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Abstract

Solar ares are intense bursts of electromagnetic radiation spanning across the electro-
magnetic spectrum and are key drivers of space weather phenomena. They are closely
linked to other solar energetic phenomena such as coronal mass ejections and energetic
particle events which have the potential to cause damage to both satellite-based or
ground-based critical electronic infrastructure. Hence prediction or forecasting of such
events is of key value to space weather research. Traditional techniques related to solar

are forecasting have focused on studying these parameters on the photosphere, where
the magnetic eld measurements are routinely available. However, recent studies on
magnetic helicity and proxy parameters of the horizontal gradient of the vertical mag-
netic eld, have shown that extrapolating the vertical magnetic eld data obtained at
the photosphere to higher altitudes could potentially improve are prediction time. In
this connection, we decide to extend such an approach to (i) polarity inversion lines
- lines that demarcate regions of oppositely directed vertical eld regions on the solar
surface and (ii) R-value, a Itered version of magnetic ux, computed in close vicinity
of polarity inversion lines. In this thesis, these features are studied based on their
magnitudes and temporal evolution, spanning across multiple heights in the low solar

atmosphere (up to 3 Mm).
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Chapter 1

Prologue

1.1 Historical Preface

The Sun, our closest star, has captivated the interest of humankind since time im-
memorial. Early human civilisations worshipped the Sun through dedicated deities.
For example, the ancient Greek civilisation considered Helios to be the Sun God.
Similarly, Ra was the Egyptian deity for the Sun in ancient times. Interestingly, the
emblem on the back of the golden chair of the pharaoh Tutankhamun is reminiscent of
the shape of the solar corona (Priest 2014)! Even today, people belonging to the Hindu
faith worship Surya (also known as Aditya), the deity for the Sun. The Sun temple in
Konark, India, designated as a UNESCO heritage site, serves as a testament to such
rich tradition. To say that the interest of ancient human civilisations in the Sun was
solely restricted to cultural beliefs, myths and legends would be an understatement. In
fact, solar phenomena like the solar eclipse had also captivated the scienti ¢ interest
of ancient civilisations. For example, there are records of astronomical observations of
a solar eclipse in ancient China (around 2000 BC). The Sun also inspired technological
inventions in ancient civilisations. Historically, humans have observed the motion of
the Sun through the sky for keeping track of time and in this regard, the earliest known

device for tracking time is the 'sundial’, dating as far back in time as 1500 BC. It was
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rst used by the ancient Egyptians who would trace the motion of the shadow cast onto

the dial to measure time. The dial used to have 12 sections for daytime and the motion
of the shadow from one section to another would constitute an 'hour' as we understand
in the modern context. The night-time was also considered to be equivalent to one
cycle of motion of the shadow through the 12 sections. Thus, a day came to be known

as consisting of 24 hours.

Ancient civilizations also made an e ort to understand features on the surface of
the Sun. This statement is supported by the records of sunspot observation made
with the naked eye in China (around 960 { 1279) in the chronicles of the Sng dy-
nasty (Hayakawa et al. 2015). However, it was not until the early 1600s, that the rst
'telescopic’ observations of the Sun were made in the middle ages. During this period,
sunspot observations in Europe were pioneered by Thomas Harriot, Galileo Galilei (see

samples in Figure 1.1), Christoph Scheiner and Johannes Fabricius.

Figure 1.1: (Hand-drawn pictures of sunspots by Galileo on Jul 7, 1613 (left) and Jul 8, 1613 (right),

courtesy: https://galileo.library.rice.edu/images/things/sunspot_drawings)
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The observations of sunspots have continued steadily since then until now, with the
exception of the time periods accounting for the 'Maunder Minimum' (1645 - 1715)
and to some extent, the 'Dalton Minimum' (1800 - 1824). While the underlying causes
of low solar activity in connection to the decreased frequency of sunspot occurrence
during the Maunder and Dalton minima are not clearly understood, it is worth not-
ing that Europe experienced lower than average temperatures during these periods,
something that may have been caused due to low levels of solar activity. But since the
cooling period began before the Maunder Minimum, climate models suggest that high
levels of volcanic activity may have contributed to the cooling period (Owens et al.
2017).

Continuous study of sunspots for over two centuries yielded an interesting discov-
ery when Schwabe (1843) concluded that the sunspot frequency has an 11-year cycle.
Today, we know more precisely that the solar activity (which can not only be judged
from the count of sunspots, but also from proxies like the magnetic eld, the total solar
irradiance, 10.7 cm radio ux, galactic cosmic ray ux and radioisotope studies inside
tree rings and ice-cores) undergoes a decadal cycle with a mean period of 11 years and

a standard deviation of 14 months (Hathaway 2010).
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1.2 Life of the Sun

Out of the several hypotheses that explain the formation and evolution of the solar sys-
tem, the most widely accepted hypothesis is the modern nebular hypothesis (Woolfson
1993). As per the nebular hypothesis, the formation of our solar system was triggered
by the gravitational collapse of a molecular cloud, called the solar nebula. Modern
research shows that stars are not born in isolation, but in clusters, although the Sun is
thought to have formed in a relatively isolated or weakly interacting environment com-
pared to typical clustered star formation (Pudritz 2002; Clark & Bonnell 2005). Giant
molecular clouds over millions of years, undergo fragmentation and these smaller frag-
ments of gas clouds collapse into stars (Pudritz 2002; Clark & Bonnell 2005). In any
stellar nebula, if the contracting gravitational forces outweigh the expansive internal
pressure forces (gas, thermal and magnetic pressures), the cloud contracts and forms
a stellar con guration in its nascent stages, called a protostar. During the process of
collapse, a bit of gravitational shearing imparts some amount of rotation. As the cloud
contracts, the cloud gains further spin so as to conserve angular momentum. After some
time in the stellar evolution timeline, the protostar is surrounded by a at spinning
disk called a protoplanetary disk (Pringle 1981), and this disk in turn slows down the
rotation of the protostar. In case of the Sun, the collapse of the solar nebula occurred
about 4.6 billion years ago and it was followed by the formation of the protostar in
about 100,000 years (Montmerle et al. 2006). Most of the nebula’'s mass contracted to-
wards the center to produce the Sun and thus, the Sun today accounts for about 99.9%
of our solar system's mass. The formation of the protostar was succeeded by the forma-
tion of outer planets within 10 million years (Lineweaver 2001) and subsequently, the

formation of inner planets within a time-frame of 100 million years (Gomes et al. 2005).

On the Hertzsprung-Russell diagram (Hertzsprung 1905; Russell 1919; Nielsen
1964), which is a scatter plot between stellar luminosity and stellar temperature for

stars, the Sun falls within the cluster of main-sequence stars (see Figure 1.2). Main
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sequence stars have a mass ranging between 0.g8M20Ms (LeBlanc 2010) and pro-
duce helium by the nuclear fusion of deuterium. While upper main-sequence stars of
mass greater than 1.5M, produce helium via CNO cycle, lower main-sequence stars of
mass less than 1.5M, produce helium via p-p chain process (LeBlanc 2010). The en-
ergy released in the process of nuclear fusion causes the main sequence stars to remain
in equilibrium by overcoming the inward gravitational forces. At some point when

the hydrogen in the core nishes, the core continues to become hotter and contracts
further. However, the hydrogen present in the layer surrounding the core, fuelled by
the energy supplied from the hot core, continues to burn and causes the outer layer to
expand. As the outer layer expands, it cools down after a certain point and the star

appears red in colour, and thus the main sequence star transitions into a red-giant.

Figure 1.2: The Hertzsprung Russell diagram showing the di erent branches of stars on a luminosity-

temperature map; courtesy: A. Hopkinson, https://Ico.global/spacebook/stars/h-r-diagram/

Red-giant stars have an extremely hot core, hot enough to cause further fusion
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of helium into heavier elements such as carbon and oxygen and this causes the core
of the star to contract and become blue again until the helium content gets depleted
(LeBlanc 2010). This process continues for about 100 million years and in the end, the
core of heavier elements is essentially surrounded by thin shells of helium and hydrogen
successively (LeBlanc 2010). While the core continues to collapse under gravity, helium
burning in the outer shell supports the expansion of the star once again, and the star
becomes a giant star again in about 10 million years, but only temporarily (LeBlanc
2010). The expanding outer layer eventually escapes into the interstellar space, leaving
behind a dense core. This dense core, although hot in general terms, is not hot enough
to sustain further thermonuclear fusion of heavier elements such as carbon and oxygen
and thus remains as it is structurally and cools with time. This is the nal evolutionary
state of main-sequence stars which have masses similar to that of the Sun and the star
is called a white dwarf at this stage. Massive stars however, follow an entirely di erent
path that leads to a supernova explosion. The Sun is about 4.6 billion years old
currently and has a composition of 73% hydrogen and 25% helium. It is expected to
become a red-giant in the next 5 billion years and collapse into a white dwarf after
that (LeBlanc 2010).
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1.3 Space Weather

As mentioned in the previous section, the solar energy which we receive on the Earth
today through radiation is e ectively the outcome of p-p chain thermonuclear fusion

of hydrogen into helium in the Sun's core. Since the Sun is extremely hot, practically
all matter present is ionized and exists in plasma state. The motion of the charged
plasma particles inside the Sun gives rise to magnetic elds, which serve as a conduit
to transfer the energy from the Sun's core to its atmosphere, from where it is sub-
sequently released into the heliosphere. Magnetic elds on the Sun are dynamic and
evolve all the time. Sometimes when the magnetic eld con guration in the solar at-
mosphere becomes unstable, it results in the occurrence of energetic processes, which
are accompanied by a sudden release of energy. The most common energetic processes
are solar ares and Coronal Mass Ejections (CMEs). While, a solar are is observed
as an intense brightening in the solar atmosphere on a scale of minutes, leading to a
signi cant increase in the emission of radiation across the electromagnetic spectrum
(Benz 2008), a CME is essentially an ejection of magnetic elds and plasma from the
coronal region in the solar atmosphere into the heliosphere (Webb & Howard 2012).
Sometimes eruptions on the Sun can lead to Solar Energetic Particle (SEP) events
which refer to the transient injection of energetic particles, such as protons, electrons
and heavier ions with kinetic energy ranging between several keVs to GeVs (corre-

sponding to relativistic velocities), into the heliosphere (Whitman et al. 2023).

Just like the atmospheric conditions on the Earth at any given location de nes
the weather at that location, the term 'space weather' collectively refers to the highly
dynamic conditions on the Sun's atmosphere, interplanetary medium and the Earth's
geospace boundaries, more precisely within the magnetosphere (Baker 1998). Solar en-
ergetic phenomena such as ares, CMEs and SEP events are of technological interest
because these phenomena are key drivers of space weather (Temmer 2021; Zhang et al.
2021; Georgoulis et al. 2024).
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Figure 1.3: A cartoon depicting the in uence of solar activity on the technosphere; adapted from

Georgoulis et al. (2021); credit: University of Applied Sciences and Arts Northwestern Switzerland

Solar are events are associated with a spike in the emitted x-ray and EUV (Extreme
Ultra-Violet) uxes, which leads to an increase in the ionization of the ionosphere,
and as a consequence, radio systems, satellite communications systems and navigation
services which rely on signals propagating through the ionosphere, may get disrupted

(see Figure 1.3; Tsurutani et al. 2009; Ishii et al. 2024). Solar are and CME events may
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also trigger SEP events and pose a risk to the health of astronauts (Cucinotta 2015)
and to the safety of satellite based electronic equipment in space (lucci et al. 2005).
The magnetic elds released into the interplanetary medium due to CME events may
interact with the Earth's magnetic eld and induce geomagnetic storms (see Section 5
in Gopalswamy 2022 and references therein). Geomagnetic storms, the e ects of which
were rst observed by the German polymath Alexander von Humboldt in Berlin in
1806 when he saw disturbances in a compass needle at the time of an aurora (Lakhina
& Tsurutani 2016), pose a huge threat to the safety of electrical infrastructure on the
Earth because they induce huge currents in power transmission lines and electrical
grids (Ngwira & Pulkkinen 2019).

Figure 1.4: Carrington's sketch of the observed brightenings over the sunspot marked by A and B,

courtesy: https://www.americanscientist.org/article/sunspotting

The most intense geomagnetic storm ever recorded in human history is the Carring-
ton event of Sep 1-2, 1859. The geomagnetic storm caused res at several telegraph
stations worldwide and incidentally, is the rst astronomical observation of a solar
are. Richard Carrington, a British astronomer based in Colaba, Mumbai at the time
observed two bright patches of white light (Lakhina & Tsurutani 2016), alluding to

the solar ares (see Figure 1.4) connected to the CME which induced the geomagnetic
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storm. In 1989, the 9 hr Quebec power blackout arising out of a series of geomagnetic
substorms (Boteler 2019) caused a total damage of 13.2 million CAD (Bolduc 2002).
Several studies have attempted to estimate the economic damage arising out of extreme
space weather events (see Eastwood et al. 2017 and references therein; Oughton et al.
2017). If a Carrington-level storm were to occur today (the probability of which oc-
curring is 12% within a decade and 62% within a 50 year period (Cannon et al. 2013),
a crude estimate is that it may inict a damage of 0.6-2.6 trillion USD, in the United
States (Lloyd's 2013). Oughton et al. (2017) estimate that the global damage due to

an extreme magnetic storm could be between 7-42 billion USD per day.

To summarise, forecasting solar ares (and other solar energetic phenomena) is im-
portant because they can signi cantly a ect modern technological infrastructure and
human activities in space and on Earth. Accurate forecasting helps mitigate the impact
of space weather on satellites, communication systems, navigation networks, aviation
operations, and electrical power grids. It also supports astronaut safety during space
missions by providing advance warning of enhanced radiation events. As humanity
becomes more dependent on satellites and expands toward sustained lunar and inter-
planetary missions, reliable solar are prediction becomes increasingly critical. Further
it also helps in assessing the potential habitability of exoplanets orbiting magnetically
active stars, as stellar ares, coronal mass ejections, and energetic particle events collec-
tively drive atmospheric erosion and surface radiation environments that may critically
constrain the emergence and sustainment of life (Airapetian et al. 2020; Samara et al.
2021). In addition to its practical applications, are forecasting contributes to a better

understanding of solar magnetic activity and energetic processes.
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1.4 Thesis Outline

The damage estimates quoted in Section 1.3, arising out of solar energetic phenomena
highlight the need for e ective space weather monitoring and forecasting systems in
order to secure critical ground-based electrical infrastructure and space-based satellite
infrastructure. In this regard, the traditional approach of forecasting/predicting solar
eruptive phenomena has primarily relied on tracing the evolution of photospheric mag-
netic precursors. This is primarily because ares and CMEs are magnetic phenomena,
i.e. they are powered by stored budgets of free magnetic energy and the photosphere
(see Section 2.1.1) remains the only place on the Sun where the morphology of solar
magnetic elds can be studied routinely with the help of ground-based and space-based
magnetographs, at present. However, studies in the past decade have established that
are prediction may be improved by studying the magnetic eld con guration at a
certain height range above the photosphere (depending on the are-prediction param-
eter) called the OHR (Optimal Height Range) (Koros et al. 2020; Korss et al. 2022).
This approach may be justi ed by the fact that the earliest signs of solar ares and
CMEs are identi ed from the chromosphere and low solar corona and not exactly the
photosphere. In this context, the (i) WG, morphological parameter - a proxy for the
horizontal gradient of the line-of-sight component of the magnetic eld (Kors et al.
2015, Kors et al. 2018) and the (ii) emergence component of the magnetic helicity
(Sas et al. 2022) have shown promise in improving are prediction lead time by 2-8 hr
(compared to the photosphere) when studied in height ranges of 1-1.8 Mm and 0.36-1.5

Mm above the photosphere, respectively (Kors et al. 2020; Kors et al. 2022).

Motivated by such promising results this thesis is primarily centered around the
prediction of major solar ares and attempts to investigate if other critical parameters
which are closely linked to W (g morphological parameter and magnetic helicity, such
as length of Polarity Inversion Lines (PILs) (see Section 2.4.4), R-value (see Section

2.4.5) and the unsigned magnetic ux around PILs (see Section 2.4.5) could also help
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improve are prediction when studied above the photosphere. Crucially, PILs - partic-
ularly strong, ux-massive and highly sheared ones - occupy a central role in the origin
of solar eruptions, as eruptive active regions harbouring such PILs store non-potential
magnetic energy and helicity far more e ciently than their non-eruptive counterparts,
engaging in an irreversible path toward eruption once critical thresholds of free energy
and helicity are crossed (Georgoulis et al. 2019). This thesis also aims to assess if
these parameters could potentially help develop operational probabilistic are predic-
tion/forecasting models. In this context, these parameters (along with similar proxies
to quantify them) are de ned and described in detail in Chapter 2. Chapter 2 also
contains a (i) brief description of the solar atmosphere, (ii)) mechanism of occurrence
of solar energetic phenomena and (iii) other mathematical concepts relevant to this
thesis. The methodology and algorithms used to compute the are prediction param-
eters of focus in this thesis are described in detail in Chapter 4. Detailed analysis of
each parameter in the low solar atmosphere and further discussions regarding their
relevance to are prediction and forecasting are presented in Chapters 5, 6, 7. Finally,

the major ndings of this thesis and conclusive remarks are presented in Chapter 8.

While analysing di erent ARs over the course of this PhD project, su cient time
was dedicated to visualising solar magnetic eld lines. This e ort culminated with
the preparation of a manual centered around plotting solar magnetic eld lines using
ParaView. This manual has been shared in Appendix A. Further, under the SWATNET
program, ESRs (Early Stage Researchers) were mandatorily required to complete a
three-month long industrial training internship. For project 3, i.e. 'three-dimensional
solar are forecasting’, the industrial training internship was carried out in Hungary
in close collaboration with mentors and collaborators from (i) Astrotech KFT, Baja,
(i) GSO (Gyula Solar Observatory), (iii) Eotvos Lorand University, Budapest, (iv)
University of Durham and (v) University of loannina between Jul 15 - Oct 15, 2024.
The technical report submitted at the conclusion of this internship has been shared in

Appendix B.



Chapter 2

Introduction

2.1 The Solar Atmosphere

The Sun's magnetic eld is believed to be generated in its interior through dynamo pro-
cesses, arising from the interplay between di erential rotation and convective plasma
motions (Charbonneau 2010). This mechanism continuously regenerates and ampli es
magnetic elds, which then emerge through the solar surface into the atmosphere. The
solar magnetic eld which serves as a link between the interior of the Sun and the
solar atmosphere, also drives phenomena like ares and CMEs due to con gurational
instabilities (Wiegelmann et al. 2014). From a scienti ¢ standpoint - if developing
predictive models to forecast solar ares is the objective, it is important to understand
the physical mechanism of solar energetic phenomena. This, once again requires a pre-
liminary understanding of the solar atmosphere, and thus, an overview of the di erent
layers of the solar atmosphere - (i) the photosphere, (ii) the chromosphere, (iii) the
transition region, (iv) the solar corona, along with the important magnetic eld-driven

features and physical phenomena found in these layers is provided in this chapter.

13
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2.1.1 The Photosphere

The photosphere is the lowest visible layer in the solar atmosphere that stretches up
to a few 100 km in altitudinal thickness. It is the layer of the Sun from where most of
the visible light is emitted (Priest 2014). Upon observation, the photospheric surface
appears granulated, the granules ( 1 Mm in size) being the top surfaces of the convec-
tion currents of hot plasma, rising from beneath the photosphere (Priest 2014). These
currents of plasma play a key role in transporting energy. While granules (see Figure
2.1) are like small-scale convective cells, supergranules, which are also seen on the pho-
tosphere, are much larger convective cells that organise plasma motions and magnetic
ux on scales of 20{70 Mm (Priest 2014). The plasma ow pattern in supergranules
is largely along the horizontal direction. The emergence of magnetic ux through the
photosphere can happen: (i) on a small spatial scale through tiny granular magnetic
loops (ux as low as 101¢ Mx), or (i) on an intermediate scale through ephemeral
regions (ux 10 *° Mx), embedded in supergranular ows (Hagenaar 2001), or (iii)
on a large scale (ux up to 1023 Mx) in active regions (ARs) (see details in Section
2.2; Priest 2014). ARs (i) span all four major layers of the solar atmosphere, (ii) are
characterised by concentrated magnetic elds that are much more intense than the
surrounding solar surface, and (iii) are the source of most solar ares, CMEs and solar
radiation storms. (Priest 2014). When strong coherent magnetic ux associated with
ARs emerges in the photosphere, it suppresses the convective motion of plasma at gran-
ular scales and forms darker and cooler regions (relative to their surroundings) called
sunspots (Solanki 2003). In simpler words, sunspots are like 'photospheric footprints'
of ARs, where the typical eld strength is about 3000 G (Rezaei et al. 2012; Livingston
& Watson 2015; Okamoto & Sakurai 2018), signi cantly higher compared to the ambi-
ent photospheric magnetic eld which is about 10 G, ordinarily. The smallest sunspots
are about 3.5 Mm in diameter (Bray & Loughhead 1964), while the largest ones have
diameters exceeding 60 Mm (Priest 2014). The temperature in the photosphere ranges

between 4000 - 6000 K and the upper layers are cooler than the bottom layers. The
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photospheric plasma is weakly ionized, and while convective transport dominates in
its deeper layers, radiative energy transport becomes dominant near the upper photo-
spheric boundary where the plasma becomes optically thin (Vegler et al. 2005). The
evolution of photospheric magnetic elds provides the boundary conditions for mag-

netic energy buildup in the chromosphere and corona, thus linking the photosphere to

solar ares and coronal mass ejections (Forbes et al. 2006; Wiegelmann et al. 2014).

Figure 2.1: The solar surface as imaged by the Daniel K. Inouye Solar Telescope; granules (left); a

sunspot (right); the umbra of the sunspots is usually tens of granules in size
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2.1.2 The Chromosphere

The chromosphere is the middle layer of the solar atmosphere which is not normally vis-
ible because its weak line emission is overwhelmed by the intense continuum radiation
of the photosphere. However, during a total solar eclipse, when the photospheric light
is blocked by the Moon, the chromosphere becomes brie y visible as a thin coloured
layer above the lunar limb (Carlsson et al. 2019). The emission corresponds to a wave-
length of 656 nm (red colour) emitted by hydrogen - the H spectral line in the Balmer
series (Carlsson et al. 2019). The chromosphere ranges from about 500 km to about
2500 km in altitude, relative to the base of the photosphere. In the chromosphere the

temperature increases with height from 4000 K at the bottom to 20000 K at the top.

The chromosphere is where magnetically guided structures such as brils, mot-
tles and spicules are observed. These are chromospheric plasma structures guided by
magnetic elds, appearing di erently because of the viewing angle and the magnetic
environment. They play an important role in chromospheric heating, plasma trans-
port and wave transport (De Pontieu et al. 2004; Zaqarashvili & Skhirtladze 2008;
Zaqarashvili & Ercelyi 2009; van Ballegooijen et al. 2011).

Spicules (see example in Figure 2.2) are ejected from the boundaries of supergran-
ules and are usually found in ARs and less commonly in quiet-Sun regions and coronal
holes (see Section 2.1.4). They reach speeds of 10 to 50 knand about 5 Mm in
height are persisting for about 3-10 min before falling back into the Sun (Beckers 1972;
Sterling 2000; De Pontieu et al. 2007; Priest 2014).

Unlike spicules, which are primarily observed at the solar limb due to line-of-sight
and visibility e ects, brils and mottles are typically identi ed on the solar disc, al-
though these structures are thought to represent similar magnetic eld-guided phe-

nomena viewed under di erent geometrical conditions (Hansteen et al. 2006; Rouppe
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Figure 2.2: Image of spicules, arranged in the periphery of supergranular cells, observed by the Solar

Optical Universal Polarimeter (SOUP) instrument on the Swedish Solar Telescope (SST) at La Palma

van der Voort et al. 2007; Kuridze et al. 2012; Rutten et al. 2019). Fibrils are usually
found in ARs and may or may not exhibit a jet-like behaviour. The ones that don't
exhibit a jet-like behaviour are static brils. These are heavily inclined loop-like struc-
tures that trace magnetic eld lines connecting regions of opposite polarity (Jing et al.
2011; Leenaarts et al. 2012) and have lifespans on the scale of hours. Dynamic brils
on the other hand, are shock driven jet-like features that are about 1-4 Mm in length
and are shorter than their static counterparts. Mottles are like quiet-Sun counterparts
of spicules, in general. They appear as dark, elongated features (2-10 Mm in length) in
the H disc images, lasting between 2-15 min and supporting plasma motion of speeds
10-30 kms' (Suematsu et al. 1995).
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Energetic phenomena in the chromosphere include jets, UV bursts and Ellerman
bombs. While UV bursts are small-scale, short-lived brightenings observed in ultravio-
let wavelengths in the upper chromosphere - typically linked to magnetic reconnection,
Ellerman bombs (see Figure 2.3) are moderately energetic upper photospheric or chro-
mospheric phenomena (energy dissipation 13 10 28 ergs), observed as transient,
small-scale brightenings in the lower chromosphere (Georgoulis et al. 2002). Ellerman
bombs are possibly explained by the stochastic magnetic reconnection (Nelson et al.
2013), arising out of turbulent evolution of the magnetic elds and are thus interpreted
as signatures of magnetic reconnection in partially ionized plasma (Georgoulis et al.
2002). The temperature enhancement due to Ellerman bombs in the radiating volume
is about 2000 K (Georgoulis et al. 2002).

Figure 2.3: An image of Ellerman bombs (marked by bright spots) surrounding a sunspot (Image

credit: Philippe Tosi)
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2.1.3 The Transition Region

The thin layer (thickness a few hundred km) between the chromosphere and the
solar corona is marked by an abrupt increase in temperature and an abrupt decrease
of density. This layer is called the transition region (see Figure 2.4). The rapid rise
in temperature is primarily due to downward thermal conduction from the excessively
hot corona ( 10 ® K). Because thermal conductivity of a fully ionized plasma increases
strongly with temperature, a large conductive heat ux ows downward and must be
balanced by intense radiative losses in the lower atmosphere. This balance, together
with the decreasing density required to maintain approximate pressure equilibrium,
results in the very steep temperature gradient observed in the transition region (Priest
2014). The temperature increase and density decrease counterbalance each other to
maintain a uniform spatial gas pressure (Lang 2000). In upper chromospheric heights
the Lorentz force starts to dominate over the plasma pressure and gravity forces and
above the transition region, the plasma is magnetically dominated, giving rise to di er-
ent simpli cations of MHD equations which are useful to model the solar atmosphere
(Priest 2014; Wiegelmann et al. 2014; Wiegelmann & Sakurai 2021).

Figure 2.4: Variation of plasma density and temperature as a function of height above the photo-
sphere (courtesy - Lang 2000); notice the sharp spike in temperature and the sharp dip in density at

the transition region
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2.1.4 The Solar Corona

The corona is the outermost layer of the solar atmosphere. It has no sharp lower
boundary, but typically becomes dominant above the transition region at heights of a
few thousand kilometres, depending on local magnetic and thermodynamic conditions.
The corona is extremely hot with temperatures about 1-2 16 K (Eden 1943; Priest
2014). Much like the chromosphere, the solar corona can only be seen during a total
solar eclipse. The corona is studied in white light with the help of a coronagraph
(Lyot 1932), which is designed to arti cially replicate a total solar eclipse, allowing
scientists to study the corona at any time, rather than only during naturally occurring
total solar eclipses. The solar corona exhibits a wide range of structures and dynam-
ical phenomena, many of which persist independently of major energetic events. In
this section, attention is restricted to non-eruptive coronal features, while other major
phenomena such as solar ares, coronal mass ejections, laments, and prominences are
discussed separately in Section 2.3. In this section, we mainly focus on three major
types of coronal features: (i) quasi-static magnetic structures, (ii) small-scale heating

and transient brightenings and (iii) waves oscillations and mass transport phenomena.

The morphology of the solar corona is shaped mainly by relatively stable magnetic
structures (quasi static structures) that change gradually over periods ranging from
hours to days. The most prominent of these features are coronal loops (see Figure
2.5). Coronal loops are closed magnetic eld structures that are lled with plasma
(temperature 10 °K) and have lengths in the range 1 - 1000 Mm (Reale 2010; Priest
2014). Direct feature tracking observations and doppler shift studies show that coronal
loops are associated with plasma up ows from the chromosphere, because of which it is
thought that these loops originate below the chromosphere (Brekke et al. 1997; Peter
& Judge 1999; Schrijver et al. 1999; Aschwanden 2001). In the quiet Sun, coronal
loops are low-lying, short and faint, whereas they appear as dense, extended arcades in

ARs when viewed in EUV and soft X-ray wavelengths (Webb & Zirin 1981; Reale 2010;
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