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PhD Viva: Università degli Studi di Roma “Tor

Vergata”

Date: 10th June 2025

Examination Committee:

Prof. Carmela Lardo
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Executive Summary

Space weather refers to the dynamic conditions within the magnetosphere,

ionosphere, and heliosphere. One of the primary causes of space weather

perturbation is the large-scale, magnetized plasma structures erupting from

the Sun, known as Coronal Mass Ejections (CMEs). These CMEs propagate

radially through the heliosphere, often produce interplanetary shocks, accel-

erate high-energy particles, and induce magnetic perturbations in planetary

environments and spacecraft.

CMEs’ intense magnetic field leads to significant disruption to the tech-

nosphere of human society that includes radio blackouts, power grid failures,

satellite malfunctions, and also creates radiation hazards to astronauts and

high-altitude aviation passengers. Precise forecasting of the arrival times of

CMEs is thus necessary to counter their negative impacts through preventive

measures. This study focuses on semi-empirical CME propagation models to

make accurate CME arrival time predictions for operational space weather

forecasting.

This thesis aims to extend the capabilities of Probabilistic Drag Based

Model (P-DBM) through data-driven approach. One of the fundamental

challenges in implementing DBM or its derivatives, such as DBEM and P-DBM,

is the selection of appropriate values for the solar wind speed (w) and drag

efficiency (γ). In this work, PDFs for those parameters are inferred from a

catalogue of geo-effective CME-ICME pairs obtained through the mathematical

inversion of the Drag Based Model (DBM).

Additionally, a two-dimensional version of P-DBM has been developed

by incorporating a cone geometry representation for CMEs. Then P-DBM

calculations have been refined to account for “Self-Similar-Expansion” and

“Flattening-Cone-Evolution”, and these advancements are made available

through a simple graphical user interface.

Furthermore, a comprehensive list of ICME lineup events has been compiled

for addressing the limitations of DBM, particularly its assumption of constant

w and γ, by employing data-driven method. Additionally, variations in w

and γ are also examined as a function of heliocentric distance. Correlations

between CME and ICME properties with DBM parameters are also examined

v



to increase modelling precision.

Keywords: Coronal Mass Ejection (CME), Probabilistic Drag Based

Model (P-DBM), CME Arrival Prediction, Space Weather, Geo-effective

Interplanetary Coronal Mass Ejection (ICME),
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Chapter 1

Introduction

This chapter gives a brief introduction to space weather, overall properties

of the Sun, solar activity, and solar eruption phenomena such as CMEs,

solar flares, SEPs. This chapter begins with a few significant geomagnetic

storm events and their reported consequences to establish a base for the impact

of space weather on modern human infrastructure and activities. Following

this, a basic overview of the solar properties is provided along with the solar

anatomy. Subsequently, the chapter provides a brief overview of solar activity

and its historical observations. It also covers a concise explanation of key

space weather events, including Solar Flares, CMEs, and SEPs. The chapter

concludes by outlining the structure and organisation of the remaining chapters

of the thesis.

1.1 What is space weather?

On 3rd February 2022, SpaceX launched 49 satellites for the Starlink con-

stellation as part of its mission to expand internet coverage via satellites.

However, shortly after the deployment, 38 satellites unexpectedly de-orbited

and were lost as they re-entered Earth’s atmosphere and burned up. The total

economic loss from this event has been reasonably estimated at upward of $50

million [Sheetz, 2022]. This failure was attributed to enhanced neutral density

resulting from a geomagnetic storm [Baruah et al., 2024, Fang et al., 2022,

Hapgood et al., 2022]. Going back in time, during the 3rd and 4th November

2015, a powerful magnetic storm caused a radio blackout in Sweden, and

flights disappeared from the air traffic control screens for more than an hour

[Abd-Elghany, 2019]. On 17th March 2015, the notable increase in Vertical

Total Electron Content (vTEC) is observed over the American region, while

the largest decrease was recorded over the Asian region due to the largest

geomagnetic storm of solar cycle 24 named as “St Patrick’s Day Storm” [Nava

1
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et al., 2016]. In November 2003, a major geomagnetic storm referred to as the

“Halloween Storm”, caused significant disruptions, including a one-hour-long

power outage in Sweden, transformer damage in South Africa, momentary

failure of the SOHO satellite, and damage to both the ACE and Japanese

Advanced Earth Observing Satellite (ADEOS)-2 satellites. Additionally, au-

roras were observed at lower latitudes, including Texas and Mediterranean

countries of Europe [Bergeot et al., 2011, Lopez et al., 2004]. One more major

geomagnetic storm, known as “Bastille day Storm”, occurred on 14th July 2000

and caused similar effects [Watari et al., 2001, Andrews, 2001, Reiner et al.,

2001]. An additional noteworthy event is the geomagnetic storm of March 1989,

which caused an outage of Hydro-Québec’s electricity transmission system,

communication interruption to the GOES weather satellite and a few other

impacts [Shirochkov et al., 2015, Boteler, 2019]. This event became widely

known as the “Great Quebec blackout”, with many newspapers referring to it

as “The day Sun brings the darkness”. The 1972 Vietnam War also has a mys-

terious link with geomagnetic storms [Knipp et al., 2018]. On 4th August 1972,

U.S. marine pilots observed the explosion of about twenty-four sea mines in

the coastal waters of Northen Vietnam without any explanation. Between the

13th and 15th May 1921, the most intense geomagnetic storm of 20th century

interrupted electrical service and sparked many fires worldwide, including the

“Grand Central Terminal” that led to it being named the “New York Railroad

Storm”. These types of events have been observed for many centuries, not

just in recent times. A particularly noteworthy magnetic storm was recorded

on 1 September 1859. Richard Carrington, an amateur British astronomer,

was sketching a cluster of dark spots by projecting the Sun through his brass

telescope in his private observatory. Suddenly, an extremely bright light patch

over the sunspot caught his attention. Within a minute, this bright white

light patch vanished, but during that same night, the effects of this event

were felt across the globe. Colorful auroras illuminated the skies from the

poles to low-latitude regions near the equator so brightly that people believed

the Sun had risen early. On the next day, telegraph communication around

the world failed, with many operators reporting sparks and electric shocks

from their telegraph machines [Carrington, 1859, Hodson, 1859]. Also, many

telegraph operators discovered that they could still transmit a message without

batteries just by using the auroral current. These phenomena were the result
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of a powerful geomagnetic storm triggered by one of the largest solar flares

ever recorded [Cliver, 2006]. Since Carrington had witnessed the root cause of

these extraordinary events with his naked eyes, this incident became known

as the “Carrington Event” [Hudson, 2021].

During the aforementioned incidents, the most extreme form of space

weather was occurring. These events1 serve as a good illustration of how the

modern hi-tech society is vulnerable to space weather effects. A summary of

the severe space weather effects on our technology-driven society is shown

in Figure 1.1. Considering the severe effects of space weather events on

technology-dependent human society, space weather is now regarded as a

major societal risk alongside other natural hazards like earthquakes, tsunamis,

volcanic activity, floods, etc. Therefore, detailed studies of the impact of a

severe space weather event on modern society have been conducted by a few

federal agencies and science institutions, such as the US National Research

Council (NRC 2008), the Lloyds of London (2010), the UK Royal Academy of

Engineering (2013) etc. The NRC report provided an estimate for economic

loss due to this kind of storm of “$1 trillion to $2 trillion during the first

year alone ... with recovery times of 4–10 years”. While Lloyds’ report

says that “Sustained loss of power could mean that society reverts to 19th

century practices. Severe space weather events that could cause such a major

impact may be rare, but they are nonetheless a risk and cannot be completely

discounted.” [Cliver et al., 2022]. “Space Weather” is a collective term that

refers to the environmental conditions on Earth and other planets that result

from activity originating outside the planetary environment. Actually, this is

not the only definition; the term “Space weather” has a very wide dynamic

definition, but a formal definition was introduced in “Understanding space

weather to shield society: A global road map for 2015–2025 commissioned by

COSPAR and ILWS” Schrijver et al. [2015].

Space Weather: US National Space Weather

Conditions on the Sun and in the Solar Wind, magnetosphere, iono-

sphere and thermosphere that can influence the performance and re-

liability of space-born and ground-based technological system and can

endanger human life or health.

1List of solar storms: https://en.wikipedia.org/wiki/List_of_solar_storms

https://en.wikipedia.org/wiki/List_of_solar_storms
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Space Weather: A COSPAR definition

Space weather refers to the variable state of the coupled space environ-

ment related to changing conditions on the Sun and in the terrestrial

atmosphere, specifically those conditions that can influence the per-

formance and reliability of space-borne and ground-based technological

systems and that can directly or indirectly endanger human well-being.

Figure 1.1: A conceptual illustration of the space weather effects on the modern
human society. (Courtesy: ESA)

1.2 Primary cause of space weather: The Sun

Around 4.6 billion years ago, the remarkable yet typical star of our solar

system was born. Since then, the Sun has been a source of life on Earth by

maintaining Earth’s atmosphere, influencing the planet’s climate via light and

heat, and playing a crucial role in human civilisation
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1.2.1 Properties

The Sun falls on the main sequence of the Hertzsprung-Russell diagram, a

region primarily occupied by typical stars. It came into existence as a result

of the gravitational collapse of a molecular gas cloud. Currently, the Sun is

in a state of hydrostatic equilibrium (∇P = −ρg); however, this equilibrium

is continuously influenced by various large-scale and small-scale dynamic

processes such as convective flows, solar dynamo, etc. It is predicted that the

Sun will enter into a red giant phase in another ∼ 5 billion years before ending

its life as a white dwarf [Phillips, 1995, Byrne, 2010].

• Mass - The total mass of the Sun is M� = (1.9891 ± 0.0012) × 1030

kg. That is about 3,30,000 times the mass of Earth and more than 99%

of the mass of the solar system. The average density of the Sun is 1.41

× 103 kgm-3 [Bhatnagar and Livingston, 2005, Moldwin, 2008].

• Radius - The radius of the Sun is R� = (6.9626 ± 0.0007) × 105 km.

The average Sun-Earth distance is 1.496 × 108 km, which is 215 times

the solar radii R�, called 1 astronomical unit (AU)

• Luminosity - The luminosity of the Sun is L� = (3.845 ± 0.006) ×
1026 W and magnitude is 4.8 [Gombosi, 1998].

• Composition - The most common element in the Sun is hydrogen

(92.1%) followed by helium (7.8%). The heavy elements such as oxygen,

carbon, nitrogen and iron are collectively (0.1%) of the solar mass

Moldwin [2008].

1.2.2 Solar Structure

The solar surface and atmosphere can be observed directly via imaging, spec-

troscopy, etc. [Minnaert, 1965, Nelson et al., 2006]. While it’s difficult to

make direct observations of the solar interior, scientists have developed a few

indirect methods, such as helioseismology and solar neutrino observations, to

infer the structure and processes of the Sun [Bahcall, 1978, Demarque and

Guenther, 1999]. The Sun has a layered structure and can be divided into

the interior and atmosphere, separated by the photosphere, the bright surface

that we see. The solar interior is made of the core at the centre of the Sun

and two more layers between the core and photosphere: the radiative zone
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and the convective zone. The solar atmosphere consists of the photosphere,

chromosphere, transition region and the corona.

Figure 1.2: The layered structure of the Sun. (Courtesy: PMF-IAS)

1. Solar Interior

The core—the central region of the Sun—holds half of the solar mass,

with about one-fifth of the solar volume being the primary source of solar

energy. The high temperature (1.5 × 107 K) and high pressure (2.3 ×
1011 times the Earth’s atmospheric pressure) conditions are enough for

the thermonuclear fusion reaction. This reaction converts the hydrogen

into helium via proton-proton (PP) chain and releases the energy in the

form of photons. This part of the Sun also gave birth to a very well-known

solar neutrino problem [Kirsten, 1995]. The energy generated in the core

propagates continuously outwards to the radiative zone by gamma-ray

diffusion. In this zone, photons from the core are scattered, absorbed, and

re-emitted many times. The re-emitted photons have lower energy and

a higher wavelength. The photons take more than 170000 years to reach
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the outer edge of the radiative zone. The uppermost 30% of the solar

interior is called the convection zone. The convective zone transports

the energy to the photosphere by convection. In this zone, the solar

material is unstable due to the high radial temperature gradient. The

core and the radiative zone rotate as a solid body, whereas the convection

zone exhibits differential rotation. Due to this transition, there exists

a strong shear layer between the radiative and convective zones known

as tachocline [Spiegel and Zahn, 1992]. This shear layer is thought to

be the source of the large-scale solar magnetic field powering the solar

dynamo, which is the ultimate driver of space weather phenomena on

the Sun.

2. Solar Atmosphere

The part of the Sun from which photons can escape directly into space

is defined as the solar atmosphere. The photosphere is the lowest and

extremely thin layer (100–400 km thick) of relatively dense plasma with

a temperature of ∼ 6000 K. The photosphere emits most of the solar

radiation [Priest, 2014]. Above the photosphere lies a more rarefied and,

hence, transparent layer of plasma, which is known as the chromosphere.

The density of the plasma and hence the number of emitted photons

decrease drastically with height [Moldwin, 2008]. Therefore, the chromo-

sphere is not visible against the bright photosphere, but it can be seen

for a few seconds at the start and end of a solar eclipse as the red colour

of the Balmer spectrum [Priest, 2014]. The element He was discovered in

the chromosphere before it was discovered on Earth. The chromosphere

is also home to many solar phenomena such as spicules (hot jets of gas),

supergranulation cells, filaments plages, and prominences [Beckers, 1972,

Moldwin, 2008, Rincon and Rieutord, 2018]. The temperature decreases

gradually from the photosphere to the base of the chromosphere, then

slowly increases in the chromosphere. Above the chromosphere, there

exists a thin transition region where temperature rises sharply from

∼ 2×104 K to ∼ 106 K [Sachdeva, 2018]. The next layer is known as the

solar corona, which is the outermost part of the solar atmosphere, that

becomes visible when the bright photoshperic light is covered—as e.g.

during an eclipse. The reason behind the drastic jump in temperature

from the chromosphere to the base of the corona is unknown and giving
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rise to an unsolved mystery known as ’coronal heating problem’.

Figure 1.3: The thermal and mass density characteristics of the solar atmo-
sphere. (Courtesy: de Patoul [2012]

1.2.3 Solar Activity and Sunspots

Powerful eruptions from the Sun are the source of intense space weather,

which significantly affects solar system planets and the interplanetary space

extending to the far reaches of the heliosphere. Ancient civilizations recorded

the movement of the Sun by observing it with the naked eye and using it to

develop the calendar system. In 1610, Galileo pointed his telescope to the

Sun and discovered sunspots by focusing the image onto a piece of paper.

The sunspot drawing by Galileo for the 6th July 1613 is shown in Figure

1.4. Somewhere near 1749—almost 150 years later—the first regular daily

observation of sunspots began at the Zurich Observatory in Switzerland. The

Swiss astronomer Samuel Heinrich Schwabe precisely recorded the position of

every sunspot for 18 years, and with this dataset, he discovered the occurrence

of the 11-year solar cycle in 1844. The time interval from the sunspot minimum

to the next sunspot minimum is called the solar cycle, and the period from

1755 to 1766 has been chosen as Solar Cycle 1.

The present solar cycle 25 began in November 2019, which is supported
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Figure 1.4: Sunspot drawing by Galileo for the 6th July 1613. (Courtesy: The
Galileo Project)

by the appearance of two reversed polarity sunspots. The Space Weather

Prediction Center (SWPC) of NOAA has predicted that the Solar Cycle 25 is

expected to reach its maximum in July 2025, with a peak occurring between

November 2024 and March 2026. Sunspots begin as small dark pores that

gradually enlarge over the course of a day, eventually developing into full-

fledged sunspots. These spots are associated with intense magnetic fields that

rise from the convection zone to the photosphere. A sunspot consists of two

main parts: a central darkest part called the “Umbra”, where the magnetic

field is approximately normal to the solar surface. Around the dark spot,

there is an area of a more inclined magnetic field known as “Penumbra”. In

1908, American astronomer George Ellery Hale discovered the existence of

a magnetic field in sunspots [Hale, 1908, Koskinen, 2011]. Nowadays, we

can measure the significantly weaker magnetic field on the Sun; sunspots

still play a crucial role in studies of solar magnetism. Usually, the sunspots

appear in pairs having opposite polarities, divided by a neutral line called

the Polarity Inversion Line (PIL). The magnetic polarity of the leading spot

http://galileo.rice.edu/sci/observations/sunspot_drawings.html
http://galileo.rice.edu/sci/observations/sunspot_drawings.html
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is the same as the polarity of a hemisphere, while the trailing spot has the

opposite polarity. This is known as “Hale’s law” [Hale and Nicholson, 1925,

Koskinen, 2011, Maharana et al., 2024-08-28]. If the leading sunspot is in

the northern hemisphere, then it exhibits positive polarity, and the leading

spot shows negative polarity. This magnetic orientation of the bipolar group

remains unchanged in each hemisphere over the whole 11-year cycle. Then

in the next cycle, the magnetic orientation of the sunspot group reverses. It

takes two sunspot cycles to return to the state of original magnetic orientation;

this magnetic cycle of the Sun is 22 years and is known as the “Hale cycle”,

Whereas the 11-year cycle is known as the “Schwabe cycle” [Schwabe and

Schwabe Herrn, 1844, Koskinen, 2011]. It was observed that the sunspot

numbers closely correlate with solar activity. In 1848, the Swiss astronomer

Rudolf Wolf introduced the relative sunspot number R, which is also known

as the sunspot index [Wolf, 1861, Wilson, 1998, Gombosi, 1998].

R = k(10g + f)

where k is a correction factor, g is the number of sunspot groups that are

recognizable, and f is the number of individual sunspots. During a cycle of 11

years, Sunspots emerge at mid-latitudes (around 30–40◦) on both sides of the

solar equator. Over time, sunspots migrate to lower latitudes near the equator.

The evolution of sunspots’ position over the solar cycle is seen in the popular

“butterfly diagram”[Maunder, 1904]. Figure 1.5 shows the movement of the

sunspots over the initial observations done by Samuel Heinrich Schwabe, while

Figure 1.6 shows the butterfly diagram for the sunspot observations from 1820

to 2020.

In the mid 19th century, British military officer Col. Edward Sabine (in

charge of British observatories around the world that monitored surface weather

and changes in the geomagnetic field) and director of Zurich observatory

Prof. Rudolf Wolf independently showed the correlation between sunspots and

geomagnetic activity [Wolf, 1861]. The systematic observation of three natural

phenomena: the aurora, Earth’s magnetic field and sunspots, sail the study of

space weather. Then, just after that, a number of discoveries were made that

helped to connect the dots between solar activity, sunspots and geomagnetic

fields [Refer: Section 1.3.4 of Moldwin, 2008].
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Figure 1.5: Butterfly diagram using observation of Heinrich Schwabe. The
sunspot area is overestimated until solar cycle 8 due to the fact that Heinrich
did not distinguish penumbra from umbra. Courtesy: Arlt and Abdolvand
[2010]

Figure 1.6: Butterfly diagram using three different sets of observation. Cour-
tesy: Leussu et al. [2017]

1.2.4 Solar Wind: The ground state of heliosphere

The solar wind is a continuous outflow of plasma from the Sun and consists

mostly of electrons and protons with energies of ∼ 1 keV [Byrne, 2010]. The

existence of the continuous flow from the Sun was suggested by German
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astronomer Ludwig Biermann during the 1950s. He noticed that cometary

tails always point away from the Sun even when the comet is moving away

from the Sun [Biermann, 1951, Koskinen, 2011, Gombosi, 1998] Later, Alfvén

emphasized that the flow must consist of magnetized plasma. The first direct

in situ measurements of the solar wind were made by the Russian Lunik III

and Venus I spacecraft in 1959. Definitive confirmation of the solar wind’s

continuous nature was provided by the U.S. Mariner II mission, conducted

between 1962 and 1967 [Gombosi, 1998, Koskinen, 2011].

The corona has very little mass, and if spherical geometry is assumed, then

a solution of hydrostatics corona is given as:

T = T0

(

r0
r

)2/7

(1.1)

Where T denotes the temperature of the solar corona at an arbitrary distance

r. which satisfy the boundary conditions that T = T0 at r = r0 and T = 0 at

r → ∞. When this solution is substituted in Euler’s equation for hydrostatics.

It gives us,

p = p0exp

[

7GM�m

5kbT0r0

{(

r0
r

)5/7

− 1

}]

. (1.2)

Where p denotes the pressure in solar corona as a function distance r, G is

gravitational constant, M� is solar mass, m is coronal mass, kb is Boltzman’s

constant, and p0 is pressure at arbitrary distance r0. This implies a non-zero

asymptotic solution for pressure as r approaches infinity. From Equations 1.1

and 1.2, it becomes evident that as the temperature approaches zero with

increasing distance, the pressure must increase. The asymptotic value of p

is significantly higher than the typical pressure in the interstellar medium.

Therefore, it is not feasible to derive a hydrostatic corona solution where both

p and T hold physically meaningful values [See section 4.4 of Choudhuri, 1998].

In 1958, Eugene Parker2 presented a detailed hydrodynamic model of the

solar wind. He assumed steady spherical outflow in a radial direction with

time-independent velocity. Under steady outflow conditions, mass conservation

is given as:
∂

∂r
(r2ρv) = 0 =⇒ 2

r
+

1

ρ

∂ρ

∂r
+

1

v

dv

dr
= 0. (1.3)

2With the discovery of solar wind, Dr. Eugene Parker built the foundation of modern solar
and space weather physics. Fox [2022] is a wonderful article on the father of heliophysics.
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Similarly, momentum conservation can be written as:

ρv
∂v

∂r
= −∂p

∂r
− GM�ρ

r2
. (1.4)

Under the isothermal conditions, the pressure of ideal gas is p = RρT and

if we define isothermal sound speed vc =
√
RT . Then Equation 1.4 can be

re-written as:
(

v − v2c
v

)

∂v

∂r
=

2v2c
r

− GM�
r2

. (1.5)

Integrating Equation 1.5 gives Parker’s solar wind solution (see section 6.8 of

Choudhuri [1998]).

(

v

vc

)2

− ln

(

v

vc

)2

= 4ln

(

r

rc

)

+ 4
rc
r

+ C (1.6)

where rc = GM�
2v2

c

and C is a constant of integration. The different values of C

give different mathematically admissible isothermal solutions. These solutions

can be divided into five different types, as shown in Figure 1.7. Type I and

II solutions are double valued and hence physically not admissible. Type III

solution is supersonic everywhere while type IV solution is subsonic, which is

known as ’solar breeze’. Type V solution is a standard solar wind solution.

Inflow approximation for type V solution where the flow speed is low at infinity

and high flow speed in the interior is known as “Bondi’s solution”.

The modern understanding suggests two primary types of solar wind

[Feldman et al., 2005].

1. Fast Solar Wind: The fast solar wind originates from coronal holes

and has a typical range of 500–800 km/s. The fast solar wind has low

proton density and high proton temperature. It has a low abundance of

highly ionised heavy ions, which indicates its source is the photosphere

[Cranmer et al., 2017].

2. Slow Solar Wind: The slow solar wind is thought to emerge from a

region of closed magnetic field lines near the solar equator and active

regions. The slow solar wind is typically flowing at a speed below 500

km/s. It has high proton density and temperature compared to fast

solar wind. The rich amount of highly ionised heavy ions indicates its

source to be the solar corona.
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Figure 1.7: The five types of Parker’s solar wind solution. Courtesy: Byrne
[2010]

1.3 Space Weather Events

Transients in the solar wind are key drivers of space weather and are commonly

referred to as space weather events. One such transient is the High Speed

Stream (HSS), a fast solar wind that emerges from coronal holes and interacts

with the ambient solar wind as it moves away from the Sun. This interaction

generates compression zones with high plasma density, magnetic fields, and

pressure–known as Stream Interaction Regions (SIRs). Over the course of solar

rotation, the repetition of these SIRs leads to the formation of Co-rotating

Interaction Regions (CIRs). Both SIRs and CIR are capable of inducing

minor geomagnetic storms. Additionally, with the escalating reliance on space-

based systems in modern society, our technosphere has become significantly

susceptible to solar eruptive phenomena, such as solar flares, CMEs, and Solar

Energetic Particles (SEPs). This thesis primarily examines CMEs, which are

large discharges of plasma and magnetic fields from the solar corona, posing a

considerable risk to technologies sensitive to space weather.



CHAPTER 1. INTRODUCTION 15

1.3.1 Solar Flares

A solar flare is a sudden, intense burst of energy and radiation from the

Sun’s surface and outer atmosphere, caused by the release of magnetic energy

due to magnetic reconnection, which appears as a short-lived brightening.

This energy is emitted in the form of electromagnetic radiation and energetic

particles [Gombosi, 1998, Koskinen, 2011]. The total energy emitted during

solar flare occurrence falls between 1021− 1025 J . Historically, flares were most

effectively observed at the H-alpha wavelength, occurring in the chromosphere,

while white light flares are occasionally detected in the photosphere. Presently,

satellites are used to monitor solar flares at X-ray wavelengths. Figure 1.8

illustrates the solar flare observed by SDO/AIA in extreme ultraviolet light.

Figure 1.8: The X2.1 class flare took on 6th September 2011 is observed by
SDO/AIA in various extreme ultraviolet wavelengths. Top panel: Blue - 335Å,
Yellow - 193Å, Green - 94Å. Bottom panel: Cyan - 131Å, Orange - 304Å.
Credit: SDO Team

Solar flares are observable across a broad spectrum of wavelengths, ranging

from radio to gamma rays, and are classified according to their intensity and

the duration of excess flux. Solar flares are classified as faint (F), normal

(N) or brilliant (B) based on white-light observations [Gombosi, 1998]. While
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optical emission from flares typically increases by only a few percent, the

X-ray emission can increase by several orders of magnitude. Therefore, the

severity of a flare is classified via soft X-ray flux levels measured at Earth by

Geostationary Operational Environmental Satellites (GOES) [Thomas and

Teske, 1971, Fletcher et al., 2011]. According to their peak flux, flares are

classified into five categories: A, B, C, M, and X, with each class being 10

times more intense than the previous one, and each class has nine subdivisions

ranging from, e.g., X1 to X9, M1 to M9, etc. This numerical suffix denotes

the strength of an event within a class, which means X2 flare is twice, and X3

flare is thrice in strength compared to X1. Table 1.1 summarises the GOES

flare classification scheme based on the peak of soft X-ray measurements. In

addition to the white-light and X-ray classifications, there exists an older

classification scheme based on the Hα area [Thomas and Teske, 1971]. The

X-ray and extreme ultraviolet radiation emitted by solar flares ionise the lower

ionosphere, leading to the absorption or degradation of radio waves due to

collisions with electrons. This process results in radio blackouts, which are

categorised into five levels using the NOAA Space Weather Scale. These levels

are directly related to the peak soft X-ray flux of the flare. Table 1.2 provides

the classification of radio blackout caused by a solar flare and its relation to

the solar flare class.

GOES
class

Peak X-ray
flux (W/m2)

Hα class
Hα area

(sq. degrees)

A < 10−7 S < 2.0

B 10−7 − 10−6 S < 2.0

C 10−6 − 10−5 1 2.0

M 10−5 − 10−4 2 5.1

X > 10−4 3 12.4

Table 1.1: Classification Scheme of solar flares based on the peak value in
GOES X-ray flux measurements and its relation with Hα classification scheme.
Adapted from Fletcher et al. [2011].

Though solar flares involve the rapid release of electromagnetic energy, their

observation across different wavelengths reveals distinct developmental phases.

A typical flare evolves through three stages: the pre-flare phase, the impulsive

phase, and the decay phase [Benz, 2008, Fletcher et al., 2011, Koskinen, 2011,
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X-ray class
Radio blackout

class
Severity
indicator

M1 R1 Minor

M5 R2 Moderate

X1 R3 Strong

X10 R4 Severe

X20 R5 Extreme

Table 1.2: The relation between solar flare and radio blackout scale provided
by NOAA Space Weather Scale.

Temmer, 2021]. The pre-flare phase is characterized by thermal emission in

soft X-ray and extreme ultraviolet wavelengths. During the impulsive phase,

most of the energy is released, accompanied by non-thermal emissions in hard

X-ray. Once the maximum intensity of a solar flare is achieved, the decay

phase begins, during which the flare’s intensity levels gradually return to

normal. The decay phase can last from 30 minutes to over an hour, depending

on the flare’s strength. Figure 1.9 illustrates the evolution of a solar flare

among various wavelengths.

1.3.2 Coronal Mass Ejections

The classic definition of a Coronal Mass Ejection (CME) refers to the massive

eruption of plasma and magnetic field from the Sun [Howard, 2011, Koskinen,

2011, Webb and Howard, 2012, Moldwin, 2008]. The mass carried out by a

CME typically ranges from 1011 − 1012 kg [MacQueen et al., 1997], with an

average value of 1.7 × 1012 kg derived from LASCO observations [Vourlidas

et al., 2002]. CMEs generally exhibit angular sizes between 40-50◦. The

magnitude of kinetic energy carried out by CME is the order of 1024 − 1025J ,

comparable to that of a solar flare [Koskinen, 2011]. CMEs typically travel at

speeds between 400 and 1000 km/s.

CMEs can erupt from a wide range of latitudes, but mostly they are

confined to the lower latitude regions during the solar minima [Hundhausen,

1993]. The number of CME occurrences is correlated with the solar activity;

one eruption a day during solar minima and 4-5 eruptions per day during solar

maxima [Webb and Howard, 1994, Robbrecht et al., 2009, Gopalswamy et al.,



18 1.3. SPACE WEATHER EVENTS

Figure 1.9: The flare intensity profile observed at several wavelengths. The
various phases are indicated at the top. Adpated from Benz [2008]

2009, Webb and Howard, 2012, Howard, 2011]. The correlation between CME

occurrence and sunspot number was first identified by Webb and Howard

[1994]. A long-standing debate has persisted regarding whether CMEs are best

described as “coronal-mass ejections” (emphasizing the ejection of mass from

the corona) or “coronal mass-ejections” (highlighting the observation of mass

in the corona). The composition of CME is uncertain up to a significant level,

it can be answered by a complete understanding of CME launch mechanism

and its interaction with the environment during propagation. Two primary

possibilities regarding CME composition have been proposed:
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1. Case-I: If CME initiates in the corona, it consists of coronal material

such as heavy ions.

2. Case-II: If the CME initiation took place in the lower atmosphere, the

CME composition is mostly hydrogen, helium or other lighter elements.

In fact, CME may contain material from various regions. However, most of

the CME mass originates from the lower solar atmosphere, with the term

“coronal” denoting the observation of this material in the solar corona [Fludra

et al., 1999, House et al., 1981, Koskinen, 2011, Howard, 2011].

1.3.2.1 Morphology of CMEs

CMEs are large, optically thin structures that propagate away from the Sun,

appearing as bright structures in white light due to Thomson scattering of free

electrons. The CMEs are imaged in white light, using a special instrument

called a coronagraph, creating an artificial solar eclipse by blocking the light

from the solar disk. The coronagraphs from various spacecraft are discussed

in Section 2.2. The assumption of observing a CME in the plane of the sky in

coronagraph images causes its apparent morphology to depend significantly

on the observer’s viewpoint. The CME leaving the Sun in the perpendicular

direction to the observer provides an opportunity to observe the various CME

structures. The coronagraphic observation reveals the “classic” three-part

structure of CMEs: a bright central core, dark cavity and the front leading

edge of the piled-up plasma [Illing and Hundhausen, 1985, Gopalswamy, 2004].

In the case of fast CMEs, a “five-part” structure better describes the CME

morphology, including the sheath and shock front as additional components.

Figure 1.10 illustrates the structure of a CME observed for two different events

using the LASCO/C2 coronagraph.

Another important morphological parameter of CME is its size, quantified

as angular width. It is important to note that the width observed in white-

light images is the apparent width—essentially, the projected angular span

of the CME on the POS, which differs from the true angular width. CMEs

erupting close to the limbs are not affected significantly by the projection

effect and their measured width is close to the true one. CMEs propagating

along line-of-sight appears as a bright structure expanding around the central

disc of the coronagraph, with their apparent angular width of 360◦, is called
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Figure 1.10: A schematic illustrating the various brightness features of a
CME observed in SOHO/LASCO/C2 coronagraph. Left Panel: A five-part
structure of a CME showing shock and sheath region. Adapted from Temmer
and Bothmer [2022]. Right Panel: A classic three-part structure of a CME.
Image Credit: NASA ESA/SOHO Team

“Halo” CME [Howard et al., 1982]. CMEs with an apparent angular width of

≥ 120◦ are referred to as partial halos. The average apparent angular width

of non-halo CMEs, based on the SOHO/LASCO CME catalogue is reported

in the range of 47◦ − 61◦ [Gopalswamy, 2004].

1.3.2.2 Kinematics of CMEs

The speed of CMEs can be determined by tracking the CME feature in the

successive coronagraph image frames. The SOHO/LASCO CME catalogue

allows to track the leading edge of a CME and generate the height-time (h− t)

plots. A linear fit to the plot provides the average speed of the CME in

Field-of-View (FOV) of the coronagraph. It is important to note that the

speed derived from this approach is projected POS speed and should not be

used in CME propagation models. The radial speed of CME front from the

coronagraphic FOV vary between a few tens to 2000 km/s, with maximum

value observed close to ∼ 3000 km/s [Gopalswamy, 2004, Gopalswamy et al.,

2009, Temmer, 2021]. The average value of the CME speed in the POS is

approximately 475 km/s, which is slightly higher than the slow solar wind

speed Gopalswamy et al. [2009]. Figure 1.11 illustrates the distribution of
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apparent speed and width of all the CMEs reported in SOHO/LASCO CME

catalogue. [Refer Gopalswamy, 2004, Gopalswamy et al., 2009, Webb and

Howard, 2012, Temmer, 2016, 2021, and references in there to get more idea

of various properties of the CMEs.]

Figure 1.11: The POS speed and apparent angular width of all the CME
identified up to end of year 2006. Adapted from Gopalswamy et al. [2009]

1.4 Thesis goal and outline

The discussions in the previous sections underscore the importance of studying

impulsive solar phenomena, such as CMEs, solar flares, and SEPs, for effective

space weather predictions. A deeper understanding of these phenomena is

critical for enhancing our ability to forecast space weather events, thereby

mitigating risks to modern, technology-dependent society. This improvement

can be achieved either by refining existing theoretical models or developing

new, data-driven models. However, the foundation of such studies lies in the

availability of reliable, high-quality data.

This thesis aims to contribute to this field by compiling a robust catalogue of

CME-ICME properties, with the overarching goal of improving the prediction

of CMEs’ behaviour in the heliosphere and, consequently, the space weather

effects they induce. The research focuses on the Probabilistic Drag-Based

Model [P-DBM, Napoletano et al., 2018], a semi-empirical model that describes

CME propagation through the heliosphere using a probabilistic approach.
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The first scientific objective of this thesis is to improve the prediction of

CME arrival time and speed at 1 AU. This was accomplished by determining

the PDF for the DBM [Vršnak et al., 2013] parameters using a catalogue of

geo-effective CME-ICME properties. Since the values of DBM parameters

are effectively unknown, the PDFs derived in this thesis offers a substantial

improvement in predicting ICME arrival times.

The second science goal of this thesis is to extend the capabilities of

P-DBM to predict CME arrivals in the whole heliosphere. To achieve this, a

new catalogue of CME-ICME lineup events was compiled. The application

of the P-DBM to this newly curated dataset provided key insights into how

P-DBM parameters may evolve as a function of heliocentric distance.

A summary of each chapter is provided below.

• Chapter 2: Coronal Mass Ejection: Observation and Catalogu-

ing

This chapter discusses the various modes of CME observations and rele-

vant spacecraft dedicated CME or space weather studies. It also reviews

the in-situ signatures used to detect ICMEs After a detailed discussion of

CME-ICME observation techniques, the chapter introduces several im-

portant catalogues of CME properties and ICME measurements. These

catalogues form the basis for the data used in the studies conducted in

this thesis.

• Chapter 3: Coronal Mass Ejection: Propagation and Forecast-

ing

This chapter focuses on the core research of this thesis. It discusses differ-

ent versions of the DBM, including both the traditional and probabilistic

approaches. The advantages of using P-DBM over traditional DBM

are highlighted. Furthermore, the chapter outlines the methodology for

refining the geo-effective CME-ICME list and the process of deriving

PDFs from this list to strengthen the model.

• Chapter 4: ICME Detection in the Heliosphere

This chapter addresses the detection of ICMEs throughout the helio-

sphere and is a key component of the thesis. It reviews several planetary

ICME lists, which serve as the foundation for the extensive CME-ICME
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lineup event database. The methodology for compiling this lineup cata-

logue is also described in detail.

• Chapter 5: Discussion and Conclusion

The final chapter presents the results of these studies and explores

the future scope of this research. It summarises the determination

of the PDFs for DBM parameters using the geo-effective CME-ICME

catalogue and compares these findings with those from previous studies.

Additionally, this chapter discusses the application of the P-DBM to the

CME-ICME lineup catalogue and the development of a Graphical User

Interface (GUI) for future operational space weather forecasting using

the P-DBM.
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Chapter 2

Coronal Mass Ejection:

Observation and Cataloguing

This Chapter focuses on observations of CMEs and ICMEs. The chapter begins

with an overview of the historical evidence of CME observations. Subsequently,

the current and future status of CME observation is elaborated, with reference

to numerous spacecrafts such as SOHO, STEREO, SolO and others. Following

the discussion of remote observations for CMEs, attention is shifted towards the

in-situ measurements of ICMEs. The significant in-situ signatures of ICMEs

have been systematically tabulated. After providing comprehensive discussion

on the observational aspects of CMEs and ICMEs, chapter concludes with

outlining various catalogues and datasets providing CME-ICME properties.

2.1 Introduction

CMEs have been observed for nearly 50 years with a wide variety of instruments

as a result of the beginning of the space era. The launch of SOHO in 1996 led

to the systematic observations of CME. In the pre-space era, the total solar

eclipses provided a rare window for observing solar corona. During this small

window, the chance of encountering a CME is extremely low. The 19th century

witnessed many solar discoveries, and this century’s photography era helped

us discover CME. Figure 2.1 is a drawing of the eclipse observed on 18th

July 1860 by Ernst Temple in Torreblanca (Spain) showed a bubble-shaped

structure disconnected from the Sun. Later, Jack Eddy identified that bubble

as CME and this drawing accredited as 1st recorded CME observation.

Once the coronagraph was invented, continuous monitoring of the corona

from space began with the “Mariner-2” spacecraft in 1962 [Webb and Howard,

2012]. One decade later, in 1973 CME was first observed by Richard Tousey

using observation of Orbiting Solar Observatory (OSO)-7 [Webb and Howard,

25
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Figure 2.1: Drawing of the 1860 solar eclipse that is believed to be the first
observation of CME. Adapted from Howard [2014]

2012, Howard, 2014, Sachdeva, 2018]. OSO-7 witnessed a total of 27 CMEs

before entering Earth’s atmosphere in 1974. The term “Coronal Mass

Ejection” became popular with Skylab observations [Gosling et al., 1976].

The satellite P78-1 of the US Department of Defence witnessed the discovery

of Earth-directed “halo” CMEs [Howard et al., 1982, Kunow, 2007, Webb

and Howard, 2012]. The development in CME studies in the 1980s laid the

foundation of the modern CME era. The classic three-part structure of CMEs

was discovered by NASA’s Solar Maximum Mission (SMM). Talking about

the number of CME events reported from this era then Skylab reported 115

events, Solwind and SMM observed 998 and 1351 CME events respectively

[Webb and Howard, 2012]. Figure 2.2 shows a timeline of the launch of

spacecraft relevant to the investigation of CMEs.
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Figure 2.2: The timeline for historical observations of CMEs from space.
Adapted From Webb and Howard [2012]
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2.2 Coronagraph

2.2.1 SOHO/LASCO

The SOlar and Heliospheric Observatory (SOHO) is a collaborative mission

between the National Aeronautics and Space Administration (NASA) and the

European Space Agency (ESA), designed to study the Sun comprehensively

from its deep core to its outer corona, as well as the solar wind. It was

launched on the 2nd December 1995 with three principal science objectives.

(1) Study the interior structure of the Sun using helioseismology. (2) Study

the physical process that heats the solar corona. (3) Investigate the physical

mechanism that causes the solar wind acceleration [Domingo et al., 1995].

SOHO is equipped with a suite of 12 scientific instruments, categorized into

three primary groups:(1) Helisesimology (2) Solar Atmosphere Remote Sensing

and (3) Solar Wind ’In-situ’.

Among these instruments, the Large Angle and Spectrometric Coronagraph

(LASCO) one of particular relevance to this thesis. LASCO is a package

of three coronagraphs (namely C1, C2, and C3) with overlapping FOVs to

address the essential question in coronal physics. These include: (1) What

mechanisms are responsible for heating the corona? (2) How and where does

the acceleration of solar wind occur? (3) What triggers coronal transients,

and how do they contribute to the large-scale changes and evolution of coronal

structures? [For further details regarding the scientific objectives and technical

specifications of LASCO, refer to Brueckner et al., 1995]

• C1 coronagraph:

C1 was designed to observe the innermost corona having FOV 1.1 to 3

R�. It used the Fabry-Perot interferometer type spectral band pass filter,

enabling the detailed observations of lower corona and identification of

small-scale structures. Due to some technical difficulties, C1 ceased its

operation during the early mission phase.

• C2 coronagraph:

C2 has a field of view of 2 to 6R� to capture images of the middle corona.

It is a prime instrument for detecting CMEs in this range. C2 captures

the larger and more distant structure of solar eruptions in broadband

spectral filters.
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• C3 coronagraph:

C3 has a field of view of 3.7 to 30 R� to observe the outer corona. The

wide field of view of C3 allows researchers to monitor the development

of CMEs and their propagation in the heliosphere. C3 plays a crucial

role in space weather forecasting by tracking CMEs from the Sun to

interplanetary space.

From its operation start in January 1996 to August 2024, LASCO observed

nearly 36000 CMEs. This collection of data over 28 years resulted in one of

the most extensive catalogues of CME properties named SOHO LASCO CME

Catalogue[Gopalswamy et al., 2009, 2024]. A more detailed discussion of this

catalogue can be found in Section 2.6.1.

(a) (b)

Figure 2.3: The twisted, helical shaped CME observed by LASCO. The width
of CME blast is relatively narrow and plasma is twisted, which is unusual.
Credit: NASA/NRL

2.2.2 STEREO/SECCHI/COR

The Solar Terrestrial Relations Observatory (STEREO) is the third mission

in NASA’s Solar Terrestrial Program (STP); under this mission, two identical

space-based observatories were launched on 25th October 2006, one leading

the Earth in its orbit (STEREO-A) and one trailing (STEREO-B). The two

spacecraft gradually separate at a rate of 45◦ per year as viewed from the
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Sun. This arrangement was done to obtain the stereoscopic observations of

the Sun from different vantage points for the following scientific objectives:

(1) Understand the cause and mechanism of CME initiation. (2) Characterise

the propagation of CMEs through the heliosphere. (3) Discover the mecha-

nisms and sites of solar energetic particle acceleration in the low corona and

the interplanetary medium. (4)Develop a 3D, time-dependent model of the

magnetic topology, temperature, density, and velocity structure of the ambient

solar wind. These science objectives are achieved through four measurement

payload packages, comprising a total of 13 scientific instruments [Kaiser, 2005].

The Sun Earth Connection Coronal and Heliospheric Investigation

(SECCHI) [Howard et al., 2008] instrument suite is of particular relevance, con-

sisting of five optical telescopes designed to observe the entire inner heliosphere,

starting from the solar surface and extending to interplanetary space between

the Sun and Earth. Since the primary objective of the STEREO mission is

to deepen our understanding of CMEs, SECCHI specifically addresses the

following key questions: (1) What configuration of the corona leads to a CME?

(2) What is the 3D structure and kinematic properties of CME? (3) What is

the 3D structure of various coronal transients? (4) How does a CME propagate

in the heliosphere and interact with interplanetary space? [Howard et al., 2002]

The SECCHI instrument suite accomplishes its scientific objectives through

two groups of instruments: (i) Sun Centered Image Package (SCIP) which

is set of two white light coronagraphs namely COR-1 and COR-2 and EUVI

(discussed further in Section 2.3.2) (ii) two heliospheric imagers namely HI-1

and HI-2 (elaborated upon in Section 2.4.1)

• COR-1:

The COR-1 is classic Lyot-type internally occulting and the first space-

borne refractive coronagraph. It has a FOV extending from 1.4 to

4 R�. The internal occultation enhances spatial resolution near the

solar limb, although it introduces additional noise due to instrumentally

scattered light. COR-1 performs observations in three states of linear

polarization (-60◦, 0◦ and +60◦) to mitigate the effect of stray light.

These polarisation sequences are captured within a 10-second interval to

minimise variations caused by the dynamic evolution of the solar corona.

Additionally, pixel binning is employed to enhance the signal-to-noise

ratio. (For a more detailed discussion of the instrument’s design and
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operation, refer to Section 3 of Howard et al. [2008].)

• COR-2:

The COR-2 is an externally occulted coronagraph, similar in design to

the LASCO C2 and C3. It provides FOV ranging from 2 to 15 R� to

complement the COR-1 observations. The spatial resolution of COR-2

is 5× compared to LASCO C3 and 3× temporal resolution. While

the standard observational sequence of COR-2 mirrors that of COR-1,

low-resolution total brightness images are generated by summing the

polarised images, which are then transmitted via the beacon channel.

Additionally, in certain cases, two images are taken with polarisation

angle of 0◦ and 90◦ rapidly without reading CCD in between exposures.

(Section 4 of Howard et al. [2008] provides detailed information on

COR-2’s design and operation.)

Figure 2.4: Image of the same Earth-Directed CME observed from different
vantage points within an hour. (a) STEREO-B/COR-2 (b)LASCO/C2 (c)
STEREO-A/ COR-2. Adapted from Webb and Howard [2012]

2.2.3 Solar Orbiter/ METIS

Solar Orbiter (SolO) was launched on 10th February 2020 with the mission

of exploring the Sun and heliosphere from within 0.28 AU and conducting

observations of the Sun’s polar regions from outside the ecliptic plane. The

mission seeks to address several key scientific questions: (1) What drives the

solar wind, and where does the coronal magnetic field originate? (2) How

do solar transients drive heliospheric variability? (3) How do solar eruptions

produce energetic particle radiation that fills the heliosphere? (4) How does the
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solar dynamo work and drive connections between the Sun and the heliosphere?

[Müller et al., 2020] To achieve these objectives, the SolO is equipped with

four in-situ and six remote sensing instruments. (Refer Müller et al. [2020] to

get a more scientific insight into the SolO)

Metis is one of the most advanced instruments onboard the SolO, as it is

the first coronagraph capable of simultaneously observing the off-limb solar

corona in both visible and ultraviolet light. The FOV of Metis is spanning

the solar atmosphere from 1.7 R� to 9 R�. Metis is designed to answer the

following critical questions: (1) How is energy deposited in the polar regions

where the fast solar wind is generated and accelerated? (2) What are the

sources of the slow solar wind at lower latitudes? (3) How does the global

corona evolve, and how does it give birth to the huge CME characteristic of

solar activity? [Antonucci et al., 2020]. Metis is capable of imaging the solar

corona in both the UV band at 121.6 nm (HI Lyman-α line) and the visible

light band between 580-640 nm. This dual-channel capability permits it to

capture reliable coronal dynamics and solar wind interactions across several

wavelengths. Additionally, Metis utilizes a creative occulter design to reduce

stray light and improve the contrast of coronal observations, particularly in

adverse conditions close to the Sun. To get insight into the physical conditions

of the corona, including electron density and outflow velocities, the sensor

of Metis additionally combines polarimetry in visible light with intensity

measurements in UV. (More details on science objectives and instrument

design are provided in Antonucci et al. [2020].)

2.2.4 Aditya L1/ VELC

The Aditya-L1 is India’s first space-based mission, launched by the Indian Space

Research Organization (ISRO) to study the Sun. The spacecraft carries a total

of seven payloads: four instruments dedicated to making remote observations

of the Sun and three designed to perform in-situ measurements of particles and

fields at the L1 point. Aditya-L1 is pursuing the following scientific objectives

with the utilisation of these onboard instruments: (1) Diagnostics of the large

and small scale structures in the solar corona (2) Magnetic topology and field

measurements in the solar corona (3) Origin and dynamics of Solar flares and

CME (4) Spectral energy distribution in solar flares (5) Spatially resolved

solar spectral irradiance (6) Formation and dynamics of solar prominences
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Figure 2.5: The first light captured by Metis on 15th May 2020 is shown in
the left column. The visible light image (shown in green) shows the two bright
equatorial streamers and fainter polar regions. The right column shows the
image taken just after the Solar Orbiter’s first perihelion. Credit: Metis Team

and filaments (7) Coronal abundances and first ionization potential effects (8)

Solar wind composition and particle energy distribution (9) Measurements of

the magnitude and variability of the interplanetary magnetic field. (Refer to

Tripathi et al. [2023] for further details regarding the mission.)

One of the most notable instruments on board Aditya-L1 is the Visible

Emission Line Coronagraph (VELC). It’s an internally occulting coronagraph

capable of performing observations in both visible and infrared wavelengths.

The VELC is distinguished by its ability to carry out simultaneous imaging,

spectroscopy, and spectro-polarimetry, especially near the solar limb. The

FOV of VELC is 1.05 R� to 3 R� which enables the VELC to study the CME

dynamics close to solar disk for the first time ever. Furthermore, VELC is the

first space-based device capable of spectro-polarimetric observations in the Fe

XIII 1074.7 nm infrared line, allowing for precise measurements of the coronal

magnetic field’s topology. This capacity represents a substantial leap in solar

observation, providing fresh insights into the corona’s magnetic structures

from space. (Refer Prasad et al. [2017] for more details of the instrument.)
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2.3 EUV Imaging

2.3.1 SOHO/ EIT

The Extreme ultraviolet Imaging Telescope (EIT) is an onboard instrument of

SOHO, designed to provide images of the solar corona and transition region,

including the solar disc up to 1.5 R�. EIT acquires EUV images of the Sun

in 4 emission lines (FeIX 17.1 nm, FeXII 19.5 nm, FeXV 28.4 nm and HeII

30.4 nm) corresponding to a temperature range of 6 × 104K - 3 × 106K. EIT

data are critical for understanding the dynamics and evolution of coronal

structures over an extensive range of physical parameters, including time, size,

and temperature. These data help to answer fundamental issues about the

mechanisms governing coronal heating and solar wind acceleration. The He

II line targets the transition zone, allowing for the tracing of coronal hole

bases. In contrast, the Fe lines focus on observing the lower corona, providing

insights into its structure and activity. (Refer Delaboudinière et al. [1995] for

instrument design and science objective)

Figure 2.6: The solar flare observed on 14th July 2000 saturates the UV camera.
Credit: EIT Team and NASA/ESA
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2.3.2 STEREO/ EUVI

The Extreme Ultara Violet Imager (EUVI) is part of SECCHI-SCIP package

to observe the chromosphere and lower corona of the Sun. It observes the

Sun in four distinct EUV emission lines between 17.1 - 30.4 nm. These four

emission lines are namely: HeII 30.4 nm, FeIX 17.1 nm, FeXII 19.5 nm and

FeXV 28.4 nm, which are same as SOHO/EIT. The EUVI offers a FOV of ±
1.7 R�, allowing for comprehensive observations of the solar atmosphere from

the chromosphere through to the lower corona.

Figure 2.7: The image of the Sun taken by EUVI in all four wavelengths 30.4
nm (red), 17.1 nm (blue), 28.4 nm (yellow) and 19.5 nm (green) on the 6th

June 2007. Active regions appear as bright patches in all the images. Also,
eruptive prominence can be seen in 30.4 nm wavelength. Credit: STEREO
Team

2.3.3 SDO/AIA

The Solar Dynamic Observatory (SDO) was launched on 11th February 2010

as the first dedicated space weather mission. The primary objective of SDO

is to understand the solar variations that impact life on Earth and human

technology, with the long-term goal of acquiring predictive capabilities for
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solar activity. The science objective of SDO is to answer the following key

questions: (1) How is the magnetic field of the Sun generated? (2) How is

the stored magnetic energy converted and released into the heliosphere and

geospace in the form of solar wind, energetic particles and variations in solar

irradiance? SDO is equipped with three instruments to accomplish its scientific

goal. Together, these three instruments provide continuous monitoring of the

Sun’s outer atmosphere and magnetic activity. (Refer Pesnell et al. [2012] for

mission’s science goals and technical capabilities of SDO)

The Atmospheric Imaging Assembly (AIA) is a crucial instrument onboard

SDO, consisting of four telescopes AIA provides simultaneous high-resolution

full disk images of the solar corona and transition region extending up to 0.5

R�. It provides narrow-band imaging in seven extreme UV and three UV

channels [Lemen et al., 2012]. AIA has provided critical insights into solar

flares and CMEs through its ability to observe solar corona in great detail.

(Refer Lemen et al. [2012] for science objective and technical specification of

AIA)

2.3.4 Solar Orbiter/ EUI

The Extreme Ultaviolet Imager (EUI) is another remote sensing instrument

aboard the Solar Orbiter. TheEUI consists of a suite of three telescopes: a

Full Sun imager and two high-resolution imagers to observe the chromosphere

and corona. The full Sun imager has a FOV of 2 R� diameter at perihelion,

allowing it to observe the entire solar disc even when the spacecraft is pointed

at the solar limb. The instrument functions with two bandpasses—30.4 nm

and 17.4 nm—facilitating imaging of the transition area and the corona. The

UV observation from Metis complements those of the full Sun imager, together

providing the SolO with the ability to image the solar corona in EUV up

to 10 R�. The two high-resolution imagers specialize in observing the Sun

in Lyman-α and EUV channels, allowing for high-resolution studies of solar

dynamics. (Refer Rochus et al. [2020] for more detailed technical and optical

aspects of the instrument.)

2.3.5 Aditya L1/ SUIT

The Solar Ultaviolet Imaging Telescope (SUIT) is an instrument on board

Aditya-L1, designed to measure the solar radiation emitted in the near ultra-
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(a)

(b)

Figure 2.8: (a)The composite image using 17.1, 19.3 and 21.1 nm wavelengths
is created. The white and yellow arrow shows two different elongated filaments
on the solar disk. (b) Sun in four different extreme UV light wavelengths that
AIA uses for observations. Credit: NASA SDO Team
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violet wavelength range of 200-400 nm. SUIT provides full disk observations

of the Sun across 11 wavelength bandpasses to address Aditya-L1’s science

objectives. The images captured through these 11 filters are useful for long-

term study of spatially resolved solar irradiance. In addition to its 30-minute

standard cadence time, SUIT also has another operation mode where images

in 8 filters are captured every 30 s for the region of interest. This mode is

particularly useful for studying the dynamics of the solar atmosphere. Further-

more, It is equipped with an automatic flare detection and location system on

board. (See Tripathi et al. [2017] for instrument design and performance)

2.4 Heliospheric Imagers

2.4.1 STEREO/ SECCHI-HI

The main objective of SECCHI-HI is to make a visible light observation of

CMEs and other structures as they transit from the corona into the heliosphere.

At the time of its development, HI adopted an innovative method by carrying

out all observations in a shutterless mode. There was just an opening cap

to protect the instrument during launch time. The two imagers, HI-1 and

HI-2, are positioned at angles of 13° and 53° from the spacecraft’s principal

axis, respectively. HI-1 has a FOV of 20◦, while HI2 has a wider FOV of

70◦. Due to their onboard optical arrangements, HI-1 and HI-2 shared a FOV

of approximately 5◦. Both telescopes are positioned at an opening angle of

45◦ from the solar equator, providing a comprehensive view along the Sun-

Earth line, spanning from the COR-2 instrument to Earth. The HI-1 and

HI-2 instruments have contributed significantly to the observation of CMEs,

resulting in one of the most extensive catalogues of CMEs passing through

the heliosphere since the start of the STEREO mission. The catalogue is

publicly accessible under Heliospheric Cataloguing, Analysis and Techniques

Service (HELCATS)1 project framework.

2.4.2 Solar Orbiter/ SolOHI

SolOHI is designed to make remote observations of Thompson scattered light

of the outer corona. Although it is based on SECCHI-HI’s design, substantial

1Link to HELCATS project: https://www.helcats-fp7.eu/index.html

https://www.helcats-fp7.eu/index.html
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(a) (b)

Figure 2.9: The CME event observed by STEREO-A/B on 31st December
2007. (a): STEREO-A/HI-1. (b): STEREO-B/HI-1. CME leading edge
clearly visible in the left column. Credit: NASA

modifications have been made to optimise resources and satisfy the unique

scientific goals of the SolO. The SolOHI uses a single telescope design contrast

to SECCHI-HI, with double FOV compared to SECCHI/HI-1. The wide FOV

of SolOHI spanned over 5◦ to 40◦ elongation from the Sun, allowing it to

capture both the solar wind and CMEs in an extensive area (see Howard et al.

[2020] for a brief overview of the science objective and optical design of the

instrument).

2.4.3 PSP/ WISPER

Parker Solar Probe (PSP) is NASA’s historic mission to study the Sun from

an unprecedented proximity—within 18.8 R� above the solar surface. During

the 7 years of mission duration, the PSP will spend approximately 937 hours

inside 20 R�, 440 hours inside 15 R R� and 14 hours inside 10 R�. The PSP

has three primary science objectives: (1) Trace the flow of energy that heats

the corona and accelerates the solar wind. (2) Determine the structure and

dynamics of the plasma and magnetic field at the source of solar wind. (3)

Explore the mechanisms that accelerate and transport energetic particles. The

PSP was launched on 12th August 2018, carrying four instruments designed
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Figure 2.10: The CME event occurred on 2nd June 2022 is recorded by WISPR
during 12th nearby approach of PSP. Credit: NASA/NRL/JHUAPL

to achieve these scientific goals. (Refer Fox et al. [2016] for more detailed

information of the PSP)

Among the four instruments on board, WISPR is the only imaging instru-

ment consisting of two telescopes. WISPR provides the continuous synoptic

observation of the inner heliosphere. Its FOV is centred on the ecliptic plane

with little offset from the Sun. WISPR images the inner corona in the range

of 13.5◦ to 108◦ elongation angles with spatial resolution of 6.4 arcmin. (Refer

to Vourlidas et al. [2016] for a more detailed review of the instrument)

2.5 In-situ measurement of CME

The final stage of CME observations deals with observing them on Earth or

in the heliosphere. While coronagraphic observations offer vital information

about CME behaviour, they do not provide information about the CME

composition. However, ICMEs, which are responsible for major space weather

effects, make their study vital. Thanks to the space era, the study of ICMEs

is relatively easy.

One of the most studied signatures is the magnetic field. ICME boundaries

are often identified as a tangential discontinuity in solar wind data. Although



CHAPTER 2. CME: OBSERVATION AND CATALOGUING 41

not all ICMEs exhibit obvious boundaries, this discontinuity has a small

uncertainty in many instances. For instance, due to the complex structure of

the ICMEs, boundaries in cases of field-line reconnection might be difficult to

observe. [Vasquez et al., 2001, Zurbuchen and Richardson, 2006]. A common

trait associated with ICMEs is the reduced variability of the magnetic field

(B3 ). The magnetic field inside an ICME tends to be smoother compared

to the turbulent “sheaths” observed ahead of fast ICMEs. The southward

interplanetary magnetic field component (Bz) is strongly enhanced within

ICMEs, making them a key driver of geomagnetic storms [Richardson et al.,

2001]. In the “magnetic cloud” type of ICMEs, the magnetic field is enhanced

and rotates slowly over a large angle. It also exhibits low proton temperature

and plasma β [Klein and Burlaga, 1982].

In the ground state, an empirical correlation exists between the solar

wind speed (vsw) and the proton temperature (Tp) [Lopez, 1987]. However,

ICME deviate from this correlation, exhibiting unusually low Tp [Cane et al.,

1996]. ICME detection based on Tp has the advantage of making observations

accessible since the beginning of the space era. When a CME passes through

the spacecraft, plasma and magnetic field data are recorded in situ, and a

time series of observations is created. Over many years, ICMEs are identified

as major fluctuations in solar wind state using those in-situ data.

From the direct measurements of ICMEs in the early 1970s, our under-

standing of their composition has greatly improved. For example, it has been

observed that He abundance is notably higher, along with a high ionisation

state of O and Fe in the ICME shocks [Borrini et al., 1982, 1983, Bame et al.,

1979, Howard, 2011]. However, the knowledge of ICME composition doesn’t

provide insight on the initial CME composition, as CMEs spend several days

in the interplanetary medium before reaching the spacecraft. A detailed review

of all the in-situ ICME signatures is provided by Zurbuchen and Richardson

[2006]. Some of the signatures are summarised in Table 2.1. Figure 2.11 shows

in-situ measurements taken by ACE spacecraft of various ICME events. [Also,

refer to Davies, 2021, Pal, 2020, for the summary of ICME signatures.]
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Figure 2.11: Examples of in-situ signatures of various ICMEs with a magnetic
cloud (MC) and sheath region at 1 AU. The measurements are from the ACE
spacecraft and OMNIa data. Adapted from: Kilpua et al. [2017]
a OMNIWeb : https://omniweb.gsfc.nasa.gov/hw.html

https://omniweb.gsfc.nasa.gov/hw.html
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Signature Description

B1: B rotation � 30◦, smooth

B2: B enhancement >10nT

B3: B variance decrease

B4: Discontinuity at ICME boundaries

B5: Field line draping around ICME

B6: Low plasma β β = ΣnkT
B2/2µ0

< 1

P1: Monotonic declining velocity profile

P2: Proton density decrease np ≤ 1 cm−3

P3: Proton Temperature decrease Tp < 0.5Texp, Tp � Te

P4: Electron temperature decrease Te < 6×104K

P5: Upstream forward shock

C1: Enhanced α/p+ ratio He+2/H+ > 8%

C2: Elevated oxygen charge states O+7/O+6 > 1

C3: High Fe charge states

C4: Occurrence of He+ He+/He+2 > 0.01

C5: Enhancement of Fe/O

C6: High 3He/4He CME
Photosphere > 2

W1: Ion acoustic waves

S1: Bidirectional electrons strahl

S2: Bidirectional ∼ MeV ions

S3: Cosmic ray depletions

S4: Bidirectional cosmic rays

Table 2.1: List of in-situ signatures of ICMEs at ∼ 1 AU heliocentric distance.
These signatures are mainly categorised into magnetic field (B), plasma dy-
namics (P), plasma composition (C), plasma waves (W), and suprathermal
particles (S). Adapted from Table-1 of Zurbuchen and Richardson [2006]

2.6 CME databases

Since CMEs typically appear as diffuse objects in the coronagraphs, current

techniques for detecting them encounter several challenges. These challenges
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arise from both technological limitations and the inherent nature of CMEs,

which display complex and dynamic behaviours. Some of the key obstacles

include interference from background noise such as the presence of streamer,

cosmic rays and SEPs. Additionally, the highly variable nature of CME and

the difficulties in detecting weak CMEs pose significant challenges. Despite

these drawbacks and limitations, various approaches have been developed to

detect and track the motion of CMEs. These efforts have given birth to many

CME catalogues, ranging from manual compilation to automatic detection

algorithms.

2.6.1 CDAW

The CME catalogue hosted at Coordinated Data Analysis Workshop (CDAW)2

provides simple but very efficient analysis of each CME events observed by

LASCO, which has been operational since 1996 [Gopalswamy et al., 2009, 2024].

This catalogue is completely manual and requires human interactions, where

the user tracks the CME through the running difference images of C2 and C3.

The interface of the catalogue allows the user to produce a height-time plot of

each CME event. The implementation of a linear fit to the height-time profile

provides a first-order estimation of POS speed, while quadratic fit provides

a second-order speed and acceleration. The first layer of the catalogue is a

year-month matrix; each element of this matrix represents the monthly list of

CME. This monthly list includes a detailed analysis of each CME event, that

includes the time of its first appearance in C2, accompanied by a complete

movie of C2 and C3 for that particular event, along with GOES X-ray flux

data. The central position angle and angular width of CME is also derived

from the observations. The value of angular width leads to the classification

of the event as follows: “halo” when it spans 360°, a “partial halo” when it

spans 120° or more, and “wide” when it covers 60° or more. Additionally,

The catalogue provides essential kinematic data, including the linear speed,

2nd order speed at final height and at 20 R�, acceleration, mass, and kinetic

energy. The catalogue provides remarks for each event and measured position

angle (an angle along the CME height is measured) along with links to movies

and plots for each event.

Research using the CDAW CME catalogue has provided great insights into

2Link to CDAW catalogue: https://cdaw.gsfc.nasa.gov/CME_list/

https://cdaw.gsfc.nasa.gov/CME_list/
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the occurrence, evolution and geo-effectiveness of CMEs. CDAW catalogue

has a significant impact in improving space weather forecasting models and

advancing our understanding of the Sun-Earth connection. Its extensive nature

allows for a refinement of models that predict the arrival times of CMEs at

Earth and evaluate their potential geomagnetic effects.

2.6.2 SEEDS

The human eye serves as an exceptional tool for identifying coronal mass

ejections in coronagraphic observations. However, the process of manual

cataloguing is quite labour-intensive and prone to errors due to operator bias,

which adds errors to the data. Many automated catalogues have been built

in an attempt to address these biases. These new methods provide robust

CME analysis over massive datasets that are currently available and promise

significant benefits for future missions.

The Solar Eruptive Event Detection System (SEEDS)3 is a software tool to

automatically detect CMEs based on time series of coronagraph using threshold

segmentation technique [Olmedo et al., 2008]. In the first stage of development,

this algorithm was implemented on LASCO data. This initial investigation

reproduced 75% of CME events from CDAW catalogue, later on, the same

algorithm was implemented on SECCHI/COR data. This system stands out

from other CME catalogues through its focus on automation, which reduces

the need for human intervention and ensures more consistent and frequent

updates. The height, velocity, and acceleration of CMEs are automatically

recognised by the detection algorithm, which is based on a 2D to 1D projection

method. Additionally, the approximate shape of the CME leading edge has

been extracted using a threshold segmentation technique, ensuring a more

accurate and efficient analysis.

2.6.3 CACTus

CACTus4 is a software package for ’Computer Aided CME Tracking’. Initially,

CACTus was developed to detect the CMEs in an image sequence from LASCO.

Later on, it is upgraded for COR-2 and HI-1 data. It uses the Hough transform

to detect the CME as bright ridges in (time, height) maps [Berghmans et al.,

3Link to SEEDS catalogue: http://spaceweather.gmu.edu/seeds/
4Link to CACTus: https://www.sidc.be/cactus/

http://spaceweather.gmu.edu/seeds/
https://www.sidc.be/cactus/
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(a) (b)

Figure 2.12: (a) Snapshot of CACTus CME list. where CME events are
marked in (time, height) map. Credit: CACTus/SIDC. (b) Identification of
CME leading edge along CME position angle. Adapted from Olmedo et al.
[2008].

2002, Robbrecht and Berghmans, 2004]. After CME detection, it applies

clustering and morphological closing operations to mark out different CMEs.

The output of this software is a list of CME events, the same as the previously

described CDAW catalogue. The only difference is CACTus doesn’t require

any human intervention, and hence, CME detection can be done on real-time

data immediately.

2.6.4 DONKI

The Database Of Notifications, Knowledge, Information (DONKI)5 catalogue is

managed by NASA’s SWPC, which acts as a centralised resource for monitoring

and analysing space weather events, especially focusing on CMEs and their

linked solar and interplanetary phenomena. As a real-time space weather

notification system, DONKI provides in-depth analysis and forecasts of space

weather events. While it tracks a variety of solar activity, its primary focus

is on CMEs. It offers a comprehensive, publicly accessible record of solar

activity, allowing scientists to follow CME events from their solar origin to

their potential impacts on Earth and other solar system planets.

5Link to DONKI: https://ccmc.gsfc.nasa.gov/tools/DONKI/

https://ccmc.gsfc.nasa.gov/tools/DONKI/
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DONKI provides several parameters that are critical for understanding

the nature of space weather events. It provides an exact time of the first

detection of a CME using LASCO, STEREO or SDO images. Additionally, it

often includes crucial information about the associated source region, which is

crucial information to understand the triggering mechanism and estimate the

propagation direction of a CME. Furthermore, it provides detailed information

on CME kinematics and morphology, including angular widths, expansion rate,

CME speed, propagation angle and many more. DONKI stands out in terms

of its data products by providing CME impact predictions such as predicted

arrival time at Earth, expected geo-effectiveness, Kp index and associated

phenomena. This functionality allows scientists, students, model developers

and global partners to access information stored in DONKI via comprehensive

API web services. The API service returns the following key quantities: unique

CME id, time at 21.5 R�, latitude, longitude, half angle, speed at 21.5 R�,

CME detection instrument, specific note for each events. Additionally, it offers

a link for Wang-Sheeley-Arge (WSA)-ENLIL simulation results.

DONKI has made significant contributions to space weather research and

forecasting. Its operational use transforms it into an online tool for the space

weather community and industries to monitor space weather.

2.7 ICME databases

The space era brings vast in-situ solar wind data from different spacecraft.

This huge amount of data has opened a gate for the creation of multiple

ICME catalogues. However, compilation and maintenance of these datasets

involve several challenges due to incomplete observations, data fragmentation

and inconsistency, different criteria for ICME identification, difficulties in

ICME identification because of multiple interactions or structures and many

more. Despite these obstacles, the extensive in-situ data acquired from many

spacecraft has significantly improved our understanding of ICMEs. Various

studies have been performed to investigate ICME morphology and compositions

using in-situ data from multiple spacecraft. These studies resulted in different

datasets or catalogues.
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2.7.1 Richardson and Cane

The “Near-Earth Interplanetary Coronal Mass Ejection Since January 1996”,

popularly known as ’Richardson and Cane ICME list’6 is one of the most

robust list of ICME properties measured at L1 point. Spanning from 1996 to

the end of 2023, this catalogue has recorded close to 400 ICME events. This

catalogue considers solar wind composition and ion charge state observations

for ICME identification and provides detailed information on various proper-

ties of ICME, starting with an observed time of ICME related disturbance

[Cane and Richardson, 2003, Richardson and Cane, 2010]. In the case of

fast CMEs, ICME induced shock arrival time is considered. Following this,

ICME start and end time are inferred from plasma and magnetic field data.

Additionally, the catalogue provides the start and end times of abnormal

solar wind composition and magnetic clouds. Once ICME timings are derived,

plasma and magnetic field time series data are analyzed to provide indicative

measures of bidirectional suprathermal electrons and ions. This measure helps

to determine ICME associated SEP events. From the same time series data,

mean ICME speed and mean magnetic field strength are obtained. It also

feeds the information regarding the presence of magnetic cloud-like structure

in ICME and its geo-effectiveness through the Dst index. In this catalogue,

efforts have been made to associate each ICME observation with the probable

CME observed by SOHO or STEREO. (Refer Cane and Richardson [2003]

and Richardson and Cane [2010] for the brief discussion on ICME identification

method and primary datasource for this catalogue)

2.7.2 WIND ICME list

Another important catalogue of ICME is “Wind ICME Catalogue”7. This

catalogue is compiled using the 20 years of Wind observations of interplanetary

transients at 1AU to understand and develop an analytical model for the

internal magnetic field of ICMEs. It provides ICME start and end times, the

presence of an interplanetary shock, and start and end times of magnetic

obstacles. Apart from this, necessary plasma and magnetic field measurements

6Link for Richardson and Cane (R&C) ICME list: https://izw1.caltech.edu/ACE/

ASC/DATA/level3/icmetable2.htm
7Link to Wind ICME catalogue: https://wind.nasa.gov/ICME_catalog/ICME_

catalog_viewer.php

https://izw1.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
https://izw1.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
https://wind.nasa.gov/ICME_catalog/ICME_catalog_viewer.php
https://wind.nasa.gov/ICME_catalog/ICME_catalog_viewer.php
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are provided along with magnetic obstacle type information such as flux-rope,

complex or ejecta [Nieves-Chinchilla et al., 2018]. This catalogue is a one-stop

source for the ICME magnetic properties of solar cycle 23 and contains a total

of 337 ICMEs events from 1995 to 2015.

2.7.3 GMU CME/ICME list

Another relevant dataset in this domain is “GMU CME/ICME List”8. It is

one of the data products of George Mason University Space Weather Lab. It is

a complete list of CME-ICME information from November 2007 to September

2017. This catalogue stands out in terms of the information it provides. This

catalogue contains ICME start and end times derived from in-situ data of

ACE spacecraft, along with a timestamp of the first appearance of CME in

LASCO-C2 or STEREO-COR2 FOV. Additionally, it provides ICME type

information similar to the Wind catalogue mentioned in Section 2.7.2. One

of the key features of this catalogue is information on active regions and

solar flares associated with the CME making it quite useful for the study of

CME-Flare relationship. For the comparative study of CME speed, it provides

CME speed recorded in SEEDS catalogue for LASCO-C2 and STEREO-A/B

COR-2 instruments average velocity using in-situ data of ACE. It also provides

a link to the LASCO-C2, STEREO-COR2, SOHO/EIT and SDO/AIA images

for CME observations, along with in-situ data for the ICME measurements.

The under-progress upgrade of this catalogue is ICME-CME-Solar Surface

Source (SSS) catalogue9, which is a comprehensive list of cause-effect of solar

eruptive events from Sun to Earth.

2.7.4 Helio4cast ICME catalog

Helio4cast ICME catalogue, commonly known as ICMECAT10 is a collective

list of in-situ magnetic field and bulk plasma observations of ICME in the

heliosphere. The initial version of this catalogue is an outcome of HELCATS

project and it uses in-situ data from many spacecrafts, such as: Wind,

STEREO-A/B, Venus Express (VEX), MErcury Surface, Space ENvironment,

8Link to GMU CME/ICME List: http://solar.gmu.edu/heliophysics/index.php/

GMU_CME/ICME_List
9Line for the CME-ICME-SSS Catalogue: http://solar.gmu.edu/heliophysics/index.

php/ICME-CME-SSS_catalog
10Link to Helio4cast ICME catalogue: https://www.helioforecast.space/icmecat

http://solar.gmu.edu/heliophysics/index.php/GMU_CME/ICME_List
http://solar.gmu.edu/heliophysics/index.php/GMU_CME/ICME_List
http://solar.gmu.edu/heliophysics/index.php/ICME-CME-SSS_catalog
http://solar.gmu.edu/heliophysics/index.php/ICME-CME-SSS_catalog
https://www.helioforecast.space/icmecat
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GEochemistry and Ranging (MESSENGER), ACE, BepiColombo, SolO, PSP,

Juno, Mars Atmosphere and Volatile EvolutioN (MAVEN), Mars Science

Laboratory (MSL), Ulysses [Möstl et al., 2017]. This catalogue provides

ICME start time, magnetic obstacle start-end time, along with plasma and

magnetic properties of both ICME and magnetic obstacle.

The list of CME and ICME catalogues mentioned in this thesis are just

a few examples of publicly available datasets that are relevant to the work

discussed in this thesis. Many other catalogues do exist. One of the noteworthy

examples is the data product of HELCATS11 project, where various datasets

have been prepared using STEREO/HI observations.

11Link to Helcats Project data products: https://www.helcats-fp7.eu/index.html

https://www.helcats-fp7.eu/index.html


Chapter 3

Coronal Mass Ejection: Propagation

and Forecasting

This chapter provides a brief introduction to the Drag-Based Model (DBM)

and its different variants (e.g., P-DBM). This chapter begins with a brief

overview of various CME propagation frameworks and reported accuracy of

the models to justify the focus on DBM Following this, DBM is discussed

comprehensively, including the limitations, extension to the 2D approach,

and ensemble formalism. Subsequent parts of the chapter are based on the

publication Mugatwala et al. [2024]. These parts address the problems in

implementing P-DBM for operational usage and the proposed solution to

overcome them. The remaining part begins with an overview of geo-effective

CME-ICME properties and covers the detailed explanation of the methodology

used to refine this dataset. The chapter ends with a brief discussion on

the obtained results, including PDFs associated to w and γ parameter and

relabelling scheme for solar wind speed.

3.1 Introduction

Due to the profound impact of CMEs on space weather and the technological

infrastructure of mankind, the study of CMEs has gained significant scien-

tific attention. Accurately forecasting the arrival time of CMEs and their

properties at Earth remains a crucial objective of numerous federal agen-

cies, including NASA, NOAA, ESA, Austrian Space Weather Office (ASWO),

UK Met Office and many more. Under various scientific projects, namely

Community Coordinated Modeling Center (CCMC) CME Arrival Time Score-

board1, International Space Weather Initiative (ISWI)2, International Space

1CCMC CME Scoreboard: https://kauai.ccmc.gsfc.nasa.gov/CMEscoreboard/
2https://www.unoosa.org/oosa/sk/ourwork/psa/bssi/iswi.html
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Weather Action Teams (ISWAT)3 researchers and scientists made efforts to

predict CMEs properties as they arrived at Earth. These efforts resulted in

the numerous CME propagation models. In 2018, CCMC CME Scoreboard

had registered 32 distinct models to perform CME arrival time prediction

[Riley et al., 2018].

Initially, CME propagation models were divided into two primary classes:

(1) Empirical methods and (2) magneto-hydrodynamic (MHD) based models.

Due to developments in Artificial Intelligence (AI) and Machine Learning (ML),

a totally new set of models also emerged in the last decade. Additionally, be-

tween the empirical and MHD methods, there exists an intermediate approach

where MHD-Hydrodynamics (HD) based analytical kinematic calculations

are used for CME propagation. Then later on, ensemble frameworks are also

developed for these forecasting models. Each class offers various benefits and

drawbacks, which are outlined as follows:.

• Empirical Models:

In this class, models exploit the statistical relationships established

from historical CME observations. Empirical CME Arrival (ECA)

[Gopalswamy et al., 2000, 2001], Effective Acceleration Model (EAM)

[Paouris and Mavromichalaki, 2017, Paouris et al., 2021a], Ellipse Evo-

lution (ELEvo) [Möstl et al., 2015] are some of the popular empirical

models. Models from this class are computationally inexpensive but

usually unreliabel due to their generalised assumptions.

• Physics-based MHD Models:

This kind of model simulates CME propagation, in which a complete set

of MHD equations governing heliospheric plasma dynamics are solved.

Contrast to emperical models, these models require extensive compu-

tational power but provide a physically more realistic representation

of CME evolution. WSA-ENLIL+Cone model [Odstrcil et al., 2004],

EUropean Heliospheric FORecasting Information Asset (EUHFORIA)

[Pomoell and Poedts, 2018, Poedts et al., 2020], Space Weather Adaptive

SimulaTion (SWASTi) [Mayank et al., 2022] are some leading models

from this class.

3https://iswat-cospar.org/

https://iswat-cospar.org/
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• Machine Learning Models:

Machine learning models utilise large datasets to learn complex patterns

and relationships in order to enhance CME prediction accuracy. Models

of the class come with inseparable drawbacks of machine learning itself;

many models work as “black boxes,” making it difficult to interpret.

Additionally, ML models require large, high-quality datasets, but incom-

plete observational data limit the availability of comprehensive training

datasets. Sudar et al. [2016], Liu et al. [2018] are initial attempts to

introduce ML methods to predict CME arrival time.

The performance of these space weather forecasting models plays a crucial

role in their effective implementation in operational usage. The space weather

research community has made numerous efforts to assess the accuracy, reliabil-

ity, and scope for advancement of these models [Zhao and Dryer, 2014, Riley

et al., 2018, Vourlidas et al., 2019, Verbeke et al., 2019, Temmer et al., 2023].

A comprehensive study by Riley et al. [2018], which analysed all the forecasts

submitted to CCMC CME scoreboard between years 2013 and 2018, suggests

that Mean Absolute Error (MAE) of DBM is 8.27 hrs, making it comparable

to other models [See Table-3 of Riley et al., 2018]. Similarly, Vourlidas et al.

[2019] found that MAE for DBM is 11.54 hrs using different CME samples

[See Table-1 of Vourlidas et al., 2019]. The comparable accuracy among the

models is due to uncertanities in CME input parameters [Paouris et al., 2021b,

Brinkman et al., 2021]. The current limitations in CME observations, simplic-

ity, and inexpensive computational cost of semi-empirical models make them a

very popular choice among the space weather researcher community. Therefore,

in this thesis a widely popular kinetic model called Drag Based Model (DBM)

(Section-3.2) with probabilistic approach (Section-3.4) is studied extensively.

3.2 Drag Based Model

3.2.1 Model Description

The Drag Based Model (DBM) operates on the assumption that the dynamics

of ICMEs is primarily governed by the “aerodynamic” simplification of the

MHD drag [Vršnak et al., 2013]. This rather strong assumption is nevertheless

supported by numerous studies [Cargill et al., 1996, Cargill, 2004, Vršnak,
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2001, Vršnak et al., 2010, Owens and Cargill, 2004, Lara and Borgazzi, 2009].

Observations indicate that CMEs have a tendency to achieve ambient solar

wind speed during the propagation, i.e., CMEs that are faster than background

solar wind speed decelerate, whereas CMEs those are slower than background

solar wind speed accelerate during the propagation [Gopalswamy, 2009]. This

is similar to the viscous force experienced by a body as it traverses through a

liquid. The acceleration of a CME due to drag in quadratic form is given as:

a(r)CME = −γ

(

v(r)CME − w

)

| v(r)CME − w | (3.1)

Where a(r)CME and v(r)CME are the instantaneous acceleration and speed

of the CME, respectively, w is the instantaneous ambient solar wind speed,

and γ is the drag parameter quantified measure of drag efficiency. It is crucial

to recognise that all the quantities in Equation 3.1 are space (r) and time (t)

dependent. The drag parameter γ measures the rate of change in velocity,

indicating the degree to which the CME speed changes per unit distance. In

other words, it denotes the strength of the interaction between CME and

ambient solar wind. The mathematical expression for γ is

γ = Cd
ACME ρsw
M + Mv

= Cd
ACME mp nsw

M + Mv
(3.2)

Here, Cd represents the dimensionless drag coefficient, which is typically

of the order of unity [Cargill, 2004], and the terms ACME and ρSW represent

the CME cross-sectional area and solar wind density, respectively; M denotes

the mass of the CME, mp represents proton mass, and nsw refers to the

proton number density of solar wind. Additionally, the term Mv represents an

additional virtual mass of the CME (due to the pile-up of Solar Wind (SW)

plasma) and can be approximated as ∼ ρswV

2
. The CME mass can be further

explicated as M = ρCMEV , where V is CME volume. When the thickness of

CME L is introduced, Equation 3.2 is transformed into:

γ =
Cd

L(
ρICME

ρsw
+

1

2
)

(3.3)

The Equation 3.3 has two obvious cases:

Case-I: ρsw � ρCME ⇒ γ =
2Cd

L
=⇒ γ is independent of solar wind density.
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Case-II: ρCME � ρsw ⇒ γ =
Cd ρsw
L ρCME

=⇒ the virtual mass is negligible

and γ is significantly lower compared to Case-I. As a result, massive ICMEs

that have a much higher density than ambient solar wind are less affected by

the drag.

Observational studies of ICME propagations suggest that Case-II represents

a more realistic scenario. Under this regime with few additional approximations,

such as,
ρICME

ρsw
∼ 10, L ∼ 1R� and Cd = 1 leads to γ ∼ 10−7 km−1. (Refer

to section 3.4 of Sachdeva [2018] for a very detailed description and calculation

of the parameters mentioned in Equation 3.2, 3.3.)

For the simplified version of the model, the following approximations are

valid at sufficiently large distances (typically, larger than 20R�): A ∝ r2 (due

to “self-similar” expansion and supported by the fact), ρsw ∝ 1

r2
(as in the

empirical solar wind density model Leblanc et al. [1998]), M = constant, Cd =

constant. Furthermore, inder the condition ρCME � ρsw, the drag parameter

γ is considered constant (but see Vršnak and Gopalswamy [2002] for γ 6=
constant scenario). Additionally, isotropic solar wind flow condition implies

that w = constant, which aligns with various empirical solar wind speed

models [Vršnak and Žic, 2007, Sheeley et al., 1997, Leblanc et al., 1998]. The

analytical solution of Equation 3.1 with the aforementioned approximations is

given by:

v(t) =
v0 − w

1 ± γ(v0 − w)t
+ w, (3.4)

r(t) = ±1

γ
ln(1 ± γ(v0 − w)t) + wt + r0, (3.5)

Where v(t) and r(t) are the ICME speed and heliocentric distance respec-

tively at time t. The parameter r0 is the initial position of CME (which,

by the assumptions, must be larger than 20 R�), and v0 denotes the initial

speed of the CME at r0. The ± sign depends on the deceleration/acceleration

regime. From Equations 3.5 and 3.4, one can determine the “Transit-time”

(T ) and “Impact Speed” (v1) of ICME at any chosen heliocentric distance.

A detailed derivation of the Equation 3.5 and 3.4 is provided in Appendix

A.1. The numerical outcome of the case when w 6= constant and γ 6= constant

are also compared, and those numerical results show a minor difference with

respect to the case described here above: calculated transit times from both

cases differ by less than 1 hr.
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Figure 3.0 shows several examples of the ICME kinematics calculated using

the analytical solution of DBM provided by Equations 3.5 and 3.4. The full

lines represent the kinematics of fast ICME cases for various values of γ and

w, considering initial take-off speed v0 = 1000km/s. Whereas the dashed lines

correspond to the slow ICMEs cases where the initial speed is v0 = 200km/s.

The heliocentric distance as a function of time is illustrated in Figure 3.0(c).

The x intercept defines the ICME transit time. For reference, the intercept

that corresponds to r=214 R�) provides the ICME fly time corresponding to

1 AU. Figure 3.0(a) represents the ICME speed versus heliocentric distance.

The ICME transit speed at any heliocentric distance is obtained by taking

the y-coordinate of the kinematic curve. Finally, in Figure 3.0(e) and 3.0(f)

the ICME acceleration is presented as a function of heliocentric distance and

time, respectively.

The plots in Figure 3.0(a) clearly indicate the tendency of ICMEs to

achieve ambient solar wind speed under the DBM assumption. As expected,

the speed adjustment is much faster in the high γ condition (represented by

the red solid line and brown dashed line). Additionally, Figure 3.0(c) implies

that a very fast ICME travelling through the fast solar wind may have a

shorter transit time in a low γ regime (blue solid line). On the contrary, slow

ICME travelling with slow solar wind under low γ regime takes longer travel

time (purple dashed line). Lastly, 3.0(e) shows that the larger part of the

acceleration/deceleration happens close to the Sun, typically before 50 R�.

(a)
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(b) (c)

(d) (e)

Figure 3.0: Examples of ICME kinematics under DBM approximation. The
initial heliocentric distance of ICME is set to r0=20R�. (a) ICME speed
versus heliocentric distance. (b) ICME heliocentric position versus fly time.
(c) ICME speed versus fly time. (d) DBM acceleration as a function of
heliocentric distance. (e) DBM acceleration versus time The kinematic model
parameters are shown in legend. Here Γ is a dimensionless abbreviation defined
as γ = Γ × 10−7km−1
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3.2.2 Limitation of the DBM

The DBM treats the ICME propagation as a momentum exchange between

the ICME and the ambient solar wind, subject to various assumptions. These

assumptions led to the three major drawbacks of the model.

1. Constant γ:

Approximations such as the
1

r2
decrease in ambient solar wind density,

an effective cross-sectional area of ICME increase as A ∝ r2, and

a constant ICME mass collectively resulted in a constant value of γ.

Instead, the statistical analysis of the Helios, Voyager, and Pioneer data

suggests that the cross-sectional area of ICME increases as A ∝ r1.6

and the proton density decreases as
1

r2.4
[Bothmer and Schwenn, 1997,

Vršnak et al., 2013]. Additionally, Cd is likely not constant over the

considered heliocentric distance range. Therefore, the constant γ might

not be an appropriate approximation, and this affects the accuracy of

the arrival-time and speed predictions [Cargill, 2004, Vršnak et al., 2010,

2013].

2. Simple solar wind structure:

The DBM considers that the ICME is entirely embedded in an isotropic

flow where the speed remains the same everywhere. However, the ICME

can encounter changes in the ambient solar wind during propagation due

to various reasons, such as an ICME entering a fast solar wind stream,

a fast ICME catching up a previous slow ICME travelling in the same

direction and interacting with it ... [Temmer et al., 2011, Temmer et al.,

2012]. Also, the vast spatial extent of most ICMEs can probably lead to

the interaction of the ICME with high-speed streams originating from

polar coronal holes [Odstrcil et al., 2004].

3. Drag term consideration only:

A major inseparable drawback of this model is that it considers only

a drag term in the equation of motion by assuming Lorentz force does

not act anymore in the upper corona. This is not true for every case;

many fast ICMEs significantly accelerate beyond 20 R�. This leads to

wrong predictions [Vršnak et al., 2004]. Also, the inner boundary where

Lorentz force and gravity become negligible compared to the drag force
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varies from event to event [Sachdeva et al., 2015, Sachdeva, 2018]. This

can be avoided by employing ICME kinematics measurements based on

STEREO observations.

3.3 Advance Drag Based Model

The DBM analysis mentioned in Section 3.2 is a rather primitive approach

that does not take into account the geometry of ICMEs. In Section 3.2,

only a single ICME point (usually the apex of the ICME) is considered for

propagation. However, the advanced version of the model incorporates the

shape of ICME, enabling the model to provide information on whether or not

a specific target will be impacted by ICME. This improved version of the

DBM implements a 2D cone geometry by considering the CME angular span

and its propagation direction. Observations fairly justify the choice of a cone

geometry, and it is used in a wide range of heliospheric models such as ENLIL

[Odstrcil et al., 2004] or EUHFORIA [Pomoell and Poedts, 2018, Poedts et al.,

2020]. Therefore, the same inputs can also be applied in the DBM. Figure A.1

represents three standard cone geometries, and their detailed description is

provided in Appendix A.2. In Figure 3.1, the distance ratio
Rα

R0
is visualised

as a function of angle α for various ICME half-width ω. A similar plot applies

for the speed ratio
Vα

V0
. It is important to note that α ranges from 0 ≤ α ≤ ω,

where α = 0 corresponds to the ICME apex and α = ω is for the lateral edge

of ICME. This geometrical consideration also introduces two different types of

kinematic approaches in the CME propagation, namely self-similar expansion

and flattening cone evolution.

• Self-similar Expansion: In this approach, CME maintains its shape

during propagation. The DBM Equation 3.5 has been solved for the

apex point, and then the geometrical transformations are applied to

determine the kinetic properties of other points on the ICME leading

edge.

• Flattening cone evolution: Here, the geometrical transformation is

used before applying the DBM equation to each point of the ICME

leading edge. This approach is more realistic compared to the previous

one. Hence, we employ this approach in our model application and

evaluation.
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Figure 3.2 represents the differences in kinematics for self-similar expansion

and flattening cone evolution approaches. The kinematic calculations were

performed for ICME half angular width ω = 30◦, drag parameter Γ =0.2,

Solar wind speed w= 400 km/s (Γ is a dimensionless quantity defined as γ =

Γ× 10−7Km−1). The initial conditions for ICME were set to R0i= 20 R� and

v0i =1000 km/s. The figure shows the kinematics for the different segments of

the ICME leading edge. The red curve corresponds to the ICME apex point,

while the blue, orange, and green curves represent the ICME leading edge

segments located at the 10◦, 20◦, and 30◦ respectively. Figure 3.2(a) clearly

shows that the gradient dv
dR is consistent across all radial distances, whereas in

Figure 3.2(b) kinematics curves are converging towards a single point. It is

evident that beyond a certain heliocentric distance, all the points on ICME

leading edge are travelling with the same speed during the flattening cone

evolution.

3.4 Ensemble Frameworks for DBM

The performance of any CME propagation model is heavily dependent on

the observation-based inputs describing their properties. These inputs, which

typically include parameters such as CME speed, direction, and angular width,

are essential for achieving a good accuracy of the model’s predictions. However,

significant uncertainties often compromise the accuracy of the observations

themselves. These uncertainties originate from several reasons, such as instru-

ment errors, projection effects, and other observational restrictions, including

uncertainty in the line of sight. It then becomes difficult to create extremely

accurate propagation models because of these inherent errors in the CME

observations. Consequently, ensemble forecasting techniques have been widely

used to account for these errors and uncertainties in the input data. A similar

approach has been applied by the WSA-ENLIL+cone model to study the

sensitivity to the initial CME inputs and provide probabilistic forecasts [Mays

et al., 2015]. The primary focus of this thesis is on the implementation of a

probabilistic approach in DBM. In literature, two different kinds of formalism

exist for DBM ensembles, namely Drag Based Ensemble Model (DBEM) and

P-DBM.
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Figure 3.1: The ratio of the heliocentric distance of the ICME leading edge
element positioned at the angle α to the distance of its apex, expressed as a
function of α for different cone half-widths ω. Top: Ice-cream Cone, Bottom:
Tangential Cone
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(a)

(b)

Figure 3.2: The kinematics calculation for ICME with initial speed v0 =
1000km/s and model parameters are w = 400km/s and Γ = 0.2. (a) Self-
similar expansion ICME kinematics. (b) Flattening cone evolution ICME
kinematics.
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3.4.1 Drag Based Ensemble Model

The DBEM is based on the DBM, which considers an ice cream cone geometry

with flattening cone evolution [Dumbović et al., 2018]. The CME properties,

such as speed, half-width, and propagation direction, are derived from the

observations and used as DBEM input. In DBEM, the leading edge height of

each CME is measured at two different times in two different coronagraphs

multiple times to produce n ensemble measurements. The DBEM assumes

that both w and γ follow the normal distributions, with w = (350 ± 50) km/s

for the solar wind and γ = (0.1 ± 0.05) × 10−7 km−1 for the drag parameter,

using the empirical values derived in Vršnak et al. [2013, 2014]. Using these

PDFs, m synthetic values of both parameters are produced. The synthetic

values of the model parameters and an ensemble of CME’s measurements

give a final n×m2 input condition, which produces a distribution of n×m2

computed CME transit times and impact speeds. The value of m is valuable

input for the DBEM as it affects the variability of transit time and speed; a

larger value of m will decrease this variability but increase the computing cost.

Analysis in Dumbović et al. [2018] suggest that for an ensemble with n = 48,

an optimal value of m = 15. The total number of DBEM runs n×m2 = 10800

takes several minutes on an average computer, with a variation of 5% on the

estimated transit time and 10% on the estimated impact speed. One of the

most significant outputs of this model is the “probability of arrival”, defined as

p =
nhits

ntotal
. In this context, nhits is the number of ensembles that are calculated

to hit the target by implementing the ω ≥ |φ| condition, where ω is CME half

width and φ denotes the CME source position.

For the operational forecast, the DBEM requires six synthetic measure

values, including the CME launch time, speed, angular width, propagation

direction, and the DBM w and γ parameters. If m is set to 9, then almost

530000 DBEM runs are performed to produce reliable results, but it takes

more computer power and time for calculation. To overcome this issue, an

upgrade is made to DBEM by adopting a random value generation from

the normally distributed PDFs to produce an ensemble rather than making

synthetic observations. In this way, DBEMv2 (version) converges to stable

results much faster, enabling one to have a lower number of runs. Another

great benefit is a selection of an exact number of DBEM runs, as it does not

depend on a number of synthetic measurements. A study done by Čalogović
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et al. [2021] suggests that even for 10000 DBEM runs, results are almost fully

converged. Later on, another upgrade DBEMv25 (version 2.5) was made by

incorporating proper motion of a target in calculation and parallelisation of

DBEM python code. The new version DBEMv3 (version 3) DBM results and

CME propagation are included along with Graduated Cylindrical Shell (GCS)

model for CME geometry [Thernisien et al., 2006, 2009, Thernisien, 2011].

Refer to Čalogović et al. [2021] for the detailed description of different

DBEM formalism. See Table-1 of Dumbović et al. [2021], which provides

a comparison of five currently available DBM versions, namely: (1) basic

1D DBM; (2) advanced DBM with 2D self-similar cone; (3) 2D flattening

cone DBM; (4) DBEM; (5) DBEMv3. Table 2 of Dumbović et al. [2021]

demonstrates the comparative results of various DBM results for the CME

event that started on 3rd April 2010 and hit the Earth on 5th April 2010.

3.4.2 Probabilistic Drag Based Model

Similarly, Napoletano et al. [2018] consider a Gaussian PDF for the CME

measured quantities and assume a priori PDFs for both model parameters w

and γ. This consideration can enable the implementation of the probabilistic

approach for DBM, called Probabilistic Drag Based Model (P-DBM). P-DBM

essentially involves a Monte Carlo simulation for the Time of Arrival (TOA)

and impact speed of ICMEs at a specified distance from the Sun, converting

the input PDFs linked to the model into PDFs for both outputs: transit time

and impact speed, providing best estimates and associated uncertainties. For

each ICME, N different initial conditions [r0, v0, w, γ] are generated from the

assumed PDFs to compute N transit times and velocities using Equations 3.5

and 3.4. Figure 3.3 illustrates the kinematics of ICME for three different cases

obtained using the P-DBM with N = 1000. It is worth mentioning that, even

though initial conditions are generated from the Gaussian distribution function,

the P-DBM output is not symmetric. The reliability of the results depends

primarily on the realism of these PDFs and the extent of parameter space

exploration, i.e., how large is N . Given the current computational resources

and the simplicity of DBM Equations 3.5 and 3.4, N ranging from 104 to

106 can be used to effectively explore the parameter space, with the resulting

output PDFs being computed efficiently in seconds. As an example, Figure

3.4 shows the distribution of transit time (TT) and arrival speed (Varrival)
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computed using P-DBM. As a result of different input PDF, CME fly time

varies between 40 to 80 hrs, while the arrival velocity ranges from 400 to

800 km/s. This thesis primarily focuses on the P-DBM framework for all the

following calculations and analyses.

Figure 3.3: Example of ICME calculated using P-DBM approach. The initial
conditions are generated using Gaussian distribution functions, whose mean
values are provided in the legend, and 10% variation is taken as a standard
deviation. A solid line denotes the mean value of the quantity, while a shaded
area represents the associated uncertainties.
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(a)

(b)

Figure 3.4: P-DBM output with N=50000 initial conditions for the event-7
studied in Čalogović et al. [2021] (See Table-1 of the article). (a) Distribution
of the transit time. (b) Distribution of the arrival speed.

3.5 Parameter Estimation for Drag-Based

Modelling

The ICME position and speed in the heliosphere at a specific time using

DBM Equations 3.5 and 3.4 and suitable model inputs. The initial position

r0 and initial speed v0 of ICME can be obtained from the coronagraphic
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observations, but the free parameters of the model, i.e., solar wind speed w

and drag parameter γ are usually unknown. Therefore, Equation 3.1 can

not be helpful for operational forecasting. This limitation makes it necessary

to determine the possible value range of the w and γ parameters. In this

direction, various studies have been conducted in recent years [Napoletano

et al., 2018, 2022, Kay et al., 2020, Čalogović et al., 2021, Mugatwala et al.,

2024, Chierichini et al., 2024, Paouris et al., 2021b]. This section describes

the study that has been published in Mugatwala et al. [2024].

3.5.1 Revised Catalogue of Geo-effective CME-ICME

The DBM inversion described in Appendix A.3 requires

[r0, r1AU , t1AU , v0, v1AU ] as input to obtain the free DBM parameters

w and γ. For this work, the CME-ICME dataset published by Napoletano

et al. [2022] is fully exploited. This dataset contains 213 CME-ICME

pairs from the years 1997 to 2018, spanning the two solar cycles 23 and

24. The kinematic properties of CME at launch time were retrieved from

the SOHO/LASCO CME Catalogue mentioned in Section 2.6.1. Whereas

TOA and Speed of Arrival (SOA) have been obtained from Richardson and

Cane ICME list discussed in Section 2.7.1. The SOHO/LASCO catalogue

provides CME speed in POS, but DBM requires deprojected radial speed,

which is derived using Equation 1 of Gopalswamy et al. [2009]. A more

thorough explanation of this is provided in Appendix A2 of Napoletano

et al. [2022]. Later, the DBM inversion procedure has been applied to

this dataset to derive the PDFs for solar wind w and drag parameter γ.

Furthermore, the results of this procedure are used to refine the dataset in

terms of various quantities. The refined version of this catalogue is publicly

available at https://zenodo.org/records/8063404 for further studies. A

brief description of the refined catalogue is provided in Appendix A.4.

3.5.2 Mathematical Framework

To produce more robust distributions of the free parameters in the DBM, we

apply this inversion technique to this revised catalogue. During the DBM

inversion process, it was discovered that analytical solutions to Equations A.33

and A.34 may not be possible. This outcome contradicts the initial hypothesis,

which assumed that DBM assumptions would hold true for the CME events

https://zenodo.org/records/8063404


68 3.5. PARAMETER ESTIMATION FOR DRAG-BASED MODELLING

in the dataset. However, this discrepancy resulted from neglecting errors in

key variables, such as initial position (r0), target position (r1), transit time

(t1AU ), impact speed (v1AU ), and initial speed (v0). This same issue may arise

when the CME dynamics may not be entirely represented by the DBM (e.g.,

constant solar wind is not a realistic consideration; CME-CME interaction

may play a crucial role).

Nevertheless, for the purpose of this study, the initial hypothesis was main-

tained, and uncertainties for the measured CME properties were included in

the investigation. A pairwise selection approach is adopted in the calculations

to address the errors associated with these quantities. A similar approach

was also employed by Napoletano et al. [2022] in the inversion procedure to

estimate w and γ, assuming that the parameters [r0, r1, v0, v1, t1AU ] followed a

Gaussian distribution. They drew random samples, with most of the samples

concentrated around the peak of the Gaussian curve. In contrast, the pairwise

approach used in this thesis enables the exploration of a broader parameter

space, including regions where less probable values might exist.

In this methodology, the two parameters r0 and r1 were assumed error-free

as their values were fixed. Specifically, r0 is set to 20 R�, and r1 is the actual

Sun-Earth distance at a time when CME was at r0. The arrival speed of

ICME was calculated as the mean of the solar wind speed during the observed

plasma disturbance. Indeed, the arrival speed has some intrinsic error, but it

is relatively small compared to the uncertainties in the initial speed and transit

time; therefore, the error associated with the arrival speed is neglected. Thus,

v0 and t1AU were the remaining parameters with significant uncertainties. To

incorporate these uncertainties, we performed a pairwise selection of (t1AU , v0)

for each DBM inversion iteration. Here, we have drawn values for both

quantities from a normal distribution where the mean µ was observed value

(“Transit Time” and “v r” were taken as µ) and standard deviation σ was based

on the associated error for each quantity (“Transit time err” and “v r err”

serving as σ). It is important to note that the tails of the normal distribution

function extended to 3σ from the mean. A total of 40000 possible parameter

pairs were generated through the pairwise selection procedure, which involved

the selection of 200 samples for both t1AU and v0. After that, the DBM

inversion procedure was carried out to determine the values of w and γ.

The DBM inversion process followed a Monte Carlo approach, resulting in
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40000 potential solutions. A significant number of these solutions can not be

physically feasible, such as instances where the value of w is negative. Equation

3.2 reveals that γ is related to the mass and cross-sectional area of CME, as

well as the ambient solar wind density, and therefore, the value of γ must

be in a certain range, following simple physics considerations [Vršnak et al.,

2013]. In our initial analysis, we observed that an unreasonably high value of

γ was occasionally produced during the inversion procedure, which could not

be explained by typical CME characteristics. Thus, imposing constraints on

the values obtained through the inversion procedure became necessary. The

following constraints have been imposed on the inversion values.

1. 0 ≤ w ≤ 1000 km/s

Solar wind speed cannot be negative, and the typical speed for fast solar

wind in literature is 800km/s. It is worth noting that the condition

of realistic solar wind speed in Paouris et al. [2021b] is 300-600 km/s,

which is very narrow compared to us.

2. 0.1 × 10−7 ≤ γ ≤ 3.0 × 10−7 km−1

It is important to note that the typical range for the γ parameter, in

Vršnak et al. [2013], is 0.2 − 2.0 × 10−7, but we widen this range to

accept a few more extreme solutions. Similarly, Paouris et al. [2021a]

has a range of 0.01 − 0.59 × 10−7 for realistic drag parameter, but the

values they obtain are in the range of 0.21 − 0.48 × 10−7 [See Table-4 of

Paouris et al., 2021a]. This is comparable to our range.

Following this, we derived four key quantities: wmean, γmean, wopt, γopt

based on the accepted values of w and γ. Here, the “opt” values correspond to

the DBM inputs that produced the smallest deviation from the observed transit

time. To assess the “goodness” of the inversion procedure, the “Acceptance

Rate” is defined as the ratio of the number of feasible solutions to the total

number of possible solutions, represented by the number of samples drawn.

Acceptance Rate
(AR) =

no. of physically
feasible solutions

Total no. of
solutions

=
m

n× n
. (3.6)

Here m represents the number of solutions accepted after applying the

constraints, and n denotes the total number of samples drawn from the t1AU

and v0 distributions. Figure 3.5 illustrates the flow diagram of the DBM



70 3.5. PARAMETER ESTIMATION FOR DRAG-BASED MODELLING

inversion procedure applied to the CME dataset and how the results of the

inversion process were analysed.

3.5.3 Results

The inversion procedure was applied to the entire CME-ICME catalogue, and it

was successful in 204 events out of 213. As a result of the inversion procedure, a

total of 3,664,748 possible values for w and γ were obtained, making it possible

to establish their statistical distribution. From the DBM Equation 3.1, It is

obvious that during their propagation, CMEs either accelerate or decelerate.

Based on these propagation direction mechanisms, two distinctive distributions

were derived: accelerated CMEs and decelerated CMEs. Furthermore, solar

wind parameter w can be categorised into two groups—slow and fast. Therefore,

two additional joint distributions were derived depending on the solar wind

condition. Figure 3.6 provides the visualisation of the (γ,w) phase space for

all the CME events in the catalogue along with accelerated and decelerated

CMEs events. In the plots, it is evident that each CME event creates a family

of solutions that cluster together in stripes.

3.5.3.1 Goodness of DBM Inversion Procedure

The DBM inversion should have produced around 8,160,000 alternative values

for γ and w, which is more than twice the number obtained, despite the fact

that we reported the inversion working for 204 occurrences. This discrepancy

is likely because of failed DBM inversion attempts or rejection of some (γ,w)

pairs for failing to satisfy the constraints stated above. This issue is also

evident in the (γ,w) phase space of the CME events. To address this, we

categorised the events based on the density in the (γ,w)phase space, assigning

them labels of “Optimal Fit,” “Suboptimal Fit,” or “Inadequate Fit.” This

categorisation allows us to evaluate the degree to which the DBM describes

the propagation of single ICME events in the dataset. For consistency, the

labels are determined by the “Acceptance Rate,” defined in Equation 3.6. The

specifications for each label are as follows:

1. Optimal (Nice) Fit: AR > 0.5; the DBM approximation is highly accurate

for this type of CME event, as the inversion procedure succeeds for more

than 50% of the pairs, resulting in a clear stripe in the (γ,w)phase space
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Figure 3.5: Schematic of DBM inversion procedure applied on the dataset and
refinement process. The boundary value conditions are inserted into Equations
A.33 and A.34 using a pairwise framework to obtain w and γ. The obtained
values are checked for constraints. The accepted values are used to determine
the solar wind condition, the most suitable PDF of parameters, and the CME
labelling scheme. Adapted from Mugatwala et al. [2024]
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(a)

(b) (c)

Figure 3.6: Joint distribution of (γ,w) arose as a result of the inversion
procedure. (a): (γ,w) phase space for the whole catalogue (3,644,748 values).
(b): (γ,w) phase space for accelerated CMEs (25,428 values). (c): (γ,w) phase
space for decelerated CMEs. Adapted from Mugatwala et al. [2024]
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2. Suboptimal (Poor) Fit: 0.25 ≤ AR ≤ 0.5; the DBM is moderately

accurate for these events, as a visible stripe is still present in the (γ,w)

phase space.

3. Inadequate (Bad) Fit: AR < 0.25; the DBM approximation is less

applicable to these events, leaving no discernible stripe in the phase

space.

Figure 3.7: A pie chart showing a percentage of events in the “Optimal Fit”,
“Suboptimal Fit”, and “Inadequate Fit”.

Figure 3.7 shows the percentage of events allocated to each label. It is

critical to stress that this labelling scheme is an important component of

the dataset obtained by this study, providing information about which CME

incidents are well defined by the DBM. Events labelled as “Suboptimal Fit” or

“Inadequate Fit” require further investigation. Moving forward, we considered

only the Optimal Fit events to derive the PDF for (γ,w), as this improves

the statistical distributions. Finally, these updated statistics will improve the

accuracy of CME arrival time estimates.

3.5.3.2 Relabelling Scheme for Solar Wind

It is essential to bear in mind that only 28 CME events from the catalogue

exhibit acceleration during propagation, i.e., only around 13% of the dataset.
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Consequently, the statistics for accelerating CMEs are not well resolved.

Alternatively, we categorised the CMEs according to solar wind conditions

experienced during propagation to generate a distribution for the free DBM

parameters. Exploiting the work of Napoletano et al. [2022], the solar wind type

information (Column: SW type -S/F, see Table A.1) was included, determined

by proximity of Coronal Holes to the CME source region. However, the set

of CMEs formed according to coronal hole presence produced two essentially

overlapping distributions for fast and slow solar wind speeds. This overlap

does not support the anticipated difference between fast and slow solar wind

conditions. This disparity most likely resulted from the PDF for solar wind

being calculated with the inclusion of coronal hole presence without considering

the value of solar wind speed. In many cases, CME was not encountering a

stream of fast solar wind during its propagation, and this correlation became

incorrect.

The DBM inversion frequently produced small values of w, but the presence

of coronal holes misidentified those values as fast solar wind. Hence, those

mismatches result in overlapping distribution. Furthermore, the model’s

accuracy is compromised by the high standard deviation in these distributions,

which makes it less suitable for robust real-time space weather forecasting.

In order to tackle this problem, the threshold of roughly wsim ≥ 500km/s

was applied to discriminate the fast solar wind from the slow one. This

threshold is consistent with the one used by Napoletano et al. [2018]. Figure

3.8 demonstrates the (γ,w) phase space for the two solar wind categorisation

schemes: the original “SW type” and revised “Wind type”. It is essential to

bear in mind that the tail areas of any distribution that appear in the negative

domain are a consequence of the charting method and not an indication that

the dataset contained negative values. We will be focusing on this revised

solar wind speed labelling approach for all further analysis.

3.5.3.3 Solar Wind Speed PDF

From the joint distribution presented in Figure 3.6, we derived a Probability

Distribution Function (PDF) for the solar wind speed w. To achieve this, we

fitted Gaussian, Student’s-t, and lognormal distribution functions on the values

obtained from the DBM inversion procedure. These functions are selected

because of their best-fit score among the several PDF available in the “distfit”
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Figure 3.8: (γ,w) phase space for different solar wind speed classification
schemes. The x-axis represents the solar wind speed obtained from DBM
inversion Wsim (in km/s), while on the y-axis, the drag parameter Γsim is
shown (with km−1 as the unit).

package [Taskesen, 2023]. Figure 3.9 illustrates the histogram obtained from

the dataset, along with the best-fitted PDFs. In most cases where CME events

are categorised as accelerated or decelerated, the three distribution functions

yielded comparable Residual Sum of Square (RSS) values, as reflected in the

figure. The parameters for the fitted distributions are presented in Table

3.1. On the contrary, RSS values differed significantly between the slow and

fast solar wind conditions. For CMEs travelling through the slow solar wind

(hereafter slow CMEs), the student’s-t distribution provided the best fit, while

CMEs propagating through the fast solar wind (hereafter fast CMEs) the

log-normal distribution function was the most suitable. It is important to note

that the hard threshold employed to distinguish between the solar wind types

had a significant impact on these distributions.

Paouris et al. [2021a] considered the same 16 CME-ICME events from the

Dumbović et al. [2018] to investigate the optimal values for the solar wind

speed w and drag parameter γ through the inversion technique. The optimal

values of w from different studies are shown in Table 3.2, which also emphasises

that the increased standard deviation seen in the results is probably explained

by the bigger sample sizes utilised in Napoletano et al. [2022] and this thesis.
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CME Group PDF w̄[km/s] σw[km/s] Args RSS

Accelerated Normal 503.356 55.848 - 0.000538

Student’s-t 503.356 55.848 1.526×106 0.000538

Lognormal -0.407 3.910 349.009 0.001469

Decelerated Normal 409.168 117.545 - 0.00046

Student’s-t 409.168 117.543 1.479×105 0.00046

Lognormal 9.524 0.009 -1.328×104 0.000458

Slow Normal 370.530 88.585 - 0.000714

Student’s-t 383.169 64.944 4.101 0.000622

Lognormal 9.784 0.005 -1.738×104 0.00072

Fast Normal 579.058 67.871 - 0.002862

Student’s-t 579.058 67.872 1.837×106 0.002862

Lognormal 4.084 0.883 494.597 0.001934

Table 3.1: Parameters for the different functions used to model the solar wind
speed distribution. For the Lognormal function, tabulated values can not be
used directly as average and standard deviation. The transformation from the
fitting parameters to values used in the model can be done by the Equation
A.38.

Optimal Solar wind

speed w [km/s]

Standard deviation

σw [km/s]

Dumbović et al. [2018] 350 50

Napoletano et al. [2018] (slow) 400 33

Napoletano et al. [2018] (fast) 600 66

Paouris et al. [2021a] 431 57

Čalogović et al. [2021] 453 64

Napoletano et al. [2022] (slow) 370 80

Napoletano et al. [2022] (fast) 490 100

Mugatwala et al. [2024] (slow) 370 88

Mugatwala et al. [2024] (fast) 579 68

Table 3.2: Optimal(mean) values for solar wind speed w from different studies.
Adapted from Mugatwala et al. [2024]
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Figure 3.9: Various PDFs fitting for the solar wind. Top-left: accelerated
CMEs. Top-right: decelerated CMEs. Bottom-left: slow CMEs Bottom-right:
fast CMEs. Adapted from Mugatwala et al. [2024].

3.5.3.4 Drag Parameter PDF

For the drag parameter γ, we applied the same methodology and distribution

functions as those used for the solar wind speed to derive PDFs. There was a

significant amount of variance in the RSS values that were determined from

the various fits. When compared with the other distribution functions, the

lognormal distribution consistently delivered the optimal fit throughout most,

if not all, cases. Figure 3.10 illustrates the fitted distribution function for the

four CME categorisations. Table 3.3 displays the fitting parameters for the

drag parameter γ for four distribution functions.
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CME Group PDF γ̄ [km−1] σγ [km−1] Args RSS

Accelerated Normal 1.590×10−7 5.793×10−8 - 2.528×1013

Student’s-t 1.503×10−7 4.247×10−8 1.988 2.490×1013

Lognormal -15.642 0.354 -1.186×10−8 6.385×1012

Decelerated Normal 9.339×10−08 7.562×10−08 - 1.089×1015

Student’s-t 6.899×10−08 5.016×10−08 1.988 8.029×1014

Lognormal -16.178 0.652 0.6518 2.723×1014

Slow Normal 8.609×10−08 7.419×10−08 - 1.519×1015

Student’s-t 5.936×10−08 4.595×10−08 1.988 1.010×1015

Lognormal -16.252 0.658 -2.276×10−08 4.034×1014

Fast Normal 1.256×10−07 7.342×10−08 - 5.319×1014

Student’s-t 1.079×10−07 5.238×10−08 1.988 4.749×1014

Lognormal -15.884 0.518 -1.838×10−08 2.575×1014

Table 3.3: Parameters for different PDFs used to model drag parameter
distribution. For the Lognormal function, tabulated values can not be used
directly as average and standard deviation. The transformation from the
fitting parameters to values used in the model can be done by the equation
A.38. Adapted from Mugatwala et al. [2024]

Figure 3.10: Various PDFs fitting for the drag parameter γ. Top-left: acceler-
ated CMEs. Top- right: decelerated CMEs. Bottom- left: slow CMEs Bottom-
right: fast CMEs. Adapted from Mugatwala et al. [2024].



Chapter 4

ICME Detection in the Heliosphere

This chapter focuses on the expanding capabilities of P-DBM to predict CME

arrival time in the heliosphere. The chapter begins with outlining various

planetary ICME datasets that hold significant interest in this study. Following

this, a concise explanation on CME-ICME Lineup Catalogue preparation is

provided. The chapter concludes by outlining the preliminary results obtained

through the P-DBM application to this newly developed catalogue.

4.1 Introduction

Space weather research has entered a new era of remarkable observational

capabilities, thanks to the deployment of a diverse set of spacecraft dedicated

to investigating the Sun, solar wind, and planetary conditions across the

solar system. These missions encompass SOHO, STEREO, SDO, SolO, PSP,

Wind, Bepicolombo, MESSENGER, MAVEN, VEX, and Juno, and have been

sued to make numerous multi-point observations. The combined data from

these spacecraft provide a genuine goldmine of resources for investigating

interplanetary space and its complicated connections with solar activity. The

advantage of these missions is not just their number but also the range of

perspectives they bring. The fleet consists of observatories that observe the Sun

from various perspectives (for example, STEREO’s dual spacecraft provide

several angles on solar events) as well as spacecraft positioned across the

heliosphere, including at planets (e.g., MESSENGER at Mercury, MAVEN at

Mars). As a consequence, the current scientific environment facilitates multi-

viewpoint observations of CMEs, as well as multi-point in-situ measurements

of ICMEs as they pass through the solar wind and influence multiple regions

of the solar system.

This diversified and comprehensive dataset provides an excellent chance

to improve the precision and scope of space weather forecasting models.

79
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Researchers can gain a better understanding of the spatial and temporal

evolution of CMEs and other solar phenomena by combining observations

from multiple spacecraft throughout the heliosphere. This ability is critical

not only for protecting assets near Earth but also for forecasting space weather

conditions in other parts of the solar system, where missions and human

activities are anticipated to increase in the coming years. The existence of

spacecraft on many planets further enables us to make detailed space weather

forecasts for regions beyond near-Earth space, such as Mars, Venus, and even

Jupiter. Despite the huge amount of data, various problems remain that

prevent the full use of these resources. Two significant issues arise in the

research of space weather and the heliospheric impacts of solar eruptions:

1. Establishing a connection between solar eruptions observed in the solar

corona and their signatures measured in situ by spacecraft in interplane-

tary space;

2. Finding events where more than one spacecraft measures the ICME

characteristics at different locations in the heliosphere.

Addressing these issues is crucial for improving space weather forecasts.

The ability to properly link solar eruptions to their interplanetary counterparts

would improve prediction models of CME propagation and impact, allowing for

more precise forecasts of space weather occurrences. Furthermore, extensive

analyses of multi-spacecraft ICME data would provide new insights into the

physical processes that drive CME evolution and interaction with the solar

wind, thereby improving our understanding of solar-terrestrial connections.

4.2 Planetary ICME Catalogues

Before 2010, mostly ICME have been studied near the Earth using various

spacecraft such as Wind, ACE (Richardson and Cane [2010], Schwenn et al.

[2005], Zhang et al. [2008], Mitsakou and Moussas [2014] are just a few of

many). Very few efforts have been made to investigate ICMEs in the inner

heliosphere through Helios mission too [Cane et al., 1997, Leitner et al., 2007].

But just after 2010, data from various planetary missions resulted in ICME

studies in inner heliosphere and beyond 1 AU [Winslow et al., 2015, Zhao

et al., 2021, Good and Forsyth, 2016, Falkenberg et al., 2011, Witasse et al.,
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2017]. These various ICME studies from different planetary missions serve as

key building blocks for the preparation of CME-ICME lineup events, and a

few of them are briefly discussed here.

4.2.1 MESSENGER ICME List

The MErcury Surface, Space ENvironment, GEochemistry and Ranging

(MESSENGER) spacecraft was designed to study the planetary formation

of process, geological history and nature of the magnetic field of Mercury

[Solomon et al., 2007]. Among its suite of onboard instruments aimed to

achieve its science goal, Magnetometer (MAG) is the instrument that con-

tributed significantly to the study of ICMEs propagating towards Mercury.

During the initial phase, MESSENGER had an orbit period of 12 hr, during

that phase spacecraft used to spend 8-10 hr in the interplanetary medium.

Later on, the orbit period decreased to 8 hr, reducing the time spent in

interplanetary space to 3-5 hours per orbit. Despite these relatively small

windows outside Mercury’s bow shock and magnetosphere, MESSENGER

was able to observe Mercury-directed ICMEs. Winslow et al. [2015] has used

MESSENGER-MAG data between 23rd March 2011 and 17th September 2014

and prepared a catalogue of ICME events observed near Mercury.

Usually, ICME identification is based on the combination of magnetic

fields, plasma dynamics and particle signatures in in-situ data. However,

MESSENGER lacks a dedicated onboard solar wind plasma analyser, and

identifying ICME solely based on the magnetic field data is subject to uncer-

tainties. For this reason, strict criteria were implemented in Winslow et al.

[2015] for ICME identification.

1. Clear Interplanetary shock at arrival time,

2. shock was followed by sheath and Magentic Ejecta (ME) region.

3. Event lasted for the duration of at least one MESSENGER orbit through

the magnetosphere.

4. Event caused a visible distortion of Mercury’s magnetosphere in the

magnetic field observation.

with this criteria, catalogued ICMEs are shock-driving ICMEs with strong

ME,introducing an observational bias towards fast CMEs with strong magnetic
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fields. A total of 61 ICME events were identified in the study of Winslow et al.

[2015]. This ICME catalogue includes detailed information about each ICME

event, such as ICME shock arrival-end time, ME arrival-end time, average

magnetic field magnitude before and after shock, maximum and mean magnetic

field for entire ICME,ME and sheath. Additionally, efforts have been made

to identify CME counterpart of each ICME event using SOHO/LASCO and

STEREO/SECCHI observations. Once CME-ICME links were established,

kinematic properties of CME have been obtained from CDAW CME catalogue

and DONKI. (See Winslow et al. [2015] for more detailed discussion on the

ICME identification and further analysis about ICME properties at Mercury

and it’s comparison at 1AU using near Earth ICME)

4.2.2 MAVEN ICME List

The Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft was

launched to investigate the effects on the Martian magnetosphere and upper

atmosphere by the Sun and solar wind [Jakosky et al., 2015]. Particles and

field measurement instruments on board the spacecraft such as Solar Wind Ion

Analyzer (SWIA),Solar Wind Electron Analyzer (SWEA), MAG and Solar

Energetic Particle (SEP) instrument provided opportunities to investigate

ICME properties near Mars. Even with the presence of magnetic field and

particle measurement instruments, ICME identification is not straightforward

due to the fact that Mars does not have a global magnetic field. Therefore,

the Martian atmosphere directly interacts with the solar wind [Möstl et al.,

2017, Ma et al., 2018].

Considering this limitation, Zhao et al. [2021] used the solar wind proton

flux data from SWIA to prepare a list of ICME observed at MAVEN. The

primary criteria for ICME identification used by those authors is an abnormally

low proton temperature, i.e. a condition where proton temperature is very

low for the corresponding observed solar wind velocity. In their study, they

obtained the relationship between temperature T and velocity V for qualitative

diagnostics to infer depression in solar wind temperature using 57 intervals

of slow streams and 34 intervals of high streams from unperturbed coronal

holes [Zhao et al., 2021]. If onboard measured T is relatively low to expected

temperature Texp from T − V relationship, this suggests an ICME association.

Additionally, the combination of ICME signatures, such as enhanced magnetic
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field intensity, smooth rotation in a magnetic field and low plasma β, are used

to identify the ICMEs. Using the criteria mentioned above, Zhao et al. [2021]

identified the 24 ICMEs in MAVEN data during the time span of December

2014 to February 2019. We have identified the CMEs associated with the

measured ICMEs and added them to our catalogue. (See Zhao et al. [2021]

for addition in depth discussion on ICME identification and ICME properties

near Mars)

4.2.3 HELIO4CAST - LineupCAT

The LineupCAT1 is a catalogue of ICMEs observed by multiple spacecraft. For

this study, we have used version 1.0 of the catalogue covering the multipoint

CME events observed from April 2020 to April 2021 [Möstl et al., 2022]. This

list is one of the primary blocks for the CME-ICME lineup catalogue that is

prepared for this thesis. The event list published as a result of Möstl et al.

[2022] consists of 16 events where the connection between HI-A observation

and at least one in-situ spacecraft was made. Therefore, this event list has

significantly reduced our work in terms of finding in-situ measurements for

lineup ICMEs. Additionally, the link to remote observations through HI-A

significantly helped to find the responsible CME in SOHO and STEREO data.

The LineupCAT is prepared using a few existing CME-ICME catalogues

resulting from HELCATS project. The catalogues used for LineupCAT are:

1. HIGeoCAT2

This catalogue is a source of CME kinematics such as propagation

direction and speed derived from the HI-A observations [Barnes et al.,

2019].

2. ARRCAT3

This catalogue provides the modelled arrival time of CMEs at various

spacecraft and planets using STEREO/HI data.

3. ICMECAT4

This catalogue provides ICME observations from various spacecraft and

is discussed briefly in Section 2.7.4.

1Link to HELIO4CAST/LineupCAT: https://www.helioforecast.space/lineups
2HIGeoCAT: https://www.helcats-fp7.eu/catalogues/wp3_cat.html
3ARRCAT: (I)-https://www.helioforecast.space/arrcat

(II)-https://www.helcats-fp7.eu/catalogues/wp4_arrcat.html
4ICMECAT: V1.0- https://www.helcats-fp7.eu/catalogues/wp4_icmecat.html

V2.0- https://www.helioforecast.space/icmecat

https://www.helioforecast.space/lineups
https://www.helcats-fp7.eu/catalogues/wp3_cat.html
https://www.helioforecast.space/arrcat
https://www.helcats-fp7.eu/catalogues/wp4_arrcat.html
https://www.helcats-fp7.eu/catalogues/wp4_icmecat.html
https://www.helioforecast.space/icmecat
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Using data from these catalogues, ICME events are considered as multipoint

ICME events if the modelled time from ARRCAT is ∆t < ±24 hr within the

in-situ arrival time of ICMECAT. The relaxation is given by the condition

that the ICME misse the in-situ spacecraft by < 20% and within ∆t limit are

also considered as multipoint CME events.

4.2.4 Miscellaneous

The ICME lists mentioned in Section 4.2 serve as foundations of the catalogue

that we have prepared. The ICME sources are not limited to the mention

only in 4.2 and 2.7. There are various studies done in recent years where

ICME lists have been compiled using various spacecraft such as ICME list

by Juno [Davies et al., 2021b, Davies, 2021], PSP ICME list [Salman et al.,

2024], VEX ICME list [Good and Forsyth, 2016] are also used passively in the

ICME data source that we have used. Additionally, numerous studies have

been conducted where radial evolution of CME-ICME have been investigated

[Winslow et al., 2021, Soni et al., 2023, Davies et al., 2021a, Witasse et al.,

2017, Salman et al., 2020, Asvestari et al., 2021, Davies et al., 2022, Good

et al., 2019, Kilpua et al., 2021]. Events from these various studies also have

scope to be added to our catalogue.

4.3 CME-ICME Lineup Event Catalogue

This catalogue is among the major data products resulting from this thesis

work and will be key to extending and testing the capabilities of P-DBM in the

heliosphere. We have identified a total of 60 CME-ICME lineup events using

the ICME sources outlined in Section 4.2 and make the list publicly available

at https://doi.org/10.6084/m9.figshare.25869190.v1. The compilation

of this dataset required the careful task of linking ICME with its associated

CME counterpart observed near the solar surface. Once the responsible CME

is identified, its kinematics and morphological information, such as angular

width and propagation direction, are used to identify the potential heliospheric

targets that the ICME might have affected. For this purpose, Solar-MACH5- an

open source tool for plotting longitudinal configuration of multiple spacecraft

was implemented to visualize the location of various planets and spacecraft in

5Link to Solar-MACH web interface: https://solar-mach.github.io/

https://doi.org/10.6084/m9.figshare.25869190.v1
https://solar-mach.github.io/
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the heliosphere [Gieseler et al., 2023]. In the later stage, plasma and magnetic

field data of those potential heliospheric targets (spacecraft) are exploited to

determine ICME properties at the target’s location. In theory, this approach

is very straightforward, but it is highly demanding in terms of time and human

effort.

To summarize, here is a step-by-step description of how CME-ICME Lineup

Catalogue was prepared:

• Step-1: ICME Data Source

In this step, ICMEs have been identified using in-situ measurements of

solar wind. Various ICME properties such as the magnitude of magnetic

field (|B|), southward magnetic field component (Bz), proton density (N)

and a few others are documented for further analysis. It is important to

note that ICME properties are error-prone due to, e.g. other solar wind

disturbances and intrinsic measure errors. In this study, Mercury, Venus,

Earth, and Mars in planet category and MESSENGER, VEX, Wind,

STEREO-A/B, SolO, PSP, MAVEN, Kepler, Ulysses spacecraft are

considered. The planetary ICME lists discussed in Section 4.2 served as

the foundational dataset. Also, the use of existing ICME lists discussed

in Section 2.7 reduces the manual workload involved in the identification

of ICME.
• Step-2: CME Information

This stage deals with finding the CME counterpart of each ICME near its

solar source. This stage is crucial as the wrong CME-ICME association

totally invalidates the analysis. Given the variability in CME kinematics,

ICMEs can take anywhere from a few hours to several days to reach

their targets in the heliosphere, leading to an extended time window for

the research. As a result of this large time window, this step requires

extensive manual investigations of all the possible CME candidates for

that particular ICME. For Example, a typical ICME generally takes

2 to 5 days to reach 1 AU. Therefore, it is necessary to investigate

all the CMEs from that duration to link an ICME with its unique

CME counterpart. Key parameters such as CME propagation direction

and half-width help significantly to make this one-to-one CME-ICME

correspondence. The DONKI catalogue provides essential information

for that. Once the CME-ICME connections are established, the relevant

information retrieved from DONKI is also reported.
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• Step-3: ICMEs in Heliosphere

In this step, the angular width and propagation direction of the CMEs

were used to define a “cone of interest” for potential targets. The cone

is defined by an angular interval [φCME −ω, φCME +ω], where φCME is

CME propagation direction and ω is half angular width of CME. Any

spacecraft or planet located within that cone during the CME launch

is considered a potential target. In cases where planets or spacecraft

positions miss the criteria of a cone of interest by a minor margin( 5-10◦),

those are also considered as potential targets to include the uncertainties

in the half-width and propagation direction. Once the list of potential

ICME targets has been prepared, their respective in-situ data are used

to determine the ICME properties. To speed up this process, existing

ICME lists were used whenever possible, and appropriate entries were

added to the catalogue.

Figure 4.1: The flow chart displaying systemic steps that have been used to
prepare the “CME-ICME Lineup catalogue”.

To wrap it up, a rigorous and systematic method was employed to build

the CME-ICME Lineup Catalogue, which involved combining observational



CHAPTER 4. ICME DETECTION IN THE HELIOSPHERE 87

data from multiple sources. This dataset provides an essential resource for

studying the propagation of ICMEs in the heliosphere and their impact on

different heliospheric targets. The availability of this dataset will significantly

improve studies on space weather and enhance models that predict CMEs and

ICMEs in the heliosphere. Figure 4.1 illustrates the process of CME-ICME

lineup catalogue.

4.3.1 Variation in CME-ICME Properties

Figure 4.2 presents the variation of observed transit time and arrival speed of

each ICMEs events from the catalogue. The top panel suggests that the transit

time of ICME is increasing with the heliocentric distance, and its variation

also rises e.g., for ICME, It takes from a few hours up to two days to reach

Mercury while it takes between 2 to 5 days to reach Earth. In the bottom

panel, it is evident that ICME is catching up with ambient solar wind, which

is consistent with the typical deceleration of ICMEs as they propagate through

the heliosphere. This is supported by the fact that major ICMEs have speeds

ranging between 350 or less to 600 km/s near Earth, which is measured as

typical solar wind speed at 1AU. Figure 4.3 illustrates the variation in the

mean value of a magnetic field and its relation with the speed of magnetic

ejecta. It is important to note that latitudinal variations have been neglected

in this study. This exclusion introduces challenges in the analysis of ICME

properties, as each spacecraft observes different parts of the ICME structure.

The primary objective of this thesis is to investigate the P-DBM application

in the heliosphere beyond 1AU. Therefore, the DBM inversion procedure

has been applied to this catalogue as well. Table A.2 shows the various

observed properties of ICME and CME, along with quantities derived from

Drag Based Model fitting for each ICME lineup events in the catalogue. Figure

4.4 shows the correlation between the CME kinematics derived from the

coronagraphic observation and the in-situ measurements of the corresponding

ICME properties. Figure 4.5 illustrates the DBM parameters, namely w and

γ as a function of heliocentric distance. The values are colour-coded by the

speed of CME to investigate any dependencies of model parameters on it.

Figure 4.8 displays the correlation between measured CME-ICME properties

and the DBM parameters. This comparison allows for a deeper understanding

of the relationship between the remote sensing of CMEs, their evolution as
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Figure 4.2: The plots displaying the variation in ICME arrival time and speed
as ICME propagate in the heliosphere. The top panel shows the transit time of
ICME as a function of heliocentric distance, while the bottom panel represents
the ICME transit speed. The planets are demonstrated as filled circles (•),
whereas spacecraft are represented as + to identify the target type.
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Figure 4.3: The plot representing a magnetic field intensity of ICME as a
function of heliocentric distance and ICME speed.
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Figure 4.4: The matrix demonstrating the correlation between the CME
kinematics derived from remote observation and the ICME properties measured
in in-situ data of spacecraft.
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observed through in-situ data at different points in the heliosphere along with

the capabilities of P-DBM to predict ICME arrival time and speed.

Figure 4.5: The plot illustrating variation in DBM free parameters as a function
of heliocentric distance.The top panel shows the fluctuations in modelled solar
wind speed, and the bottom panel demonstrates the modelled drag efficiency
obtained using the DBM inversion method.
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Figure 4.6: The plot displaying the joint distribution of DBM model parameters
and their marginal distribution.
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Figure 4.7: The plots showing P-DBM predicted arrival time and speed of
ICME and their comparison with observations
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Figure 4.8: The matrix displaying the correlation between observed properties
of CME-ICME and P-DBM simulated results.



Chapter 5

Discussion and Conclusion

This chapter highlights the key findings and outcomes of this thesis. The

chapter begins with a review of the geo-effective CME-ICME catalogue and its

possible usefulness to the space weather community. Subsequently, a detailed

discussion of the PDF for DBM parameters w and γ is given, along with

an explanation of how it may be applied to the operational forecast. The

significance of the CME-ICME lineup catalogue is briefly mentioned, and then

a plan for the expansion of this lineup catalogue is outlined. The chapter

closes with the presentation of a Python-based GUI for the P-DBM and future

plans regarding validation.

The application of the P-DBM beyond 1 AU has demonstrated its utility

in forecasting the arrival of CMEs across the heliosphere (discussed in Chapter

4). This thesis extends previous investigations by utilising a comprehensive

catalogue of CME-ICME occurrences, resulting in a framework for enhancing

prediction models at far distances from Earth. The findings given in this thesis

emphasize the difficulties involved with implementing DBM in a dynamic,

non-linear domain like the heliosphere, as well as how these issues might be

handled to increase forecast accuracy.

5.1 P-DBM Application at 1AU

5.1.1 A Catalogue of Geo-effective CME-ICME properties

The CME-ICME dataset published by Napoletano et al. [2022] has been up-

dated by integrating predicted DBM data, PDF fitting parameters, and other

essential variables such as CME arrival time, speed, Dst index, source location,

and the Bz component. These factors are relevant to each CME-ICME event,

resulting in a more comprehensive dataset. A subset of CME-ICME pairings

95
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that are well described by the DBM during their heliospheric propagation

were identified by quantifying the success rate of the DBM inversion proce-

dure. This categorization is essential for the space weather community since

it provides insight into scenarios when the DBM forecast fails to reliably

estimate CME transit times. Conversely, in CME occurrences where the DBM

forecast is accurate, the model can provide valuable information regarding

the parameters w and γ. Thus, CME-ICME pairs that do not align with

the DBM approximation require further investigation, as it is difficult to tell

if a ’no solution’, a “suboptimal” or an “inadequate” label comes from a

possible error in the initial CME-ICME association, insufficient details in the

geometrical description of the ICME, or a phenomenon happening during the

ICME propagation that cannot be described by the DBM (e.g., a CME-CME

interaction). Investigating these aspects involves an in-depth analysis of each

ICME, which is beyond the scope of the current investigation but might be ad-

dressed in future research. The updated CME-ICME dataset delivers further

details, such as the solar wind conditions observed during CME propagation,

parameters for verifying the DBM hypothesis, and information concerning

acceleration or deceleration mechanisms. A summary of the improvements

over the previous dataset from Napoletano et al. [2022] can be found in Table

A.1. Making this catalogue a living one, which updates automatically after a

certain time frame, is another important step toward cataloguing.

5.1.2 PDF for DBM Parameters

One of the key obstacles in heliospheric propagation of CMEs, is the variability

of solar wind conditions across different regions. The drag experienced by

CME is heavily influenced by the speed and density of the background solar

wind, resulting in variations in CME deceleration as it travels through the

heliosphere. This variability induces substantial errors in the prediction of

CME arrival times and impact speeds, which the P-DBM framework aims to

address through a probabilistic approach.

In addition to variability in solar wind speed and drag, both terms are

practically unknown. Therefore, the subset of CME events that align with the

DBM approximation can be used to extract the w and γ parameters through

a Monte Carlo-style inversion procedure. Only CME events with an inversion

process acceptance rate greater than 50% have been studied to establish
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sufficient confidence in DBM modelling of CME propagation. Importantly,

these calculations do not take into account the cone geometry of CMEs;

instead, the analysis is based on the one-dimensional version of the DBM.

Future calculations could include improved versions of the DBM that consider

different cone geometries, as detailed in Dumbović et al. [2021], Schwenn et al.

[2005], by incorporating extra free variables in the DBM inversion process.

From 213 ICMEs, w and γ were successfully retrieved for 204 events,

enabling to obtain robust statistics. The empirical PDF for solar wind speed

w is modelled using two distinct distributions for slow and fast solar wind,

with a threshold of w = 500 km/s to differentiate the two regimes. Previous

studies, such as Dumbović et al. [2018], Dumbović et al. [2021], Napoletano

et al. [2018, 2022], used a Gaussian distribution as the input PDF for w. In

this study, the threshold of w = 500 km/s for fast solar wind speed makes the

Gaussian distribution less applicable, and the Student’s t-distribution emerges

as a superior fit for most CME instances. This conclusion is further confirmed

by PDF fitting for w using a single CME approach. In Figure 5.1, a histogram

of the best-fitting PDFs for w in individual CMEs is presented. Although the

Student’s t-distribution exhibits bias due to the hard threshold, and the RSS

metrics for both the Student’s t-distribution and the Gaussian distribution are

equivalent, the Gaussian PDF is eventually encouraged for the solar wind w

in this study. The mean value for slow solar wind is wslow = 370 km/s, with a

standard deviation of 88 km/s, agreeing with Napoletano et al. [2022]. For fast

solar wind, the mean value is wfast = 579 ± 68 km/s, which is slightly higher

than previous studies. The median values are 386 km/s and 547 km/s for slow

solar and fast solar wind respectively. The inversion method accepts extreme

values, therefore these mean values differ slightly from the median values. For

example, low values shift the mean of the slow solar wind speed to the left,

whereas high values push the mean of the fast solar wind speed to the right.

A comparison of solar wind speed values from various studies is provided in

Table 3.2. Additionally, Table 5.1 lists the most probable values for solar

wind speed under different conditions, including slow, fast, decelerating, and

accelerating solar wind scenarios.

The choice of the PDF for the drag parameter γ has been a subject of

discussion in prior studies, such as Napoletano et al. [2018], Napoletano

et al. [2022], Dumbović et al. [2018], Dumbović et al. [2021], and Čalogović
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Figure 5.1: The histogram shows the optimal PDF for solar wind speed w
and drag parameter γ in a single CME approach. Each PDF contains various
types of CME events that are categorized and efficiently stacked on top of
each other. Adapted from Mugatwala et al. [2024]

et al. [2021]. One group of researchers favours a lognormal distribution, while

another group advocates for a Gaussian distribution as the input PDF for γ. In

this study, we attempted to fit both distributions throughout the entire dataset

as well as individual CME instances, getting insight into the preferences for

these two distinct functions. From the results summarized in Table 3.3, it is

evident that the lognormal distribution emerges as the most favourable PDF

for γ across the full dataset, as it yields the lowest RSS among the competing

PDFs. However, when estimating PDFs for specific CME events, the Gaussian

distribution appears to be a superior fit. Figure 5.1 illustrates a histogram
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Slow Fast Decelerating Accelerating

Solar wind speed
w (km/s)

Mean 371 579 409 503

Median 386 547 402 494

σ 89 68 118 56

drag parameter
γ(×10−7 km−1)

Mean 0.86 1.26 0.93 1.59

Median 0.56 1.10 0.70 1.50

σ 0.74 0.73 0.76 0.58

Table 5.1: Statistical values for all CME occurrences marked as “Optimal Fit”
were analyzed combined to produce drag parameter γ and ambient solar wind
speed w using DBM inversion process. Adapted from Mugatwala et al. [2024]

of the most suitable PDFs for γ when analyzed on a per-event basis. The

large magnitude and complexity of the dataset may account for this apparent

discrepancy. Our dataset contains data spanning almost two solar cycles and

a wide range of CME events, including different masses and cross-sections of

CMEs. Consequently, the dataset records an extensive number of variations in

solar wind density during the propagation of CMEs. Therefore, the long-tailed

lognormal function works better when all of these parameters are taken into

account when fitting a PDF to the complete dataset since γ is a measure of

drag efficiency that is affected by several variables, including the mass and

cross-section of the CME and the density of the solar wind [Vršnak et al.,

2013]. The drag parameter γ obtained in this study is significantly higher In

comparison to the values provided by Čalogović et al. [2021], Dumbović et al.

[2021], and Dumbović et al. [2018]. The lognormal function’s extended tail can

account for these increased values. Table 5.1 provides statistical measurements

of the drag parameter γ. It is important to emphasize that the values in

Table 5.1 should not be directly used as inputs for predicting ICME arrival

time and speed using the DBM. To accurately predict ICME arrival time and

speed, the values from Table 5.1 must be applied, following the transformation
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process detailed in Appendix A.5.

5.2 P-DBM Application beyond 1AU

5.2.1 CME-ICME Lineup Event Catalogue

The CME-ICME Lineup catalogue, which was created for this thesis, has

been essential in evaluating the predictive ability of the P-DBM. Through

careful curation of a dataset, this catalogue establishes a connection between

in-situ ICME measurements and their corresponding solar source CMEs. This

makes it possible to compare in situ measurements of ICME parameters with

CME kinematics obtained from remote sensing data, providing insight into the

evolution of CMEs as they move through various regions of the heliosphere.

On the complete opposite side, this kind of catalogue provides opportunities

to refine the ICME propagation models, hence enhancing the reliability of

forecast models. For example, PDF for DBM parameters can be obtained

for different heliocentric distance ranges and implementing them in DBM

calculation can partially remove the constant w approximation. Additionally,

it also provides an opportunity to investigate the radial evolution in ICME

properties, which opens a window for the new model development.

The catalogue curated as a part of this thesis is in its very early stage, and

significant improvements have to be made in future. One major improvement

is the inclusion of as many as possible ICME data sources. Additionally, novel

methods have to be invented to make cataloguing more efficient and minimize

human intervention. Also, the analysis scheme has to be determined to

consider both radial and longitudinal evolution of ICME properties. The recent

developments in AI/ML based ICME prediction models can also significantly

benefit from the catalogues prepared by this model. The Bayesian approach

has been implemented on the catalogued prepared by us to determine the

PDFs of P-DBM parameters [Chierichini et al., 2024]. Additionally, physics-

informed neural networks are developed using P-DBM and the prior version

of the catalogue [Guastavino et al., 2023, Dani et al., 2022]
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5.2.2 P-DBM GUI

The P-DBM’s potential for operational space weather forecasting is shown

by its ability to accurately anticipate the arrival times of ICMEs at various

spacecraft locations across the heliosphere. Additionally, the dynamic nature

of DBM input parameters allows to integrate various CME morphological

models such as Ellipse Evolution with Heliospheric Imager (ELEvoHI) [Rollett

et al., 2016, Möstl et al., 2015], GCS [Thernisien et al., 2006, Thernisien,

2011] seamlessly into the model. Furthermore, the value of free parameters

of DBM offered by various studies could be useful to predict ICME arrival

time. Therefore, a python-based GUI is also being developed to ease the

calculation and visualization of results obtained through P-DBM. This GUI

gives control over each parameter that P-DBM needs as an input, along with

this traditional approach GUI also contains various features to minimize the

human intervention to make the prediction more efficient. 5.2.2 represents

the boundary condition file that has been created for the input of P-DBM

calculation. Where the initial condition for the CME kinematics has to

be provided by a user. Later, the user-provided DBM free parameters are

recorded, but in the case of “Auto DBM Parametrs” : true, the user-given

values are neglected, and the PDF obtained in Mugatwala et al. [2024] is

used for calculation. The other parameters have the usual meaning that

has been discussed in the thesis. The boundary condition files show the

dynamic behaviour of the GUI where a semi-automatic approach has been

implemented. Additionally, GUI’s ability to link with any other module can

make it a prominent candidate for operational space weather forecast modules.

The working version 1.0 of this GUI is publicly avilable and access by the

user through https://github.com/astronish16/P-DBM-GUI. In the future,

a web app for this GUI will also be created so that users can perform P-DBM

simulations easily through an active internet connection from anywhere in the

world. Also, more features may be integrated into the GUI for better analysis

of ICME prediction. Figuure 5.3 is user interface window of the GUI showing

input and output area for the model calculation. Figure 5.2 is the output

provided by the GUI that helps in the visualization of the ICME propagation

in the heliosphere.

https://github.com/astronish16/P-DBM-GUI
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1 {

2 "Event_Date": "2020 -12 -31 16:17",

3 "Possible_Event_delay": 3600.0 ,

4 "Initial_Position": 21.5,

5 "Error_Initial_Position": 1.0,

6 "Initial_Speed": 1000.0 ,

7 "Error_Initial_Speed": 100.0 ,

8 "Solar_wind_Speed": 400.0 ,

9 "Error_Solar_wind_Speed": 50.0,

10 "Drag_Parameter": 0.2e-7,

11 "Error_Drag_Parameter": 0.1e-7,

12 "Auto_DBM_Parameters": true ,

13 "Wind_Type": "Slow",

14 "2D_CONE_DBM": false ,

15 "Half_Width_CME": 30.0,

16 "Error_Half_Width_CME": 10.0,

17 "CME_Propagation_Direction": 30.0,

18 "Error_CME_Propagation_Direction": 5.0,

19 "Slef_Similar_Expansion": false ,

20 "Flattening_Cone_Expansion": true ,

21 "P-DBM": true ,

22 "Number_of_Runs": 1000,

23 "Plots": true ,

24 "Target": "Earth",

25 "Inner_Planets": ["Mercury","Venus","Earth","Mars"],

26 "Outer_Planets": ["Jupiter","Saturn","Uranus","Neptune"],

27 "Space_Crafts": ["Messenger","VEX","PSP","SolO","BepiCol","

Spitzer","Wind", "ST -A","ST -B","Kepler","Ulysses","MSL","

Maven","Juno"]

28 }

Listing 5.1: Snippet of Boundary condition file created as an input for the

P-DBM calculation

5.3 Validation and Benchmark Comparison

The catalogue of geo-effective CME events serves as the basis for determining

the PDFs of P-DBM’s parameter [Mugatwala et al., 2024]. Two distinct

solar wind speed PDFs, classified based on a critical value of 500 km/s, are

employed as P-DBM input to predict CME arrival time at L1 point. At this

stage, a rigorous validation and benchmarking procedure is essential to ensure
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Figure 5.2: The simulated ICME edge at the time of arrival at the target using
P-DBM is illustrated. The red solid line represents the ICME edge associated
with the mean value of ICME arrival time. On the other hand, the dashed
line indicates the uncertainty in the forecast.

the reliability of the obtained PDFs in the P-DBM application. In future,

validation will be performed using a set of CME-ICME events which are not

considered in the process to obtain those PDFs. Benchmarking efforts will

involve comparing the predicted CME arrival times against the observed ones.

The established skill scores such as probability of Detection (POD), Success

Ratio (SR), MAE and others will be used against the existing state-of-the-art

models such as EUHFORIA, WSA-ENLIL + cone, ELEvoHI, to evaluate the

relative performance of the model [Verbeke et al., 2019]. Through community-

agreed metrics and validation methods, we plan to enhance model credibility

and contribute to the continuous improvement of operational space weather

forecasting capabilities. Appendix A.7 summarises the various community

agreed metrics and skill scores for CME arrival predictions.
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Figure 5.3: A window of P-DBM GUI showing the input form and output
pane for the one dimension P-DBM.



Chapter A

Appendix

A.1 Derivation of analytical solution for DBM

equation

Intergration Rule

I =

∫

dx

ax2 + bx + c
=

2√
4ac− b2

arctan

(

2ax+b√
4ac−b2

)

+ C (A.1)

Step-1: Completing a square

A quadratic expression ax2 + bx + c can be written as:

ax2 + bx + c = a
(

x + b
2a

)2
+ 4ac−b2

4a

Step-2: Substitution

Let’s substitute x + b
2a = t and 4ac−b2

4a = u then dx = dt.

The integral becomes
∫

dt
at2+u

.

Step-3: Simplifying the integral to standard form:

Factor out the a,
∫

dt
at2+u

= 1
a

∫

dt
t2+u

a

.

The
∫

dx
x2+p2

= 1
p arctan x

p + C is standard integral form and therefore

above integration becomes
1
a

∫

dt
t2+u

a

= 1√
au

arctan
(

t
√

u
a

)

+ C.

Step-4: Substitute back

Now, substitute back the value of t and u. The final integration will be

as shown in equation A.1.

105
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� Special Case:

when 4ac− b2 = 0, the substitution u = 0 and therefore integral from

step-2 becomes another standard form
∫

dt
at2

= 1
a

∫

dt
t2

= − 1
at + C.

In this special case, the equation A.1 simplifies to:

I =

∫

dx

ax2 + bx + c
= − 2

b + 2ax
+ C (A.2)

The equation of motion under DBM approximation is,

a(r) = −γ ×
(

v(r) − w

)

× |v(r) − w| (A.3)

consider a = d2r
dt2

and v = dr
dt and initial conditions for equation at t = 0

are r(0) = r0 and ˙r(0) = v0

Case-1: v > w

with the mentioned consideration, the equation A.3 becomes,

r̈ = −γ × (ṙ − w)(ṙ − w)

r̈ + γṙ2 − 2γṙw + γw2 = 0

Let’s substitute, −2wγ = P and γw2 = Q, so differential equation will be:

r̈ + γṙ2 + P ṙ + Q = 0 (A.4)

consider ṙ = A =⇒ r̈ = Ȧ. Therefore, the boundary condition becomes

A = v0 at t = 0

dA

dt
+ γA2 + PA + Q = 0

using a method of variable separation reduces the equation as follows:

dA

γA2 + PA + Q
= −dt

∫

dA

γA2 + PA + Q
= −

∫

dt
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The integration solution can be found using equation A.2.

2

2γA + P
= t + K (A.5)

where K is an arbitrary constant. The value of K can be found using the new

boundary condition, i.e., A = v0 at t = 0 in equation A.5.

2

2γv0 + P
= K (A.6)

Substituting the value of A in equation A.5 will make the equation a first-order

differential equation as follows:

2γ
dr

dt
+ P =

2

t + K
(A.7)

Integrating the equation A.7 with t gives a solution:

2γr + Pt = 2 ln |t + K| + M (A.8)

where M is another arbitrary constant. The value of M can be found using

the initial condition, i.e., r = r0 at t = 0 in equation A.8.

M = 2γr0 − 2 ln |k| (A.9)

Now, substituting equation A.9 in equation A.8 and rewriting it will make the

equation more readable.

r =
1

γ
ln | t + K

K
| − Pt

2γ
+ r0 (A.10)

Now t+K
K = 1 + t

K and substituting equation A.6 in here will make the

equation more readable t+K
K = 1 + γ(v0 − w)t. Substituting all values in

Equation A.10 and A.7 gives the solution of DBM equation of motion:

r =
1

γ
ln |1 + γ(v0 − w)t| + wt + r0 (A.11)

v =
v0 − w

1 + γ(v0 − w)t
+ w (A.12)

Case-2: v < w
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FOR ICMES

In this case, equation A.3 can be rewritten as:

r̈ − γṙ2 + 2γwṙ − γw2 = 0 (A.13)

and we substitute P = 2γw and Q = −γw2. Solving the equation the same as

above will give a solution to the DBM equation of motion as follows:

r = −1

γ
ln |1 − γ(v0 − w)t| + wt + r0 (A.14)

v =
v0 − w

1 − γ(v0 − w)t
+ w (A.15)

A.2 Derivation of geometrical relation of cone ge-

ometry for ICMEs

Figure A.1: A schematic of three options of the ICME cone geometry. [Repro-
duced from Schwenn et al. [2005]]

Case-a:

In this geometry, the ICME leading edge is assumed to be a circular arc that
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is concentric with the solar surface. In this case, the off-centred element of

ICME leading edge has the same heliocentric distance as CME apex point.

Therefore,

Rα = R0 = Rω

Case-b:

In this geometry, the ICME leading edge is considered as a semi-circle that

spans the total angular width 2ω of ICME.

For the geometric relations of the cone shape, consider 4OAC and 4OAB.

These two triangles are connected with constraints of AB ⊥ OC. From 4OAB

and 4OAD it is clear that,

sinα =
AB

H
=⇒ AB = H sinα (A.16)

cosα =
OB

H
=⇒ OB = H cosα (A.17)

tanω =
r

H
=⇒ r = H tanω (A.18)

Applying Pythagoras’ theorem on 4ABC and putting the above equation in

there provides us,

BC2 = AC2 −AB2 = r2 − (H sinα)2 (A.19)

BC =
√

r2 − (H sinα)2 (A.20)

From the Figure A.1[b], Equations A.18, A.17 and A.20, it is easy to

obtain,

R0 = H + r = H + H tanω = H (1 + tanω) (A.21)

Rα = OB + BC = H cosα +
√

r2 − (H sinα)2 (A.22)

= H cosα +
√

(H tanω)2 − (H sinα)2 (A.23)

= H

[

cosα +
√

tan2 ω − sin2 α

]

(A.24)

Rα = R0
cosα +

√

tan2 ω − sin2 α

1 + tanω
(A.25)

The Equation A.25 is a relationship between the heliocentric distance of the

ICME apex R0 and an element located at the angle α, Rα. A time derivative
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of Equation A.25 provides a similar relationship for the speed.

Vα = V0
cosα +

√

tan2 ω − sin2 α

1 + tanω
(A.26)

Note: In this geometry maximum possible value of ω = 90◦. And this

situation is equivalent to case-a. Also, when ω ≥ 90◦ then semi-circular ICME

leading edge is not possible and hence it will lead to only possible situation

which is case-a.

Case-c:

In this geometry, the ICME leading edge is assumed to be a circular arc that

is tangentially connected to the CME leg. Due to this consideration, 6 ODA

= 90◦ and therefore

sinω =
r

H
=⇒ r = H sinω (A.27)

For the geometric relation of this cone shape, The calculation up to equation

A.23 remain the same and the only difference in the final transformation will

come from the equation A.27.

Rα = OB + BC = H cosα +
√

r2 − (H sinα)2 (A.28)

= H cosα +
√

(H sinω)2 − (H sinα)2 (A.29)

= H

[

cosα +
√

sin2 ω − sin2 α

]

(A.30)

Rα = R0
cosα +

√

sin2 ω − sin2 α

1 + sinω
(A.31)

The equation A.31 relate the off-centered element of the ICME leading

edge with the CME apex point. The time derivative of equation A.31 connects

the speed of off-centered point with the apex.

Vα = V0
cosα +

√

sin2 ω − sin2 α

1 + sinω
(A.32)

Note: Since the conical leg has to be tangential to the circular arc then

for 4OAD has to follow the constraint ω + 6 A = 90◦. Also, the feasible

solution of the equation A.31 is only possible if sin2 ω ≥ sin2 α. This condition
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will only satisfy if ω < 90◦ as sine function is decreasing function in second

quadrant. For ω ≥ 90◦, this geometry transformed to the case-a.

A.3 DBM inversion procedure

If ICME follows the DBM and its boundary conditions namely - initial position

r0, speed at initial position v0, TOA t1AU and impact speed v1AU at 1 AU are

known, the free parameters of the model w and γ can be determined through

mathematical inversion of the Equations 3.5 and 3.4.

(v0 − w)(v1AU − w)t1AU

(v0 − v1AU )
ln

[

(v0 − v1AU )

(v1AU − w)
+ 1

]

+ wt1AU + r0 − r1AU = 0.

(A.33)

γ =
(v0 − v1AU )

(v0 − w)(v1AU − w)t1AU
. (A.34)

The so-called DBM inversion procedure mentioned here and throughout

the thesis is the reverse modelling of DBM.

A.4 Description of Revised Geo-effective CME-

ICME List

Table A.1: Column description of the dataset that has been created for this
study. Adopted from Mugatwala et al. [2024]

Name Keyword Description Source

LASCO

Start

LASCO

Start

First CME appearance in LASCO

C2/C3 coronagraphs

LASCO

CDAW

2.6.1

Start Date Start Date Time when CME reaches to 20

R�
Napoletano

et al.

[2022]

Arrival Date Arrival Date Estimated arrival time of ICME

using insitu signatures

R & C

2.7.1
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(Continued)

Name Keyword Description Source

Plasma

Event

Duration

PE duration End of ICME plasma signatures

after col 3 is recorded

R & C

Arrival

Speed

Arrival v ICME arrival speed at L1 (km/s) R & C

Transit

Time

Transit time (hrs) Computed between col 1 and

col 3

Napoletano

et al.

[2022]

Transit

Time Error

Transit time

err

(hrs) Error associated to the start

date of CME

Napoletano

et al.

[2022]

LASCO

date

LASCO

Date

Most likely associated CME ob-

served by LASCO

LASCO

CDAW

LASCO

speed

LASCO v (km/s) speed correspond to the

fastest moving point of CME in

LASCO FOV

LASCO

CDAW

Position

Angle
LASCO pa (deg) Counterclockwise (from so-

lar North) angle of appearance

into coronographs

LASCO

CDAW

Angular

Width

LASCO da (deg.) Angular expansion of CME

into coronographs

LASCO

CDAW

Halo LASCO halo If LASCO da is >270° then ’FH’

(full halo), if >180° ’HH’ (half

halo), if >90° ’PH’(partial halo),

otherwise ’NO

LASCO

CDAW

De-

Projected

Speed

v r (km/s) De-projected CME speed Napoletano

et al.

[2022]

De-

Projected

Speed Error

v r err (km/s) Uncertainty of CME ini-

tial speed

Napoletano

et al.

[2022]

Theta

Source

Theta source (arcsec) Longitude of the most

likely source of CME

Napoletano

et al.

[2022]
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(Continued)

Name Keyword Description Source

Phi Source Phi source (arcsec) Co-latitude of the most

likely source of CME

Napoletano

et al.

[2022]

Source POS

error

source err (deg.) Uncertainty of the most

likely CME source

Napoletano

et al.

[2022]

POS source

angle

POS source

angle

(deg.) Principal angle of the most

likely CME source

Napoletano

et al.

[2022]

Relative

width

rel wid (rad.) De-projected width of

CME

Napoletano

et al.

[2022]

Mass Mass (gm) Estimated CME Mass
LASCO/

CDAW

Solar Wind

Type(CH)

SW type Solar wind (slow, S, or fast, F)

interacting with the ICME based

on the presence of coronal hole

near CME location

Napoletano

et al.

[2022]

Bz Bz (nT) z-component of magnetic

field at L1 and CME arrival time

R & C

Dst DST Geomagnetic Dst index recorded

at CME arrival

R & C

Statistical

de projected

speed

v r stat (km/s) Statistical de-projected

CME speed, that is, v r stat =

LASCO v ∗ 1.027 + 41.5

Acceleration Accel. (m/s 2) Residual acceleration at

last CME observation

Napoletano

et al.

[2022]

Analytical

Wind

Analyitic w (km/s) solar wind from DBM ex-

act inversion

Napoletano

et al.

[2022]
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(Continued)

Name Keyword Description Source

Analytical

gamma

Analyitic

gamma

(km−1) drag parameter, γ, from

DBM exact inversion

Napoletano

et al.

[2022]

Transit

Time (Simu-

lated)

T1 Sim (hrs) Transit time calculated us-

ing P-DBM

Mugatwala

et al.

[2024]

Transit

Time error

(Simulated)

T1 Sim err (hrs) error associated with transit

time in P-DBM

Mugatwala

et al.

[2024]

Impact Speed

(Simulated)

V1 Sim (km/s) calculated CME arrival

speed using P-DBM

Mugatwala

et al.

[2024]

Impact

Speed error

(Simulated)

V1 Sim err (km/s) error associated with ar-

rival speed in P-DBM

Mugatwala

et al.

[2024]

Solar Wind

Speed

W Sim (km/s) Mean value of solar wind

speed from inversion procedure

Mugatwala

et al.

[2024]

Solar Wind

Speed Error

W Sim err (km/s) Standard deviation of so-

lar wind speed from inversion pro-

cedure

Mugatwala

et al.

[2024]

Gamma

Simulated

Gamma Sim s (km−1) ’s’ parameter for lognor-

mal PDF

Mugatwala

et al.

[2024]

Gamma

Error

Simulated

Gamma Sim

loc

(km−1) ′loc′ parameter for lognor-

mal PDF

Mugatwala

et al.

[2024]

Gamma

Simulated

(log)

Gamma Sim

scale

′scale′ parameter for lognormal

PDF

Mugatwala

et al.

[2024]

Optimal

Transit

Time

T1 opt Minimally deviated transit time

compared to observed one

Mugatwala

et al.

[2024]
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(Continued)

Name Keyword Description Source

Optimal

Impact

Speed

V1 opt V1 correspond to T1 opt Mugatwala

et al.

[2024]

Optimal W W opt W correspond to T1 opt Mugatwala

et al.

[2024]

Optimal

gamma

Gamma opt gamma correspond to T1 opt Mugatwala

et al.

[2024]

Optimal V r V r opt V r correspond to T1 opt Mugatwala

et al.

[2024]

W CI min W99 min minimum value of 99% confidence

interval for w

Mugatwala

et al.

[2024]

W CI max W99 max maximum value of 99% confidence

interval for w

Mugatwala

et al.

[2024]

Gamma CI

min

Gamma99 min minimum value of 99% confidence

interval for gamma

Mugatwala

et al.

[2024]

Gamma CI

max

Gamma99

max

maximum value of 99% confidence

interval for gamma

Mugatwala

et al.

[2024]

CME Type

(V r opt)

CME type CME type based on W sim (Ac-

celerating/ Decelerating )

Mugatwala

et al.

[2024]

CME Type

(V r)

CME type v0 CME type based on W opt (accel-

erating: A/ decelerating D)

Mugatwala

et al.

[2024]

Solar wind

Type (Wth)

Wind type Solar wind (based on threshold

value) interacting with ICME

Mugatwala

et al.

[2024]



116 A.5. LOGNORMAL DISTRIBUTION - COMPARATIVE DESCRIPTION

(Continued)

Name Keyword Description Source

Target

distance

R1(AU) (AU) Sun-Earth Distance at CME

start date (Col2)

Mugatwala

et al.

[2024]

Fitting Fitting(AR) Goodness of Inversion procedure:

Optimal / Suboptimal / Inade-

quate

Mugatwala

et al.

[2024]

Acceptance

Rate

Acceptance

Rate

Acceptance rate of inversion pro-

cedure

Mugatwala

et al.

[2024]

Best W PDF Best fit W Most suitable PDF for W Mugatwala

et al.

[2024]

Best gamma

PDF

Best fit

gamma

Most suitable PDF for gamma Mugatwala

et al.

[2024]

A.5 Lognormal Distribution - Comparative description

To estimate the parameters of a lognormal PDF, we utilized the Python package

distfit [Taskesen, 2023], which depends on SciPy [Virtanen et al., 2020]. The standard

lognormal function is defined as:

f(x, s) =
1

sx
√

2π
exp(

− ln2 x

2s2
). (A.35)

SciPy adds two parameters, loc and scale, to shift and scale the distribution: The

new function with these two additional parameters will be:

f(x, s, loc, scale) =
f(y, s)

scale
, where y =

x− loc

scale
(A.36)

When a variable X follows a normal distribution with parameters µ and σ, the

lognormal variable Y = exp(X) has µ = ln(scale) and σ = s. The resulting form will

be:
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f(x, s, loc, scale) =
1

sy
√

2π

exp(− ln
2 x

2s2
)

scale

=
1

s
(x− loc

scale

)√
2π

1

scale
exp

(− ln2
(x− loc

scale

)

2s2

)

=
1

s(x− loc)
√

2π
exp

(−
(

ln(x− loc) − ln(scale)
)2

2s2

)

f(x, s, loc, scale) =
1

s(x− loc)
√

2π
exp

[

−
(

(ln(x− loc) − µ)√
2s

)2
]

, (A.37)

while a lognormal function used by Napoletano et al. [2018] is

f(x, ) =
1

s
√

2π
exp

[

−
(

(lnx− µ)√
2s

)2
]

. (A.38)

A.6 Description of Lineup Catalogue

Table A.2: Description of the CME-ICME Lineup list.

Keyword Description Source

Event No To which lineup event the row belongs.

Also includes a keyword for the parent

paper from which the ICME event has

been taken (e.g., Winslow 1, Zaho 1,

Helio4cast 1).

CME Launch

Date and Time

CME launch date and time. DONKI

ICME dataset id ID from corresponding ICME data

source for lookup.

R&C,

DONKI

[Möstl

et al., 2022]

Detecting

Spacecraft

Spacecraft in which CME was first

observed in a coronagraphic image

(A: STEREO-A, B: STEREO-B, C:

SOHO/LASCO).

DONKI
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Keyword Description Source

CDAW Label Halo / Partial Halo classification from

the SOHO/LASCO CME catalogue.

CDAW

Longitude CME longitude derived using the cone

model (Stonyhurst coordinate system).

DONKI

Latitude CME latitude derived using the cone

model (Stonyhurst coordinate system).

DONKI

Half Width Half width of the CME cone. DONKI

Date and Time

@ 21.5 Rsun

Timestamp when CME reaches 21.5

solar radii.

DONKI

Speed @

21.5 Rsun

Speed of CME at 21.5 solar radii

(km/s).

DONKI

Targets Planet or spacecraft experiencing CME

disturbance.

This work

Category Type of target (planet or spacecraft). This work

Target Longitude Position of target in ecliptic plane (JPL

Horizon system).

This work

Target Heliocentric

Distance

Distance of target from the Sun (AU). This work

Nearby Planet

Orbit

Closest planetary orbit to the target. This work

Shock Arrival

Datetime

Time when shock is observed in in-situ

measurement.

Möstl et al.

[2022],

R&C

Shock Arrival

Speed

Plasma speed measured in in-situ

observation when shock is identified

(km/s).

Möstl et al.

[2022]

ME Arrival

Datetime

Timestamp corresponding to magnetic

ejecta identification.

Möstl et al.

[2022],

Winslow

et al. [2015],

Zhao and

Dryer

[2014],

R&C
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Keyword Description Source

ME End Datetime Timestamp marking the end of mag-

netic ejecta passage.

Möstl et al.

[2022],

Winslow

et al. [2015],

Zhao and

Dryer

[2014],

R&C

V mean of ME Mean arrival speed of magnetic ejecta

(km/s).

Möstl et al.

[2022],

Winslow

et al. [2015],

Zhao and

Dryer

[2014],

R&C

V max of ME Maximum speed of magnetic ejecta

(km/s).

Möstl et al.

[2022]

B mean of ME Mean total magnetic field in the ejecta

(nT).

Möstl et al.

[2022]

B max of ME Maximum total magnetic field in the

ejecta (nT).

Möstl et al.

[2022]

N mean Mean proton density during magnetic

ejecta passage (cm−3).

Möstl et al.

[2022]

N max Maximum proton density during mag-

netic ejecta passage (cm−3).

Möstl et al.

[2022]

P dy mean Mean proton dynamic pressure during

ejecta time (nPa).

Möstl et al.

[2022]

P dy max Maximum proton dynamic pressure

during ejecta time (nPa).

Möstl et al.

[2022]

T1 sim Transit time from P-DBM model

(hours).

This work

T1 sim err Uncertainty in transit time from P-

DBM (hours).

This work

V1 sim Arrival speed from P-DBM model

(km/s).

This work
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Keyword Description Source

V1 sim err Uncertainty in arrival speed from

P-DBM (km/s).

This work

W sim Mean solar wind speed from DBM in-

version (km/s).

This work

W sim err Uncertainty in mean solar wind speed

(km/s).

This work

Gamma sim Drag efficiency in P-DBM (km−1). This work

Gamma sim err Uncertainty in drag efficiency (km−1). This work

T1 opt Least deviated P-DBM transit time

(hours).

This work

V1 opt Least deviated P-DBM arrival speed

(km/s).

This work

W opt Solar wind speed in P-DBM for T1 opt

(km/s).

This work

Gamma opt Drag parameter in P-DBM for T1 opt

(km−1).

This work

Acceptance Rate Acceptance rate in DBM inversion. This work

W median Median solar wind speed in DBM in-

version (km/s).

This work

Gamma median Median drag parameter in DBM inver-

sion (km−1).

This work

Notes for Events Notes and comments on CME-ICME

events.

This work

A.7 Validation Metrics

The metrics for CME arrival prediction assessment are generally categorised into two

parts.

1. The so-called contingency table and derived basic skill scores, which focuses on

all modelled CME events, including those that do not arrive at target. (See:

Figure A.2 for contingency table and Table A.3 for the various skill score)

2. Metrics specifically related to hits, where both the observed and predicted

CME arrivals are correctly identified.
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Figure A.2: The contingency table describing categorical forecast of CME
arrival/nonarrival. In context to CME arrival: Hit (H): Predicited CME
arrival is also observed. False Alarm (FA): CME arrival is predicted but it
is not observed. Miss (M): Observed CME arrival is not predicted. Correct
Rejection (CR): CME arrival is neither predicted nor observed. The green
colour denotes the correct prediction, while red stands for negative prediction.
Credit: Verbeke et al. [2019]

Table A.3: Various skill scores derived from contingency table (Figure A.2)
and its description. Adapted from: Verbeke et al. [2019]

Skill

Score

Formula Perfect

Score

Description

Hit Rate

(POD)

H

H + M
1 Fraction of observed CME arrivals

that were predicted

Success Ra-

tio (SR)

H

H + FA
1 Fraction of correctly predicted

CME arrivals

Bias Score
H + FA

H + M
1 Ratio of predicted CME arrivals

to observed CME arrivals. < 1 :

underforecast; > 1: overforecast.

Critical Suc-

cess Index

(CSI)

H

H + M + FA
1 Fraction of correctly observded

CME arrivals.

Accuracy
H + CR

Total
1 Fraction of the correct CME fore-

cast.

False

Alarm Rate

(POFD)

FA

CR + FA
0 Fraction of incorrectly observed

nonaarivals.

Hanssen

and

Kuipers

Discriminant

HK =

POD -

POFD

1 Ability of forecast to discriminate

between observed CME arrivals

from non-arrivals.

Table A.4: Metrics related to CME arrival time for hit events. Adapted from:
Verbeke et al. [2019]
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Metric Formula Description

Mean Error

(ME)

ME =
1

N

∑N

i=1
∆ti Way to quantify the bias in the

model. Negative bias represent

early predicted arrivals, while

positive bias denotes late pre-

dicted arrivals.

Mean

Absolute Error

(MAE)

MAE =
1

N

∑N

i=1
|∆ti|

Root Mean

Square Error

(RMSE)

RMSE =
√

1

N

∑N

i=1
(∆ti)2

Standard

deviation (sd)

sd =
√
variance =

√

1

N − 1

∑N

i=1
(∆ti − ME)

2

[See Wilks, 2011, Jolliffe and Stephenson, 2011, Verbeke et al., 2019, for detailed

description of the metrics mentioned.]
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M. Leitner, C. J. Farrugia, C. Möstl, K. W. Ogilvie, A. B. Galvin, R. Schwenn, and

H. K. Biernat. Consequences of the force-free model of magnetic clouds for their

heliospheric evolution. Journal of Geophysical Research: Space Physics, 112(A6),

2007. ISSN 2156-2202. doi: 10.1029/2006JA011940. 80

James R. Lemen, Alan M. Title, David J. Akin, Paul F. Boerner, Catherine Chou,

Jerry F. Drake, Dexter W. Duncan, Christopher G. Edwards, Frank M. Friedlaender,

Gary F. Heyman, Neal E. Hurlburt, Noah L. Katz, Gary D. Kushner, Michael

Levay, Russell W. Lindgren, Dnyanesh P. Mathur, Edward L. McFeaters, Sarah



134 BIBLIOGRAPHY

Mitchell, Roger A. Rehse, Carolus J. Schrijver, Larry A. Springer, Robert A.

Stern, Theodore D. Tarbell, Jean-Pierre Wuelser, C. Jacob Wolfson, Carl Yanari,

Jay A. Bookbinder, Peter N. Cheimets, David Caldwell, Edward E. Deluca, Richard

Gates, Leon Golub, Sang Park, William A. Podgorski, Rock I. Bush, Philip H.

Scherrer, Mark A. Gummin, Peter Smith, Gary Auker, Paul Jerram, Peter Pool,

Regina Soufli, David L. Windt, Sarah Beardsley, Matthew Clapp, James Lang,

and Nicholas Waltham. The Atmospheric Imaging Assembly (AIA) on the Solar

Dynamics Observatory (SDO). Solar Physics, 275(1):17–40, January 2012. ISSN

1573-093X. doi: 10.1007/s11207-011-9776-8. 36

R. Leussu, I. Usoskin, V. S. Pavai, A. Diercke, R. Arlt, C. Denker, and K. Mursula.

Wings of the butterfly : sunspot groups for 1826–2015. Astronomy and Astrophysics,

599, 2017. doi: 10.1051/0004-6361/201629533. xvii, 11

Jiajia Liu, Yudong Ye, Chenglong Shen, Yuming Wang, and Robert Erdélyi. A
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Veronig, M. L. Mays, and D. Odstrčil. Heliospheric propagation of coronal mass

ejections: Comparison of numerical wsa-enlil + cone model and analytical drag-

based model. The Astrophysical Journal Supplement Series, 213(2):21, jul 2014.

doi: 10.1088/0067-0049/213/2/21. 63
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I. G. Richardson, I. Zouganelis, J. Zender, R. F. Wimmer-Schweingruber, L. Turc,

M. G. G. T. Taylor, E. Roussos, A. Rouillard, I. Richter, J. D. Richardson,

R. Ramstad, G. Provan, A. Posner, J. J. Plaut, D. Odstrcil, H. Nilsson, P. Niemenen,

S. E. Milan, K. Mandt, H. Lohf, M. Lester, J.-P. Lebreton, E. Kuulkers, N. Krupp,

C. Koenders, M. K. James, D. Intzekara, M. Holmstrom, D. M. Hassler, B. E. S.

Hall, J. Guo, R. Goldstein, C. Goetz, K. H. Glassmeier, V. Génot, H. Evans,
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