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Preface

This thesis is submitted in partial fulfillment of the requirements for the degree of
Philosophiae Doctor at the University of Oslo. The research presented here was
conducted at the Rosseland Center for Solar Physics that is a part of the Institute of
Theoretical Astrophysics, University of Oslo, and under the primary supervision of Luc
Rouppe van der Voort. The research of this thesis was partially funded by the Norwegian
Research Council and it represents an effort towards understanding the role of spicules
in mass balance and heating of the solar atmosphere.

The results and analysis presented in this thesis are based on the datasets that
have been obtained from multiple instruments, namely, the Swedish 1-m Solar
Telescope, Interface Region Imaging Spectrograph, and Solar Dynamics Observatory. In
addition, strong theoretical support has been provided with the help of a state-of-the-art
magnetohydrodynamic (MHD) simulation of spicules.

This thesis is a collection of three papers, presented in chronological order of writing,
and is spread over four chapters. Chapter 1 provides a basic introduction to the physical
processes taking place in the solar interior and an overview of the atmosphere of the
Sun. Special emphasis has been given to highlight the coupling of the solar atmosphere.
In Chapter 2, I have attempted to provide an overview of the different instruments along
with their datasets that have been used in this thesis. In addition, I have also attempted
to discuss the various challenges and advantages of using multiple instruments from
the ground and space co-temporaneously. Moreover, this chapter also provides a brief
description of the MHD simulation of spicules that has been used to compare with the
observations. Chapter 3 focuses on spicules, their associated mass flows, and their role
in heating the solar atmosphere starting from a historical perspective. Moreover, this
chapter also serves as a platform on which the research carried out as a part of this thesis
lays. Finally, Chapter 4 provides a summary of the papers (referred to as Papers I, II,
and III) that form a major part of this thesis along with concluding remarks and future
prospects.

In addition to the studies on spicules, I have also had the opportunity to work (or
participate) in several other projects in the field of Solar physics during the course of
my doctoral research, which has led to various publications. They have been listed
separately.
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Chapter 1

Introduction

The Sun is a hot spherical ball of plasma that lies at the center of our solar system. It is
comprised of about 99.86% mass of the solar system and is roughly 4.6 billion years old.
Though it is a very common star of our galaxy, it is quintessential to us since it is the
most important source of energy that helps sustain life on Earth. It is roughly 109 times
bigger than the Earth (with a diameter of 1.39 million kilometers), and has a mass of
≈1.98 × 1030 kg that is roughly 330,000 times that of Earth. It is classified as a G-type
main sequence star with an effective surface temperature of 5780 K. Being relatively
closer to us (≈1.49 × 108 km) in comparison with the other stars of our galaxy, it is
therefore possible to study this star and its atmosphere in an unprecedented detail both
from the ground as well as from space.

The Sun also has a profound impact on the space-weather around the Earth. The
variation in the local space environment is driven largely by the radiation and energetic
particles that emanate from the Sun during a period of enhanced solar activity (such as,
flares and coronal mass ejections). Unfortunately, if these energetic particles are bound
towards the Earth they may have a significant impact on our climate and communication
systems. Some of their effects include electronic failures in satellites, radiation hazards
to astronauts in space or on-board the International Space Station (ISS), navigation
problems in airplanes, or loss of satellites due to atmospheric drag. Atmospheric
drag can be referred to as the friction between the satellites (or space stations) and
their immediate surroundings that can increase due to sufficient heating and expansion
of the Earth’s atmosphere due to an increase in the number of energetic particles
released during flares or coronal mass ejections. In addition, the electric grids supplying
electricity to our homes can also be impacted by the so-called solar magnetic storms
which carry vast amounts of magnetized plasma into space (such as the March 1989
solar storm in Québec. See, Boteler, 2019). All the above potential impacts highlight
the importance of studying and continuously monitoring the Sun, its atmosphere and the
energy transfer from the solar interior to its outer atmospheric layers. The sections that
follow henceforth attempt to provide a brief introduction to the different layers of the
solar atmosphere starting from its interior to the corona, with an intention to illustrate
the coupling between the different layers.

1.1 The solar structure

As a main sequence star, the Sun converts hydrogen (that accounts for nearly 74.6%
of its mass Lodders, 2003) to helium in its core via the process of nuclear fusion.
This conversion process also generates a tremendous amount of energy which is
continuously leaked into its immediate surrounding layers, namely, the radiative zone
and the convection zone. The names of these zones are given based on the most
dominant process by which energy is transported across them. Photons are absorbed and
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emitted many times, via the process of radiative diffusion, as they propagate through the
radiative zone that lies between 0.25 R� and 0.7 R� (R� being the radius of the Sun).
The continuous absorption and (re)emission of photons causes them to have a mean
free path of about a few millimeters which in turn leads to enormously long traveling
times across this region. Estimates based on random walk analysis indicate that it
takes roughly 170,000 years for photons to diffuse through the radiative zone (Mitalas
and Sills, 1992). Now, once these photons reach the convection zone, the temperature
starts to drop rapidly which increases the opacity due to formation of neutral H and He
(most of the H and He exist in the fully ionized state in the radiative zone). At about
0.7 R� the temperature gradient becomes so large that the plasma cannot remain in
stable equilibrium thereby triggering convective instabilities that mark the onset of the
convection zone (Priest, 2014). The opacity becomes so high in this region that most of
the energy is transported by moving blobs of plasma via the process of convection.

1.1.1 Photosphere

The hot plasma which rises from the convective zone reaches a state where the opacity
is insufficient to prevent any escape of the radiation. Eventually, the plasma expands,
undergoes radiative cooling and returns to convective stability again (Priest, 2014). This
generally happens in the layer which is termed as the photosphere − i.e. the layer visible
to the naked eye. The photosphere has a distinct appearance that shows the presence
of a large number of granular cells. These are basically the tops of hot plasma blobs
that arise from the convection zone and cover most of the visible area of the solar disk.
In addition to the granular cells, strong magnetic flux concentrations, such as sunspots,
pores, and plages are also seen in the photosphere which can alter the granulation pattern
(as shown in Figure 1.1). The photosphere is the densest layer of the solar atmosphere
which forms an interface between the solar interior and its outer atmospheres. According
to the temperature stratification of the VAL semi-empirical model (Vernazza, Avrett
and Loeser, 1981) shown in Figure 1.2, it is only a few hundred kilometers thick and
continues until the temperature reaches a minimum at roughly 525 km above the surface,
which is defined as the height where the optical depth (τ) is unity at 500 nm.

1.1.2 Chromosphere

The chromosphere is the layer of the solar atmosphere that sits immediately above the
photosphere. According to the semi-empirical VAL model shown in Figure 1.2, the onset
of the chromosphere is marked by an increase in the temperature beyond the temperature
minimum. The layer derives it name from the Greek word chroma (color), which is
mainly attributed to the reddish colored observations of this layer visible during solar
eclipses (Lockyer, 1868). The color is mainly due to the radiation emitted by neutral
hydrogen atoms at 656 nm and the corresponding absorption line, called the Hα spectral
line, is one of the strongest lines observed in the chromosphere. It is quite unique from
the perspective of observations, where we see a myriad of different features such as
dynamic fibrils, filaments, mottles, and spicules, to name a few, that are not visible in
the photosphere. A representative example is shown in Figure 1.3, where panels (a) and
(b) show high-resolution off-limb images of the solar chromosphere observed in the blue
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Figure 1.1: High resolution wide band image observed with the Swedish 1-m Solar
Telescope on the island of La Palma, Spain showing a distinct photospheric scene with
a sunspot, granulation pattern and several pores (dark structure at the top), on 7 August,
2020. The solar north is upwards. Courtesy of Luc Rouppe van der Voort.

wing and line core of the Hα spectral line from the Swedish 1-m Solar Telescope (SST,
Scharmer andothers, 2003). Panel (b) shows the characteristic rich fibrillar appearance
associated with dense canopies that are visible all over the field-of-view (FOV). This is
in stark contrast to panel (a) that appears predominantly photospheric with some thin,
slender, and thread-like structures that are visible all over the limb and scattered on
the disk. The chromosphere is also known to play a crucial role in heating and mass
loading of the million-degree solar corona, since most of the nonthermal energy that
drives these mechanisms propagates through this layer. The VAL model suggests that
this layer is roughly 1500 km thick, and is more or less homogeneous. However, based
on abundant observations in the past (see Rutten, 2007), and from the high-resolution

3



1. Introduction

Figure 1.2: Stratification of temperature as a function of height in the solar atmosphere
from the well-known VAL semi-empirical model. The region up to a height (h) of
about 500 km forms the photosphere. The chromosphere is marked by an increase
in the temperature beyond 500 km up to about 2000 km. The rapid increase in
temperature beyond 2000 km represents the so-called transition region which separates
the chromosphere from the million degree corona. The different atomic species indicate
the spectral lines along with their ionization stages and average formation height. Image
credit: Vernazza, Avrett and Loeser, 1981. © AAS. Reproduced with permission.

observations, such as the one in Figure 1.3, it is clear that the chromosphere is not
only far from homogeneous, but it is also very dynamic. Therefore, as suggested by
Carlsson, De Pontieu and Hansteen, 2019, current numerical modeling attempts rely
on physics-based definitions of the solar chromosphere rather than purely geometrical
arguments.

1.1.3 Corona

The solar corona is the outermost layer of the solar atmosphere that is visible to the
naked eye only during a solar eclipse. The temperature of this layer is much hotter
(several orders of magnitude) than the average temperature of the photosphere. In terms
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Figure 1.3: High resolution images of the north solar limb observed from the Swedish
1-m Solar Telescope on 20 August 2020, using the narrow band CRisp Imaging
SpectroPolarimeter Hα filter. Panel (a) shows an image in the blue wing of the Hα
spectral line corresponding to a Doppler position of 45 km s−1 (+0.98 Å from the
line core) and panel (b) shows the line core of Hα. The field-of-view covers roughly
55×55 Mm2. Data reduced by Luc Rouppe van der Voort.

of its thickness, it can be said that it extends from the top of the chromosphere and out
into the solar wind, which fills the entire heliosphere. Despite its enormous temperature,
the radiation from the solar corona is roughly a million times less bright than that of
the photosphere. This is attributed to the extremely low plasma density prevailing in
this region. Many emission spectral lines observed in the corona are attributed to high
ionization state of known elements, thereby implying that the temperature in this region
can be at least a million Kelvin (Priest, 2014). The representative image in Figure 1.4
shows the solar corona in three different wavelength channels, two of which (i.e. the
19.3 and 21.1 nm) sample temperature regimes that are higher than 1 million K. Lighter
nuclei of elements, such as hydrogen, are completely ionized whereas heavier elements,
such as iron, can have an ionization state as high as +15. The amount of energy (and the
temperature) required to ionize these elements indicate that the corona is only visible in
the extreme ultraviolet wavelengths that can only be observed from space (Priest, 2014).
The corona is also responsible for the generation of solar wind, which is a stream of
charged particles consisting mainly of electrons, protons and α particles. The solar wind
interacts with the inter-planetary atmospheres in the solar system and can impact the
space-weather around the Earth and other planets. Since the density of the plasma is
extremely low, magnetic fields dictate the environment of this layer. Various features
like loops (Aschwanden, 2002), coronal holes (Cranmer, 2009), and coronal X-ray jets
(Shibata andothers, 1992; Sterling andothers, 2015, to name a few), can be observed
in this region. We refer to Figure 1.4 for representative examples of coronal loops
(mostly seen in the close vicinity of active regions) and holes.
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Figure 1.4: RGB composite image of the solar corona seen in three different passbands:
21.1 nm (formed at temperatures around 2 million Kelvin) is shown in red, followed
by 19.3 nm (roughly 1.3 million Kelvin) in green and 17.1 nm (formed around
800,000 Kelvin) in blue, with NASA’s SDO/AIA instrument. The brightest areas
correspond to active regions which also show the presence of coronal loops that connects
magnetic islands of opposite polarities. The dark region close to the center of the disc is
a coronal hole which acts as a potential driver of solar wind. Image credit: Heliophysics
Events Knowledgebase, Lockheed Martin Solar and Astrophysics Lab, Palo Alto.
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1.1.4 The Transition Region

Figure 1.5: Transition region image of a flaring active region (observed on 10 April,
2013) close to the solar limb through NASA’s SDO/AIA 30.4 nm channel. Image credit:
Heliophysics Events Knowledgebase, Lockheed Martin Solar and Astrophysics Lab,
Palo Alto.

The temperature stratification shown in Figure 1.2, indicates a very rapid rise from
about 8000 K to 30,000 K within a span of roughly 100 km. Here, the solar plasma
undergoes a drastic "transition" from chromospheric to coronal temperatures. This
(relatively) thin layer of the solar atmosphere, sandwiched between the chromosphere
and the corona, is known as the transition region (TR). Due to high temperatures (albeit
not as high as the solar corona) most of the hydrogen is ionized and, like the corona,
it is dominated by emission spectral lines ions of heavier elements such as carbon,
oxygen, silicon and magnesium with ionization states that can range between +1 and
+8, indicating temperatures that can be as high as 100,000 K (Peter, Gudiksen and
Nordlund, 2004). These ions emit radiation almost entirely in the ultraviolet part of
the electromagnetic spectrum and therefore, like the corona, it is only possible to study
them from space. With the increase of temperature and the decrease in the plasma
density, the solar atmosphere changes rapidly from being optically thick in the upper
chromosphere to optically thin in the TR. While an optically thin assumption is generally
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a good approximation in the relatively quieter areas of the TR (and also to a large extent
in the solar corona), some studies such as Kerr andothers, 2019, suggest that it may
not always be the case especially during highly energetic and impulsive events such as
flares. Figure 1.5 shows a TR image of a flaring active region close to the limb observed
through the Atmospheric Imaging Assembly’s (AIA, Lemen andothers, 2012) 30.4 nm
wavelength channel onboard the Solar Dynamics Observatory (SDO, Pesnell, Thompson
and Chamberlin, 2012).

1.2 The Interface region and its importance

The interface region is a term used by many solar physicists to describe the combination
of the solar chromosphere and the TR (De Pontieu andothers, 2021a). As discussed in
Sects. 1.1.2 and 1.1.4, it is through this region that all the non-thermal energy responsible
for driving the solar corona (and also solar wind) is propagated. Characterizing and
interpreting the observations in these regions can be extremely complex due to a
multitude of reasons, such as, transitioning from a high to low plasma-β (the ratio
between the gas pressure and magnetic pressure) environment, partially ionized plasma
in the chromosphere to fully ionized plasma in the corona, and the influence of non-local
thermodynamic equilibrium (non-LTE) in radiation transport, to name a few (Carlsson,
De Pontieu and Hansteen, 2019). As a result, a detailed study of the interface region
can lead to a better understanding of the physical processes like magnetic reconnection,
equilibrium and non-equilibrium ionization of atomic species, ion-neutral interactions
and so on.

Figure 1.6: Formation height of spectral lines corresponding to various atomic species in
an XZ slice of a stratified Bifrost model atmosphere of an enhanced network computed
by Carlsson andothers, 2016. The height where the optical depth is unity is used as a
representative of the formation height of the optically thick lines, and for the optically
thin He i 1083 nm line, contribution function to the intensity is shown in gray scale. The
simulation is publicly available at http://sdc.uio.no/search/simulations. Image credit:
Mats Carlsson, Rosseland Center for Solar Physics, Oslo.

Classical semi-empirical modeling attempts give a clue about the temperature
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Coupling between the solar chromosphere and the transition region/corona

stratification in this region, indicating a rise in the temperature beyond the photosphere,
but models such as the well-known VAL atmosphere, do not paint an entirely accurate
picture. Although it does successfully reproduce a large number of spectral lines
of different atomic species, like the ones indicated in Figure 1.2, it provides a very
simplistic scenario of the stratification of the solar atmosphere, indicating only the
mean properties. In reality, the solar atmosphere (in particular the interface region)
is highly time-dependent, structured and consists of non-homogeneous plasma that
is mostly not in equilibrium. Depending on the associated local heating or cooling
processes, the plasma density and temperature are continuously changing. Figure 1.6
exemplifies the complex stratification in the solar atmosphere from the perspective of a
more realistic numerical simulation. It can be seen that the temperature stratification
is different in different regions in the horizontal domain, which in-turn affects the
formation heights of the different spectral lines. This is in contrast to the VAL model
which shows the formation of each spectral feature of interest at its own fixed height
for the different spectral lines of interest. Nevertheless, the VAL model has been of
quintessential importance in the past that serves as a reference atmosphere for exploring
the chromopsheric line formation even today.

The rapid rise in temperature past the temperature minimum (for example as in
Figure 1.2) is rather unexpected and has been puzzling solar physicists for many decades.
This is because the temperature is expected to continuously decrease with an increase
in the distance from the solar core (source). However, as we see from numerous
observations (mainly space-based), the reality is completely opposite. This increase in
temperature with height is commonly referred to as the coronal (also chromospheric)
heating problem that can be considered as the holy grail in solar physics (Klimchuk,
2006). Despite abundant observational and numerical modeling efforts, the major cause
of such heating remains a mystery till today. Classical consensus to explain such a
controversial observation can broadly be divided into two categories. One school of
thought is supportive of the idea that a large number of magnetic reconnection processes
goes on continuously in the solar atmosphere at various spatial and temporal scales,
that eventually leads to the heating of the outer atmospheres – either via the production
of a large number of nanoflares (Parker, 1988; Priest, Heyvaerts and Title, 2002) or
braiding of the magnetic field lines via photospheric motions (Cirtain andothers, 2013;
Hansteen andothers, 2015; Parker, 1972). On the other hand, the alternative scenario
is based on the argument that the heating is dominated by the damping/dissipation of
magnetohydrodynamic (MHD) waves that permeate in the solar atmosphere (Alfvén,
1947; Van Doorsselaere andothers, 2020). Today it is known that that the solar
atmosphere is highly structured, time varying and dynamic. Therefore, it is likely
that different mechanisms act simultaneously to heat the upper atmospheres of the Sun
(Parnell and De Moortel, 2012).

1.3 Coupling between the solar chromosphere and the
transition region/corona

The dynamic interaction between the chromosphere and the TR was not fully understood
in older studies focusing on these regions owing to the lack of adequate observations.
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Figure 1.7: IRIS spectroheliograms of active region (AR) 12056 observed on 15 May
2014 showing the coupling between the solar features observed in (a) photosphere,
(b) upper chromosphere, (c) lower TR, and (d) middle to upper TR. The bright structures
seen in panels (c) and (d) correspond to the footpoints of AR loops. Large fibrils are
seen above the AR, especially in panels (b) and (c), with a distinct canopy connecting
(X,Y)=(40,100) Mm and (80,40) Mm.

Although, it was known that large-scale events, for example jets, are largely multithermal
and could be observed across multiple layers, the intricate connection between the
cooler chromospheric and hotter TR/coronal channels among the relatively small-
scaled features, such as spicules, microjets in sunspots, and low-lying loops, were
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unexplored. The scenario changed significantly after the advent of NASA’s Interface
Region Imaging Spectrograph (IRIS, De Pontieu andothers, 2014b). With the help
of its high-resolution imaging and spectroscopic observations (see Figure 1.7 for an
example), the coupling between the cooler photosphere, chromosphere and the hotter
layers above it became much more apparent (see Carlsson, De Pontieu and Hansteen,
2019; De Pontieu andothers, 2021a, for more detailed discussions of studies focusing
on this connection).

Coordination with ground-based instruments, in particular SST, has provided an
unprecedented view of the small-scaled dynamic interactions taking place across the
different layers of the solar atmosphere, ranging from the photosphere to the corona.
These observations have indicated that any layer of the Sun’s atmosphere, for example
the TR or the solar corona, cannot be investigated independently without accounting
for the observations in the upper chromosphere. As we will see in Chapter 3, upward
propagating chromospheric spicules (for example) have been linked with mass-loading
and heating of the solar corona. A similar relationship also holds in the opposite
direction where events in the corona, like nanoflares, can cause short-lived brightenings
in the TR and upper chromosphere, via the release of non-thermal particles (such as
electron beams, see Testa andothers, 2014). This thesis further exploits the coupling
of the solar atmosphere by not only making use of the coordination between different
space-based instruments, but also between the ground and space-based observations,
leading to a comprehensive and a detailed coverage of the solar atmosphere. This is
further detailed in Chapter 2.

1.4 Outline of the thesis

The description of the solar atmosphere presented in this chapter paints a highly dynamic
and a structured scenario where the different layers of the atmosphere are highly coupled
to one another. The advent of modern instruments with high spatial, spectral and
temporal resolution, made it possible to study the evolution of various small-scaled
dynamic structures that can potentially unlock many mysteries of the solar atmosphere.
The aim of this thesis focuses on the study and analysis of spicules – thin, jet-like, highly
dynamic, small-scaled structures observed ubiquitously in the solar chromosphere, their
characterization in different chromospheric and TR spectral lines, and their role in mass
balance and heating of the solar atmosphere. The breakdown of the rest of the thesis is
described below.

Chapter 2 describes the details on the numerical simulation of spicules (that has been
used for the purpose of comparing with the observations), instruments from the different
observatories, their data products, the processes and challenges of co-aligning the
different datasets along with their importance. This is followed by Chapter 3 where an
introduction to spicules and their associated mass flows, have been described extensively
starting from a historical perspective. Also, the developments in terms of understanding
spicules from the point of view of modern instrumentation and observations, their types,
properties and possible origin mechanisms have been addressed as well. Furthermore,
the studies undertaken as a part of this thesis and their motivation have also been
described in the above chapter in the context of our current understanding of spicules

11



1. Introduction

and their associated mass flows. Finally, Chapter 4 provides a summary of the three
papers that form the basis of this thesis along with concluding remarks and possibilities
for future investigations.
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Chapter 2

Instruments and simulations

The ever-increasing amount of information about the Sun and its atmosphere has been
possible with the rapid developments in sophisticated instrumentation techniques, such
as large aperture telescopes, that aim not only to record the highest possible resolution
images of the Sun, but also to capture an unprecedented amount of light by acting
as a "photon bucket". Depending on the local physical processes at play, it may be
necessary to record observations in the ultraviolet (UV) or extreme-UV (EUV) part
of the solar spectrum, in addition to optical frequencies. This is only possible from
space since the Earth’s atmosphere is mostly opaque at those wavelengths. Furthermore,
the turbulence in the atmosphere around us plays a detrimental role in degrading solar
observations recorded from ground-based telescopes. Observing directly from space
can overcome this effect but the cost of operating space-based telescopes is significantly
higher in comparison to ground-based telescopes. Moreover, there is a limit to the
size of telescopes that can be placed off-Earth primarily due to their high cost and
limited telemetry. Therefore, astronomers have turned to a method called adaptive optics
that uses sophisticated deformable mirrors that can correct (lower-order) atmospheric
distortion effects in almost real-time. This is generally followed by post-processing
image restoration techniques such as speckle interferometry (de Boer and Kneer, 1992)
or Multi-Frame Blind Deconvolution (MFBD, Löfdahl, 2002; Schulz, 1993) which
minimizes the remaining higher-order seeing effects. The datasets that have been used
in this thesis make use of both space and ground-based telescopes (including adaptive
optics and post-facto image restoration techniques), which leads to both advantages and
challenges that we address in this chapter.

The use of numerical simulations in solar physics has been as important as
observations, especially in recent times. Observations have revealed that the solar
atmosphere is far from static, and is hardly ever in equilibrium which makes
interpretation challenging. Therefore, simulations come in to the picture which helps
with the understanding of the physics behind the observations. However, depending on
the geometry (1D, 2D or 3D) and also the physical processes involved, simulating the
solar atmosphere (or at least a part of it) can be very computationally demanding or can
even be beyond our current computational capabilities (Leenaarts, 2020). Nevertheless,
advanced simulations play a pivotal part in interpreting (and also sometimes predicting
new) observations. The last two decades have witnessed the development of a
plethora of different codes, such as Stagger (Stein and Nordlund, 1998), MURaM
(Vögler andothers, 2005), Bifrost (Gudiksen andothers, 2011) and COBOLD (Freytag
andothers, 2012) to name a few, that aim to model solar and/or stellar atmospheres in
3D geometry. In this thesis (i.e. in Paper III), we have made use of an existing 2.5D
MHD simulation of spicules by Martinez-Sykora andothers, 2017a, computed with the
Bifrost code for the purpose of comparing with the observations.
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2.1 The Swedish 1-m Solar Telescope

The SST is a refracting telescope with an effective aperture diameter of 97 cm, and is
used for high-resolution observations of the solar photosphere and chromosphere. It is
located on the island of La Palma, which is a part of the Canary Islands, Spain. The
telescope is shown in Figure 2.1 with the main objective lens situated on top of the tower.
Besides being the primary imaging element, the main objective also serves as the entry
window to the vacuum tower. This dual function of the 1-m lens also reduces the number
of optical elements to a minimum inside the telescope, which would otherwise lead to a
reduction in the photon efficiency and add to optical aberrations in the main science data.
The tower contains a vacuum tube that prevents the generation of turbulence due to the
high (nearly 700 W) heat from the beam by maintaining a constant atmospheric pressure
below 5 mbar. This results in preventing the internal seeing inside the tower which
would otherwise affect the image quality (in the same way as atmospheric seeing). The
main objective lens is polished (and designed) in such a way that it is able to withstand
the pressure difference on its two sides, which further limits the size of the lens that
can be used for these applications. The telescope is optimized for multi-wavelength
observations between 350–1000 nm. It consists of two main instruments based on
dual-etalon Fabry-Pérot interferometers (FPIs) that are tuned to observe in the blueward
(between 380–500 nm) and redward (beyond 500 nm) part of the visible spectrum. The
SST makes use of an adaptive optics system with both tip-tilt and a deformable mirror
(having 85 movable parts) that reduces the effect of aberrations in the wavefront due
to atmospheric turbulence. In this thesis, we make use of high-resolution observations
from both the FPIs, and we focus on the Ca ii K, Fe i 630.2 nm, Ca ii 854.2 nm, and Hα
spectral lines that are described below.

2.1.1 CRIsp Imaging Spectropolarimeter

The CRIsp Imaging Spectropolarimeter (CRISP, Scharmer andothers, 2008) is a dual-
etalon FPI tuned to observe in the red to near-infrared part of the electromagnetic
spectrum. The two etalons are used in tandem along with a pre-filter that limits the
spectral coverage of the light that passes through the optical system by eliminating
multiple transmission peaks (Kentischer andothers, 1998). Moreover, CRISP is also
mounted with a pair of liquid crystal retarders in sequence which makes full Stokes
spectropolarimetric observations possible by allowing four different combinations of
polarization analysis. Both spectropolarimetric and spectroscopic images recorded using
CRISP have a pixel scale of 0′′.058. We refer to de la Cruz Rodriguez andothers, 2015a
and Löfdahl andothers, 2018 for further details on the optical setup and the imaging
systems.

2.1.2 CHROMospheric Imaging Spectrometer

The CHROMOspheric Imaging Spectrometer (CHROMIS, Scharmer, 2017) is also a
dual-etalon FPI, similar to CRISP, but is used for observations in the wavelength range
380–500 nm and was installed at the SST in 2016. Unlike CRISP, CHROMIS does
not have polarimetric capabilities at the moment, and it is particularly optimized for

14



The Swedish 1-m Solar Telescope

Figure 2.1: The Swedish 1-m Solar Telescope with the distinct white tower at the the
Observatorio Roque de los Muchachos on the island of La Palma. The primary imaging
element, the 1 m lens which is one of the largest pieces of optical glass in the world,
can be seen gazing at the rising sun at the top. Image credit: Rosseland Center for Solar
Physics, Oslo.

observations in the chromospheric Ca ii H and K and the H-β spectral line (centered at
486.22 nm). The current set of pre-filter configuration of CHROMIS allows simultaneous
chromospheric imaging observations in either the Ca ii H or K wavelength regions and
photospheric observations with help of a wide band filter tuned around 395 nm, between
the H and K lines (Bose et al. in prep). Another configuration allows observations
in the chromospheric H-β spectral line, with the wide band collected in the far blue
wing centered at 484.55 nm. I refer to Löfdahl andothers, 2018 for more details on the
pre-filter arrangements and the passbands of the different filters. It is to be noted that
with the advent of CHROMIS, it has been possible to observe the solar atmosphere with
an unprecedented high-resolution that is better than 0′′.1 (or ~70 km) at wavelengths
shortward of 400 nm, with a pixel scale of 0′′.037.

In summary, both CRISP and CHROMIS are dual-etalon, FPI-based instruments
capable of performing high spatial and spectral resolution observations ranging from the
photosphere to the chromosphere. CRISP has spectropolarimetric (with the photospheric
Fe i 617.3 and 630.2 nm, and chromospheric Ca ii 854.2 nm lines being most widely used
for this purpose) and spectroscopic capabilities at wavelengths beyond 500 nm (including
Hα), while CHROMIS is primarily used for imaging spectroscopic observations
shortward of 500 nm with Ca ii H and K lines being the most common choice in
addition to H-β.

This thesis made use of the CRISP full Stokes imaging spectropolarimetric
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Fe i 630.2 nm data from the 25th of May 2017 campaign and Hα imaging spectroscopic
data from both the 25th of May, 2017 (henceforth dataset 1) and 19th September 2020
(henceforth dataset 2) campaigns. Dataset 1 and 2 targeted an enhanced network with
a cadence of 19.6 s, and quiet Sun region with a cadence of 23.6 s, respectively, close
to the disk center. The Fe i 630.2 nm data was sampled at 16 wavelength positions
with a variable wavelength sampling ranging between 40–80 mÅ depending on the
position with respect to the 630.2 nm line center. The Hα spectral line was sampled at
32 wavelength positions for dataset 1, and 31 wavelength positions for dataset 2 with
100 mÅ wavelength steps. In addition, CRISP was also used to record spectroscopic
Ca ii 854.2 nm and spectropolarimetric Fe i 617.3 nm data for dataset 2.

In addition to CRISP, I also made use of the CHROMIS Ca ii K (centered around
393.37 nm) imaging spectroscopic data corresponding to the enhanced network target of
dataset 1. CHROMIS sampled the Ca ii K spectral line at 41 wavelength positions with
63.5 mÅ steps within ±1.28 Å of the line-center. Moreover, images from a continuum
wavelength position at 400 nm, and CHROMIS 395 nm wide band filter (that lies
between the H and K lines) were also sampled. The cadence of this dataset was 13.6 s.
Dataset 2 also has CHROMIS co-observations but they were not used as a part of this
thesis. An overview of the observations from dataset 1 is shown in Figure 2.2.

Despite excellent atmospheric conditions, corrections for atmospheric seeing effects
were necessary to achieve high quality science data. As mentioned earlier, lower
order seeing effects were removed by means of a tip-tilt and a deformable mirror, that
forms a part of the upgraded version of the SST adaptive optics system (described
in Scharmer andothers, 2019). The Multi-Object Multi-Frame Blind Deconvolution
method (MOMFBD, van Noort, Rouppe van der Voort and Löfdahl, 2005) was further
used as a post-facto image reconstruction technique to minimize the residual higher-
order seeing effects, which the adaptive optics system alone is generally unable to correct
for. Moreover, adaptive optics is also unable to fully compensate for the spatial variation
of seeing (blurring) all over the FOV, that is attributed to the fact that different lines of
sight are affected differently as they pass through the Earth’s atmosphere (also known
as anisoplanatism). Advanced image restoration techniques, like MOMFBD, have the
capability efficiently to correct for this anisoplanatism as described in van Noort, Rouppe
van der Voort and Löfdahl, 2005 (also see, Henriques, 2012). MOMFBD is an extension
of the MFBD technique that includes simultaneous reduction of Multiple-Object (MO)
data recorded using filters that are sufficiently close in wavelength. The use of MO has
facilitated improved image restorations, by providing better constrains in estimating the
seeing point spread function, in comparison to single-object restorations. For CRISP
and CHROMIS, the wide-band and the sequentially recorded narrow-band channels
serve as MOs necessary for the MOMFBD process, ultimately leading to observations
at the highest possible spatial resolution down to the diffraction limit of the telescope
(given by 1.22λ/D, where λ is the wavelength and D represents the effective diameter of
the telescope) which are 0′′.1 for Ca ii K and 0′′.16 for Hα.

The SSTRED data reduction pipeline (de la Cruz Rodriguez andothers, 2015a;
Löfdahl andothers, 2018) was used for further reduction of the data post MOMFBD.
The observations from CRISP were then internally co-aligned and destrechted to remove
the warping due to seeing effects across the FOV. The internal co-alignment was done
by cross-correlating the wide band images of Fe i 630.2 nm with the corresponding Hα
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Figure 2.2: Overview of dataset 1 targeting an enhanced network region observed with
the SST on 25 May 2017. Panels a and b, show images observed in the blue wing (at
a Doppler offset of −40 km s−1 with respect to the line center) and the line core of
the Hα spectral line. Panel c shows the image observed at the inner blue-wing of the
Ca ii K 393.4 nm. Panel d shows the photospheric line-of-sight magnetic field saturated
between ± 500 G derived from the Fe i 630.2 nm line using a Milne-Eddington inversion
scheme based on the implementation by de la Cruz Rodriguez, 2019. This dataset has
been described and analyzed extensively by the author in several publications, such as
Paper I, Paper II, and Paper III, that form a part of this thesis.

wide band images (with the latter serving as reference) for dataset 1, since both wide
band images predominantly show photospheric features. Furthermore, the alignment
between CRISP and CHROMIS was done by expanding CRISP to CHROMIS pixel
scale, followed by cross-correlating the corresponding wide band Hα images with
CHROMIS 395 nm wide band images. Finally, the CRISP FOV was adequately cropped
so as to limit it to the CHROMIS FOV. Figure 2.2 shows CRISP and CHROMIS images
from dataset 1 that have been co-aligned using the method described in this section. For
dataset 2, I did not make use of the CHROMIS data but the internal CRISP alignment
was done in exactly the same way as dataset 1, but with Ca ii 854.2 nm wide band
serving as the reference.
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2.2 Interface Region Imaging Spectrograph

Launched by NASA in June 2013, IRIS (see Figure 2.3) is a small explorer space
mission studying the interface region (refer to Section 1.2), that has led to significant
advancements in our understanding of the solar chromosphere and the TR (De Pontieu
andothers, 2021a). IRIS consist of a 20 cm telescope that feeds near UV (NUV) and
far-UV (FUV) light into a slit-based high-resolution spectrograph and it has opened
up a possibility of obtaining an unprecedented spatial (0′′.33 in the FUV, and 0′′.4
in the NUV), and spectral (2.5 km s−1 pixel−1) resolution, with a cadence down to
≈1 s. It obtains spectra in three major passbands between 133.2–135.8 nm (FUV1),
138.9–140.7 nm (FUV2) and 278.3–283.4 nm (NUV), with simultaneous spectral
observations from the photosphere to the transition region. Spectral lines that are
most widely used by the community (and also this thesis) are the chromospheric
Mg ii h (280.3 nm) and k (279.6 nm) lines (Leenaarts andothers, 2013a,b), the upper
chromospheric/transition region C ii 133.4/133.5 nm lines (Rathore andothers, 2015)
and the TR Si iv 139.4/140.3 nm lines. The spectrograph slit is roughly 0′′.33 wide and
has a length of 175′′. It can be displaced in the direction parallel to the plane of the sky
(perpendicular to the direction of dispersion) to build up a raster that can have an area
of up to 130′′ × 175′′(roughly 94 Mm × 123 Mm) in the solar-X and Y directions. In
addition, IRIS can also record slit-jaw images (SJIs) in four different wavelength bands
i.e. C ii 133, Si iv 140, Mg ii 279.6 (dominated by the core and inner wings of the Mg ii k
line) and Mg ii 283 nm (that serves to provide a valid context of the region observed on
the solar surface). The SJIs also serve as a means to co-align IRIS with other ground
or space-based observations. A database of coordinated and co-aligned IRIS and SST
datasets has been recently made available by Rouppe van der Voort andothers, 2020.

Figure 2.3: The Interface Region Imaging Satellite being prepared for launch in the
clean room facility of NASA’s Ames Research Center. Image credit: Jim Dowdall,
Lockheed Martin.

18



Interface Region Imaging Spectrograph

This thesis made use of the coordination between IRIS and SST for both datasets 1
and 2. Each IRIS observation run has a unique id associated with it which is known as
the OBS-ID. An OBS-ID is a unique 10-digit number that essentially encodes the details
of the observation including the number of raster steps, observed spectral lines, cadence,
exposure time etc. On the 25th of May, 2017 (dataset 1) IRIS was selected to run in
a so-called medium dense 8-step raster mode (with an OBS-ID 3633105426) with an
exposure time of 2 s and the spectral raster covering a FOV of 2′′.8 × 62′′centered around
the enhanced network target. For dataset 2, observed on 19 September 2020, IRIS ran
in an large dense 4-step raster mode (OBS-ID 3633109417) with an 8 s exposure time
covering a FOV of 1′′.36 × 120′′co-observing the quiet Sun target with SST.

2.2.1 Co-aligning IRIS and SST

The co-alignment between the IRIS and the SST datasets were made by employing a
cross-correlation technique between the pair of images that were morphologically most
similar with respect to one another. For dataset 1, this meant IRIS 279.6 nm Mg ii SJI
and CHROMIS Ca ii K. I first began by expanding the SJIs up to the CHROMIS pixel
scale by employing the standard cubic interpolation method of Park and Schowengerdt,
1983. Then the SJIs (that were closest in time to CHROMIS observations) were cross-
correlated with the Ca ii K images obtained by computing the spectral average between
±20 km s−1. Before the cross-correlation, we employ a Fourier filtering technique
using a 1st order Butterworth filter that helped to remove the high-frequency (noisy)
pixels from the expanded IRIS SJIs. This step proved to be crucial in achieving a better
correlation between SST (which was rotated to account for the orientation of the solar
north prior to cross-correlation) and IRIS, thereby leading to a co-aligned sequence
with a cadence of 13.6 s. Co-aligning the IRIS dataset by expanding its dimensions to
CHROMIS pixels is a relatively uncommon choice, which was performed in order to
maximize the latter’s novel science potential at the highest possible resolution.

Dataset 2 focused on a quiet-Sun region, and from the perspective of CRISP,
Ca ii 854.2 nm data bore the closest morphological resemblance to IRIS 279.6 nm
SJI. As a result, the two sets of data were co-aligned by means of cross-correlation
in a way similar to dataset 1. However, co-aligning a quiet region on the Sun with
minimal (visual) activity across the different wavelength channels proved to be far more
challenging than dataset 1. This was circumvented by integrating the Ca ii 854.2 nm
data over the entire wavelength dimension (between ±28 km s−1) for each time step,
which was followed up by cross-correlating the resultant image with an expanded (to
CRISP pixel scale) 279.6 nm SJI that was closest in time to the CRISP counterpart.
Once again, the SJI was filtered with the same Butterworth filter (as in dataset 1) to get
rid of the high-frequency noise pixels before performing the cross-correlation. Since
CRISP Ca ii 854.2 data served as the reference, the cadence of the resulting co-aligned
sequence was 23.6 s. Furthermore, both the co-aligned datasets were visualized with
CRISPEX 1 (Vissers and Rouppe van der Voort, 2012), an Interactive Data Language
(IDL) widget-based tool. Panels (d) and (e) of Figure 2.5 show the Mg ii 279.6 nm and
Si iv 140.0 nm SJI co-aligned to the corresponding SST observations for dataset 2 shown

1https://github.com/grviss/crispex
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in panels (a) and (b). These, along with the co-aligned SST and IRIS observations for
dataset 1, have been used in Paper I and Paper III of this thesis.

2.3 Solar Dynamics Observatory

The Solar Dynamics Observatory (SDO) has been one of the flagship missions of
NASA’s Heliophysics Systems Observatory (Clarke, 2016). Launched in 2010 under the
Living With a Star (LWS) program, the SDO observes the Sun in a quasi-simultaneous
fashion in the visible and EUV wavelengths and has been instrumental in monitoring
the activity of the Sun for over a decade now. With its high cadence (~12 s) full disk
observations, one of the major objectives of SDO is to understand the dynamic physical
processes taking place in the chromosphere and the corona and relate them with the
manifestations of the magnetic field in the photosphere. It consists of three different
instruments:

• The Atmospheric Imaging Assembly (AIA, Lemen andothers, 2012)

• The Helioseismic and Magnetic Imager (HMI, Schou andothers, 2012)

• The Extreme ultraviolet Variability Experiment (EVE, Woods andothers, 2012)

In this thesis, we primarily use observations from AIA for scientific analysis and HMI
continuum images for the purpose of co-alignment with the SST images using the
method described below. The co-aligned datasets are used in the analysis presented in
Paper III.

2.3.1 AIA

AIA records full disk images of the Sun with a spatial resolution of ~1′′.0 and a temporal
resolution of ~24 s in two UV and ~12 s in seven EUV wavelengths with a pixel scale
of 0′′.6. The nine (E)UV wavelength channels are observed with four telescopes that aim
to provide a complete thermal coverage of the solar atmosphere ranging from 6 × 104 K
to roughly 20 × 107 K (Boerner andothers, 2012).

2.3.2 HMI

HMI is used for the measurement of photospheric velocity and magnetic field maps via
spectropolarimetric measurements of the Fe i 617.3 nm line. In addition to the full disk
line-of-sight magnetic field and Doppler maps that is available at a cadence of 45 s, HMI
also provides full Stokes vector magnetograms with a cadence of 720 s and a spatial
resolution of 1′′.11. The pixel scale is 0′′.5.

2.3.3 Co-alignment between SDO/AIA and SST datasets

The analysis presented in Paper III made use of the co-aligned SDO/AIA and SST
data sequences. I haved used the publicly available2 IDL based automated alignment

2https://webspace.science.uu.nl/~rutte101/rridl/00-README/sdo-manual.html
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routines developed by Rob Rutten for this purpose. The co-alignment procedure can
be summarized in four major steps. The SDO cutout sequences corresponding to both
datasets 1 and 2 were first downloaded. All the AIA channels were then co-aligned
to HMI continuum/magnetogram images (for our analysis AIA 30.4 nm served as
the anchor channel and it was aligned to HMI magnetogram), the HMI images were
then expanded (resampled) from their original pixel scale (0′′.5) to SST pixel scale
(0′′.037/0′′.058 for CHROMIS/CRISP) and aligned to the SST wideband images via an
iterative cross-correlation procedure. Finally, the SDO sequences were cropped to have
the same FOV as the SST wide band FOVs.

A major challenge in using the cut-out sequences from SDO/AIA is the internal
co-alignment among the different AIA channels (especially the (E)UV passbands). This
is because the temperature sensitivities of the different (E)UV passbands can range from
a few tens of thousands to more than a few million Kelvin, depending on the channels
of interest (refer to Figure 1.4 and Figure 1.5). To overcome this, the alignment pipeline
downloads two sets of SDO cutout sequences. One at full (12 s) temporal cadence that
targets the SST FOV, and the other set covers a FOV of 700′′ × 700′′around the disk
center at a lower cadence. The latter sequence is further used to find offsets between
different AIA channels in an iterative fashion, by cross-correlating smaller sub-FOVs
of roughly 30′′ × 30′′, and applying the height of formation differences between the
different channels. The two panels of Figure 2.4 show the offsets between two AIA
channels (30.4 and 17.1 nm) after applying the co-alignment procedure described above.
Based on the 1-σ error estimates of the spline fit (denoted by sdx and sdy) that is used to

Figure 2.4: Horizontal (x, asterisks) and vertical (y, squares) offset plots, generated by
the automatic alignment routine, between the co-aligned AIA 171 Å (17.1 nm) and
304 Å (30.4 nm) channels for dataset 1 (left panel) and dataset 2 (right panel) as a
function of time. The y-axis indicates the offsets in terms of AIA pixels. The error
bars denote 96% (2-σ) confidence limits per time step. Their mean values are indicated
by c f x and c f y in the lower left corner of each plot. Outliers in the x and y shifts
are indicated by bounding boxes around asterisks or squares, and are removed while
obtaining an iterative spline fit (solid black curves). The spline fits are saved by the
pipeline and are used to co-align the target data. The values of sdx and sdy in the lower
right corner represent the 1-σ uncertainty in the spline fits, which suggests an accuracy
of the co-alignment that is better than an AIA pixel scale (1 px). The term tels in the
title of each plot indicates the telescope number assigned by the pipeline.
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co-align the actual target data, it can be said that the accuracy of the alignment between
the two channels is better than 1 AIA pixel (or 0′′.6) for both the datasets. We refer to
Rutten, 2020 for more details on the alignment procedure. It is important to note here
that since the two datasets under investigation have a heliocentric angle µ ≈1 (i.e. they
are close to the disk-center), the effects of projection are rather small. The accuracy of
co-alignment is expected to be much lesser for datasets targeting further away from the
disk center (i.e. at a lower µ).

The co-alignment procedure described above generates eleven (nine AIA and
two HMI) SDO image cut out sequences that have the same pixel scale as SST-
CRISP/CHROMIS, and the images are chosen in such a way that they are closest
in time to their SST counterparts. The resulting co-aligned SDO datasets were also
visualized with CRISPEX in tandem with SST and IRIS counterparts, which revealed
a good match among them. Panels (c), and (f)–(h) in Figure 2.5 show SDO/HMI and
AIA images corresponding to dataset 2 co-aligned to SST observations (panels (a) and
(b)). In Paper III of this thesis, I have used images from AIA 30.4, 17.1 and 13.1 nm
channels.

2.4 Why do we need coordinated observations?

From the discussions presented in the preceding sections, it is clear that combining
observations from multiple telescopes is far from trivial. It is therefore valid to ask why is
it necessary to coordinate between multiple telescopes in the first place. The answer lies
in the fact that all telescopes, whether ground or space-based, have limitations in terms
of their temporal and spatial resolution, wavelength (passbands) of observations, and
range of temperature coverage. It is clear from the description presented in Section 1.3,
and also from the observations presented in this chapter, that the solar atmosphere is
highly non-homogeneous, time-dependent and structured. Furthermore, many small
(and large) scale dynamic events often show indications of heating and can have an
impact over a range of atmospheric layers. It is impossible for a single telescope to fulfill
all the above criteria. Therefore, it is necessary to combine observations from different
instruments that are complementary to one another in order to have a comprehensive
understanding of the coupling between the layers of the solar atmosphere.

2.5 Numerical simulation of spicules

This thesis makes use of an existing 2.5-dimensional (or 2.5D) MHD simulation
of spicules computed by Martinez-Sykora andothers, 2017a and Martinez-Sykora
andothers, 2017b using the Bifrost code. The simulation includes the effect of ion-
neutral interactions which is also known as ambipolar diffusion. Ambipolar diffusion
can be interpreted as the process where the neutral particles (such as hydrogen) decouple
from the plasma whereas the ions (charged species such as the chromospheric Ca ii,
Mg ii, or TR ions such as Si iv) remain tied to it. The so-called type-II spicules
occurred naturally in this simulation as cool, thin, finger-like protrusions of plasma
in the hotter corona (see Figure 2.6). This was a significant advancement over older
Bifrost simulations (such as, Martinez-Sykora andothers, 2013) which produced only
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Figure 2.5: Coordinated SST, IRIS and SDO observations of the quiet Sun disk center
target from dataset 2. The images from the different telescopes are nearly co-temporal
and are co-aligned to each other using the methods described in this chapter. Panels (a)–
(h) show the target observed through different passbands (from different telescopes) that
are indicated in the top right corner in each case. The cyan colored box in each panel
indicates the FOV corresponding to the Hα blue wing image (panel (a)) which serves as
a reference. The HMI magnetogram shown in panel (c) is clipped at ± 1 kG.
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Figure 2.6: Outline of the 2.5D MHD simulation of spicules computed using the Bifrost
code. The top row shows a map of the temperature in log scale while the bottom
row shows the corresponding signed vertical velocity (positive is downflow) clipped to
± 30 km s−1. Spicules appear as thin, finger-like intrusions in the upper solar atmosphere
that are cooler than the surroundings. The black contour in the bottom row overlaps the
region where the temperature equals 30,000 K. Analysis of this simulation is performed
in Paper III.

one spicule after many solar hours of computation, indicating that physical processes
like ambipolar diffusion, along with large-scale magnetic field configuration and high
spatial resolution are the key ingredients to simulate spicular ubiquity. A discussion on
the relevance of this simulation in the context of driving mechanism behind spicules
is given in Section 3.9 of Chapter 3. The simulation domain spans from the upper
convection zone (roughly 2.5 Mm below the visible photosphere or z=0 Mm) to about
40 Mm into the solar corona with a non-uniform resolution ranging from 12 km to
60 km in the vertical direction. In the horizontal domain the simulation covers 96 Mm
with a uniform resolution of ~12 km. Figure 2.6 shows an outline of the 2.5D simulation
used in Paper III, where the top row shows the temperature map (in logarithmic scale)
and the bottom row shows the corresponding vertical velocity.

The publicly available RH1.5D code3 (Pereira and Uitenbroek, 2015) was used
to perform optically thick radiative transfer computations from the above MHD
simulation, which led to a synthesis of the chromospheric Ca ii K and Mg ii k lines.
A comparison of the synthetic and observed spectra facilitates an approach based on
which simulations can be compared reliably with observations. The RH1.5D code is
a massively parallelized version of the former RH radiative transfer code developed
by Uitenbroek, 2001, and is capable of performing multi-atom, multi-level, non-LTE
radiation transport under both complete and partial frequency redistribution (CRD
and PRD) of photons. Both the Ca ii K and Mg ii k spectral lines were synthesized

3Available at: https://github.com/ITA-Solar/rh
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under PRD (i.e. in Paper I and Paper III) as their line source function is dependent on
frequency (see, Milkey and Mihalas, 1974; Vardavas and Cram, 1974). Furthermore, a
detailed analysis of the optically thick spectral line formation mechanism in spicules was
performed with the help of contribution functions. Synthetic Si iv 139.4 nm intensity
was computed assuming optically thin approximation and under ionization equilibrium
using the CHIANTI database (Dere andothers, 2009) in a way similar to Martinez-
Sykora andothers, 2016, for example. The details of the analysis has been described
extensively in Paper III.
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Chapter 3

Spicules and mass flows in the solar
atmosphere

3.1 Historical perspective

High resolution off-limb observations of the solar chromosphere reveal rapidly changing
hair-like structures, that protrude outwards from the limb. These structures are known
as spicules and they form the major theme of this thesis. To the best of our knowledge,
the first lithographed drawings of spicules (along with other off-limb features such as
prominences) could be jointly attributed to the 19th century Italian astronomer Pietro
Tachinni (refer to Chinnici, 2006, for a modern account on the achievements of Tachinni)
and the Italian priest cum astronomer Angelo Sechhi (Secchi, 1871), both in April, 1871.
Sechhi later described them formally in the second edition of Le Soleil which was
published in 1877 (Secchi, 1877). I refer to Figure 3.1 which shows some of the
drawings of spicules and prominences by Pietro Tachinni in 1871.

Figure 3.1: First lithographed drawings of spicules and solar prominences observed
by Pietro Tachinni in 1871. Thin hair-like protrusions resembling spicules are seen in
almost all the drawings. Image Credit: Chinnici, 2006. Reproduced with permission
from Ileana Chinicci, INAF, Rome.
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The term spicules was coined around 75 years later by Roberts, 1945, who also
observed "spikes" of chromospheric plasma that appeared all over the north pole of the
Sun. Most of the early observations of spicules, including those of Roberts, 1945, were
based on filtergrams obtained primarily in Hα. One of the best known early observation
of spicules in Hα is credited to R.B. Dunn (Dunn, 1971), where he shows filtergrams
obtained across various wavelength positions in and around the Hα line core using
the Sacramento Peak vacuum telescope. Figure 3.2 is a reproduction of the spicules
observed by Dunn through a tunable Zeiss Hα filter. In addition, Banos, 1973 observed

Figure 3.2: Filtergram images of off-limb spicules observed by R.B. Dunn at different
wavelength positions between ± 1.25 Å with respect to the line core of Hα. Image credit:
Beckers, 1972. Reproduced with permission from the Annual Review of Astronomy and
Astrophysics, Volume 10© 1972 by Annual Reviews, http://www.annualreviews.org.
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off-limb spicules through a K filter centered on the line core of Ca ii K spectral line and
noted that the solar chromosphere appears more diffused and the spicules are not as well
resolved as it is with an Hα filter. However, other parameters such as the lifetime and
height of spicules were well in line with the preceding studies by Beckers, 1968; Dunn,
1971 and Beckers, 1972.

3.2 Developments since the 1960s

As described in the preceding section, the first examples of spicules were observed and
recorded as early as in the 19th century by Sechhi and Tachinni in 1871. More recent
decades saw a much increased interest, driven by novel instrumentation and also due
to the realization that these are truly ubiquitous features in the Sun. Since the 1960s
there have been several studies that aimed at determining some of the basic properties
of spicules, such as, their maximum height that can be between 5–10 Mm above the
photosphere, their propagation speed which can be between 20–50 km s−1, and their
lifetime that ranges between 5–10 min (see Beckers, 1968; Beckers, 1972; Sterling,
2000; Tsiropoula andothers, 2012, and references therein for extensive reviews on
classical and modern understanding of spicules and their properties).

Spicules have also been thought to play a potential role in supplying mass and energy
to the solar corona. Studies, such as Pneuman and Kopp, 1977, 1978, estimated that
the amount of mass flux carried by spicules propagating upwards is nearly 100 times
larger than the mass needed to balance the solar wind. This means that even if a small
fraction of this spicular mass is carried by the solar wind (and the rest eventually falls
back to the chromosphere), it would be enough to balance the mass losses sustained by
the solar corona. Shortly after this, Athay, 1984; Athay and Holzer, 1982 studied the
energetics of spicules and reasoned that they might play an important role in heating and
transferring energy from the deeper layers of the solar atmosphere to outer atmospheres
such as the chromosphere and the corona. This idea was however challenged first by
Withbroe, 1983 and later by Mariska, 1987, who found no evidences of spicules in the
EUV emission lines formed in the TR and corona.

Despite a multitude of studies since the pioneering review of Beckers, 1968, spicules
still remain one of the most elusive and least understood phenomena in the solar
atmosphere. This could be mainly attributed to the lack of high spatial and temporal
resolution observations, particularly during the second half of the twentieth century
which failed to provide proper constraints in the development of satisfactory numerical
spicule models that could explain all of their observed properties (Sterling, 2000).
With the recent developments in advanced instrumentation and numerical modeling
capabilities over the past decade or so, we have witnessed significant breakthroughs in
our attempt to understand this "beast", that happens to appear almost everywhere on
the solar limb. However, we still lack definitive models that could explain their role in
heating the solar corona or reproduce all of their observed properties, including their fine
structure (Carlsson, De Pontieu and Hansteen, 2019; Hinode Review Team andothers,
2019).
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3.3 Types of spicules and their dynamics

Until the dawn of modern instrumentation techniques that resulted in the possibility
of obtaining high-resolution observations of the Sun, spicules were mostly observed
against the limb. With the help of high-resolution ground-based observations from the
65 cm aperture solar telescope at the Big Bear Solar Observatory, Suematsu, Wang and
Zirin, 1995 observed on-disk counterparts of spicules in an enhanced network region.
The above set of authors used the term fibrils to describe any generic fibrous structure
that appear either in the wing or line-core images of Hα.

About a decade later, studies such as Hansteen andothers, 2006 and De Pontieu
andothers, 2007b, revealed the existence and the spatio-temporal evolution of short,
highly dynamic fibrils in and around the close vicinity of an active region plage. High
quality time series observations from SST, in tandem with sophisticated adaptive
optics and advanced post-processing image restoration techniques like MOMFBD
(see Section 2.1.2), enabled the possibility of tracking these spicular features for the very
first time. The results from these studies indicated that dynamic fibrils undergo typical
parabolic up-down motion when observed in the line-core images of Hα, propagate
with velocities that are in the range of 10–40 km s−1, show compelling correlation
between maximum velocity and deceleration, last between 3–10 min, and can be
between 1.5–3 Mm in length. Many of these values seemed to correlate well with the
low resolution off-limb observations by Beckers, 1968; Beckers, 1972. Furthermore, a
detailed comparison with advanced 2D radiative MHD simulations with the Bifrost code
revealed striking similarities with the observed properties of dynamic fibrils, suggesting
that fibrils are most likely driven by acoustic shock waves that are leaked into the
solar chromosphere by convective motions or p-modes (see Figure 3.3). The leakage
of photospheric oscillations have also been shown to produce 5-min periodicities in
dynamic fibrils (De Pontieu, Erdélyi and James, 2004). The quiet Sun counterpart of
active region dynamic fibrils were reported by Rouppe van der Voort andothers, 2007
and were linked to chromospheric mottles that were historically observed in Hα (see
also, Suematsu, Wang and Zirin, 1995). These mottles showed similar properties as the
active region fibrils, including the characteristic parabolic up-down motion. This was
suggestive of the fact that mottles were driven in a way similar to the dynamic fibrils.

At the limb however, the dynamic fibrils are not seen outside of active regions. This
is because of the rapid expansion of the magnetic field with height in weaker field
environments, such as quiet Sun or coronal holes, which dampens the energy carried
by the shock waves in fibrils. As a result, they produce only minor protrusions in
the limb observations and remain mostly hidden among the taller (stronger) features
due to superposition along the line of sight (Carlsson, De Pontieu and Hansteen,
2019). However, this explanation caused confusion among the solar physicists because
traditionally spicules have been observed everywhere against the limb regardless of
active regions.

The advent of high-resolution, seeing-free, space-based Ca ii H observations that
were made available by the Hinode satellite (Kosugi andothers, 2007), provided
an explanation regarding the above confusion which led to a paradigm shift in our
understanding of spicules. Targeting quiet Sun and coronal hole limb observations,
de Pontieu andothers, 2007 found evidence of a potentially new category of spicules
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Figure 3.3: Evolution of on-disk dynamic fibrils in high resolution observation and
simulations. The left panel shows the spatio-temporal evolution of dynamic fibrils from
SST (Hα line core) observations (top row), plasma temperature and vertical velocity
(middle and bottom rows) from the MHD simulation. The right panel shows another
example of the space-time evolution undergone by a dynamic fibril. Distinct parabolic
paths are seen in both the panels, including the simulation. Upward velocities (in blue)
mark the ascending phase of the fibrils indicating a shock-like behavior. Image credit:
De Pontieu andothers, 2007b; Hansteen andothers, 2006. © AAS. Reproduced with
permission.

that, contrary to previously observed fibrils or mottles, have much faster velocities
(30–150 km s−1), typically last less than 2 min, and show a rapid apparent upward
motion without the characteristic parabolic motion prevalent in fibrils. These properties
differed significantly from the canonical spicular observations by Banos, 1973; Beckers,
1968; Beckers, 1972. Therefore, based on these differences, and also the fact that these
features were observed predominantly in the weaker magnetic field environments, de
Pontieu andothers, 2007 described them as "type-II" spicules to distinguish them with
previously observed active region dynamic fibrils or quiet Sun mottles (which were
later termed as "type-Is"). It was also interpreted that the fading or the lack of a distinct
downward trajectory in the type-IIs could be a sign of vigorous heating associated with
type-II spicules. Figure 3.4 shows a representative example of spicules observed against
the limb with the Hinode Solar Optical Telescope in Ca ii H filter.

The discovery of type-II spicules sparked a massive debate in the scientific
community, where many questioned the existence of this new category, and its role
in upper atmospheric heating. Based on their numerical modeling efforts, Klimchuk,
2012 found that most of the newly discovered type-II spicules were only moderately
heated to temperatures of the order of 105 K (weak emission in AIA 30.4 nm channel)
and therefore challenged their role in heating the solar corona. Zhang andothers,
2012, in particular, analyzed the same sets of data as de Pontieu andothers, 2007, and
concluded that there was no credible evidence of type-II spicules, since they argued that
more than 60% of their detected spicules showed a characteristic type-I like behavior.
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Figure 3.4: Spicules observed against the solar limb with Hinode Ca ii H filter that has a
FWHM of 0.22 nm. The off-limb part of this image has been enhanced to make the faint
spicules clearer. Image credit: Mats Carlsson, Rosseland Center for Solar Physics, Oslo.

Consequently, Zhang andothers, 2012 advised caution while investigating the role of
spicules in coronal heating. Immediately after this, Pereira, De Pontieu and Carlsson,
2012 performed a statistical study on over several hundreds of spicules detected from
the same dataset as Zhang andothers, 2012 and convincingly demonstrated that type-
IIs were not just real but they are more abundant in the solar chromosphere, except
in the active regions (where type-Is or dynamic fibrils were found to be dominating).
Furthermore, their statistical distribution also showed distinct differences in the lifetimes,
velocities and maximum heights attained between the two categories as was originally
suggested by de Pontieu andothers, 2007. Earlier, studies conducted by Sterling, Moore
and DeForest, 2010 also with Hinode/SOT revealed the presence of type-II spicules in
a coronal hole close to the north pole of the Sun with no apparent downward motion.
In addition, the above set of authors also found brightenings close to the footpoints
associated with some of these spicules when seen on the disk.

Observations from Hinode certainly paved way for significant improvements in our
understanding of spicules, which helped to clear the air regarding the omnipresence of
spicules in classical observations. However, it posed a new question. Since type-IIs
were more dominant in the Sun, then how come the classical observations (by Beckers,
1968, for example) revealed properties that were more correlated with type-Is? A likely
scenario was painted by Pereira, De Pontieu and Carlsson, 2013 who found that, if the
Hinode observations were artificially degraded to imitate older ground-based images,
the deduced properties of spicules resembled type-Is. In other words, the measured
velocities and lifetimes were significantly affected by degrading the resolution which
led the above set of authors to conclude that classical observations of spicules did detect
type-IIs, but owing to the lower spatial and temporal resolution they remained unnoticed.
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3.4 Evidence of heating in spicules

The fading of type-II spicules in the Hinode Ca ii H passbands were speculated to be
associated with rapid heating which causes the spicules to lose opacity as they evolve.
This idea, along with the speculation that spicules could contribute to the heating of
the outer solar atmosphere, had been around for a few decades well before the advent
of Hinode or high-resolution space-based observations (see Sterling and Hollweg,
1984; Withbroe, 1983, for example). One of the first clear observational evidence of
spicules being heated, and responsible for supplying hot plasma to the solar corona was
exemplified by De Pontieu andothers, 2011 with coordinated observations from the
Hinode and SDO space missions. However, this aspect was made astoundingly clear
only after the launch of IRIS by Pereira andothers, 2014, where the authors combined
Hinode and IRIS observations and unambiguously found that the fading Ca ii H spicule
continue to evolve in passbands that are sensitive to higher temperatures, such Mg ii
and Si iv, sampling the upper chromosphere and TR. Figure 3.5 describes the scenario
where we see that spicules that fade out of the Hinode passbands continue to evolve in
the hotter IRIS channels. Furthermore, IRIS observations by the above set of authors
also revealed that these heated spicules eventually fall back in the lower atmosphere,
after attaining a certain maximum height. The falling phase, however, was not distinctly
visible in the Ca ii H passbands. This was also confirmed a year later in a more detailed
study conducted by Skogsrud andothers, 2015. Further evidence of spicules being
associated with heating beyond the TR temperatures is discussed later in Section 3.10.

Since the IRIS observations revealed that the rapidly heated type-II spicules also
undergo a parabolic path, similar to type-I spicules, it prompted the question again
whether a segregation between the two types of spicules is justified or not. It is to be
noted here, that despite similar trajectories, fundamental differences do exist between
the two categories. Skogsrud, Rouppe van der Voort and De Pontieu, 2016 found
evidence of grain-like brightenings in the TR (in the Si iv passband) above an active
region plage. These brightenings were found to be due to the shocks propagating from
the chromosphere to the (less denser) TR associated with the tops of dynamic fibrils (or
on-disk counterparts of type-Is). A spatio-temporal analysis of these grains revealed
parabolic trajectories in the TR, but the brightenings were only restricted to the tops
of those spicules. This is in contradiction to the earlier analysis by Pereira andothers,
2014, where the spicules appeared to be emission along their entire lengths. Moreover,
the propagation speed of type-II spicules observed by Pereira andothers, 2014 (and
also by Skogsrud andothers, 2015) were substantially higher than type-Is, which adds
more strength in favor of the differences between the two types.

3.5 On-disk counterparts of type-II spicules

As noted in Section 3.3, fibrils were observed to be the on-disk counterparts of type-I
spicules. They show expansion and contraction in the inner wing images of Hα with
velocities between 10–30 km s−1, last for several minutes and show strong periodicities
between 3–7 min (De Pontieu andothers, 2007b; Hansteen andothers, 2006). After
the discovery of type-II spicules by de Pontieu andothers, 2007, there was a search
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Figure 3.5: Red-Blue composite images of spicules observed by combining Hinode SOT
and IRIS Mg ii and Si iv SJIs. The top panel shows Mg ii SJI in red and Hinode Ca ii H
filter in blue and the bottom row shows the IRIS Mg ii and Si iv SJIs in red and blue
respectively, at the same time as the top panel. The yellow-dotted rectangle in the bottom
panel indicates the (Hinode) FOV of the top panel. Image credit: Tiago M. D. Pereira,
Rosseland Center for Solar Physics, Oslo

for the on-disk counterparts of this new category of spicules. With the help of imaging
spectroscopic observations with the Interferometric BIdimensional Spectrometer (IBIS,
Cavallini, 2006), Langangen andothers, 2008a found short-lived (~40 s), high speed
events (15–30 km s−1) that appeared as blueshifted excursions in the Ca ii 854.2 nm
line without any following redshift. These were described as rapid blueshifted events
(RBEs). Later, with higher temporal, and spatial resolution observations from the
SST, Rouppe van der Voort andothers, 2009 not only confirmed the presence of RBEs
by observing excursions in the blue wings of the Ca ii 854.2 nm and Hα, but also
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Figure 3.6: Rapid blueshifted excursions (RBEs) observed with SST CRISP on 20
August 2020. Left panel: Hα blue wing image (at −36.5 km s−1or −0.8 Å from the line
center) showing ubiquitous presence of dark, threaded, hair-like structures (RBEs) both
on-disk and off-limb. Right panel: Hα spectral–time (λt) diagram corresponding to the
spicule indicated by the white marker (plus sign) in the left panel, showing the rapid
development of a blueward excursion asymmetry between t=200 and 300 s. The dashed
horizontal marker in the right panel indicates the time at which the image in the left
panel is shown. Data reduction by Luc Rouppe van der Voort

described the appearance of RBEs as dark-threaded elongated structures that are visible
in the far wing images of the chromospheric spectral lines. They performed a detailed
statistical analysis showing that RBEs have lifetimes, appearance and morphology that
are similar to earlier reported properties of type-II spicules by de Pontieu andothers,
2007. Moreover, RBEs were also found to mostly appear in the close vicinity of
strong field network regions and rapidly propagate outwards with speeds in excess of
50 km s−1. Later, Sekse, Rouppe van der Voort and De Pontieu, 2012 expanded the
statistics by developing an automated detection procedure that enabled them to detect
a large number of RBEs in their datasets, further confirming that RBEs are indeed the
on-disk manifestations of type-II spicules. In addition, their analysis revealed that RBEs
observed in Ca ii 854.2 are linked to Hα RBEs, and the former have the lower part of
RBEs closer to the network regions in comparison to the Hα RBEs.

The right panel of Figure 3.6 shows an example of the blueshifted excursion
associated with an RBE observed in the blue wing of Hα with the help of a spectral-
time (λt) diagram. RBEs appear as dark threaded structures on the disk and they are
morphologically similar to the bright hair-like features that protrude outwards from the
limb (left panel). The λt diagram clearly illustrates the rapid blueward asymmetry in the
Hα spectral line, corresponding to the RBE indicated by the marker in the left panel,
between t=200 and 300 s without any following redward excursion. This is in tandem
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Figure 3.7: Active region dynamic fibrils (type-I spicules) observed with SST CRISP on
11 August 2020. Left panel: Far wing photospheric Hα image (−68.5 km s−1 or −1.5 Å
from the line center) showing the darker pores and brighter plage regions. Middle panel:
Purely chromospheric Hα line core image showing a predominant fibrilar scene with
a large canopy extending from one end of the image to the other; right panel: Hα λt
diagram corresponding to the location of a dynamic fibril indicated by a cyan marker
(plus sign) in the left and middle panels. The dynamic fibrils are mostly found in the
vicinity of the central plage region. Data reduction by Luc Rouppe van der Voort

with the first observations of RBEs presented by Langangen andothers, 2008a, Rouppe
van der Voort andothers, 2009 and Sekse, Rouppe van der Voort and De Pontieu, 2012,
and is contradictory to the behavior observed in dynamic fibrils or type-Is that show a
characteristic saw-tooth pattern in the λt plots as shown in Figure 3.7 (also see examples
in Langangen andothers, 2008b; Skogsrud, Rouppe van der Voort and De Pontieu,
2016).

In addition to the radially outward flows, RBEs were also found to undergo
characteristic swaying motion of the order of 10–20 km s−1that were interpreted as a
sign of Alfvénic waves propagating in the solar chromosphere (De Pontieu andothers,
2007a). Spatio-temporal analysis of the wave propagation led De Pontieu andothers,
2007a to conclude that the observed Alfvénic waves could be responsible for driving
the solar wind. A detailed study of these waves extending into the TR and corona by
McIntosh andothers, 2011, led to the suggestion that spicules could not only drive
the fast solar wind, but are energetic enough to balance the losses suffered in the quiet
corona.

Studies in the second half of the twentieth century led by Livshits, 1967 and
Pasachoff, Noyes and Beckers, 1968 provided indications that spicules could undergo
rotational motions around their axis. Later with Hinode observations, Suematsu
andothers, 2008 provided stronger evidences that spicules can not only show rotational
oscillations around their axis, but can also be multi-threaded. However, this aspect of
torsional (or twisting) motions associated with spicules were not definitive until the study
by De Pontieu andothers, 2012. With the help of high-resolution SST observations
the above set of authors concluded that spicules exhibit ubiquitous twisting motions
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Figure 3.8: Observation of spicules and their associated twists in Hα. The left and middle
panels respectively show spicules in Hα blue and red wing images at Doppler offsets
of −36.5 (−0.8 Å) and +36.5 km s−1(+0.8 Å) with respect to the line center. The right
panel show the corresponding Dopplergram (refer to text for details) at ±36.5 km s−1

constructed from the left and middle panels. The existence of adjacent bright and dark
threaded structures illustrate twists associated with spicules. Data reduction by Luc
Rouppe van der Voort.

in addition to the radial field aligned upflows and swaying motions. They further
interpreted that the appearance of the so-called spicular bushes in the both red and blue
wings of Ca ii 854.2 and Hα images could be due to a combination of all the three
kinds of motions as described above. These results were immediately expanded by
Sekse andothers, 2013 which led to the first systematic observation of the red wing
counterparts of RBEs, termed as rapid redshifted excursions (RREs), that were also
confirmed later by Kuridze andothers, 2015.

Dopplergrams, constructed by subtracting red wing images from blue wing images
that are symmetrical with respect to the line center, is an efficient way to visualize twists
associated with spicules. Essentially, a Dopplergram captures features that have strong
Doppler shifts associated with them, such as in spicules (Pereira, Rouppe van der Voort
and Carlsson, 2016; Sekse andothers, 2013). Figure 3.8 shows an Hα Dopplergram
at ±36.5 km s−1 corresponding to the same time as Figure 3.6. RREs appear as bright
streaks on-disk while RBEs appear darker. The scenario is opposite for off-limb spicules,
since Hα is an absorption line on-disk while it appears as an emission line off the limb.
A glance at Figure 3.8 immediately suggests that the chromosphere is replete with
spicules, with many appearing adjacent to each other. The presence of adjacent bright-
dark features, such as the one seen close to to (X,Y) =(26,10) in Figure 3.8, implies
the existence of torsional motions in spicules. Also in some cases, RBEs evolve into
RREs and vice-versa suggesting the presence of propagating torsional motions that
can have a phase speed between 100–300 km s−1(De Pontieu andothers, 2012). With
coordinated SST and IRIS observations De Pontieu andothers, 2014a showed that
twists (associated predominantly with spicules) are ubiquitous in the solar atmosphere,
regardless of the magnetic activity, and they are seen even in the upper chromospheric
and TR channels which suggesting rapid heating. As a result, it is speculated that the
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non-thermal energy required to balance the losses suffered in the chromosphere and the
TR could be attributed to these ubiquitous twists in the solar atmosphere.

3.6 Spectral signatures of RBEs and RREs in Ca ii K

The spectral signatures of on-disk counterparts of type-II spicules have been identified
in the IRIS Mg ii h and k resonance lines for the first time by Rouppe van der Voort
andothers, 2015. The installation of the CHROMIS instrument at the SST in 2016
enabled the possibility of observing the solar atmosphere at an unprecedented spatial-
resolution that is better than 70 km at wavelengths shorter than 400 nm. Observations at
such spatial resolution have the potential to unravel spicule properties at even smaller
temporal and spatial scales that eventually could lead to a better understanding of the
physical processes at play. Moreover, it could provide better observational constraints
which in-turn could lead to better numerical modeling efforts. Paper I (Bose andothers,
2019a) of this thesis, provides the very first characterization of RBEs and RREs in
Ca ii K.

As discussed in Paper I, identifying RBE/RRE spectral signatures in Ca ii K is not
a straightforward task since chromospheric images appear more diffuse in Ca ii K in
comparison to Hα due to a lack of opacity gap between the line core and the wings
in the former. This was also pointed out by Banos, 1973 when he compared off-limb
spicule images observed in the K line with R.B. Dunn’s Hα spicules. Therefore, a
systematic spectral characterization was performed by applying the robust k-means
clustering algorithm on the combined Hα and Ca ii K dataset (dataset 1 in Chapter 2),
so that the relatively well-known spectral signatures of RBEs and RREs in Hα could
serve as a reference.

The k-means method (Everitt, 1972; MacQueen andothers, 1967) has been
extremely useful of late to characterize a variety of solar phenomena and observations
such as flares, spicules and penumbral Ellerman bombs (see, Joshi, Rouppe van der
Voort and de la Cruz Rodriguez, 2020; Panos andothers, 2018; Rouppe van der Voort
andothers, 2021; Sainz Dalda andothers, 2019, for applications outside solar spicules).
The details behind this clustering algorithm have been described extensively in Paper I,
and also in Appendix A.1 to this thesis. In this section, the focus is mainly on the results
from the clustering algorithm, and spectra of RBEs and RREs in Ca ii K. Basically,
the k-means algorithm partitions the dataset into k clusters and uniquely assigns each
pixel in the co-aligned FOV of Hα and Ca ii K images to one representative profile
(henceforth RP), that is the mean over millions of spectral profiles belonging to that
cluster (see panel (d) of Figure 3.12). Analysis based on the mean of the standard
deviation within each cluster suggested that dataset 1 could be optimally partitioned
into 50 clusters, each with their own RP (more details in Appendix A.1).

Figure 3.9 and Figure 3.10 show the Hα and Ca ii K RPs corresponding to the 50
clusters obtained from the clustering algorithm. Since k-means was performed on the
combined (and co-aligned) Hα and Ca ii K data, a given RP index is attributed to the
same feature in the data. In other words, RP 0 in Hα (for example) corresponds to the
same feature in the solar atmosphere as RP 0 in Ca ii K. I attribute RPs 0–3 (RPs 4–7) to
RBEs (RREs) in the two figures. This attribution is motivated based on previous studies
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Figure 3.9: Set of 50 Hα RPs resulting from the k-means clustering algorithm from
dataset 1, and presented in Paper II. The RP index is indicated in the bottom right corner
in each plot. RPs 0–3 show absorption asymmetries in the blue wing of Hα and are
considered as RBE-like spectral profiles (shown in blue color), whereas RPs 4–7 show
absorption asymmetries in the red wing of Hα and correspond to RRE-like spectral
profiles (shown in red color). Rest of the RPs (8–49) are shown in gray. The dashed-gray
Hα profile in each panel represents the spatial and temporal average spectral profile
over the whole dataset. The solid vertical line in each panel indicates the position with a
Doppler offset of 0 km s−1.
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(such as, Kuridze andothers, 2015; Rouppe van der Voort andothers, 2009; Sekse,
Rouppe van der Voort and De Pontieu, 2012) where RBEs (RREs) were primarily
identified based on strong absorption asymmetries in the blue (red) wings of the Hα
spectral line. Further details that forms the basis of the selection of the above RPs is
briefly discussed in Section 3.8, and a more thorough description is given in Paper II.
The remainder of the RPs, i.e. 8–49, belong to features that are neither RBEs nor RREs.

A close look at the RBE RPs in the two figures suggest that Doppler shifts associated
with the calcium K3 cores (I follow the standard nomenclature associated with Ca ii K
as illustrated in Rutten and Uitenbroek, 1991) is in tandem with the blueward excursion
asymmetries in the Hα RPs. This has also been shown in Paper I with the help of Ca ii K
and Hα λt diagrams for one typical example of an RBE. We also notice that, the blue
K2v peak is either reduced or completely suppressed by the Doppler shift of K3. A
similar but opposite shift (towards the redward side) is seen for the RRE RPs, where the
red K2r is affected in the same way. This causes an asymmetry in the Ca ii K spectral
line suggesting the presence of velocity gradients along the LOS. Moreover, the K2 peak
that lies in the wavelengths opposite to the flow show an enhancement in their intensity
with respect to the average background because of the differential removal of upper
layer opacities. This in turn leads to an increased contribution from the deeper layers of
the solar atmosphere which causes the observed enhancement of the (opposite) K2 peak.
Based on these observations a systematic characterization of the Ca ii K spicule spectra
was performed in Paper I, which led to the conclusion that the Ca ii K line formation in
spicules is dominated by opacity shifts with strong gradients in the LOS velocity, and
the Doppler shift of the line minimum (K3) is a true representative of the mass velocity
associated with spicules.

It is to be noted here that similar arguments in favor of Doppler removal of upper
layer opacities have also been made by Carlsson and Stein, 1997 to explain the formation
of internetwork bright grains observed in Ca iiH and K, de la Cruz Rodriguez andothers,
2015b to explain the source function enhancement in the red wing of Ca ii 854.2 due to
a granular-sized flux emergence, by Henriques andothers, 2017 and Bose andothers,
2019b to explain the enhanced emission in the blue wing of Ca ii 854.2 spectrum and
Mg ii k2v peak as a consequence of downflows in a flashing umbra.

3.7 Spectral signatures of RBEs and RREs in Mg ii k and Si iv

Signatures of RBEs and RREs in Mg ii, C ii, and Si iv spectra have been reported
in the past with IRIS observations by Tian andothers, 2014, and coordinated SST
and IRIS observations by Rouppe van der Voort andothers, 2015, with the former
focusing primarily on the counterparts of on-disk network jets using SJIs. However,
the above studies were limited to a handful of RBE/RRE examples and a systematic
characterization over hundreds of thousands of spicule spectra, in a way similar to
Ca ii K, was found to be lacking in the IRIS spectra. The analysis presented in Paper I
provides a fertile ground in this direction since IRIS co-observed the same target as the
SST. However due to the limited spatial coverage of the IRIS raster, its spectra were
not included while performing the k-means clustering analysis. Rather, I relied on the
clusters overlapping the raster FOV, and the RPs corresponding to the IRIS spectra were
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Figure 3.10: Set of 50 Ca ii K RPs corresponding to the Hα RPs resulting from the
k-means clustering algorithm shown in the same format as Figure 3.9. RBE-like RPs
are indicated in blue whereas RRE-like RPs are indicated in red. Rest of the RPs are
shown in gray.
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Figure 3.11: Upper chromospheric and TR RPs associated with rapid blue and redshifted
excursions (RBEs and RREs). Top row shows (RBE) RPs 0–2, while the bottom row
shows (RRE) RPs 4–6 in IRIS Mg ii k (panel (a) and (c)) and Si iv 139.4 nm (panel (b)
and (d)) spectral line. The dashed spectral line in each panel corresponds to the Mg ii k
and Si iv 139.4 nm spectra obtained after averaging the spectral spatially and temporally.
The solid black vertical line denotes the location corresponding to a Doppler offset of
0 km s−1.

obtained by spatially and temporally averaging the profiles in each cluster separately for
both Mg ii k and Si iv. As a result, I found that the RPs corresponding to the strongest
K3 absorption in both RBEs and RREs (i.e. RPs 3 and 7) were absent in the IRIS data
owing to the limited spatial coverage of the narrow rasters. Nonetheless, a comparison
of the remaining RBE and RRE RPs with Ca ii K spectra revealed that the Mg ii k line
formation in spicules is also affected by differential Doppler removal of the upper layer
opacities in the same way as in Ca ii K, and the Doppler shift of k3 reduces or suppresses
the k2 peaks in the direction of the flow (though not as distinctly as in Ca ii K possibly
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due to its higher formation height, relatively broader spectral profile and lower resolution
of the IRIS data, further aggravated by 2-pixel binning). This is rather unsurprising since
both Ca ii K and Mg ii k are chromospheric resonance lines that have similar formation
mechanisms (Bjørgen andothers, 2018; Leenaarts andothers, 2013b), with the latter
forming relatively higher up in the chromosphere owing to higher abundance of Mg.
The above interpretation is also well correlated with the spectral signatures observed
by Rouppe van der Voort andothers, 2015. Panels (a) and (c) in Figure 3.11 shows
the RPs corresponding to the Mg ii k RBE and RRE spectra respectively1, and a close
look immediately reveals that the RRE RPs (particularly the k2 peaks) are enhanced in
comparison to the RBE RPs. Since the intensity of the k2 emission peaks is found to be
well correlated with the temperature at their formation heights (Leenaarts andothers,
2013b), an enhancement in their specific intensity suggests the possibility of heating
based mechanisms that could be prevalent among RREs. This aspect has been studied
elaborately with the help of optically thick radiative transfer diagnostics in Paper III.

The FUV Si iv TR spectral counterpart of RBEs and RREs can be quite challenging
to find in the IRIS rasters due to relatively low signal-to-noise in comparison to Mg ii.
In this thesis introduction, I extend the analysis performed in Paper I, and obtain the
Si iv 139.4 nm RPs corresponding to the clusters overlapping the IRIS raster in a way
similar to Mg ii k. Panels (b) and (d) of Figure 3.11 show the Si iv RPs corresponding
to RBEs and RREs, respectively. We see a clear signal in Si iv spectra that is well
beyond the noise level and also note that the shift of the emission peak is in concert
with the Doppler shift of k3 in Mg ii k seen in panels (a) and (c). This is complementary
to the examples of RBE and RRE spectra in Si iv obtained by Rouppe van der Voort
andothers, 2015. Moreover, we also find that the Si iv RPs are broadened in comparison
to the average Si iv spectra (that is obtained by spatial and temporal average over the
whole time series), which was also reported in the context of TR network jets by Tian
andothers, 2014. The spectral signatures shown in Figure 3.11, together with the
robustness of the k-means clustering algorithm, unquestionably confirms that the on-
disk counterparts of type-II spicules can be heated to at least TR temperatures (80,000 K
under equilibrium ionization conditions).

3.8 Detection of on-disk spicules

The analysis and discussions presented in the preceding sections (i.e. Section 3.6 and
Section 3.7) provide a basis for identifying the spectra corresponding to on-disk spicules.
However, detection of spicules in an automated fashion requires a few more steps that
are briefly discussed in the following paragraph. As discussed earlier, spicules can show
complex dynamic behavior owing to their field aligned flows, torsional and swaying
motions (De Pontieu andothers, 2012; Sekse andothers, 2013). Moreover, they also
exhibit variations in the Doppler offsets along their length and breadth as they evolve.
This in turn affects the spectral profiles which can show an enhancement in its line
widths (e.g. in Hα Pereira, Rouppe van der Voort and Carlsson, 2016). From the
perspective of RPs, this would mean that an RBE (or an RRE) can be associated with
multiple spectral profiles with different Doppler offsets that would contribute to their

1The Mg ii k RPs has also been shown in Paper I.
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overall morphpology. These variations in the Doppler offsets along the length and
breadth of spicules are of crucial importance while developing any automated detection
procedure. If ignored, it would lead to an underestimation of the number of successful
detections that could further lead to a bias in the derived statistical properties. Moreover,
inclusion of multiple RPs also facilitates the detection of spicules which evolve in
groups. Evolution of spicules in groups is a commonly observed behavior since the
observations of Lippincott, 1957, who described porcupine and wheat field like patterns
associated with them. Later Beckers, 1968 suggested that both porcupines and wheat
fields grow and disappear as one unit which is a characteristic of the commonly observed
group behavior in spicules.

Paper II (Bose andothers, 2021b) of this thesis, provides a comprehensive method
of detecting on-disk spicules in Hα that not only exploits the full spectral information,
but also accounts for the variation in the Doppler offsets associated with spicules by
including multiple RPs (i.e. RPs 0–3 for RBEs and 4–7 for RREs) in the detection.
Moreover, this is followed by an application of morphological image processing
operations that help in connecting spicular events and their associated ’halos’ (structures
with weaker Doppler offsets surrounding the centrally stronger offset regions shown in
Figure 5 in Paper II) spread over multiple spatial and temporal dimensions. The method
of detection has been described extensively in Paper II, and also in Appendix A.2 to
this thesis. For the sake of completeness, however, I briefly describe the criterion for
selecting the RBE and RRE Hα RPs below.

The Doppler offsets corresponding to each of the Hα RPs were first determined
by computing the differential profiles (difference between the average Hα profile and
the RPs), followed by determining the center-of-gravity (COG) of the positive part
of all such differential profiles. The position of COG served as a representation of
the Doppler offsets corresponding to each RP. The maximum value of the differential
profiles was used as a measure of the absorption feature of the RPs that has a higher
value for strong excursion asymmetries. Finally, the line-core width of each of the Hα
RPs was determined by following the method of Cauzzi andothers, 2009. Since RBEs
and RREs generally show strong excursion in the wings of the Hα spectral line, it leads
to an enhancement in all of the above three parameters. As a result, only those RPs
which had the values of the above parameters above a certain threshold (see Paper II),
were selected for further analysis involving morphological operations as described in
Appendix A.2. Consequently, RPs 0–3 were assigned to RBEs and 4–7 were assigned to
RREs in increasing order of their spectral strength. Roughly 15,000 RREs and 20,000
RBEs were detected in dataset 1 and an overview of their location along with the density
of their occurrences in the FOV are shown in panels (a) and (b) of Figure 3.12. Panel (c)
shows the LOS magnetogram derived from the ME inversion of the Fe i 630.2 nm
spectral line and it serves as a context to indicate the overall photospheric magnetic field
topology of the enhanced network target and most of the observed spicular activity were
found to lie in the close vicinity of the strong field regions. Panel (d) shows the so-called
RP index map derived from the k-means clustering (see Appendix A) at a given time
step where each pixel on the FOV is assigned to a particular cluster that constitutes an
RP.
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Figure 3.12: Overview of the detected on-disk spicules in dataset 1. (a) Hα red-
wing image at +96 km s−1 (+2.1 Å from the line center) with an overplotted density
distribution of the detected downflowing RREs/RREs. (b) CHROMIS continuum image
at 400 nm with an overplotted density distribution of the detected RBEs. Both density
distributions are shown in a common rainbow color scale. (c) LOS magnetogram dervied
from the Milne-Eddington inversions of the Fe i 630.2 nm line clipped at ±100 G. (d) RP
index map corresponding to a scan at given time step derived from the application of the
k-means clustering algorithm. RBE and RRE/downflowing RRE RPs are indicated in
shades of blue (RPs 0–3) and red (RPs 4–7) respectively, with darker shades indicating
higher values of the associated Doppler offsets, line core widths and absorption measure.
RPs 8–49 are indicated in shades of gray.

3.9 Driving mechanisms

A generation mechanism that could successfully explain all the observed properties
of spicules still remains elusive. Although type-I spicules show strong evidence for
leakage of photospheric oscillations both in numerical simulations and observations (De
Pontieu andothers, 2007b; De Pontieu, Erdélyi and James, 2004; Hansteen andothers,
2006), a convincing mechanism responsible for driving the more energetic and faster
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type-IIs is highly contested. Several high-quality ground and space-based observations,
such as the ones described earlier in this chapter, provided effective constraints to the
numerical simulations regarding the most common drivers of type-II spicules. Apart
from the shock driven scenario stated above, spicules are also thought to be driven by
several other mechanisms such as Alfvénic waves (Cranmer and Woolsey, 2015; De
Pontieu andothers, 2007a, 2014a; Iijima and Yokoyama, 2017), magnetic reconnection
(De Pontieu andothers, 2011; Moore andothers, 2011; Samanta andothers, 2019;
Sterling and Moore, 2016; Sterling andothers, 2020), and release of amplified magnetic
tension through ambipolar diffusion (Martinez-Sykora andothers, 2017a), to name a
few. However, it is still unclear as to which among the above is the most common driver.

One of the most challenging aspects from the perspective of numerical simulations
is to model the observed ubiquity of type-IIs. In this regard, the studies of ion-neutral
interaction effects by Martinez-Sykora andothers, 2017a provided a quantum leap
in terms of our understanding of the formation of type-II spicules. According to the
above set of authors, the interaction between strong vertical magnetic field regions, that
exists typically at the edges of plages or internetworks, and the relatively weak (more
horizontal) small-scaled fields present in the granules leads to a build up of tension in the
magnetic field. Now, ambipolar diffusion causes these regions of high magnetic tension
to diffuse into the higher layers of the solar atmosphere, followed by a violent release in
the magnetic tension that essentially drives plasma at high speeds (50-100 km s−1). A
comparison of the synthetic observables derived from this numerical simulation with
high-resolution SST and IRIS observations revealed a decent match with each other,
suggesting that the jets or flows so observed in the model are representatives of type-II
spicules. The above mechanism appears to be a promising driver of type-II spicules but
further studies, focusing on the relationship between the small-scaled granular fields and
production of RBEs/RREs (for on-disk observations), are necessary to unambiguously
establish this idea (Carlsson, De Pontieu and Hansteen, 2019).

Flux cancellations between small scale emerging flux and ambient (dominant)
magnetic fields of opposite polarities leading to enhanced spicular activity, as suggested
by Samanta andothers, 2019, also provides an interesting alternate explanation
regarding the generation mechanism of type-II spicules. However, since their
observations were limited to only far wing images in Hα (±0.08 nm with respect
to the line center), it is rather non-trivial to say whether flux cancellations led to
the generation of those spicules or caused the already existing spicules (in images
closer to the line core of Hα) to appear in the far wing positions via an increase in
their Doppler shifts. Moreover, observations closer to the line core of Hα reveal an
increase in the number density of spicules (Beckers, 1972; Bose andothers, 2019a,
2021b; Pereira, Rouppe van der Voort and Carlsson, 2016). Therefore, a correlation
between the flux cancellations and the appearance of weakly Doppler shifted spicules
would further strengthen the argument of Samanta andothers, 2019. Nonetheless, their
study offers an exciting prospect on reconnection driven mechanism that can constrain
future numerical simulations. Formation of spicules due to vorticity driven shock
waves, as hypothesized by Iijima and Yokoyama, 2017, is also another possible driver
since torsional motions are commonly observed in spicules De Pontieu andothers,
2012, 2014a. However, observing small scaled photospheric vorticities with current
instrumentation capabilities is rather demanding, and relating them to spicules (that
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are observed in the chromosphere and beyond) is a very challenging task that needs a
careful accounting of the delay necessary for the propagation of these (Alfvénic) waves
from the photosphere to the chromosphere. Promising results in this direction have
recently been obtained by Liu andothers, 2019; Yadav, Cameron and Solanki, 2021
for example, where there are evidences of energy transport from the photosphere to
chromosphere via ubiquitous Alfvénic waves. In this thesis however, I do not discuss or
attempt to speculate the major driver of type-II spicules (RBEs/RREs) in our datasets,
rather the focus is on the synthetic observables derived from the numerical simulation
of Martinez-Sykora andothers, 2017a via radiative transfer, to compare the properties
of simulated spicules with actual observations. This is discussed further in Paper III and
briefly in Section 3.10.2.

3.10 Mass flows associated with spicules

The idea that spicules may be responsible for driving the solar wind and may be an
important aspect that could explain coronal heating has been prevalent since the studies
of Pneuman and Kopp, 1977, Athay, 1984; Athay and Holzer, 1982. As discussed
earlier in this chapter, with the discovery of type-II spicules with Hinode and follow-up
investigations by IRIS, their role in heating and mass loading the upper atmospheres of
the Sun have sparked massive interest in the solar physics community.

De Pontieu andothers, 2009 suggested that the footpoints of the million-degree
coronal loops were correlated with strong ubiquitous plasma upflows (blueshifts of the
order of 50-80 km s−1) in the form of chromospheric jets, regardless of the magnetic
activity. Their analysis showed that even if 1–5% of the chromospheric jets (which
are likely type-II spicules as per their velocities) are heated to coronal temperatures,
it would be sufficient for them to provide hot plasma necessary to fill the corona.
De Pontieu andothers, 2011 further supported this proposition by linking the RBEs
found in close vicinity of active regions, observed with the Hinode’s SOT Hα, with
transient brightenings in the SDO/AIA channels. Statistical estimates by Henriques
andothers, 2016 suggested that RBEs and RREs seen in quiet Sun Hα observations
are also associated with brightenings in AIA 30.4 and 17.1 nm channels. Recently,
Samanta andothers, 2019 also found evidences of brightenings in AIA 17.1 nm channel
in tandem with RBEs observed in the chromosphere with Hα, suggesting that many of
these ubiquitous events could be heated to at least coronal temperatures. With imaging
and spectroscopic IRIS observations, Tian andothers, 2014 reported the presence of
high-speed (100–300 km s−1) intermittent network jets that are heated to at least 105 K.
Many of these network jets were confirmed to be related to the heated signatures of
on-disk RBEs and RREs by Rouppe van der Voort andothers, 2015, while some may be
associated with small-scaled jetlets (Panesar andothers, 2018; Raouafi and Stenborg,
2014). However, the high speed (apparent motions in excess of 100 km s−1) associated
with these network jets made it difficult to reconcile with the Doppler shifts associated
with spicules that is generally found to be only between 30–70 km s−1. Using the state-of-
the-art 2.5D MHD spicule simulation of Martinez-Sykora andothers, 2017a; Martinez-
Sykora andothers, 2017b and IRIS observations, De Pontieu, Martinez-Sykora and
Chintzoglou, 2017 explained that the discrepancy between actual mass motions (given
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by Doppler shifts) and the high-speed apparent motions could be attributed to rapidly
propagating heating fronts that have much higher speeds than actual mass flows.

3.10.1 Rapid downflows in the solar chromosphere

Upflows in the solar atmosphere, both large and small-scaled, have been a part of
numerous studies in the past (see Tian andothers, 2021, for a recent review on this
topic) because of their potential role in driving the solar wind and heating the solar
corona. However, they do not form a major theme of this thesis, where the focus is
primarily on the study of downflows associated with spicules. The motivation stems
from the observations presented in datasets 1 and 2 which have been described in
Paper II and Paper III. Generally, animations of high-resolution blue and red wing Hα
images (at Doppler offsets ≥ 30 km s−1 or ± 0.65 Å from the line center) are replete
with RBEs and RREs that have a radially outward motion with respect to strong field
magnetic network regions. However, observations presented in this thesis (refer to
the animations associated with Figure 1 in Bose andothers, 2021b, and in Paper III)
suggest that corresponding red-wing Hα images show absorption features that are
rather elongated and, contrary to RREs, appear to move towards the network region.
Figure 3.13 provides a clear visualization of the apparently downward moving red wing
features in comparison to the traditionally2 observed RBEs and RREs.

Paper II offers a systematic insight into these downflowing features that appear
morphologically similar to RREs and RBEs. Upon further investigation, the spectral
characteristics of these downflowing features were found to be remarkably similar to
traditionally observed RREs, with strong absorption in the red wings of Hα. Moreover,
their λt diagrams were also like traditional RREs which show sudden excursions in the
redward side of the Hα line core without any preceding blueward excursions. They
were therefore termed as downflowing RREs. Consequently, the distinction between
RREs and downflowing RREs was not possible while identifying the RPs via the k-
means clustering process. However, a statistical analysis of the apparent motion of
the detected spicular events (for RBEs and RREs/downflowing RREs) revealed that
an overwhelmingly large number of redshifted events followed an apparent motion
(with speeds ranging between 30–50 km s−1) that were directed towards the strong
network regions, contrary to the typical RBEs and RREs (as shown in the example in
Figure 3.13). Though it is difficult to provide an exact quantification of the percentage
of downflowing RREs in comparison to RBEs and RREs, qualitatively their population
seems to be comparable with the traditional excursion events as is evident from the
apparent motion analysis described in Paper II. In addition, the downflowing RREs
were also found to be associated with multiple substructures owing to the wide range
of Doppler offsets and Hα line core widths, that are also commonly observed among
RBEs and RREs. Being close to the disk-center and assuming that an overwhelming
majority of spicules have a non-zero (but rarely beyond 50 ◦) inclination with respect to
the local surface normal (see, Pereira, De Pontieu and Carlsson, 2012), the apparent
speed of the downflows would be comparable with the Doppler offsets derived from
spectroscopic measurements. Such a comparison for the downflowing RREs revealed

2The word traditional has been used in this study to indicate typical outward moving RBEs and RREs.
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Figure 3.13: Examples of on-disk counterparts of type-II spicules from dataset 1 (that
have also been shown in Paper II). The top and middle rows show an RBE and an RRE
observed at Hα blue and red wings at −40 and +40 km s−1(at ±0.87 Å), respectively.
The bottom row shows the newly reported downflowing rapid redshifted excursion
(downflowing RRE) also in the red wing (+40 km s−1or +0.87 Å) of the Hα spectral
line. For each event, the temporal evolution is shown along the respective rows. The
last column in each row shows the corresponding space-time maps (which highlight
the apparent motion of the three features) obtained by averaging the region bounded
between the dashed blue lines for each time step. Clearly, the downflowing RRE shows
an apparent inward motion that is opposite to the RBE and RRE.
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that they represented actual mass flows, unlike the rapid heating fronts associated with
TR network jets described in Tian andothers, 2014. It was therefore speculated that
these ubiquitous downflows could well be the chromospheric counterparts of the TR
downflows which formed the major subject of investigation in Paper III.

3.10.2 On the persistent redshifts in the TR

A large number of observational studies dedicated to TR have suggested that the emission
lines formed at temperatures (roughly) between 0.05 MK to ~0.25 MK show persistent
downflows (redshifts in the emission spectra) of the order of 10–15 km s−1(Brekke,
Hassler and Wilhelm, 1997; Dadashi, Teriaca and Solanki, 2011; Dere, 1982; Doschek,
Feldman and Bohlin, 1976; Gebbie andothers, 1981; McIntosh andothers, 2012;
Peter, 1999; Peter and Judge, 1999). The cause of such downflows has been attributed
to several aspects both from the perspective of numerical simulations and observations.
Hansteen, 1993, for example, proposed that nanoflares in the solar corona lead to
downward propagating acoustic waves which might be responsible for the observed
redshifts. Pneuman and Kopp, 1977 and Athay and Holzer, 1982, however, attributed
these downflows to the returning components of the previously heated spicular material
that underwent cooling – a scenario that was also supported to a large extent by the
observational studies of McIntosh andothers, 2012. Furthermore, in their numerical
simulations Hansteen andothers, 2010, naturally reproduced downflowing signatures in
the synthetic observations of the TR as a consequence of bi-directional flows formed at
the interface between the TR and corona, due to episodic heating of the chromospheric
material to coronal temperatures. Despite such a large number of propositions, a
definitive consensus explaining the cause of the downflows, has not emerged so far.

Surprisingly, observations of the spectral lines formed in the solar chromosphere
do not show a similar trend and lack evidence of average (and persistent) downflows.
A possible explanation can be attributed to the enormously larger plasma density in
the solar chromosphere in comparison to the TR which might cause a breakdown of
these flows as soon as they reach chromospheric heights. Moreover, coordinated high-
resolution observations of both the TR and chromosphere have not been available until
recently. The rapid spicular downflows reported in Bose andothers, 2021b (Paper II)
were speculated to be (the much sought after) chromospheric signatures of the TR
downflows.

In Paper III, I revisit the topic on the downflows in the TR from a perspective of
observations and numerical simulation of spicules. Using two sets of coordinated SST,
IRIS and SDO observations, it was possible to show that the downflowing RREs are
ubiquitous in nature and many of them show clear signatures across a broad range
of temperature, ranging from the cooler chromosphere to the hotter corona. Spatio-
temporal analysis indicates that the apparent motion of these features are directed
towards the strong magnetic field regions and are in tandem with each other across
multiple wavelength channels, including the far red wings of the Hα spectral line.
Furthermore, the excursion asymmetries seen in the IRIS Mg ii k and Si iv 139.4 nm
λt diagrams are in concert with the excursions in Hα and Ca ii K, indicating a clear
multithermal nature. Additionally, the TR Doppler offsets associated with these spicular
downflows imply that these flows could at least in part be responsible for the persistent
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redshifts observed in the TR, as speculated by Pneuman and Kopp, 1977, Athay and
Holzer, 1982 and McIntosh andothers, 2012.

A theoretical support to the above observations was provided by performing radiative
transfer computations on the 2.5D MHD simulation of spicules computed by Martinez-
Sykora andothers, 2017a (described in Section 2.5). A comparison of the synthetic
chromospheric (Ca ii K and Mg ii k) and TR (Si iv) spectral lines corresponding to type-
II spicules in the simulation reveal a distinct match with the observed spectral profiles.
Moreover, as speculated in Paper I and Section 3.7, we also find that the synthetic
Ca ii K and Mg ii k spectral profiles corresponding to the RRE/downflowing RREs are
enhanced in comparison to their upflowing counterparts suggesting the possibility of
heating. Upon further investigation, I find that the increase in the synthetic intensities
is correlated with a marked rise in temperature during the downflowing phase of the
spicules owing primarily to the ambipolar diffusion mechanism. Paper III is referred
here for more details. Furthermore, it is also found that the cause of such ubiquitous
downflows in the numerical simulation is attributed to either a typical downflow that
is preceded by an upflowing type-II spicule or downflows along a loop-like structure.
The examples presented in Paper II and Paper III lack signatures of preceding co-spatial
upflows (reflected as blueward excursions in the λt diagrams of the different spectral
lines) corresponding to the downflowing RREs, suggesting that many of the observed
downflows are likely caused along loops as predicted by the numerical model. The lack
of preceding blueward excursions convincingly separates these downflowing RREs from
being associated with typical type-I spicules where we find characteristic saw-tooth
pattern in their λt diagrams (see Figure 3.7).

The results from the analysis presented in this thesis, especially in Paper III, provides
strong evidence of TR and coronal signatures associated with the recently reported
ubiquitous chromospheric downflowing RREs (in Paper II). Furthermore, with the help
of coordinated ground and space-based observations, it was possible to provide a direct
connection between many spicules and the redshifts observed in the TR – a scenario
that was already speculated by early studies of Pneuman and Kopp, 1977 and later by
McIntosh andothers, 2012, strongly indicating the presence of a mass-cycling process
between the chromosphere and the corona.
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Chapter 4

Summary of the papers

In Chapter 3, I have attempted to provide an introduction to spicules and their associated
mass flows with an intention to provide a suitable context under which the research
carried out as a part of this thesis fits the whole scenario. This chapter provides a brief
summary of the papers that make up this thesis. It is spread over three papers (Paper I,
Paper II, and Paper III) which focus on spicules, their characterization, associated mass
flows and their impact on solar atmospheric heating. The SST CRISP and CHROMIS
data have been used in all the three papers. In addition, Paper I included the co-aligned
IRIS data and Paper III included co-aligned SDO AIA and IRIS data. The summary of
the papers are discussed below.

4.1 Characterization and formation of on-disk spicules in
Ca ii K and Mg ii k spectral lines

Paper I, Bose andothers, 2019a, deals with characterizing spicules seen on-disk with
coordinated high-resolution observations from CHROMIS, CRISP, and IRIS instruments.
In particular, the analysis presented in this paper provided the first characterization
of RBE and RRE spectra in Ca ii K 393.4 nm. Traditionally, RBEs and RREs have
only been observed and analyzed in Hα far wing images (Henriques andothers, 2016;
Kuridze andothers, 2015; Rouppe van der Voort andothers, 2009; Sekse, Rouppe van
der Voort and De Pontieu, 2012). This is because the opacity associated with RBEs
and RREs causes them to have a sharp contrast with respect to the bright photospheric
background, making them appear as distinct dark threads. The advent of CHROMIS
Ca ii K observations enabled the possibility of observing spicules at an unprecedented
high spatial resolution that is better than 70 km on the Sun. However, unlike Hα, the
images in the far blue/red wings of Ca ii K do not have a sharp contrast with respect
to the background. This is because of the lack of an opacity gap in Ca ii K due to the
shallow slope of its wings in comparison to Hα which causes the latter to become
almost transparent to the chromosphere at any wavelength out of the line center (Rutten
and Uitenbroek, 2012; Socas-Navarro and Uitenbroek, 2004). As a result, identifying
RBEs and RREs becomes a challenging task. We therefore used the k-means clustering
algorithm on combined Hα and Ca ii K observations that led to a systematic clustering
of over millions of spectral profiles (over the whole time series lasting 97 min) which
were partitioned into 50 clusters that were described as representative profiles (RPs).
Thereafter, the RPs corresponding to the Hα RBE and RRE-like spectral profiles served
as references to obtain the corresponding RPs for Ca ii K spectral line. The IRIS Mg ii k
spectra were not included in the k-means clustering because of the limited spatial
coverage of the rasters in comparison to CRISP and CHROMIS. Instead, the RPs in
Mg ii k were obtained by spatially and temporally averaging the Mg ii k profiles that
coincided with a particular cluster (from k-means).
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Analysis of their spectral lines led to the conclusion that optically thick line
formation in spicules is dominated by opacity shifts with strong gradients in the LOS
velocity. More specifically, the shift of the Ca ii K3 line core was found to be in tandem
with the asymmetry of the Hα line, strongly suggesting that the position of the Doppler
shifted K3 best represents the velocity of spicules. The K2 emission features were found
to be either suppressed by the Doppler shift of the K3 core or enhanced due to increased
contribution from the deeper layers owing to upper layer opacity removal. This was
termed as an opacity window effect. The Mg ii k spectra also showed a similar behavior.
To test our understanding, we performed several line formation experiments where we
computed the synthetic Ca ii K and Mg ii k profiles with a modified FAL-C atmosphere
(Fontenla, Avrett and Loeser, 1993, with ad hoc modifications in the LOS velocity),
that revealed a good match with the observations.

4.2 Spicules and downflows in the solar chromosphere

Paper II, Bose andothers, 2021b, deals with the observation and characterization of
abundant rapid spicular downflows in the solar chromosphere, particularly in Hα. High-
speed downflows have been observed in the upper atmospheres of the Sun, especially
the TR, for many decades ever since the launch of NASA’s Skylab mission in the
seventies (Dadashi, Teriaca and Solanki, 2011; Doschek, Feldman and Bohlin, 1976;
Gebbie andothers, 1981; Peter and Judge, 1999). However, their signatures in the
deeper layers of the solar atmosphere have remained elusive. This could be attributed
to the enormously high difference of the plasma density in the deeper layers of the
solar atmosphere (such as the chromosphere) in comparison to TR, that might cause a
breakdown in the downflows as soon as they reach chromospheric heights. In this paper,
we targeted an enhanced network region (dataset 1 in Chapter 2 and same as the one
used in Paper I), and report abundant occurrences of rapid spicular downflows in the
solar chromosphere.

We use the results directly from the k-means clustering analysis from Paper I and
classify Hα and Ca ii K spectral profiles that resembled on-disk spicules. We based our
analysis on Hα RPs since on-disk spicules show characteristic absorption asymmetries
in the far wings of Hα. Thereafter, to select the spectral profiles of interest, we computed
the Doppler offsets corresponding to the different Hα RPs and estimated the absorption
in their wings by obtaining the difference between the RPs and average (over the entire
FOV and time) Hα profiles. Additionally, we also computed the line core widths of the
HαRPs since RBEs and RREs are known to have enhanced Hα line widths, in addition to
strong Doppler offsets (Pereira, Rouppe van der Voort and Carlsson, 2016). Finally, only
those RPs which satisfied a certain thresholding criterion of all the quantities extracted
above, were selected for further processing. Once the spectral profiles were selected, we
developed an automated detection method, based on morphological image processing
techniques, to detect the downflowing spicular features along with traditionally observed
RBEs and RREs.

Such an analysis, led to a systematic detection of a new category of RREs (termed as
downflowing RREs) that were associated with chromospheric field aligned downflows.
This was in direct contradiction to the traditionally observed RBEs and RREs that were
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basically a manifestation of the same phenomenon, and depending on the Doppler shift
and transverse motion with respect to the LOS of the observer, they could either appear
in the blue or red wing of Hα images. As a result, the apparent motion associated with
downflowing RREs are directed towards (inwards) the strong magnetic field regions
which is in contrast with their traditional counterparts. However, statistical analysis
performed on over 35,000 on-disk spicules revealed that the newly reported downflowing
RREs have similar length, area, and lifetimes as those of the traditional RBEs and RREs,
except for their opposite apparent motion. Analysis of their respective λt diagrams
indicate that the downflowing RREs (like traditional RREs) have no preceding blue ward
excursions that is typical to type-I spicules. Moreover, the LOS velocities associated
with these downflowing features were well correlated with their apparent velocity,
indicating that downflowing RREs were associated with actual mass flows. Finally, they
were speculated to be the representatives of the chromospheric counterparts of the TR
downflows.

4.3 Evidence of multithermal nature of spicular downflows.

Paper III, Bose andothers, 2021a, directly follows the results of Paper II and attempts
to find TR and coronal evidence of the newly reported chromospheric downflowing
RREs. The motivation behind this work stems from the studies of Pneuman and
Kopp, 1977, Athay and Holzer, 1982, and Athay, 1984, which related the persistent
redshifts in the TR to the returning spicular plasma that were previously heated and
injected into the solar corona. However, lack of adequate observations and failure to
reproduce these signatures in more advanced theoretical models, such as the one by
Mariska, 1987 raised serious skepticism regarding the contribution of spicules towards
the observed downflows in the TR. It was not until the advent of high resolution space-
based observations by Hinode and SDO, that the interest in the role of spicules in mass
and energy transfer to the upper atmospheres was revived. With the help of space-based
(E)UV observations, several studies like De Pontieu andothers, 2007a, De Pontieu
andothers, 2009, McIntosh and De Pontieu, 2009, De Pontieu andothers, 2011, and
McIntosh andothers, 2012, found strong evidences of the role of spicules in heating
and mass-loading of upper solar atmospheres, i.e. the TR and the corona. McIntosh
andothers, 2012, in particular, found evidences of spicular downflows in the cooler
coronal AIA (13.1 nm) channel that were speculated to be the returning (previously
heated) spicular plasma.

In this paper, we used two different sets of coordinated SST, IRIS and SDO data
(referred to as dataset 1 and 2 in Chapter 2), to show that downflowing RREs are
ubiquitous in the solar chromosphere and many of them are multithermal in nature
with distinct emission signatures in the hotter TR and lower coronal passbands. The
high resolution ground-based observations enabled us to unambiguously relate the
TR downflows to spicules seen in the chromosphere, that was not possible in any of
the earlier studies like McIntosh andothers, 2012. Furthermore, the Doppler offsets
associated with these downflows in the TR (Si iv) spectral line were found to be close
to the average observed red shifts in the TR, which suggested that spicular downflows
could (in part) explain the reason behind the persistent red shifts.
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To provide a strong theoretical support, we used the 2.5D MHD spicule
simulation from Martinez-Sykora andothers, 2017a; Martinez-Sykora andothers,
2017b (described in Chapter 2) and computed synthetic Ca ii K, Mg ii k and Si iv spectra
that successfully reproduced the observations, thereby reinforcing the conclusions from
the preliminary studies on Ca ii K and Mg ii k line formation in spicules conducted in
Paper I. Moreover, it was also found that the returning phases of type-II spicules were
heated in comparison to the upflowing stages that was further reflected in the form of
enhanced emission in the peaks of the (observed and synthetic) chromospheric Ca ii K
and Mg ii k spectral lines. Ambipolar diffusion was found to be a crucial ingredient that
caused this heating during the downflowing stages, which was in-turn responsible for
increasing the temperature by as much as 3000 K. This suggested a direct impact in
heating of the solar chromosphere in association with downflowing RREs. Finally, we
also proposed two mechanisms – an upflow followed by a downflow along the spicule
body and flows along a loop leading to one footpoint being downflowing, from the
viewpoint of numerical simulation that could potentially explain the ubiquitous nature
of these downflows.

4.4 Concluding remarks and future prospects

The enigmatic spicules have long been subjected to various observations from ground-
based telescopes. With the advent of seeing-free, space-based, and high-resolution
observations, their role of mass balance and heating the outer atmospheres of the
Sun has sparked massive interest in the solar physics community over the past
decade or so. These observations, in coordination with ground-based facilities,
have provided significant constraints that lead to ever improving numerical models
which could eventually explain their observed properties. However, finding a major
driving mechanism that could possibly lead to generation of spicules and explain their
subsequent behavior is still considered a very challenging task. This is primarily
because complex physical processes, for example ion-neutral interaction effects and non-
equilibrium ionization, along with the requirement of 3D geometry, appear to be at play
among spicules (and in general in the chromosphere) that makes it challenging to include
them with our current computing capabilities (Leenaarts, 2020). Moreover, this is
further compounded by the fact that the solar atmosphere is strongly coupled. Observing
(multithermal) spicules with fine spatial (sub)structures that evolve simultaneously in
very short time periods across multiple layers of the solar atmosphere can be a daunting
task, even with our current instrumentation capabilities.

This thesis does not delve into the detailed generation mechanism of spicules, but
rather focuses on their on-disk manifestation including characterization in the different
spectral lines observed in the chromosphere and TR, their dynamics, and associated mass
flows in the chromosphere, TR and corona. With the help of the k-means clustering
technique, it was possible to provide the first systematic characterization of type-II
spicules simultaneously in Ca ii K, Hα, Mg ii k and Si iv spectra. A detailed, analysis of
over 20 million spectral profiles indicated that the Doppler shift (between 20–50 km s−1)
of the Ca ii K3 line core serves as a representative of the LOS velocity associated with on-
disk spicules, which is found to be in tandem with earlier measurements. Additionally,
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the K2 peaks in the opposite side of the Doppler shift were partially enhanced due to
Doppler-driven opacity effects. An immediate application of such clustering in the
future could be in the direction of performing single or multi-line spectral inversions
of on-disk spicules with Ca ii K, Mg ii k or Ca ii 854.2 nm RPs using the STockholm
Inversion Code (STIC, de la Cruz Rodriguez andothers, 2019, for example). Since RPs
are a mean over all the profiles in a cluster, inverting them would lead to a representative
model atmosphere that could serve as an initial guess model for performing more
detailed spectral inversions of individual spicules as they evolve. Such an approach
(especially with multi-lines) could also provide essential constraints in determining the
height stratification of temperature, mass-density and LOS velocity associated with
an ensemble of spicules that have so far been limited to individual events (Kuridze
andothers, 2021).

The detection of on-disk spicules carried out with k-means clustering and
morphological image processing leads to a novel approach that enabled the detection of
nearly 35,000 on-disk spicules (roughly 20,000 RBEs and 15,000 RREs/downflowing
RREs) in our ~97 min long dataset. This is far more than all other studies (such
as, Henriques andothers, 2016; Kuridze andothers, 2015; Pereira, De Pontieu and
Carlsson, 2012; Rouppe van der Voort andothers, 2009; Sekse, Rouppe van der Voort
and De Pontieu, 2012) targeting spicules, and we attribute this to the detection based
on the complete spectral information of the Hα line profile, rather than analyzing the
images at single wavelength positions far in the red or blue wings of the Hα line profiles.
Despite such a compendious approach, the algorithm was not able to distinguish between
traditional RREs and their downflowing counterparts since they have the same spectral
characteristics. This is a limitation of the k-means clustering technique that accounts
only for the spectral lines. However, a statistical analysis based on their apparent
motion showed that a substantial number of the strongest redshifted excursions (out
of 15,000 events) were downflowing in nature, and had lifetimes and morphology that
strongly resembled traditional type-II spicules. The transverse motion associated with
the downflowing RREs (observed as zig-zag motions in the plane-of-sky) hints at the
possibility of observing the corresponding blue wing counterparts, that would be termed
as downflowing RBEs. Future high-resolution observations could shed more light in this
direction whereby the Alfvénic nature associated with them could be investigated in
detail.

The downflowing RREs are thought to be the returning components of the previously
generated RBEs. Evidence of TR and coronal response to the downflowing RREs
provides a very compelling case that attempts to unambiguously relate these returning
flows in the chromosphere with the redshifts observed in the TR (and the lower corona),
which was not observed in any of the earlier studies. Despite such findings, it is rather
challenging to estimate the spatio-temporal filling factor of these events based on our
observations from the two datasets used in this thesis. The scenario painted by McIntosh
andothers, 2012 points at a longer-lasting, and slowly cooling downflowing component
in the TR, in addition to the rapidly upflowing component that is possibly generated by
chromospheric heating. The downflowing RREs reported in this thesis are short lived in
comparison to the persistent downflows of McIntosh andothers, 2012. Therefore, it is
definitely possible that spicules might contribute to the ensemble downflows observed
in the TR but it is not easy to reconcile what fraction of the long-lasting TR redshifts

57



4. Summary of the papers

are actually caused by the downflowing spicules. Moreover, the observed regional
differences in the strength of the TR downflows (see McIntosh andothers, 2007; Polito
andothers, 2020) makes it difficult to understand how spicules would show such
differences based on the magnetic activity of the regions. It is possible that coronal
loops might play a role in modulating the redshifts in TR in tandem with spicules, but
this is pure speculation which needs further studies to reach a definitive consensus. In
the future, coordinated ground and space-based observations can focus on a variety
of enhanced network (or plage), and quiet Sun targets, corresponding to different
heliocentric angles, and a statistical study of the observed downflows can be performed
which would significantly aid in addressing some of the issues raised above. Apart from
IRIS and SST, observations from the Spectral Imaging of the Coronal Environment
(SPICE, Spice Consortium andothers, 2020) instrument onboard the newly launched
Solar Orbiter mission (Müller andothers, 2020), in coordination with future missions
such as the recently approved JAXA’s Solar-C EUV High-Throughput Spectroscopic
Telescope (EUVST, Shimizu andothers, 2019) and NASA’s MUlti-slit Solar Explorer
(MUSE, De Pontieu andothers, 2020, 2021b, currently in phase A study), along with the
4-m Daniel K. Inouye Solar Telescope (DKIST, Rimmele andothers, 2020) can reveal
new insights in the understanding of the observed TR redshifts and their association
with spicules. I am looking forward to such developments.
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Appendix A

Detection of on-disk spicules using
k-means clustering and
morphological operations

A.1 k-means clustering

The k-means clustering technique is a popular unsupervised learning technique that
is used to cluster (or group) an unlabeled data set. Unsupervised learning algorithms
basically extract patterns in a dataset that has no predefined tags. In other words, k-
means partitions a certain number of observations in a dataset into k clusters, where
a particular observation is represented by a cluster with the closest mean (also called
cluster center). It is an iterative algorithm that is primarily based on minimizing the
Euclidean distances between the observations and the cluster centers. The detailed steps
are outlined below:

1. We begin by choosing k initial cluster centers among which we intend to partition
our data.

2. The Euclidean distances between each observed point (say) x and the cluster
centers µ are computed via

∑n
i=1
∑k

j=1 ||x
(i) − µ(j)||, where n represents the total

number of observed data points in the dataset.

3. The corresponding observed point x is then assigned to a particular cluster with
the closest mean by minimizing the residual sum of squares within each cluster.

4. New cluster centers are computed by obtaining the mean over all the data points
(including the new ones from step 3) in each cluster.

5. Steps 2–4 above are repeated in an iterative fashion until a convergence is reached
and none of the observed data points change its cluster in two successive iterations.

For a successful and fast convergence of the above steps, it is crucial to carefully
choose a certain initial number of cluster centers as a starting point. Randomized
selection of k points from the whole dataset may lead to the algorithm being stuck at
local minima. Therefore, the kmeans++ (Arthur and Vassilvitskii, 2007) initialization
method is used where the goal is to choose the initial points that are located as far as
possible from each other. This helps the algorithm to converge to a global minimum in
relatively fewer iterations.

From the perspective of the observations presented in this thesis, the cross-aligned
Ca ii K and Hα datasets (dataset 1) are 4-dimensional, having two spatial, one spectral,
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and one temporal dimension. The clustering was performed after combining the cross-
aligned dataset along the spectral dimension, for each spatial location at a given time.
This ensured that a single cluster would effectively represent both Ca ii K and Hα spectra,
and also allow identification of features in Ca ii K based on their spectral signatures in
Hα. Both the Hα and Ca ii K spectra were normalized appropriately (see Appendix B of
Paper I) before applying k-means so as to avoid large pixel-to-pixel intensity fluctuations
in the respective line wings.

The choice of the number of clusters that can optimally divide the dataset into
different groups is an important parameter that determines the value of k (in k-means).
For this purpose, we applied this algorithm to a subset of our observation (ten scans
chosen from the entire dataset) with k varying from 15 to 100. Consequently, the
mean of standard deviation within the clusters (σ̂k) was computed for each value of k
(ranging between 50–100). Based on the variation of σ̂k, as a function of k, we choose to
partition our dataset into 50 clusters each with their own representative mean. We refer
to Figure B.1 in the appendix of Paper I for a graphical representation of the variation
of σ̂k.

Ten scans (each with 2 spatial and one spectral dimension with more than 2×107

pixels) spread over different times in the data sequence were chosen for training the
k-means model with 50 clusters. The choice of the scans was primarily based on good
seeing conditions (quantitatively described as root mean square contrast variation1),
and visually assessing the RBE/RRE activity in the Hα images. This allowed the
k-means model to assign all the pixels in the training dataset to a particular cluster
ranging from 0 to 49. Figure 3.9 and Figure 3.10 shows the Hα and Ca ii K along with
their representative profiles (RPs), that are the average over all spectral profiles in a
cluster. Later, this model was applied to all the images in the sequence that led to an
automated and unsupervised clustering of the spectra corresponding to all pixels in the
FOV. Consequently, each pixel on the FOV at any time step is assigned to a particular
cluster that is denoted by a representative profile (RP) index. Panel (d) of Figure 3.12
shows an RP index map at a given time step (scan) in the data generated by the method
described above.

A.2 Morphological processing

Morphological image processing refers to a collection of non-linear operations
associated with shape or overall morphology of features in an image. Morph operations
rely on the position of the pixels with reference to each other rather than absolute values
of the pixels. Therefore, it is suited to process binary images. In this section, we
discuss the morphological processes that enabled the detection of on-disk spicules in
an automated fashion from dataset 1 after assigning RPs 0–3 to RBEs and RPs 4–7 to
RREs/downflowing RREs based on the arguments presented in Section 3.8. The method
described below is for the detection of RBEs from the dataset, but the exact procedure
was also used to detect RREs/downflowing RREs. The details of the steps undertaken
are as follows:

1The ratio between standard deviation and the mean over the FOV for each time step.
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Figure A.1: An overview of the automated on-disk spicule detection method. Panel (a)
shows a cut out of the full FOV from dataset 1 in the blue wing (−38 km s−1) of Hα
at a given time step. Cyan contours show the detected RBEs from the RPs of interest;
panel (b) shows the binary mask of the detected RBEs in panel (a), and panel (c)
indicates the different labels after performing connected component labeling. Note
that one pixel detections are removed, and one pixel holes are filled in panel (c). The
colorbar associated with panel (c) indicates the label numbers attributed to the different
RBEs.

1. First a 3D binary mask (in space and time domains) is created by assigning a value
of 1 (bright) to all pixels in the FOV belonging to RPs 0–3, while the remaining
pixels are set to 0 (dark).

2. A morph open, followed by a close operation is applied to each of the binary
masks on a per scan (time) basis with a 3×3 diamond-shaped structuring element.

3. Finally, a 3D connected component labeling (Fiorio and Gustedt, 1996) is
employed that enables a unique identification of components based on a given
heuristic. This step essentially ’labels’ pixels in 3D space that are connected and
have similar spectra as set by k-means, leading to a spicule detection. We use an
8-neighborhood connectivity in 3D to not bias for direction.

The steps described above essentially allows a way to track all properties of each
individual spicules such as size, Doppler offset, and lifetime. In turn, it permitted the
study of frequency and distribution of the aforementioned quantities per RP, that is
shown in Paper II. Panels (a)–(c) of Figure A.1 provides an overview of the detection
algorithm described above. A structuring element plays a central role in morphological
image processing and it is analogous to convolution kernels in image filtering. The
fundamental characteristics of a structural element are its shape and size. The shape
determines a way of distinguishing some objects in an image from others based on their
spatial orientation. A diamond shaped matrix can efficiently capture both the length and
breadth of a spicule, while the relatively small size (3×3) of this matrix preserves finer
details of the image features that are three times the pixel scale of CHROMIS (0′′.037).
To avoid erroneous detections that are at the limit of the structuring element a lower
threshold of the detected features was set at 4 CHROMIS pixels roughly corresponding
to 100 km.
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The morphological opening is an erosion followed by a dilation operation that
is useful to remove small (in this case 1-pixel) connectivity between different
morphological structures in the 2D space as would be the commonly observed case of
spicules moving in very close proximity to each other. Basically, it filters the noisy
detections at spatial scales that are determined by the structuring element. An opening
operation can create holes (dark features) between brighter structures which can be
filled by performing a morph closing operation (opposite of opening) by using the same
structural element as before. The sequence of morphological operations employed
preserves dimensions of the spicules, as all dilates and erodes are performed with
the same size of structuring element. Furthermore, the above set of operations were
performed in 2D space so that the connection of spicules along the temporal domain
remains unaffected, which would enable us to label them effectively. The 3D labeling
step enabled the detection of roughly 15,000 RREs/downflowing RREs and 20,000
RBEs whose location and the density distribution are shown in panels (a) and (b) of
Figure 3.12.
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