y 2002 02 28, 19:11 Fr 2002 03 01, 23:15 -71
2002 03 18, 13:14 Y 2002 03 19, 06:14 Fr 2002 03 20, 15:36 -37
2002 03 23, 11:24 Y 2002 03 24, 13:11 Fr 2002 03 25, 21:36 -100
2002 04 14, 12:56 Y 2002 04 14, 15:21 F- 2002 04 15, 04:22 -14
2002 04 17, 11:01 Y 2002 04 17, 21:36 F+ 2002 04 19, 08:22 -127
2002 04 19, 08:24 Y 2002 04 20, 06:57 Fr 2002 04 21, 21:36 -149
2002 04 23, 05:00 Y 2002 04 24, 07:11 F- 2002 04 24, 23:59 -57
2002 05 11, 10:30 Y 2002 05 11, 12:37 Fr 2002 05 11, 20:23 -110
2002 05 18, 19:45 Y 2002 05 19, 03:30 Fr 2002 05 20, 03:34 -58
2002 05 20, 03:35 Y 2002 05 20, 16:47 Cx 2002 05 21, 21:35 -36
2002 05 23, 10:44 Y 2002 05 23, 23:02 F- 2002 05 25, 19:12 -109
2002 07 17, 15:56 Y 2002 07 18, 13:26 Fr 2002 07 19, 09:35 -17
2002 08 01, 23:09 Y 2002 08 02, 07:12 Fr 2002 08 02, 21:34 -102
2002 08 18, 18:40 Y 2002 08 19, 19:12 Fr 2002 08 21, 13:25 -106
2002 08 26, 11:16 Y 2002 08 26, 14:23 Fr 2002 08 27, 10:47 -45
2002 09 30, 07:54 Y 2002 09 30, 22:04 F+ 2002 10 01, 20:08 -176
2003 11 20, 08:35 Y 2003 11 20, 11:31 Fr 2003 11 21, 01:40 -422
2004 04 03, 09:55 Y 2004 04 04, 01:11 F+ 2004 04 05, 19:11 -117
2004 07 22, 09:45 Y 2004 07 22, 13:26 Cx 2004 07 24, 05:45 -99
2004 07 26, 22:25 Y 2004 07 27, 01:12 Cx 2004 07 27, 23:58 -170
2004 08 29, 09:09 Y 2004 08 29, 19:26 Fr 2004 08 30, 21:21 -129 (SA)
2004 09 13, 19:42 Y 2004 09 14, 17:59 E 2004 09 15, 14:23 -45
2004 11 09, 18:25 Y 2004 11 09, 20:38 F+ 2004 11 10, 16:47 -259
2004 11 11, 16:47 Y 2004 11 12, 08:35 Fr 2004 11 13, 09:35 -92
2005 01 16, 09:27 Y 2005 01 16, 15:35 F+ 2005 01 17, 07:00 -63
2005 01 21, 16:58 Y 2005 01 21, 23:45 F- 2005 01 22, 19:12 -97
2005 02 20, 15:32 Y 2005 02 20, 20:23 Fr 2005 02 22, 07:11 -43
2005 05 15, 02:10 Y 2005 05 15, 05:31 F+ 2005 05 16, 22:47 -247
2005 06 12, 06:57 Y 2005 06 12, 15:07 F- 2005 06 13, 17:59 -106
2005 06 14, 17:55 Y 2005 06 15, 05:08 F+ 2005 06 16, 08:23 -42
2005 07 10, 02:42 Y 2005 07 10, 10:47 Cx 2005 07 12, 14:23 -92
2006 07 09, 20:40 Y 2006 07 10, 17:45 Cx 2006 07 11, 17:45 -27
2006 08 19, 09:38 Y 2006 08 20, 13:55 Cx 2006 08 21, 17:02 -79
2006 12 14, 13:51 Y 2006 12 14, 22:36 F- 2006 12 15, 13:40 -162
2006 12 16, 17:34 Y 2006 12 17, 00:25 F- 2006 12 17, 19:11 -56
2007 11 19, 17:22 Y 2007 11 20, 00:33 Fr 2007 11 20, 11:31 -2
2009 03 11, 22:04 Y 2009 03 12, 01:12 F+ 2009 03 13, 01:40 -28 (SA)
2009 06 27, 11:02 Y 2009 06 27, 17:59 F+ 2009 06 28, 20:24 -14
2010 04 05, 07:55 Y 2010 04 05, 11:59 Fr 2010 04 06, 16:48 -81
2010 04 11, 12:20 Y 2010 04 11, 21:36 Fr 2010 04 12, 14:12 -67
2010 05 28, 01:55 Y 2010 05 28, 19:12 Fr 2010 05 29, 17:58 -80
2010 08 03, 17:05 Y 2010 08 04, 02:52 Cx 2010 08 05, 00:56 -74
2010 12 19, 20:35 Y 2010 12 19, 22:33 F+ 2010 12 20, 22:04 -35
2011 03 29, 15:12 Y 2011 03 29, 23:59 Fr 2011 04 01, 14:51 -7
2011 06 04, 20:06 Y 2011 06 05, 01:12 Fr 2011 06 05, 18:13 -45
2011 06 17, 02:09 Y 2011 06 17, 05:16 Cx 2011 06 19, 07:11 -14
2011 09 17, 02:57 Y 2011 09 17, 15:35 Fr 2011 09 18, 21:06 -72
2011 10 05, 06:46 Y 2011 10 05, 09:56 Cx 2011 10 07, 02:06 -43
2011 10 24, 17:41 Y 2011 10 25, 00:21 Cx 2011 10 25, 23:31 -147
2011 11 28, 20:59 Y 2011 11 29, 19:40 Cx 2011 11 30, 17:59 -41
2012 01 22, 05:33 Y 2012 01 22, 11:24 F- 2012 01 22, 17:58 -70 (SA)
2012 02 26, 20:59 Y 2012 02 27, 17:59 Cx 2012 03 01, 05:45 -57
2012 03 08, 10:32 Y 2012 03 08, 19:55 Cx 2012 03 11, 07:26 -145
2012 03 12, 08:28 Y 2012 03 12, 16:19 Cx 2012 03 14, 02:52 -64
2012 03 15, 12:35 Y 2012 03 15, 16:04 Fr 2012 03 16, 14:10 -88
2012 04 23, 02:15 Y 2012 04 23, 16:48 F- 2012 04 24, 02:52 -120 (SA)
2012 05 03, 00:59 Y 2012 05 04, 03:36 Fr 2012 05 05, 11:22 -23
2012 06 16, 09:03 Y 2012 06 16, 22:01 F+ 2012 06 17, 11:23 -86
2012 07 14, 17:39 Y 2012 07 15, 06:14 Fr 2012 07 17, 03:21 -139
2012 09 30, 10:14 Y 2012 09 30, 12:14 Cx 2012 10 02, 02:53 -122
2012 10 08, 04:12 Y 2012 10 08, 15:50 Fr 2012 10 09, 17:17 -109
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2012 10 31, 14:28 Y 2012 10 31, 23:35 F+ 2012 11 02, 05:21 -65
2012 11 12, 22:12 Y 2012 11 13, 08:23 F+ 2012 11 14, 08:09 -108
2012 11 23, 20:51 Y 2012 11 24, 11:31 F- 2012 11 25, 10:47 -40
2013 01 19, 16:50 Y 2013 01 19, 22:47 F- 2013 01 20, 10:47 -33
2013 03 17, 05:21 Y 2013 03 17, 14:09 Fr 2013 03 19, 16:04 -132
2013 04 13, 22:13 Y 2013 04 14, 17:02 F+ 2013 04 17, 05:30 -17
2013 04 30, 08:52 Y 2013 04 30, 12:00 Fr 2013 05 01, 07:12 -47 (SA)
2013 06 27, 13:51 Y 2013 06 28, 02:23 Fr 2013 06 29, 11:59 -101
2013 07 12, 16:43 Y 2013 07 12, 20:24 Cx 2013 07 14, 23:31 -81
2013 12 08, 07:31 Y 2013 12 08, 16:47 F- 2013 12 09, 02:09 -66
2014 02 15, 12:46 Y 2014 02 16, 00:43 Fr 2014 02 16, 14:23 -24
2014 04 20, 10:20 Y 2014 04 21, 07:41 Fr 2014 04 22, 06:12 -32
2014 06 07, 16:30 Y 2014 06 08, 19:12 Cx 2014 06 10, 16:46 -37
2014 07 02, 23:48 Y 2014 07 03, 03:07 F- 2014 07 03, 11:59 -15
2014 08 19, 05:49 Y 2014 08 19, 17:59 F+ 2014 08 21, 19:09 -30
2014 09 12, 15:17 Y 2014 09 12, 21:22 F- 2014 09 14, 11:38 -88
2015 03 31, 07:32 Y 2015 03 31, 17:57 F- 2015 04 01, 09:49 -19
2015 04 09, 09:09 Y 2015 04 09, 23:02 Cx 2015 04 11, 09:36 -85
2015 05 06, 00:56 Y 2015 05 06, 16:48 F- 2015 05 07, 14:22 -35
2015 06 22, 18:07 Y 2015 06 23, 02:23 Cx 2015 06 24, 13:03 -198
2015 09 07, 13:05 Y 2015 09 07, 23:31 F+ 2015 09 09, 14:52 -105
2015 10 24, 17:59 Y 2015 10 25, 13:11 Fr 2015 10 28, 13:11 -16
2015 11 06, 17:46 Y 2015 11 07, 07:11 Fr 2015 11 08, 16:47 -87
2015 12 19, 15:35 Y 2015 12 20, 13:40 Fr 2015 12 21, 23:02 -166

Table A.1: ICME events consisting of shock, created using the events from Table A.3 that
adheres to the criterion of at least a 3-day gap between events
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A.2 Mixed ICME Events

Sheath start Shock MO start MO type MO/ICME end Dst
1995 02 07, 19:11 - 1995 02 08, 03:21 Cx 1995 02 10, 21:36 -80
1995 03 04, 00:36 Y 1995 03 04, 11:23 Fr 1995 03 05, 03:06 -90
1995 03 06, 02:11 - 1995 03 06, 07:11 F- 1995 03 07, 02:23 -38
1995 04 03, 06:43 - 1995 04 03, 12:45 F+ 1995 04 04, 13:25 -21
1995 04 05, 07:11 - 1995 04 05, 17:59 Fr 1995 04 06, 17:15 -18
1995 06 30, 09:21 - 1995 06 30, 14:23 Fr 1995 07 02, 16:47 -56
1995 08 22, 12:56 Y 1995 08 22, 22:19 Fr 1995 08 23, 18:43 -61
1995 09 26, 15:57 - 1995 09 27, 03:36 Fr 1995 09 27, 21:21 -108
1995 10 18, 10:40 Y 1995 10 18, 19:11 Fr 1995 10 20, 02:23 -127
1995 12 15, 14:52 - 1995 12 16, 07:11 F- 1995 12 16, 19:11 -44
1996 05 16, 22:47 - 1996 05 17, 01:36 F+ 1996 05 17, 11:58 -26
1996 08 07, 08:23 - 1996 08 07, 11:59 Fr 1996 08 08, 13:12 -23
1996 12 24, 01:26 - 1996 12 24, 03:07 F+ 1996 12 25, 11:44 -29
1997 01 10, 00:52 Y 1997 01 10, 04:47 F+ 1997 01 11, 03:06 -78
1997 02 09, 12:50 Y 1997 02 10, 02:52 F- 1997 02 10, 18:28 -68
1997 04 10, 17:02 - 1997 04 11, 05:45 Fr 1997 04 11, 19:10 -82
1997 04 21, 10:11 - 1997 04 21, 11:59 F+ 1997 04 23, 07:11 -107
1997 05 26, 09:09 Y 1997 05 26, 15:35 Fr 1997 05 28, 00:00 -73
1997 06 08, 15:43 - 1997 06 09, 06:18 Fr 1997 06 09, 23:01 -84
1997 07 15, 03:10 - 1997 07 15, 06:48 F+ 1997 07 16, 11:16 -44
1997 08 03, 10:10 - 1997 08 03, 13:55 Fr 1997 08 04, 02:23 -49
1997 08 17, 01:56 - 1997 08 17, 06:33 Fr 1997 08 17, 20:09 -28
1997 09 02, 22:40 Y 1997 09 03, 08:38 Fr 1997 09 03, 20:59 -98 (SA)
1997 09 18, 00:30 - 1997 09 18, 04:07 F+ 1997 09 19, 23:59 -56
1997 09 21, 16:42 - 1997 09 21, 22:21 F+ 1997 09 22, 17:46 -36
1997 10 01, 11:45 - 1997 10 01, 17:08 Fr 1997 10 02, 23:15 -98
1997 10 10, 03:08 - 1997 10 10, 15:33 F+ 1997 10 11, 22:00 -130
1997 11 06, 22:25 - 1997 11 07, 06:00 F+ 1997 11 08, 22:46 -110
1997 11 22, 09:12 Y 1997 11 22, 17:31 F+ 1997 11 23, 18:43 -108
1997 12 10, 04:33 Y 1997 12 10, 19:11 Cx 1997 12 12, 00:00 -60
1997 12 30, 01:13 Y 1997 12 30, 09:35 Fr 1997 12 31, 08:51 -77
1998 01 28, 16:04 - 1998 01 29, 13:12 F+ 1998 01 31, 00:00 -55
1998 02 18, 14:52 - 1998 02 18, 21:35 Fr 1998 02 20, 00:44 -50
1998 03 25, 10:48 - 1998 03 25, 14:23 Fr 1998 03 26, 08:57 -56
1998 05 01, 21:21 Y 1998 05 02, 11:31 Fr 1998 05 03, 16:47 -85
1998 05 04, 02:30 - 1998 05 04, 09:50 F- 1998 05 05, 03:12 -205
1998 06 24, 10:47 - 1998 06 24, 13:26 F+ 1998 06 25, 22:33 -25
1998 08 10, 00:31 Y 1998 08 10, 04:47 E 1998 08 10, 23:30 -27
1998 08 19, 18:40 Y 1998 08 20, 08:38 F+ 1998 08 21, 20:09 -67
1998 08 26, 06:40 Y 1998 08 26, 21:07 E 1998 08 28, 00:28 -155
1998 09 23, 01:12 - 1998 09 23, 04:19 F- 1998 09 23, 17:31 -25
1998 09 24, 23:18 - 1998 09 25, 04:33 F+ 1998 09 26, 17:00 -207
1998 10 18, 19:30 - 1998 10 19, 04:19 F+ 1998 10 20, 07:11 -112
1998 10 23, 12:57 Y 1998 10 23, 19:55 F- 1998 10 24, 19:26 -52
1999 02 18, 02:48 Y 1999 02 18, 09:14 E 1999 02 19, 00:00 -123
1999 07 02, 00:27 Y 1999 07 03, 08:09 Fr 1999 07 05, 13:13 -26
1999 07 06, 14:23 Y 1999 07 06, 19:12 Cx 1999 07 07, 16:46 -4
1999 07 30, 19:12 - 1999 07 31, 02:02 E 1999 08 01, 00:00 -53
1999 08 06, 01:55 - 1999 08 06, 14:23 Fr 1999 08 07, 06:18 -23
1999 09 22, 12:09 Y 1999 09 22, 17:59 E 1999 09 23, 09:35 -173
1999 11 13, 12:48 Y 1999 11 14, 14:23 E 1999 11 16, 07:17 -106
1999 12 12, 15:50 Y 1999 12 12, 17:31 Cx 1999 12 13, 18:28 -69
2000 02 11, 23:34 Y 2000 02 12, 12:20 Fr 2000 02 13, 00:35 -135
2000 02 14, 07:11 Y 2000 02 14, 13:11 E 2000 02 15, 15:33 -68
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2000 02 20, 21:03 Y 2000 02 21, 14:24 Fr 2000 02 22, 13:16 -25
2000 03 01, 01:58 - 2000 03 01, 03:21 Fr 2000 03 02, 03:07 -44
2000 06 08, 09:07 Y 2000 06 08, 16:47 E 2000 06 10, 01:18 -90
2000 06 23, 12:57 Y 2000 06 24, 09:00 E 2000 06 25, 23:58 -34
2000 07 15, 14:23 - 2000 07 15, 17:31 F+ 2000 07 16, 13:28 -300
2000 07 28, 06:38 Y 2000 07 28, 14:24 F+ 2000 07 29, 10:06 -49
2000 08 11, 18:49 Y 2000 08 12, 06:05 F+ 2000 08 13, 05:05 -234
2000 09 06, 17:02 Y 2000 09 07, 03:24 Cx 2000 09 08, 14:22 -47 (SA)
2000 09 17, 16:04 - 2000 09 18, 01:53 E 2000 09 19, 12:00 -201
2000 10 03, 01:02 Y 2000 10 03, 09:36 F+ 2000 10 05, 03:34 -143
2000 10 05, 03:28 Y 2000 10 05, 19:11 Fr 2000 10 06, 19:39 -181
2000 10 12, 22:33 Y 2000 10 13, 18:24 Fr 2000 10 14, 19:12 -106
2000 10 28, 06:38 Y 2000 10 28, 23:18 F- 2000 10 30, 00:16 -126
2000 11 06, 09:30 Y 2000 11 06, 23:05 Fr 2000 11 07, 18:05 -159
2000 11 26, 11:43 Y 2000 11 27, 09:30 Fr 2000 11 28, 09:36 -79
2001 01 23, 10:47 Y 2001 01 24, 08:38 Cx 2001 01 25, 19:12 -61
2001 04 04, 14:39 Y 2001 04 04, 20:54 F- 2001 04 05, 08:22 -50
2001 04 13, 07:26 - 2001 04 13, 13:11 F- 2001 04 14, 01:39 -77
2001 04 21, 15:29 Y 2001 04 22, 00:28 Fr 2001 04 23, 01:11 -102
2001 04 28, 05:00 Y 2001 04 28, 17:59 Cx 2001 05 02, 04:48 -47
2001 05 27, 14:45 Y 2001 05 28, 07:12 Cx 2001 05 29, 21:34 -42
2001 08 05, 12:28 - 2001 08 06, 06:43 E 2001 08 06, 23:59 -40
2001 08 17, 11:01 Y 2001 08 17, 23:59 F- 2001 08 18, 19:12 -105
2001 09 25, 20:16 Y 2001 09 26, 10:04 F- 2001 09 26, 16:47 -102
2001 09 30, 19:14 Y 2001 09 30, 22:33 F- 2001 10 01, 21:34 -148
2001 10 21, 16:39 Y 2001 10 22, 01:17 Fr 2001 10 23, 00:47 -187
2001 10 28, 03:13 Y 2001 10 29, 16:19 E 2001 10 30, 10:47 -157
2001 10 31, 13:46 Y 2001 10 31, 22:04 Fr 2001 11 02, 04:47 -106
2001 11 24, 05:51 Y 2001 11 24, 15:47 Fr 2001 11 25, 13:17 -221
2001 12 30, 20:05 Y 2001 12 30, 23:10 F- 2001 12 31, 07:46 -31
2002 02 28, 05:06 Y 2002 02 28, 19:11 Fr 2002 03 01, 23:15 -71
2002 03 18, 13:14 Y 2002 03 19, 06:14 Fr 2002 03 20, 15:36 -37
2002 03 23, 11:24 Y 2002 03 24, 13:11 Fr 2002 03 25, 21:36 -100
2002 04 14, 12:56 Y 2002 04 14, 15:21 F- 2002 04 15, 04:22 -14
2002 04 17, 11:01 Y 2002 04 17, 21:36 F+ 2002 04 19, 08:22 -127
2002 04 19, 08:24 Y 2002 04 20, 06:57 Fr 2002 04 21, 21:36 -149
2002 04 23, 05:00 Y 2002 04 24, 07:11 F- 2002 04 24, 23:59 -57
2002 05 11, 10:30 Y 2002 05 11, 12:37 Fr 2002 05 11, 20:23 -110
2002 05 18, 19:45 Y 2002 05 19, 03:30 Fr 2002 05 20, 03:34 -58
2002 05 20, 03:35 Y 2002 05 20, 16:47 Cx 2002 05 21, 21:35 -36
2002 05 23, 10:44 Y 2002 05 23, 23:02 F- 2002 05 25, 19:12 -109
2002 07 17, 15:56 Y 2002 07 18, 13:26 Fr 2002 07 19, 09:35 -17
2002 08 01, 23:09 Y 2002 08 02, 07:12 Fr 2002 08 02, 21:34 -102
2002 08 18, 18:40 Y 2002 08 19, 19:12 Fr 2002 08 21, 13:25 -106
2002 08 26, 11:16 Y 2002 08 26, 14:23 Fr 2002 08 27, 10:47 -45
2002 09 03, 02:23 - 2002 09 03, 04:47 Cx 2002 09 04, 01:12 -6
2002 09 30, 07:54 Y 2002 09 30, 22:04 F+ 2002 10 01, 20:08 -176
2002 11 16, 23:16 - 2002 11 17, 20:24 F- 2002 11 18, 23:58 -52
2002 12 21, 03:21 - 2002 12 21, 10:20 Fr 2002 12 22, 15:36 -75
2003 01 26, 21:43 - 2003 01 27, 01:40 Fr 2003 01 27, 16:04 -18
2003 02 01, 13:06 - 2003 02 02, 19:11 Fr 2003 02 03, 09:35 -72
2003 03 20, 04:30 - 2003 03 20, 11:54 Fr 2003 03 20, 22:22 -64
2003 05 09, 05:16 - 2003 05 09, 09:27 E 2003 05 10, 23:07 -84
2003 06 16, 22:33 - 2003 06 17, 17:48 Fr 2003 06 18, 08:18 -141 (SA)
2003 08 04, 20:23 - 2003 08 05, 01:10 Fr 2003 08 06, 02:23 -58
2003 10 21, 22:00 - 2003 10 22, 02:24 Cx 2003 10 24, 02:24 -61
2003 10 30, 16:12 - 2003 10 31, 02:00 Cx 2003 10 31, 12:00 -383
2003 11 20, 08:35 Y 2003 11 20, 11:31 Fr 2003 11 21, 01:40 -422
2004 01 09, 15:00 - 2004 01 10, 06:01 E 2004 01 11, 05:02 -45
2004 04 03, 09:55 Y 2004 04 04, 01:11 F+ 2004 04 05, 19:11 -117
2004 07 22, 09:45 Y 2004 07 22, 13:26 Cx 2004 07 24, 05:45 -99
2004 07 26, 22:25 Y 2004 07 27, 01:12 Cx 2004 07 27, 23:58 -170
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2004 08 29, 09:09 Y 2004 08 29, 19:26 Fr 2004 08 30, 21:21 -129 (SA)
2004 09 13, 19:42 Y 2004 09 14, 17:59 E 2004 09 15, 14:23 -45
2004 09 17, 20:52 - 2004 09 18, 12:28 Fr 2004 09 19, 16:58 -33
2004 11 09, 18:25 Y 2004 11 09, 20:38 F+ 2004 11 10, 16:47 -259
2004 11 11, 16:47 Y 2004 11 12, 08:35 Fr 2004 11 13, 09:35 -92
2005 01 08, 15:12 - 2005 01 08, 20:51 Fr 2005 01 09, 17:45 -47
2005 01 16, 09:27 Y 2005 01 16, 15:35 F+ 2005 01 17, 07:00 -63
2005 01 18, 21:35 - 2005 01 19, 00:28 F- 2005 01 20, 02:23 -80
2005 01 21, 16:58 Y 2005 01 21, 23:45 F- 2005 01 22, 19:12 -97
2005 02 17, 21:35 - 2005 02 18, 14:52 E 2005 02 19, 08:23 -80
2005 02 20, 15:32 Y 2005 02 20, 20:23 Fr 2005 02 22, 07:11 -43
2005 05 15, 02:10 Y 2005 05 15, 05:31 F+ 2005 05 16, 22:47 -247
2005 05 20, 04:47 - 2005 05 20, 09:35 F+ 2005 05 22, 02:23 -83
2005 06 12, 06:57 Y 2005 06 12, 15:07 F- 2005 06 13, 17:59 -106
2005 06 14, 17:55 Y 2005 06 15, 05:08 F+ 2005 06 16, 08:23 -42
2005 07 10, 02:42 Y 2005 07 10, 10:47 Cx 2005 07 12, 14:23 -92
2005 08 10, 04:47 - 2005 08 10, 06:14 F- 2005 08 10, 13:26 -47
2006 02 05, 18:14 - 2006 02 05, 20:23 F+ 2006 02 06, 11:59 -20
2006 08 19, 09:38 Y 2006 08 20, 13:55 Cx 2006 08 21, 17:02 -79
2006 09 30, 02:52 - 2006 09 30, 08:23 F+ 2006 09 30, 22:03 -21
2006 11 29, 02:58 - 2006 11 29, 05:16 F+ 2006 11 30, 09:35 -66
2006 12 14, 13:51 Y 2006 12 14, 22:36 F- 2006 12 15, 13:40 -162
2007 06 08, 05:45 - 2007 06 08, 05:45 Fr 2007 06 09, 05:15 -21
2008 09 03, 16:33 - 2008 09 03, 16:33 F+ 2008 09 04, 03:49 -51 (SA)
2008 09 17, 00:43 - 2008 09 17, 03:57 Fr 2008 09 18, 08:09 -23
2008 12 17, 03:35 - 2008 12 17, 03:35 Fr 2008 12 17, 15:35 -15
2009 02 03, 19:21 Y 2009 02 04, 01:12 F+ 2009 02 04, 19:40 -42
2009 03 11, 22:04 Y 2009 03 12, 01:12 F+ 2009 03 13, 01:40 -28 (SA)
2009 04 05, 16:04 - 2009 04 05, 17:02 F- 2009 04 06, 04:48 -7
2009 04 22, 11:16 - 2009 04 22, 14:09 Fr 2009 04 22, 20:37 -7
2009 06 03, 13:40 - 2009 06 03, 20:52 Fr 2009 06 05, 05:31 -19
2009 06 27, 11:02 Y 2009 06 27, 17:59 F+ 2009 06 28, 20:24 -14
2009 09 10, 10:19 - 2009 09 10, 10:19 Fr 2009 09 10, 19:26 1
2009 11 14, 10:47 - 2009 11 14, 10:47 Fr 2009 11 15, 11:45 -17
2009 12 12, 04:47 - 2009 12 12, 19:26 Fr 2009 12 14, 04:47 -2
2010 01 01, 22:04 - 2010 01 02, 00:14 Fr 2010 01 03, 09:06 -4
2010 03 23, 22:29 Y 2010 03 23, 22:33 Fr 2010 03 24, 15:36 -1
2010 04 05, 07:55 Y 2010 04 05, 11:59 Fr 2010 04 06, 16:48 -81
2010 05 18, 02:23 - 2010 05 18, 04:04 Fr 2010 05 19, 07:26 -34
2010 05 28, 01:55 Y 2010 05 28, 19:12 Fr 2010 05 29, 17:58 -80
2010 06 21, 03:35 - 2010 06 21, 06:28 Fr 2010 06 22, 12:43 -11
2010 09 15, 02:24 - 2010 09 15, 02:24 Fr 2010 09 16, 11:58 -24
2010 10 11, 05:45 - 2010 10 11, 05:45 F- 2010 10 11, 18:28 -75 (SA)
2010 10 31, 02:09 - 2010 10 31, 05:16 Fr 2010 11 01, 20:38 -11
2010 12 19, 20:35 Y 2010 12 19, 22:33 F+ 2010 12 20, 22:04 -35
2011 02 18, 19:50 Y 2011 02 18, 19:55 F- 2011 02 20, 21:35 -27
2011 04 23, 00:01 - 2011 04 23, 00:01 F- 2011 04 24, 13:11 -14
2011 04 29, 09:07 - 2011 04 29, 13:55 E 2011 04 29, 20:52 -17
2011 05 28, 00:14 - 2011 05 28, 05:31 F+ 2011 05 28, 22:47 -80
2011 06 04, 20:06 Y 2011 06 05, 01:12 Fr 2011 06 05, 18:13 -45
2011 06 17, 02:09 Y 2011 06 17, 05:16 Cx 2011 06 19, 07:11 -14
2011 07 03, 19:12 - 2011 07 03, 19:12 Fr 2011 07 04, 19:12 -59 (SA)
2011 09 17, 02:57 Y 2011 09 17, 15:35 Fr 2011 09 18, 21:06 -72
2011 10 05, 06:46 Y 2011 10 05, 09:56 Cx 2011 10 07, 02:06 -43
2011 10 24, 17:41 Y 2011 10 25, 00:21 Cx 2011 10 25, 23:31 -147
2011 11 02, 00:21 - 2011 11 02, 03:35 Fr 2011 11 03, 04:33 -58
2011 11 04, 20:27 Y 2011 11 04, 21:17 Cx 2011 11 05, 20:09 -40
2011 11 11, 03:01 Y 2011 11 11, 03:01 Cx 2011 11 12, 05:02 -11
2011 11 28, 20:59 Y 2011 11 29, 19:40 Cx 2011 11 30, 17:59 -41
2012 01 22, 05:33 Y 2012 01 22, 11:24 F- 2012 01 22, 17:58 -70 (SA)
2012 02 14, 07:11 - 2012 02 14, 20:52 Fr 2012 02 16, 04:47 -67
2012 02 26, 20:59 Y 2012 02 27, 17:59 Cx 2012 03 01, 05:45 -57
2012 03 08, 10:32 Y 2012 03 08, 19:55 Cx 2012 03 11, 07:26 -145
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2012 03 12, 08:28 Y 2012 03 12, 16:19 Cx 2012 03 14, 02:52 -64
2012 03 15, 12:35 Y 2012 03 15, 16:04 Fr 2012 03 16, 14:10 -88
2012 04 11, 06:28 - 2012 04 11, 06:28 Cx 2012 04 12, 03:35 -6
2012 04 23, 02:15 Y 2012 04 23, 16:48 F- 2012 04 24, 02:52 -120 (SA)
2012 05 03, 00:59 Y 2012 05 04, 03:36 Fr 2012 05 05, 11:22 -23
2012 05 16, 12:28 - 2012 05 16, 16:04 Fr 2012 05 18, 02:11 -43
2012 06 11, 02:52 - 2012 06 11, 11:31 Fr 2012 06 12, 05:16 -67
2012 06 16, 09:03 Y 2012 06 16, 22:01 F+ 2012 06 17, 11:23 -86
2012 07 08, 02:10 - 2012 07 08, 07:58 Cx 2012 07 10, 01:41 -78
2012 07 14, 17:39 Y 2012 07 15, 06:14 Fr 2012 07 17, 03:21 -139
2012 08 12, 12:37 - 2012 08 12, 19:12 Fr 2012 08 13, 05:01 -9
2012 09 01, 07:12 - 2012 09 01, 07:12 Fr 2012 09 03, 11:22 -69
2012 09 12, 19:55 Y 2012 09 12, 19:55 F- 2012 09 13, 15:20 -4
2012 09 30, 10:14 Y 2012 09 30, 12:14 Cx 2012 10 02, 02:53 -122
2012 10 08, 04:12 Y 2012 10 08, 15:50 Fr 2012 10 09, 17:17 -109
2012 10 12, 08:09 - 2012 10 12, 18:29 Fr 2012 10 13, 09:14 -90
2012 10 31, 14:28 Y 2012 10 31, 23:35 F+ 2012 11 02, 05:21 -65
2012 11 12, 22:12 Y 2012 11 13, 08:23 F+ 2012 11 14, 08:09 -108
2012 11 23, 20:51 Y 2012 11 24, 11:31 F- 2012 11 25, 10:47 -40
2013 01 19, 16:50 Y 2013 01 19, 22:47 F- 2013 01 20, 10:47 -33
2013 03 17, 05:21 Y 2013 03 17, 14:09 Fr 2013 03 19, 16:04 -132
2013 04 13, 22:13 Y 2013 04 14, 17:02 F+ 2013 04 17, 05:30 -17
2013 04 30, 08:52 Y 2013 04 30, 12:00 Fr 2013 05 01, 07:12 -47 (SA)
2013 05 14, 02:23 - 2013 05 14, 06:00 Fr 2013 05 15, 06:28 -18
2013 06 06, 02:09 - 2013 06 06, 14:23 F+ 2013 06 08, 00:00 -78
2013 06 27, 13:51 Y 2013 06 28, 02:23 Fr 2013 06 29, 11:59 -101
2013 07 04, 17:17 - 2013 07 05, 04:05 Cx 2013 07 07, 14:24 -87
2013 07 12, 16:43 Y 2013 07 12, 20:24 Cx 2013 07 14, 23:31 -81
2013 10 30, 18:14 Y 2013 10 30, 18:14 Fr 2013 10 31, 05:30 -47
2013 11 08, 21:07 - 2013 11 08, 23:59 Fr 2013 11 09, 06:14 -80 (SA)
2013 11 23, 00:14 - 2013 11 23, 04:47 Fr 2013 11 23, 15:35 -27
2013 11 30, 20:23 - 2013 12 01, 04:48 Cx 2013 12 03, 03:21 -22
2013 12 08, 07:31 Y 2013 12 08, 16:47 F- 2013 12 09, 02:09 -66
2013 12 14, 16:47 - 2013 12 15, 16:47 Fr 2013 12 16, 05:30 -38
2013 12 24, 20:36 - 2013 12 25, 04:47 F+ 2013 12 25, 17:59 -35
2014 02 05, 12:50 - 2014 02 06, 02:23 E 2014 02 07, 16:03 -31
2014 02 19, 03:09 Y 2014 02 19, 03:09 Cx 2014 02 20, 02:37 -119
2014 04 11, 06:57 - 2014 04 11, 06:57 F+ 2014 04 12, 20:52 -87
2014 04 29, 19:11 - 2014 04 29, 19:11 Fr 2014 04 30, 16:33 -67
2014 06 22, 18:28 - 2014 06 22, 18:28 F- 2014 06 23, 22:04 -15
2014 06 29, 16:47 - 2014 06 29, 20:53 Fr 2014 06 30, 11:15 -5
2014 07 02, 23:48 Y 2014 07 03, 03:07 F- 2014 07 03, 11:59 -15
2014 08 19, 05:49 Y 2014 08 19, 17:59 F+ 2014 08 21, 19:09 -30
2014 08 26, 02:40 - 2014 08 27, 03:07 Fr 2014 08 27, 21:49 -79
2014 09 12, 15:17 Y 2014 09 12, 21:22 F- 2014 09 14, 11:38 -88
2015 01 07, 05:38 Y 2015 01 07, 06:28 F+ 2015 01 07, 21:07 -107
2015 03 28, 03:36 - 2015 03 28, 11:45 Fr 2015 03 29, 14:24 -46
2015 03 31, 07:32 Y 2015 03 31, 17:57 F- 2015 04 01, 09:49 -19
2015 04 09, 09:09 Y 2015 04 09, 23:02 Cx 2015 04 11, 09:36 -85
2015 05 06, 00:56 Y 2015 05 06, 16:48 F- 2015 05 07, 14:22 -35
2015 05 08, 02:52 - 2015 05 08, 07:11 F- 2015 05 09, 10:33 -15
2015 05 10, 08:23 - 2015 05 10, 11:59 F+ 2015 05 11, 04:47 -57
2015 06 22, 18:07 Y 2015 06 23, 02:23 Cx 2015 06 24, 13:03 -198
2015 10 06, 21:35 - 2015 10 06, 21:35 Fr 2015 10 07, 10:03 -101
2015 10 24, 17:59 Y 2015 10 25, 13:11 Fr 2015 10 28, 13:11 -16
2015 11 06, 17:46 Y 2015 11 07, 07:11 Fr 2015 11 08, 16:47 -87
2015 12 19, 15:35 Y 2015 12 20, 13:40 Fr 2015 12 21, 23:02 -166
2016 01 19, 03:31 - 2016 01 19, 11:23 Fr 2016 01 20, 14:19 -101 (SA)
2016 01 24, 15:16 - 2016 01 25, 01:11 F- 2016 01 26, 03:09 -19
2016 03 05, 06:08 - 2016 03 05, 19:41 F- 2016 03 06, 14:44 -6
2016 03 20, 09:07 - 2016 03 20, 14:38 Fr 2016 03 21, 04:11 -42
2016 04 13, 15:48 - 2016 04 14, 09:35 Fr 2016 04 15, 10:08 -60
2016 04 16, 20:54 - 2016 04 17, 07:08 Fr 2016 04 18, 05:57 -58
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2016 07 20, 02:53 - 2016 07 20, 15:10 Fr 2016 07 22, 15:31 -26
2016 08 02, 07:52 - 2016 08 02, 07:43 F- 2016 08 03, 06:23 -17
2016 11 04, 09:23 - 2016 11 04, 09:23 F- 2016 11 05, 18:27 -27
2017 04 09, 10:38 - 2017 04 09, 10:38 Fr 2017 04 10, 09:09 -21 (P)
2017 04 13, 12:39 - 2017 04 14, 02:31 Fr 2017 04 15, 11:07 -25 (P)
2017 05 27, 13:45 - 2017 05 27, 22:50 F+ 2017 05 29, 11:05 -125 (P)
2017 07 16, 05:30 - 2017 07 17, 00:53 F- 2017 07 17, 13:00 -72 (P)
2017 08 21, 20:46 - 2017 08 22, 06:42 F- 2017 08 23, 14:02 -48 (P)
2017 12 25, 14:57 - 2017 12 25, 14:57 F- 2017 12 26, 06:32 -27 (P)
2018 03 09, 16:32 - 2018 03 09, 23:47 F+ 2018 03 11, 02:05 -39 (P)
2018 05 13, 02:35 - 2018 05 13, 07:18 F- 2018 05 13, 14:51 -21 (P)
2018 07 10, 12:45 - 2018 07 10, 12:45 Fr 2018 07 11, 08:45 0 (P)
2018 08 25, 01:02 - 2018 08 25, 12:04 F+ 2018 08 26, 12:19 -175 (P)
2018 09 23, 08:20 - 2018 09 23, 11:58 F- 2018 09 23, 22:59 -27 (P)
2019 05 07, 21:00 - 2019 05 07, 21:00 E 2019 05 08, 15:16 -2 (P)
2019 05 10, 11:42 - 2019 05 10, 17:04 E 2019 05 12, 21:58 -51 (P)
2019 05 13, 22:54 - 2019 05 14, 09:08 E 2019 05 15, 15:41 -65 (P)
2019 05 16, 22:54 - 2019 05 17, 01:25 F- 2019 05 18, 08:35 -10 (P)
2019 05 26, 22:50 - 2019 05 27, 07:49 Fr 2019 05 28, 00:11 -16 (P)
2019 06 07, 06:36 - 2019 06 07, 10:22 E 2019 06 08, 07:19 0 (P)
2019 11 02, 21:10 - 2019 11 02, 21:10 F- 2019 11 03, 06:46 -3 (P)
2019 11 11, 06:24 - 2019 11 11, 09:42 F- 2019 11 12, 09:48 -23 (P)
2020 01 04, 09:48 - 2020 01 04, 14:22 Fr 2020 01 05, 06:07 -25 (P)
2020 01 14, 02:50 - 2020 01 14, 08:21 E 2020 01 15, 05:08 -8 (P)
2020 03 04, 12:02 - 2020 03 04, 13:55 F- 2020 03 06, 03:52 -22 (P)
2020 12 06, 19:00 - 2020 12 06, 19:00 F- 2020 12 07, 08:31 -2 (P)
2020 12 10, 05:34 - 2020 12 11, 04:34 E 2020 12 13, 09:57 -13 (P)
2021 02 24, 02:39 - 2021 02 24, 04:33 F+ 2021 02 24, 17:46 -24 (Q)
2021 03 11, 21:37 - 2021 03 11, 21:37 F- 2021 03 12, 23:17 -17 (Q)

Table A.2: ICME events consisting of both events with shock and without one, created
using the events from Table A.3 that adheres to the criterion of at least a 3-day gap between
events
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A.3 ICME Catalog

Sheath start Shock MO start MO type MO/ICME end B Vsw Vexp Dst
1995 02/07 19:11 - 1995 02/08 03:21 Cx 1995 02/10 21:36 8.32 377 53 -80
1995 03/04 00:36 Y 1995 03/04 11:23 Fr 1995 03/05 03:06 10.81 444 11 -90
1995 03/06 02:11 - 1995 03/06 07:11 F- 1995 03/07 02:23 8.24 458 0 -38
1995 04/03 06:43 - 1995 04/03 12:45 F+ 1995 04/04 13:25 8.92 295 4 -21
1995 04/05 07:11 - 1995 04/05 17:59 Fr 1995 04/06 17:15 7.3 332 -2 -18
1995 05/13 10:19 - 1995 05/13 10:19 E 1995 05/13 15:59 10.87 329 8 -8
1995 06/30 09:21 - 1995 06/30 14:23 Fr 1995 07/02 16:47 8.58 398 83 -56
1995 08/22 12:56 Y 1995 08/22 22:19 Fr 1995 08/23 18:43 9.71 359 16 -61
1995 09/26 15:57 - 1995 09/27 03:36 Fr 1995 09/27 21:21 9.78 375 -34 -108
1995 10/18 10:40 Y 1995 10/18 19:11 Fr 1995 10/20 02:23 21.15 408 5 -127
1995 12/15 14:52 - 1995 12/16 07:11 F- 1995 12/16 19:11 11.03 396 5 -44
1996 02/15 15:07 - 1996 02/15 15:07 F+ 1996 02/16 08:59 6.89 387 24 -23
1996 04/04 11:59 - 1996 04/04 11:59 Fr 1996 04/04 21:36 7.29 389 6 -28
1996 05/16 22:47 - 1996 05/17 01:36 F+ 1996 05/17 11:58 7.08 420 8 -26
1996 05/27 14:45 - 1996 05/27 14:45 Fr 1996 05/29 02:22 9.71 368 29 -33
1996 07/01 13:05 - 1996 07/01 17:16 Fr 1996 07/02 10:17 10.98 354 13 -20
1996 07/02 16:04 - 1996 07/02 16:04 F- 1996 07/02 22:47 10.68 395 -24 -2
1996 08/07 08:23 - 1996 08/07 11:59 Fr 1996 08/08 13:12 6.65 345 3 -23
1996 12/24 01:26 - 1996 12/24 03:07 F+ 1996 12/25 11:44 10.39 348 38 -29
1997 01/10 00:52 Y 1997 01/10 04:47 F+ 1997 01/11 03:06 14.63 437 29 -78
1997 02/09 12:50 Y 1997 02/10 02:52 F- 1997 02/10 18:28 7.87 459 17 -68
1997 04/10 17:02 - 1997 04/11 05:45 Fr 1997 04/11 19:10 18.49 463 4 -82
1997 04/21 10:11 - 1997 04/21 11:59 F+ 1997 04/23 07:11 11.31 363 42 -107
1997 05/15 01:15 Y 1997 05/15 10:00 F+ 1997 05/16 02:37 18.84 469 -38 -115
1997 05/16 06:01 - 1997 05/16 06:01 Fr 1997 05/16 13:26 7.85 491 17 -40
1997 05/26 09:09 Y 1997 05/26 15:35 Fr 1997 05/28 00:00 9.5 331 17 -73
1997 06/08 15:43 - 1997 06/09 06:18 Fr 1997 06/09 23:01 11.93 374 9 -84
1997 06/19 00:00 - 1997 06/19 05:31 Fr 1997 06/20 22:29 7.32 333 37 -36
1997 07/15 03:10 - 1997 07/15 06:48 F+ 1997 07/16 11:16 9.62 359 13 -44
1997 08/03 10:10 - 1997 08/03 13:55 Fr 1997 08/04 02:23 15.12 436 42 -49
1997 08/17 01:56 - 1997 08/17 06:33 Fr 1997 08/17 20:09 6.79 396 14 -28
1997 09/02 22:40 Y 1997 09/03 08:38 Fr 1997 09/03 20:59 13.66 409 -5 -98 (SA)
1997 09/18 00:30 - 1997 09/18 04:07 F+ 1997 09/19 23:59 11.73 320 35 -56
1997 09/21 16:42 - 1997 09/21 22:21 F+ 1997 09/22 17:46 15 424 56 -36
1997 10/01 11:45 - 1997 10/01 17:08 Fr 1997 10/02 23:15 9.62 450 31 -98
1997 10/10 03:08 - 1997 10/10 15:33 F+ 1997 10/11 22:00 12.02 410 36 -130
1997 11/06 22:25 - 1997 11/07 06:00 F+ 1997 11/08 22:46 12.97 413 48 -110
1997 11/22 09:12 Y 1997 11/22 17:31 F+ 1997 11/23 18:43 15.99 498 16 -108
1997 12/10 04:33 Y 1997 12/10 19:11 Cx 1997 12/12 00:00 11.7 352 19 -60
1997 12/30 01:13 Y 1997 12/30 09:35 Fr 1997 12/31 08:51 11.57 367 -10 -77
1998 01/06 13:29 Y 1998 01/07 02:23 F+ 1998 01/08 07:54 16.09 383 33 -77
1998 01/08 15:35 - 1998 01/08 15:35 F- 1998 01/08 22:47 10 369 -27 -22
1998 01/09 08:23 - 1998 01/09 08:23 Fr 1998 01/09 20:38 6.76 476 14 -22
1998 01/21 04:47 - 1998 01/21 04:47 F- 1998 01/22 13:26 13.03 411 36 -11
1998 01/28 16:04 - 1998 01/29 13:12 F+ 1998 01/31 00:00 7.9 377 19 -55
1998 02/02 10:27 - 1998 02/02 10:27 F+ 1998 02/04 02:22 7.76 335 16 -29
1998 02/04 04:48 - 1998 02/04 04:48 F+ 1998 02/06 08:04 9.68 321 32 -34
1998 02/17 06:28 - 1998 02/17 10:48 Fr 1998 02/18 14:22 14.95 397 8 -100
1998 02/18 14:52 - 1998 02/18 21:35 Fr 1998 02/20 00:44 8.7 435 -21 -50
1998 03/04 11:02 Y 1998 03/04 10:48 F+ 1998 03/06 07:10 10.03 348 36 -36
1998 03/06 11:59 - 1998 03/06 11:59 Cx 1998 03/07 16:48 5.55 325 13 -16
1998 03/25 10:48 - 1998 03/25 14:23 Fr 1998 03/26 08:57 10.35 407 5 -56
1998 03/31 07:11 - 1998 03/31 11:59 Fr 1998 04/01 16:18 6.23 389 35 -35
1998 04/01 21:07 - 1998 04/01 21:07 E 1998 04/02 19:55 6.21 325 11 -5
1998 05/01 21:21 Y 1998 05/02 11:31 Fr 1998 05/03 16:47 9.38 520 25 -85
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1998 05/04 02:30 - 1998 05/04 09:50 F- 1998 05/05 03:12 15.62 653 46 -205
1998 06/02 10:28 Y 1998 06/02 10:28 Fr 1998 06/02 19:16 9.68 398 17 -1
1998 06/24 10:47 - 1998 06/24 13:26 F+ 1998 06/25 22:33 12.69 468 50 -25
1998 07/10 22:36 - 1998 07/10 22:36 F+ 1998 07/12 21:34 10.67 386 -43 -35
1998 08/10 00:31 Y 1998 08/10 04:47 E 1998 08/10 23:30 7.75 450 18 -27
1998 08/19 18:40 Y 1998 08/20 08:38 F+ 1998 08/21 20:09 12.9 317 28 -67
1998 08/26 06:40 Y 1998 08/26 21:07 E 1998 08/28 00:28 13.84 659 169 -155
1998 09/23 01:12 - 1998 09/23 04:19 F- 1998 09/23 17:31 6.47 413 75 -25
1998 09/24 23:18 - 1998 09/25 04:33 F+ 1998 09/26 17:00 13.23 663 136 -207
1998 10/02 07:10 Y 1998 10/02 07:10 E 1998 10/02 22:47 7.03 656 32 -56
1998 10/18 19:30 - 1998 10/19 04:19 F+ 1998 10/20 07:11 17.15 396 15 -112
1998 10/23 12:57 Y 1998 10/23 19:55 F- 1998 10/24 19:26 6 495 36 -52
1998 11/08 04:41 Y 1998 11/08 04:41 Cx 1998 11/08 23:30 26.66 565 75 -149
1998 11/09 00:44 - 1998 11/09 00:44 F+ 1998 11/10 03:47 14.6 456 47 -142
1999 01/22 20:21 Y 1999 01/22 20:21 E 1999 01/23 14:58 16.09 614 36 -49
1999 02/11 17:41 - 1999 02/11 17:41 Fr 1999 02/12 03:35 19.16 443 -9 -17
1999 02/18 02:48 Y 1999 02/18 09:14 E 1999 02/19 00:00 15.2 660 7 -123
1999 04/16 11:14 Y 1999 04/16 19:11 Fr 1999 04/17 19:48 17.56 418 40 -91
1999 04/21 12:37 Y 1999 04/21 12:37 E 1999 04/23 14:23 20.66 396 -6 -29
1999 05/28 21:50 - 1999 05/28 21:50 Cx 1999 05/30 10:47 6.73 397 15 -10
1999 06/26 02:31 Y 1999 06/26 02:31 Fr 1999 06/27 04:47 15.2 384 -80 -15
1999 07/02 00:27 Y 1999 07/03 08:09 Fr 1999 07/05 13:13 4.42 458 87 -26
1999 07/06 14:23 Y 1999 07/06 19:12 Cx 1999 07/07 16:46 7.2 463 -9 -4
1999 07/30 19:12 - 1999 07/31 02:02 E 1999 08/01 00:00 7.77 575 -20 -53
1999 08/06 01:55 - 1999 08/06 14:23 Fr 1999 08/07 06:18 9.59 426 -22 -23
1999 08/09 10:12 - 1999 08/09 10:12 Fr 1999 08/10 16:04 9.9 343 27 -47
1999 09/15 07:43 Y 1999 09/15 07:43 E 1999 09/15 17:44 12.1 609 37 -51
1999 09/21 18:57 - 1999 09/21 18:57 Fr 1999 09/22 11:31 11.2 358 2 -41
1999 09/22 12:09 Y 1999 09/22 17:59 E 1999 09/23 09:35 17.85 560 26 -173
1999 10/21 02:19 Y 1999 10/21 02:19 E 1999 10/22 06:32 21.73 466 -54 -237 (SA)
1999 11/13 12:48 Y 1999 11/14 14:23 E 1999 11/16 07:17 22.79 717 -103 -106
1999 12/12 15:50 Y 1999 12/12 17:31 Cx 1999 12/13 18:28 11.76 592 79 -69
2000 02/11 23:34 Y 2000 02/12 12:20 Fr 2000 02/13 00:35 12.06 549 14 -135
2000 02/14 07:11 Y 2000 02/14 13:11 E 2000 02/15 15:33 6.35 564 77 -68
2000 02/20 21:03 Y 2000 02/21 14:24 Fr 2000 02/22 13:16 14.78 379 32 -25
2000 03/01 01:58 - 2000 03/01 03:21 Fr 2000 03/02 03:07 7.87 473 52 -44
2000 03/28 02:52 - 2000 03/28 02:52 E 2000 03/29 22:47 8.33 405 -92 -16
2000 05/07 03:53 - 2000 05/07 03:53 Cx 2000 05/08 11:59 10.08 385 26 -6
2000 06/08 09:07 Y 2000 06/08 16:47 E 2000 06/10 01:18 11.15 648 132 -90
2000 06/23 12:57 Y 2000 06/24 09:00 E 2000 06/25 23:58 7.17 494 74 -34
2000 07/01 07:12 - 2000 07/01 07:12 Fr 2000 07/02 03:34 7.87 413 -11 3
2000 07/11 22:35 - 2000 07/11 22:35 Fr 2000 07/13 04:33 9.7 508 35 -25
2000 07/13 09:59 Y 2000 07/13 15:35 Fr 2000 07/14 15:35 6.47 621 21 -43
2000 07/15 02:23 - 2000 07/15 06:47 F- 2000 07/15 14:18 8.89 - - -57
2000 07/15 14:23 - 2000 07/15 17:31 F+ 2000 07/16 13:28 35.8 - - -300
2000 07/19 15:30 Y 2000 07/19 15:30 Cx 2000 07/21 05:31 8.71 542 75 -92
2000 07/28 06:38 Y 2000 07/28 14:24 F+ 2000 07/29 10:06 14.26 463 -6 -49
2000 07/31 23:28 - 2000 07/31 23:28 Fr 2000 08/01 13:11 11.28 457 2 -32
2000 08/10 05:13 Y 2000 08/10 20:52 F+ 2000 08/11 18:43 12.2 422 4 -105
2000 08/11 18:49 Y 2000 08/12 06:05 F+ 2000 08/13 05:05 24.63 579 37 -234
2000 09/02 23:16 - 2000 09/02 23:16 Fr 2000 09/03 22:32 6.78 408 35 -19
2000 09/04 13:13 Y 2000 09/04 13:13 Cx 2000 09/06 16:47 8.78 392 63 -36
2000 09/06 17:02 Y 2000 09/07 03:24 Cx 2000 09/08 14:22 8.93 444 14 -47 (SA)
2000 09/17 16:04 - 2000 09/18 01:53 E 2000 09/19 12:00 13.43 726 30 -201
2000 10/03 01:02 Y 2000 10/03 09:36 F+ 2000 10/05 03:34 13.67 408 28 -143
2000 10/05 03:28 Y 2000 10/05 19:11 Fr 2000 10/06 19:39 5.15 476 77 -181
2000 10/12 22:33 Y 2000 10/13 18:24 Fr 2000 10/14 19:12 11.84 401 7 -106
2000 10/28 06:38 Y 2000 10/28 23:18 F- 2000 10/30 00:16 13.79 383 28 -126
2000 11/06 09:30 Y 2000 11/06 23:05 Fr 2000 11/07 18:05 20.33 536 60 -159
2000 11/10 06:20 Y 2000 11/10 11:02 E 2000 11/11 04:18 7.64 852 77 -95
2000 11/11 04:11 Y 2000 11/11 04:11 E 2000 11/11 23:59 7.58 826 113 -52
2000 11/26 11:43 Y 2000 11/27 09:30 Fr 2000 11/28 09:36 9.04 574 49 -79
2000 12/03 03:59 Y 2000 12/03 03:59 Cx 2000 12/05 03:06 8.59 394 79 -33

59



Data Tables from Chapter 3

2001 01/23 10:47 Y 2001 01/24 08:38 Cx 2001 01/25 19:12 4.49 412 14 -61
2001 03/04 05:45 - 2001 03/04 05:45 Cx 2001 03/05 23:04 9.38 465 -41 -73
2001 03/19 11:33 Y 2001 03/19 19:55 Fr 2001 03/20 18:17 17.16 419 3 -149
2001 03/20 18:17 - 2001 03/20 18:17 Fr 2001 03/22 00:00 13.06 340 48 -134
2001 03/27 01:59 Y 2001 03/27 01:59 Cx 2001 03/28 14:23 13.75 516 -147 -56
2001 04/04 14:39 Y 2001 04/04 20:54 F- 2001 04/05 08:22 10.3 740 53 -50
2001 04/11 14:09 Y 2001 04/11 22:48 F- 2001 04/12 17:58 18.73 664 51 -271
2001 04/13 07:26 - 2001 04/13 13:11 F- 2001 04/14 01:39 8.15 764 78 -77
2001 04/21 15:29 Y 2001 04/22 00:28 Fr 2001 04/23 01:11 12.05 358 30 -102
2001 04/28 05:00 Y 2001 04/28 17:59 Cx 2001 05/02 04:48 6.31 505 168 -47
2001 05/27 14:45 Y 2001 05/28 07:12 Cx 2001 05/29 21:34 8.33 452 65 -42
2001 06/27 05:59 - 2001 06/27 05:59 Cx 2001 06/29 02:23 3.05 404 28 -16
2001 08/05 12:28 - 2001 08/06 06:43 E 2001 08/06 23:59 8.17 440 -5 -40
2001 08/17 11:01 Y 2001 08/17 23:59 F- 2001 08/18 19:12 14.15 533 65 -105
2001 09/25 20:16 Y 2001 09/26 10:04 F- 2001 09/26 16:47 14.12 639 -6 -102
2001 09/29 09:28 Y 2001 09/29 14:23 Cx 2001 09/30 19:14 11.13 568 125 -55
2001 09/30 19:14 Y 2001 09/30 22:33 F- 2001 10/01 21:34 11.58 506 15 -148
2001 10/21 16:39 Y 2001 10/22 01:17 Fr 2001 10/23 00:47 14.78 578 89 -187
2001 10/28 03:13 Y 2001 10/29 16:19 E 2001 10/30 10:47 6.14 382 13 -157
2001 10/31 13:46 Y 2001 10/31 22:04 Fr 2001 11/02 04:47 11.2 341 42 -106
2001 11/24 05:51 Y 2001 11/24 15:47 Fr 2001 11/25 13:17 16.29 746 152 -221
2001 12/29 05:16 Y 2001 12/30 03:24 Fr 2001 12/30 19:10 17.08 401 -25 -58
2001 12/30 20:05 Y 2001 12/30 23:10 F- 2001 12/31 07:46 12.83 629 150 -31
2002 02/28 05:06 Y 2002 02/28 19:11 Fr 2002 03/01 23:15 10.14 383 7 -71
2002 03/18 13:14 Y 2002 03/19 06:14 Fr 2002 03/20 15:36 14.91 384 -21 -37
2002 03/23 11:24 Y 2002 03/24 13:11 Fr 2002 03/25 21:36 15.35 437 10 -100
2002 04/14 12:56 Y 2002 04/14 15:21 F- 2002 04/15 04:22 9.98 396 13 -14
2002 04/17 11:01 Y 2002 04/17 21:36 F+ 2002 04/19 08:22 11.75 490 73 -127
2002 04/19 08:24 Y 2002 04/20 06:57 Fr 2002 04/21 21:36 6.88 506 93 -149
2002 04/23 05:00 Y 2002 04/24 07:11 F- 2002 04/24 23:59 7.18 490 3 -57
2002 05/10 11:09 Y 2002 05/10 22:20 Fr 2002 05/11 10:36 6.84 353 23 -14
2002 05/11 10:30 Y 2002 05/11 12:37 Fr 2002 05/11 20:23 17.42 437 12 -110
2002 05/18 19:45 Y 2002 05/19 03:30 Fr 2002 05/20 03:34 11.2 455 36 -58
2002 05/20 03:35 Y 2002 05/20 16:47 Cx 2002 05/21 21:35 6.13 421 45 -36
2002 05/23 10:44 Y 2002 05/23 23:02 F- 2002 05/25 19:12 10.15 582 244 -109
2002 07/17 15:56 Y 2002 07/18 13:26 Fr 2002 07/19 09:35 9.58 436 36 -17
2002 08/01 05:12 Y 2002 08/01 12:14 Fr 2002 08/01 23:15 12.01 454 15 -51
2002 08/01 23:09 Y 2002 08/02 07:12 Fr 2002 08/02 21:34 11.83 492 30 -102
2002 08/18 18:40 Y 2002 08/19 19:12 Fr 2002 08/21 13:25 7.76 471 44 -106
2002 08/26 11:16 Y 2002 08/26 14:23 Fr 2002 08/27 10:47 11.95 397 3 -45
2002 09/03 02:23 - 2002 09/03 04:47 Cx 2002 09/04 01:12 14.13 358 -16 -6
2002 09/30 07:54 Y 2002 09/30 22:04 F+ 2002 10/01 20:08 20.4 381 -15 -176
2002 11/16 23:16 - 2002 11/17 20:24 F- 2002 11/18 23:58 9.36 383 6 -52
2002 12/21 03:21 - 2002 12/21 10:20 Fr 2002 12/22 15:36 9.85 429 4 -75
2003 01/26 21:43 - 2003 01/27 01:40 Fr 2003 01/27 16:04 10.41 520 48 -18
2003 02/01 13:06 - 2003 02/02 19:11 Fr 2003 02/03 09:35 10.18 483 -1 -72
2003 03/20 04:30 - 2003 03/20 11:54 Fr 2003 03/20 22:22 11.14 672 16 -64
2003 05/09 05:16 - 2003 05/09 09:27 E 2003 05/10 23:07 7.38 674 53 -84
2003 06/16 22:33 - 2003 06/17 17:48 Fr 2003 06/18 08:18 12.46 481 -19 -141 (SA)
2003 08/04 20:23 - 2003 08/05 01:10 Fr 2003 08/06 02:23 9.57 443 17 -58
2003 10/21 22:00 - 2003 10/22 02:24 Cx 2003 10/24 02:24 7.97 464 13 -61
2003 10/29 06:00 - 2003 10/29 11:16 Cx 2003 10/30 01:55 25.41 840 -22 -353
2003 10/30 16:12 - 2003 10/31 02:00 Cx 2003 10/31 12:00 14.98 1626 -712 -383
2003 11/20 08:35 Y 2003 11/20 11:31 Fr 2003 11/21 01:40 33.24 594 103 -422
2004 01/09 15:00 - 2004 01/10 06:01 E 2004 01/11 05:02 7.98 531 4 -45
2004 04/03 09:55 Y 2004 04/04 01:11 F+ 2004 04/05 19:11 15.86 431 65 -117
2004 07/22 09:45 Y 2004 07/22 13:26 Cx 2004 07/24 05:45 11.52 561 63 -99
2004 07/24 05:32 Y 2004 07/24 07:12 Fr 2004 07/25 14:37 20.45 565 32 -136 (SA)
2004 07/25 17:45 - 2004 07/25 17:45 Fr 2004 07/26 03:34 9.34 669 -5 -130
2004 07/26 22:25 Y 2004 07/27 01:12 Cx 2004 07/27 23:58 16.98 1019 457 -170
2004 08/29 09:09 Y 2004 08/29 19:26 Fr 2004 08/30 21:21 12.16 393 8 -129 (SA)
2004 09/13 19:42 Y 2004 09/14 17:59 E 2004 09/15 14:23 6.35 557 28 -45
2004 09/17 20:52 - 2004 09/18 12:28 Fr 2004 09/19 16:58 6.03 402 33 -33

60



Data Tables from Chapter 3

2004 11/07 17:58 Y 2004 11/07 22:46 Fr 2004 11/09 09:20 16.27 641 60 -374
2004 11/09 18:25 Y 2004 11/09 20:38 F+ 2004 11/10 16:47 24.98 732 115 -259
2004 11/11 16:47 Y 2004 11/12 08:35 Fr 2004 11/13 09:35 6.96 553 66 -92
2004 12/10 04:47 - 2004 12/10 04:47 F- 2004 12/10 21:35 8.33 416 12 -27
2005 01/07 08:44 - 2005 01/07 14:23 F+ 2005 01/08 07:12 17.35 536 -3 -93
2005 01/08 15:12 - 2005 01/08 20:51 Fr 2005 01/09 17:45 8.65 462 14 -47
2005 01/16 09:27 Y 2005 01/16 15:35 F+ 2005 01/17 07:00 8.25 530 32 -63
2005 01/18 21:35 - 2005 01/19 00:28 F- 2005 01/20 02:23 11.83 822 168 -80
2005 01/21 16:58 Y 2005 01/21 23:45 F- 2005 01/22 19:12 14.57 727 43 -97
2005 02/16 10:33 - 2005 02/16 12:14 F- 2005 02/16 23:30 12.4 390 20 -42
2005 02/17 21:35 - 2005 02/18 14:52 E 2005 02/19 08:23 5.94 539 54 -80
2005 02/20 15:32 Y 2005 02/20 20:23 Fr 2005 02/22 07:11 5.4 409 41 -43
2005 05/15 02:10 Y 2005 05/15 05:31 F+ 2005 05/16 22:47 23.34 747 238 -247
2005 05/20 04:47 - 2005 05/20 09:35 F+ 2005 05/22 02:23 8.93 428 53 -83
2005 06/12 06:57 Y 2005 06/12 15:07 F- 2005 06/13 17:59 12.37 480 20 -106
2005 06/14 17:55 Y 2005 06/15 05:08 F+ 2005 06/16 08:23 9.06 484 34 -42
2005 07/10 02:42 Y 2005 07/10 10:47 Cx 2005 07/12 14:23 11.95 438 -1 -92
2005 07/17 14:52 - 2005 07/17 14:52 Fr 2005 07/18 05:59 11.16 427 24 -67 (SA)
2005 08/10 04:47 - 2005 08/10 06:14 F- 2005 08/10 13:26 8.11 447 27 -47
2005 10/31 02:23 - 2005 10/31 02:23 Fr 2005 10/31 18:42 10.72 374 20 -74 (SA)
2006 02/05 18:14 - 2006 02/05 20:23 F+ 2006 02/06 11:59 10.25 341 16 -20
2006 04/13 13:26 - 2006 04/13 15:07 F+ 2006 04/14 11:02 16.82 521 4 -98
2006 04/14 13:11 - 2006 04/14 13:11 F- 2006 04/14 23:15 8.74 513 7 -81
2006 06/14 08:09 - 2006 06/14 08:09 F- 2006 06/14 16:25 8.29 386 -17 -1
2006 07/09 20:40 Y 2006 07/10 17:45 Cx 2006 07/11 17:45 9 368 -12 -27
2006 08/19 09:38 Y 2006 08/20 13:55 Cx 2006 08/21 17:02 8.08 406 -10 -79
2006 08/30 20:38 - 2006 08/30 20:38 Cx 2006 09/01 07:12 7.76 397 34 -35
2006 09/30 02:52 - 2006 09/30 08:23 F+ 2006 09/30 22:03 15.76 394 27 -21
2006 11/01 21:21 - 2006 11/01 21:21 F- 2006 11/02 14:22 5.2 373 25 -28
2006 11/18 07:11 - 2006 11/18 07:11 Fr 2006 11/20 04:47 8.44 400 -7 -20
2006 11/29 02:58 - 2006 11/29 05:16 F+ 2006 11/30 09:35 11.81 410 8 -66
2006 12/14 13:51 Y 2006 12/14 22:36 F- 2006 12/15 13:40 12.55 758 21 -162
2006 12/16 17:34 Y 2006 12/17 00:25 F- 2006 12/17 19:11 3.86 584 91 -56
2007 01/14 11:31 - 2007 01/14 11:44 Fr 2007 01/15 07:45 11.42 364 7 -18
2007 01/15 20:49 - 2007 01/15 20:49 F- 2007 01/16 04:44 8 531 -34 -23
2007 03/29 15:04 - 2007 03/29 15:04 Cx 2007 03/30 00:02 4.64 396 3 -11
2007 05/21 22:40 - 2007 05/21 22:45 Fr 2007 05/22 13:25 10.67 454 7 -2
2007 06/08 05:45 - 2007 06/08 05:45 Fr 2007 06/09 05:15 7.82 362 -7 -21
2007 11/19 17:22 Y 2007 11/20 00:33 Fr 2007 11/20 11:31 18.26 465 3 -2
2007 12/25 16:19 - 2007 12/25 16:19 F- 2007 12/26 09:35 4.31 350 15 -8
2008 05/23 01:12 - 2008 05/23 01:12 F+ 2008 05/23 10:46 5.15 499 23 -11
2008 09/03 16:33 - 2008 09/03 16:33 F+ 2008 09/04 03:49 11.45 467 -22 -51 (SA)
2008 09/17 00:43 - 2008 09/17 03:57 Fr 2008 09/18 08:09 5.67 408 45 -23
2008 12/04 11:59 - 2008 12/04 16:47 Fr 2008 12/05 10:47 7.04 390 6 -26
2008 12/17 03:35 - 2008 12/17 03:35 Fr 2008 12/17 15:35 7.99 338 10 -15
2009 01/02 02:49 - 2009 01/02 04:48 F- 2009 01/02 17:16 6.1 411 -12 -12
2009 01/26 05:02 - 2009 01/26 05:02 E 2009 01/26 15:21 9.9 347 24 -29
2009 02/03 19:21 Y 2009 02/04 01:12 F+ 2009 02/04 19:40 9.59 356 17 -42
2009 03/11 22:04 Y 2009 03/12 01:12 F+ 2009 03/13 01:40 11.69 361 -18 -28 (SA)
2009 04/05 16:04 - 2009 04/05 17:02 F- 2009 04/06 04:48 4.74 404 -12 -7
2009 04/22 11:16 - 2009 04/22 14:09 Fr 2009 04/22 20:37 3.71 387 16 -7
2009 06/03 13:40 - 2009 06/03 20:52 Fr 2009 06/05 05:31 5.24 316 5 -19
2009 06/27 11:02 Y 2009 06/27 17:59 F+ 2009 06/28 20:24 7.61 389 25 -14
2009 07/21 02:53 - 2009 07/21 04:48 Fr 2009 07/22 03:36 7.94 317 17 -83 (SA)
2009 09/10 10:19 - 2009 09/10 10:19 Fr 2009 09/10 19:26 4.73 305 2 1
2009 09/30 00:44 - 2009 09/30 06:59 Fr 2009 09/30 19:11 7.95 346 12 -5
2009 10/29 01:26 - 2009 10/29 01:26 F+ 2009 10/29 23:45 8.86 364 -13 -6
2009 11/01 10:04 - 2009 11/01 10:04 F- 2009 11/02 08:20 5.92 347 20 -6
2009 11/14 10:47 - 2009 11/14 10:47 Fr 2009 11/15 11:45 6.71 335 -15 -17
2009 12/12 04:47 - 2009 12/12 19:26 Fr 2009 12/14 04:47 6.11 271 16 -2
2010 01/01 22:04 - 2010 01/02 00:14 Fr 2010 01/03 09:06 6.62 286 13 -4
2010 02/07 18:04 - 2010 02/07 19:11 Fr 2010 02/09 05:42 8.34 362 36 -22
2010 03/23 22:29 Y 2010 03/23 22:33 Fr 2010 03/24 15:36 4.56 292 -17 -1
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2010 04/05 07:55 Y 2010 04/05 11:59 Fr 2010 04/06 16:48 9.02 634 131 -81
2010 04/11 12:20 Y 2010 04/11 21:36 Fr 2010 04/12 14:12 10.56 411 19 -67
2010 05/18 02:23 - 2010 05/18 04:04 Fr 2010 05/19 07:26 7.8 355 4 -34
2010 05/28 01:55 Y 2010 05/28 19:12 Fr 2010 05/29 17:58 13.31 354 18 -80
2010 06/21 03:35 - 2010 06/21 06:28 Fr 2010 06/22 12:43 6.08 361 27 -11
2010 08/03 17:05 Y 2010 08/04 02:52 Cx 2010 08/05 00:56 10.57 548 44 -74
2010 09/15 02:24 - 2010 09/15 02:24 Fr 2010 09/16 11:58 7.33 371 -14 -24
2010 09/25 11:45 - 2010 09/25 13:11 F- 2010 09/26 08:09 2.92 473 69 -16
2010 10/11 05:45 - 2010 10/11 05:45 F- 2010 10/11 18:28 10.94 354 6 -75 (SA)
2010 10/31 02:09 - 2010 10/31 05:16 Fr 2010 11/01 20:38 8.67 342 31 -11
2010 12/19 20:35 Y 2010 12/19 22:33 F+ 2010 12/20 22:04 7.29 385 -2 -35
2011 01/24 06:43 - 2011 01/24 10:33 F+ 2011 01/25 22:04 6.18 344 16 -14
2011 02/18 19:50 Y 2011 02/18 19:55 F- 2011 02/20 21:35 8.7 462 72 -27
2011 03/29 15:12 Y 2011 03/29 23:59 Fr 2011 04/01 14:51 11.27 344 10 -7
2011 04/23 00:01 - 2011 04/23 00:01 F- 2011 04/24 13:11 7 398 -13 -14
2011 04/29 09:07 - 2011 04/29 13:55 E 2011 04/29 20:52 10.52 403 -61 -17
2011 05/28 00:14 - 2011 05/28 05:31 F+ 2011 05/28 22:47 11.4 519 -33 -80
2011 06/04 20:06 Y 2011 06/05 01:12 Fr 2011 06/05 18:13 11.48 513 29 -45
2011 06/17 02:09 Y 2011 06/17 05:16 Cx 2011 06/19 07:11 5.84 429 47 -14
2011 06/30 13:26 - 2011 06/30 18:43 F- 2011 07/01 05:16 8.26 329 -18 -48 (SA)
2011 07/03 19:12 - 2011 07/03 19:12 Fr 2011 07/04 19:12 8.9 392 7 -59 (SA)
2011 09/17 02:57 Y 2011 09/17 15:35 Fr 2011 09/18 21:06 8.19 443 2 -72
2011 10/05 06:46 Y 2011 10/05 09:56 Cx 2011 10/07 02:06 10.55 399 51 -43
2011 10/24 17:41 Y 2011 10/25 00:21 Cx 2011 10/25 23:31 16.48 483 -25 -147
2011 11/01 08:09 Y 2011 11/01 08:09 F- 2011 11/01 22:04 10.26 412 16 -66
2011 11/02 00:21 - 2011 11/02 03:35 Fr 2011 11/03 04:33 5.61 371 -22 -58
2011 11/04 20:27 Y 2011 11/04 21:17 Cx 2011 11/05 20:09 5.83 303 30 -40
2011 11/07 06:57 - 2011 11/07 16:19 Fr 2011 11/08 00:43 9.38 349 -1 -5
2011 11/11 03:01 Y 2011 11/11 03:01 Cx 2011 11/12 05:02 5.26 380 14 -11
2011 11/28 20:59 Y 2011 11/29 19:40 Cx 2011 11/30 17:59 8.33 432 10 -41
2012 01/21 04:02 Y 2012 01/21 04:04 Fr 2012 01/22 06:56 10.34 327 -14 -10
2012 01/22 05:33 Y 2012 01/22 11:24 F- 2012 01/22 17:58 20.35 413 17 -70 (SA)
2012 02/14 07:11 - 2012 02/14 20:52 Fr 2012 02/16 04:47 8.37 378 19 -67
2012 02/26 20:59 Y 2012 02/27 17:59 Cx 2012 03/01 05:45 9.28 443 -7 -57
2012 03/08 10:32 Y 2012 03/08 19:55 Cx 2012 03/11 07:26 8.53 576 159 -145
2012 03/12 08:28 Y 2012 03/12 16:19 Cx 2012 03/14 02:52 6.63 627 106 -64
2012 03/15 12:35 Y 2012 03/15 16:04 Fr 2012 03/16 14:10 9.1 697 75 -88
2012 04/05 14:23 - 2012 04/05 19:41 Fr 2012 04/06 21:36 9.66 342 21 -40
2012 04/11 06:28 - 2012 04/11 06:28 Cx 2012 04/12 03:35 7.38 329 8 -6
2012 04/23 02:15 Y 2012 04/23 16:48 F- 2012 04/24 02:52 14.49 373 10 -120 (SA)
2012 05/03 00:59 Y 2012 05/04 03:36 Fr 2012 05/05 11:22 6.47 310 16 -23
2012 05/16 12:28 - 2012 05/16 16:04 Fr 2012 05/18 02:11 9.59 374 -8 -43
2012 06/11 02:52 - 2012 06/11 11:31 Fr 2012 06/12 05:16 8.71 408 -9 -67
2012 06/16 09:03 Y 2012 06/16 22:01 F+ 2012 06/17 11:23 30.36 450 58 -86
2012 07/08 02:10 - 2012 07/08 07:58 Cx 2012 07/10 01:41 10.67 417 23 -78
2012 07/14 17:39 Y 2012 07/15 06:14 Fr 2012 07/17 03:21 16.61 491 106 -139
2012 08/12 12:37 - 2012 08/12 19:12 Fr 2012 08/13 05:01 10.61 382 2 -9
2012 08/18 03:25 - 2012 08/18 19:12 Fr 2012 08/19 08:22 11.07 387 13 -18
2012 08/30 15:35 - 2012 08/30 15:35 F- 2012 08/31 05:30 2.77 406 36 -4
2012 09/01 07:12 - 2012 09/01 07:12 Fr 2012 09/03 11:22 7.41 317 13 -69
2012 09/04 22:02 Y 2012 09/05 05:52 Fr 2012 09/05 17:44 11.06 507 12 -64
2012 09/06 00:00 - 2012 09/06 02:23 F- 2012 09/06 15:50 9.72 425 31 -32
2012 09/12 19:55 Y 2012 09/12 19:55 F- 2012 09/13 15:20 9.01 365 -4 -4
2012 09/30 10:14 Y 2012 09/30 12:14 Cx 2012 10/02 02:53 11.77 354 -8 -122
2012 10/08 04:12 Y 2012 10/08 15:50 Fr 2012 10/09 17:17 15.16 398 -10 -109
2012 10/12 08:09 - 2012 10/12 18:29 Fr 2012 10/13 09:14 10.43 480 9 -90
2012 10/31 14:28 Y 2012 10/31 23:35 F+ 2012 11/02 05:21 10.93 341 33 -65
2012 11/12 22:12 Y 2012 11/13 08:23 F+ 2012 11/14 08:09 20.11 381 2 -108
2012 11/23 20:51 Y 2012 11/24 11:31 F- 2012 11/25 10:47 11.62 381 12 -40
2013 01/16 23:31 - 2013 01/17 14:52 Fr 2013 01/18 12:14 12.52 388 -10 -52
2013 01/18 22:47 - 2013 01/19 00:14 Fr 2013 01/19 16:47 4.8 427 12 -25
2013 01/19 16:50 Y 2013 01/19 22:47 F- 2013 01/20 10:47 6.61 428 -4 -33
2013 03/17 05:21 Y 2013 03/17 14:09 Fr 2013 03/19 16:04 9.28 529 108 -132
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2013 04/13 22:13 Y 2013 04/14 17:02 F+ 2013 04/17 05:30 6.86 390 52 -17
2013 04/30 08:52 Y 2013 04/30 12:00 Fr 2013 05/01 07:12 10.02 393 15 -47 (SA)
2013 05/14 02:23 - 2013 05/14 06:00 Fr 2013 05/15 06:28 7.59 356 30 -18
2013 06/06 02:09 - 2013 06/06 14:23 F+ 2013 06/08 00:00 10.43 428 47 -78
2013 06/27 13:51 Y 2013 06/28 02:23 Fr 2013 06/29 11:59 11.23 391 8 -101
2013 07/04 17:17 - 2013 07/05 04:05 Cx 2013 07/07 14:24 9.46 339 31 -87
2013 07/12 16:43 Y 2013 07/12 20:24 Cx 2013 07/14 23:31 11.89 421 69 -81
2013 09/01 06:14 - 2013 09/01 13:55 Fr 2013 09/02 01:56 3.86 487 55 -30
2013 10/02 01:15 Y 2013 10/02 15:35 E 2013 10/02 21:35 5.76 594 12 -72
2013 10/03 00:00 - 2013 10/03 00:00 Fr 2013 10/03 14:52 8.01 488 51 -53
2013 10/30 18:14 Y 2013 10/30 18:14 Fr 2013 10/31 05:30 8.88 341 10 -47
2013 11/08 21:07 - 2013 11/08 23:59 Fr 2013 11/09 06:14 12.72 411 -7 -80 (SA)
2013 11/23 00:14 - 2013 11/23 04:47 Fr 2013 11/23 15:35 8.6 356 -4 -27
2013 11/30 20:23 - 2013 12/01 04:48 Cx 2013 12/03 03:21 8.74 442 68 -22
2013 12/08 07:31 Y 2013 12/08 16:47 F- 2013 12/09 02:09 5.02 553 27 -66
2013 12/14 16:47 - 2013 12/15 16:47 Fr 2013 12/16 05:30 7.27 460 6 -38
2013 12/24 20:36 - 2013 12/25 04:47 F+ 2013 12/25 17:59 10.56 300 24 -35
2014 02/05 12:50 - 2014 02/06 02:23 E 2014 02/07 16:03 6.25 369 39 -31
2014 02/15 12:46 Y 2014 02/16 00:43 Fr 2014 02/16 14:23 14.51 389 23 -24
2014 02/18 05:59 - 2014 02/18 15:07 Fr 2014 02/19 09:35 11.22 421 -36 -119
2014 02/19 03:09 Y 2014 02/19 03:09 Cx 2014 02/20 02:37 11.91 496 -38 -119
2014 04/05 09:58 - 2014 04/05 22:18 Fr 2014 04/07 14:24 11.92 370 34 -15
2014 04/11 06:57 - 2014 04/11 06:57 F+ 2014 04/12 20:52 9.11 351 25 -87
2014 04/20 10:20 Y 2014 04/21 07:41 Fr 2014 04/22 06:12 5.69 552 43 -32
2014 04/29 19:11 - 2014 04/29 19:11 Fr 2014 04/30 16:33 8.81 303 -6 -67
2014 06/07 16:30 Y 2014 06/08 19:12 Cx 2014 06/10 16:46 4.42 489 105 -37
2014 06/22 18:28 - 2014 06/22 18:28 F- 2014 06/23 22:04 2.9 358 28 -15
2014 06/29 16:47 - 2014 06/29 20:53 Fr 2014 06/30 11:15 8.55 347 23 -5
2014 07/02 23:48 Y 2014 07/03 03:07 F- 2014 07/03 11:59 6.36 333 18 -15
2014 08/19 05:49 Y 2014 08/19 17:59 F+ 2014 08/21 19:09 13.92 349 39 -30
2014 08/26 02:40 - 2014 08/27 03:07 Fr 2014 08/27 21:49 13.17 308 -16 -79
2014 09/12 15:17 Y 2014 09/12 21:22 F- 2014 09/14 11:38 17.57 594 139 -88
2015 01/07 05:38 Y 2015 01/07 06:28 F+ 2015 01/07 21:07 17.57 451 15 -107
2015 03/28 03:36 - 2015 03/28 11:45 Fr 2015 03/29 14:24 12.04 392 42 -46
2015 03/31 07:32 Y 2015 03/31 17:57 F- 2015 04/01 09:49 12.34 404 -3 -19
2015 04/09 09:09 Y 2015 04/09 23:02 Cx 2015 04/11 09:36 15.24 392 40 -85
2015 05/06 00:56 Y 2015 05/06 16:48 F- 2015 05/07 14:22 12.89 421 18 -35
2015 05/08 02:52 - 2015 05/08 07:11 F- 2015 05/09 10:33 6.52 383 -9 -15
2015 05/10 08:23 - 2015 05/10 11:59 F+ 2015 05/11 04:47 11.03 359 20 -57
2015 06/22 18:07 Y 2015 06/23 02:23 Cx 2015 06/24 13:03 10.68 598 68 -198
2015 09/07 13:05 Y 2015 09/07 23:31 F+ 2015 09/09 14:52 14.74 468 84 -105
2015 10/06 21:35 - 2015 10/06 21:35 Fr 2015 10/07 10:03 14.51 425 -41 -101
2015 10/24 17:59 Y 2015 10/25 13:11 Fr 2015 10/28 13:11 5.62 392 84 -16
2015 11/06 17:46 Y 2015 11/07 07:11 Fr 2015 11/08 16:47 15.69 530 66 -87
2015 12/19 15:35 Y 2015 12/20 13:40 Fr 2015 12/21 23:02 15.67 398 15 -166
2016 01/19 03:31 - 2016 01/19 11:23 Fr 2016 01/20 14:19 14.11 362 8 -101 (SA)
2016 01/24 15:16 - 2016 01/25 01:11 F- 2016 01/26 03:09 6 416 49 -19
2016 03/05 06:08 - 2016 03/05 19:41 F- 2016 03/06 14:44 11.72 366 -10 -6
2016 03/20 09:07 - 2016 03/20 14:38 Fr 2016 03/21 04:11 6.84 405 10 -42
2016 04/13 15:48 - 2016 04/14 09:35 Fr 2016 04/15 10:08 7.31 405 62 -60
2016 04/16 20:54 - 2016 04/17 07:08 Fr 2016 04/18 05:57 8.12 400 15 -58
2016 07/20 02:53 - 2016 07/20 15:10 Fr 2016 07/22 15:31 9.71 438 66 -26
2016 07/24 13:51 - 2016 07/25 03:23 E 2016 07/25 13:08 6.33 440 -4 -38
2016 08/02 07:52 - 2016 08/02 07:43 F- 2016 08/03 06:23 15.63 401 -45 -17
2016 10/12 21:37 - 2016 10/13 06:27 F+ 2016 10/14 16:19 19.34 384 37 -109
2016 11/04 09:23 - 2016 11/04 09:23 F- 2016 11/05 18:27 4.59 360 10 -27
2016 11/09 09:45 - 2016 11/10 01:30 F- 2016 11/10 10:09 11.13 362 -11 -9
2017 04/04 04:46 - 2017 04/04 04:46 Fr 2017 04/04 14:50 13.47 416 -2 -44 (P)
2017 04/09 10:38 - 2017 04/09 10:38 Fr 2017 04/10 09:09 7.61 453 25 -21 (P)
2017 04/13 12:39 - 2017 04/14 02:31 Fr 2017 04/15 11:07 6.16 369 50 -25 (P)
2017 05/27 13:45 - 2017 05/27 22:50 F+ 2017 05/29 11:05 3.08 318 26 -125 (P)
2017 07/16 05:30 - 2017 07/17 00:53 F- 2017 07/17 13:00 11.57 540 53 -72 (P)
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2017 08/21 20:46 - 2017 08/22 06:42 F- 2017 08/23 14:02 4.55 506 74 -48 (P)
2017 09/06 22:21 - 2017 09/07 09:13 E 2017 09/08 06:35 3.79 502 44 -122 (P)
2017 09/07 16:17 - 2017 09/08 00:19 E 2017 09/09 16:57 8.65 683 127 -122 (P)
2017 12/25 14:57 - 2017 12/25 14:57 F- 2017 12/26 06:32 7.37 448 6 -27 (P)
2018 03/09 16:32 - 2018 03/09 23:47 F+ 2018 03/11 02:05 13.71 401 34 -39 (P)
2018 05/13 02:35 - 2018 05/13 07:18 F- 2018 05/13 14:51 9.13 433 7 -21 (P)
2018 06/06 11:23 - 2018 06/06 17:32 Fr 2018 06/07 08:29 10.03 404 34 -25 (P)
2018 06/25 08:02 - 2018 06/25 08:02 Fr 2018 06/26 03:33 6.84 412 -3 -48 (P)
2018 07/10 12:45 - 2018 07/10 12:45 Fr 2018 07/11 08:45 9.39 338 20 0 (P)
2018 08/25 01:02 - 2018 08/25 12:04 F+ 2018 08/26 12:19 15.65 406 14 -175 (P)
2018 09/23 08:20 - 2018 09/23 11:58 F- 2018 09/23 22:59 8.17 441 8 -27 (P)
2019 03/16 12:20 - 2019 03/17 01:15 Fr 2019 03/17 19:12 7.64 397 24 -40 (P)
2019 04/17 21:15 - 2019 04/17 21:15 F- 2019 04/18 19:37 4.48 309 25 -9 (P)
2019 05/07 21:00 - 2019 05/07 21:00 E 2019 05/08 15:16 2.79 333 12 -2 (P)
2019 05/10 11:42 - 2019 05/10 17:04 E 2019 05/12 21:58 8.34 348 16 -51 (P)
2019 05/13 22:54 - 2019 05/14 09:08 E 2019 05/15 15:41 8.13 475 70 -65 (P)
2019 05/16 22:54 - 2019 05/17 01:25 F- 2019 05/18 08:35 5.34 440 41 -10 (P)
2019 05/26 22:50 - 2019 05/27 07:49 Fr 2019 05/28 00:11 10.52 338 27 -16 (P)
2019 06/07 06:36 - 2019 06/07 10:22 E 2019 06/08 07:19 5.45 290 25 0 (P)
2019 10/13 04:55 - 2019 10/13 09:48 Fr 2019 10/14 06:07 2.95 335 16 -5 (P)
2019 10/29 05:30 - 2019 10/29 05:30 F- 2019 10/30 23:52 8.11 388 26 -22 (P)
2020 04/20 03:52 - 2020 04/20 08:26 Fr 2020 04/21 05:03 14.69 345 18 -59 (P)
2020 12/06 19:00 - 2020 12/06 19:00 F- 2020 12/07 08:31 6.05 365 12 -2 (P)
2020 12/10 05:34 - 2020 12/11 04:34 E 2020 12/13 09:57 4.72 426 65 -13 (P)
2021 02/24 02:39 - 2021 02/24 04:33 F+ 2021 02/24 17:46 7.42 479 0 -24 (Q)
2021 03/11 21:37 - 2021 03/11 21:37 F- 2021 03/12 23:17 6.86 351 10 -17 (Q)
2021 04/05 00:28 - 2021 04/05 10:23 F- 2021 04/06 09:32 7.99 327 1 -2 (Q)

Table A.3: A catalog of Interplanetary Coronal Mass Ejection (ICME) events by Nieves-
Chinchilla et al. [34]. The dst Index column (SA) denotes index values from Slightly After
the MO end time if the storm seems to be generated by the trailing region of the ICME, (P)
shows Provisional Dst values, and (Q) are Quicklook Dst values
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