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Summary

Solar activity a ects life on Earth in various ways, from geomagnetic storms to the ter-
restrial climate. The driver of solar activity is the solar magnetic eld, which manifests
itself in the form of small and large-scale magnetic features emerging on the solar surface.
The largest features are sunspots. Sunspots are bipolar magnetic regions (BMRs) bear-
ing strong magnetic elds. They form in active regions (ARs) and have been observed
since antiquity. Much less is known about the emergence and evolution of small, spotless
BMRs. Due to their smaller sizes and weaker magnetic elds, they areudt to observe.

At the same time, due to being much more numerous, they have been proposed to in u-
ence the overall magnetic ux budget and the secular variability of the Sun's magnetic
ux.

The aim of this thesis is to study the in uence of small BMRs on the evolution of the
solar magnetic eld. Being the longest direct observation of solar activity, models of long-
term solar variability typically rely on the sunspot number record. Such sunspot driven
models however cannot realistically estimate the amount of small BMRs emerging on
the solar surface at low activity. Particularly challenging are extended periods of sunspot
absence, such as the Maunder minimum.

We start by developing a new description of emergence rates of the small BMRs in
Chap. 2. The model describes the emergence of all BMRs by a single power-law size
distribution, in agreement with modern observations. The power-law exponent varies with
solar activity, quanti ed by the sunspot number. With this new description, we ensure
that small magnetic regions continue emerging even in the total absence of sunspots.
We validate the emergence model by reconstructing the solar magnetic ux since 1610
from the sunspot number with a simple model of the evolution of the global magnetic
eld quantities, including the total and open magnetic ux, and nd good agreement with
modern observations and independent reconstructions, including the Maunder minimum.

In Chap. 3, we then employ the proposed description of the BMR emergence to study
the in uence of small magnetic regions on the solar magnetic eld in more detail. We
simulate the evolution of the solar magnetic eld with a surface ux transport model
(SFTM), which allows modelling the evolution and decay of individual BMRs on the
solar surface. Since the information on the spatial distribution of small regions is missing
in the sunspot records, we derive empirical relationships describing the mean and the
scatter of the emergence latitude and tilt angle of all BMRs. The scatter as well as the
onset of emergence during the cycle depend on the size of the BMRs. From the sunspot
number we then derive semi-synthetic BMR records since 1874, which we use as input
to the surface ux transport simulation. We nd a good agreement of the calculated
magnetic ux, polar elds and toroidal ux loss since 1874 with modern observations
and independent reconstructions. Small BMRs have a strong impact on the magnetic ux

11



Summary

during solar minima, comparable to that of large BMRs with sunspots. For the polar
eld strength and toroidal ux loss, we nd that small BMRs are even comparable to the
contribution of large BMRs during solar maxima. Due to their high number, small BMRs
have a stabilizing eect on the simulation, while most of the noise comes from large
BMRs. We also validate and analyse the results of the surface ux transport simulations
with an analytical study estimating the in uence of small and large BMRs on the solar
magnetic eld. The analytical results fully support those obtained from the surface ux
transport simulation.

Our study highlights the importance of a realistic modelling of small BMRs in historic
reconstructions of solar activity, especially during periods of low activity. The latter has
important implications for estimates of the secular variability of solar irradiance. The
impact of small BMRs on the polar elds and toroidal ux loss are crucial to understand
the generation of poloidal magnetic eld from the BMRs on the solar surface, which is
important for solar dynamo studies.

12



Zusammenfassung

Die Sonnenaktivitat beein usst das Leben auf der Erde in vielfaltiger Weise, von geo-
magnetischen Stirmen bis hin zum Erdklima. Angetrieben wird die Sonnenaktivitat vom
solaren Magnetfeld, das sich in Form von kleinen und grof3en magnetischen Strukturen
manifestiert, die auf der Sonnenober &che entstehen. Die grof3ten dieser Strukturen sind
Sonnen ecken. Sonnen ecken sind bipolare magnetische Regionen (BMRs) mit starken
Magnetfeldern. Sie bilden sich in aktiven Regionen (ARs) und werden seit der Antike
beobachtet. Viel weniger ist Uber die Entstehung und Entwicklung von kleinen, ecken-
losen BMRs bekannt. Aufgrund ihrer geringeren Gro3e und schwécheren Magnetfeldern
sind sie schwer zu beobachten. Gleichzeitig wurde vorgeschlagen, dass sie aufgrund ihrer
viel groReren Anzahl das Gesamtbudget und die sakulare Variabilitat des magnetischen
Flusses der Sonne beein ussen.

Das Ziel dieser Arbeit ist es, den Ein uss von kleinen BMRs auf die Entwicklung
des solaren Magnetfeldes zu untersuchen. Da es sich um die l&ngste direkte Beobachtung
der Sonnenaktivitat handelt, stitzen sich Modelle, die die langfristige Sonnenvariabilitat
untersuchen, typischerweise auf Beobachtungen der Sonnen eckenzahl. Solche sonnen-
eckengetriebenen Modelle kbénnen jedoch keine realistische Abschéatzung der Anzahl an
kleinen BMRs abgeben, die bei geringer Anktivitat auf der Sonnenober ache entstehen.
Besonders herausfordernd sind langere Phasen der Abwesenheit von Sonnen ecken, wie
zum Beispiel das Maunder-Minimum.

Daher beginnen wir mit der Entwicklung einer neuen Beschreibung der Entstehungs-
rate kleiner BMRs in Kap. 2. Das Modell beschreibt die Entstehung aller BMRs durch
eine einzige Potenzgesetz-GroRenverteilung in Ubereinstimmung mit modernen Beob-
achtungen. Der Exponent des Potenzgesetzes variiert mit der Sonnenaktivitat, quanti -
ziert durch die Sonnen eckenzahl. Mit dieser neuen Beschreibung stellen wir sicher, dass
auch bei volliger Abwesenheit von Sonnen ecken weiterhin kleine magnetische Regio-
nen entstehen. Wir validieren das Entstehungsmodell, indem wir den magnetischen Fluss
seit 1610 aus der Sonnen eckenzahl mit einem einfachen Modell der Entwicklung der
globalen Magnetfeldgrof3en, inklusive des gesamten urghen magnetischen Flusses,
rekonstruieren und nden eine gute Ubereinstimmung mit modernen Beobachtungen und
unabhangigen Rekonstruktionen.

In Kap. 3, verwenden wir dann die vorgeschlagene Beschreibung der BMR-Entstehung,
um den Ein uss kleiner Regionen auf das solare Magnetfeld genauer zu untersuchen. Wir
simulieren die Entwicklung des solaren magnetischen Feldes mit einem Ober &chen us-
stransportmodell (SFTM), das die Modellierung der Entstehung, Entwicklung und des
Zerfalls einzelner BMRs auf der Sonnenober ache ermdoglicht. Da die Informationen tGber
die rdumliche Verteilung kleiner Regionen in den Sonnen eckenaufzeichnungen fehlen,
leiten wir empirische Beziehungen ab, die den Mittelwert und die Streuung des Entste-
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Zusammenfassung

hungsbreitengrads und des Neigungswinkels aller BMRs beschreiben. Die Streuung so-
wie der Beginn des Auftretens wéahrend des Zyklus hangen von der Gréf3e der BMRs ab.
Aus der Sonnen eckenzahl leiten wir dann halbsynthetische BMR-Aufzeichnungen seit
1874 ab, die wir dann als Input fur die Ober &chen usstransportsimulationen verwen-
den. Wir nden eine gute Ubereinstimmung des berechneten magnetischen Flusses, der
Polarfelder und der toroidalen Flussverluste seit 1874 mit modernen Beobachtungen und
unabhangigen Rekonstruktionen. Kleine BMRs haben einen starken Ein uss auf den ma-
gnetischen Fluss wahrend der Sonnenminima, vergleichbar mit dem von grol3en BMRs
mit Sonnen ecken. Fir die polare Feldstarke und den toroidalen Flussverlust stellen wir
fest, dass kleine BMRs sogar mit dem Beitrag grof3er BMRs wéhrend der Sonnenmaxima
vergleichbar sind. Aufgrund ihrer hohen Anzahl wirken sich kleine BMRs stabilisierend
auf die Simulation aus, wahrend das meiste Rauschen von gro3en BMRs kommt. Wir va-
lidieren und analysieren auch die Ergebnisse der Ober achen usstransportsimulationen
mit einer analytischen Studie, die den Ein uss kleiner und grofRer BMRs auf das solare
Magnetfeld abschéatzt. Die analytischen Ergebnisse unterstutzen vollstandig die aus der
Ober &chen usstransportsimulation erhaltenen Ergebnisse.

Unsere Studie unterstreicht die Bedeutung einer realistischen Modellierung kleiner
BMRs in historischen Rekonstruktionen der Sonnenaktivitat, insbesondere in Zeiten ge-
ringer Aktivitat. Letzteres hat wichtige Implikationen fur Schatzungen der sékularen Va-
riabilitat der Sonneneinstrahlung. Der Ein uss kleiner BMRs auf die Polarfelder und den
toroidalen Flussverlust sind entscheidend, um die Erzeugung eines poloidalen Magnet-
felds von den BMRs auf der Sonnenober &che zu verstehen, was fur Studien zum Son-
nendynamo wichtig ist.

14
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1 Introduction

"The Sun is a wondrous body. Like a
magni cent father. If only | can be so
grossly incandescent.”

Solaire of Astora
'‘Dark Souls'

1.1 Solar in uence on Earth

The Sun is the center of our solar system and the source of the light and energy needed
for life on Earth to exist (see e.g. Kren et al. 2017). As such, the Sun has been revered as
a deity by countless cultures throughout the centuries. Early observations of the Sun from
ancient China rst mention the appearance of dark stains on the solar surface. Millennia
later, the invention of the rst telescopes in the early 17th century enabled solar obser-
vations with for its time unprecedented resolution, con rming that those dark spots were
indeed features on the solar surface. They were named sunspots. Astronomers Galileo
Galilei and Christoph Scheiner were the rst to start systematic observations of the Sun
and they began recording the number of sunspots — a record that has been continued up
to the present day. Two centuries later, it was discovered that the number of sunspots
on the solar surface exhibits a periodicity of approximately 11 years, which was named
after the amateur astronomer Samuel Heinrich Schwabe, who published his observations
(Schwabe 1844). In 1801, William Herschel argued on a connection between solar activ-
ity and climate on Earth by comparing London wheat prices with the amount of sunspots
on the solar surface (Herschel 1801).

Today we know that the Sun and its activityexts life on Earth in many der-
ent ways. On short timescales, eruptive events on the Sun such as ares and coronal
mass ejections lead to the ejection and acceleration of highly energetic particles towards
Earth's magnetosphere where they can cause beautiful aurorae but also harmful geomag-
netic storms (see the review by Temmer 2021). The latter may lead to severe damage to
all kinds of electronic devices by inducing electric currents which can cause failures of
power stations and satellites (e.g. Carrington 1859). Associated radio bursts may further
disturb communication systems and the radiation is hazardous for astronauts and aircraft
passengers. All these phenomena are caused by the solar magnetic activity.

On longer timescales, solar variability has in uence on terrestrial climate (see eg.
the review by Gray et al. 2010). The most directeet comes in the form of varia-
tions in the total (TSI) and spectral solar irradiance (SSI) which are de ned as the total
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1 Introduction

wavelength-integrated and wavelength-resolved solar radiative energy ux that reaches
the top of Earth's atmosphere at the mean Sun-Earth distance of one astronomical unit
(1AU = 1:496 10® km). Variations in the solar irradiance can have either extrinsic or
intrinsic causes. Extrinsically, the TSI and SSI are modulated by changes in Earth's or-
bital parameters acting its precession, obliquity and eccentricity. Thoseas have

long periodicities of 25.000, 41.000 and 110.000 years among others, also known as
Milankovich cycles (Paillard 2001, Cruci x et al. 2006) and are thought to be the primary
driver of the glacial and interglacial periods throughout Earth's history.

Intrinsic changes of the large scale solar activity show both irregular and periodic
variations on timescales from decades to millenia. Cyclic variations besides the 11-year
Schwabe cycle and Hale's 22-year magnetic cycle (Babcock 1959, Hale and Nicholson
1925) are the 85yrs Gleissberg cycle (Gleissberg 1939, Garcia and Mouradian 1998,
Feynman and Ruzmaikin 2014, Vazquez et al. 2016, Le Mouél et al. 2017)2tteyrs
Suess (or "de Vries") cycle (Suess 1980, Wagner et al. 2001, Usoskin et al. 2004, Vonmoos
et al. 2006, Steinhilber et al. 2012) and various other periodic variations (see eg. the
reviews by Hathaway 2015, Usoskin 2017). Sometimes, the Sun falls into a state of
greatly lowered activity called a grand solar minimum. During such a grand minimum
sunspots almost entirely disappear from the solar surface as has been observed during the
Maunder minimum (1645-1715) (Eddy 1976, Sokot@004). Other examples of grand
minima include the Spdérer minimum (1409 - 1551) and the Wolf minimum (1280-1340).
The opposite of grand minima are grand solar maxima, which are periods with unusually
high sunspot numbers such as during the grand maxima in the middle ages (1100-1250)
and the modern maximum in second half of the 20th century.

It has further been proposed that the terrestrial climate is in uenced by solar energetic
particles (SEPs) and galactic cosmic rays (GCR). As mentioned earlier, SEPs are released
in eruptive events on the solar surface which occur more often at high solar activity. In
Earth's atmosphere they lead to ionisation and the destruction of ozone molecules. The
GCR ux is anti-correlated to the strength of the solar magnetic eld that acts as a shield
to our solar system. GCRs also lead to destruction of ozone molecules and the ions
produced by them in the Earth's atmosphere have been suggested to form condensation
nuclei for cloud formation (Svensmark and Friis-Christensen 1997, Marsh and Svensmark
2000, Svensmark et al. 2016, 2017), although the latter has been subject to criticism and
debate (e.g. Pierce and Adams 2009, Calogovic et al. 2010, Kulmala et al. 2010, Laken
et al. 2009, 2012, Laken ar@alogovt 2013). The Cosmic Leaving OUtdoor Droplets
(CLOUD) experiments by CERN (European Organization for Nuclear Research), found
a possible weak in uence of GCRs to cloud formation, although theceis likely too
small to have signi cant eect on global temperatures (Kirkby et al. 2011, Dunne et al.
2016, Gordon et al. 2017).

Studying the Sun's long-term variations requires historic records of solar activity.
However, high precision space-based measurements of the solar magnetic eld only exist
since 1974 (see Sect. 1.2.3.1). Space-based observatories are also the only way to directly
measure solar irradiance, because the terrestrial atmosphere absorbs part of the radiation
before it reaches the ground. Therefore, the only way to estimate historic solar activity
Is by the means of proxies such as the sunspot number or abundances of cosmogenic iso-
topes (Sect. 1.2.3.2). A multitude of models have been developed to reconstruct historic
solar activity (Sect. 1.3.3). However, as will be shown in Chap. 2 and 3, many uncertain-
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1.2 The Sun

ties remain that call for further improvements to advance our understanding of the Sun
and its in uence on Earth. We summarize our results and discuss future applications in
Chap 4.

1.2 The Sun

The Sun is the star in the center of our solar system. Itis a middle age@G4s) main-
sequence star of spectral type G2V with a surface temperatufe of 5778 K and a
luminosity (that is the total radiated power from the entire surfacé) of 3:8 10°5W.

At M =2 10¥kg it holds 9986% of the total mass of the solar system and its radius of
R =696 Mm is 110-times larger than that of Earth, (see also the review by Christensen-
Dalsgaard 2021). It consists of mainly hydrogen {5%) and helium ( 24%) while
heavier elements make up the remainin§% (Anders and Grevesse 1989, Grevesse and
Sauval 1998, Lodders 2003, Asplund et al. 2009, 2021).

1.2.1 Solar structure

The Sun can be divided into several layers, each with it's own distinct physical conditions;
see Fig. 1.1. Atthe very center is the solar core. Although its radius is dhlyO®5R , it
contains about half of the entire solar mass. This leads to very high pressure¢asp g

and temperature (87 10’ K), enough to enable nuclear fusion. More than 99% of the
energy in the solar core is generated from the proton-proton (p-p) reaction, while the re-
maining 1% come mostly from the Carbon-Nitrogen-Oxigen (CNO) cycle (Adelberger
etal. 2011, Agostini et al. 2020) Above the core is the radiation zer®eqR ) where the
energy from the core travels outward through thermal radiation. The temperature drops
from 7 to 2 10° K and the pressure from 20 toXg/cm?® within the layer. Fron® 0:7R

onward to the solar surface the plasma has cooled so much that radiative transport be-
comes ine cient and energy is transported by convective plasma motions, thus this layer
is called the convection zone. Between the radiative and the convection zonéR at0

the tachocline, a thin transition layer where the rigid rotation of the radiative zone meets
the di erential rotation (faster rotation at the equator than at the poles) of the convective
zone. This results in a large shear in the tachocline that has been speculated to be origin
of the solar magnetic eld; see Sect. 1.3.1.

The solar atmosphere can be divided into the photosphere, the chromosphere, a thin
transition layer and the corona. Both density and temperature vary greatly throughout the
atmosphere, shown in Fig. 1.2. The photosphere is the visible surface of the Sun. This
corresponds to an optical depth @fgo = 2=3 for green light (5000 A), which means that
the plasma is opaque in visible wavelengths. The temperature at the surface is 5778 K and
decreases to a minimum of about 4000 K at a height of 500 km. The density decreases to
3 10 " g/lcm® —four orders of magnitude lower than the atmospheric pressure on Earth.
In the photosphere a multitude of physical phenomena can be observed, such as granula-
tion and supergranulation cells caused by the convective plasma motions, the emergence
of sunspots and other magnetic features. We will take a closer look at those phenomena
in Sect. 1.2.2. In the lower and middle chromosphere, the density further decreases while
the temperature slowly rises. Then in the thin transition layer and the upper chromo-
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1 Introduction

Figure 1.1: Schematic illustration of the solar interior and atmosphere. From the inside
outwards: The solar core, radiative zone, convection zone, photosphere, chromosphere
and corona. See main text for details. The images are courtesy of NASA and taken from
www.nasa.gov (corona), svs.gsfc.nasa.gov (photosphere) and helioviewer.org (chromo-
sphere)

sphere, the temperature rises abruptly to several million Kelvin while the density drops
to only 10° particles per cubic centimetre. The cause for the extremely high coronal
temperatures is one of the most discussed "hot" topics in solar physics. Possible heating
mechanisms include "nano ares" (small-scale reconnection events of braided eld lines,
Parker 1972, 1983) or magnetohydrodynamic waves (dissipation of Alfvén waves, van
Ballegooijen et al. 2011). For a review of coronal heating models see e.g. De Moortel
and Browning (2015), Pontin and Hornig (2020), Van Doorsselaere et al. (2020). Due
to the low plasma density in the corona, its evolution is dominated by strong magnetic
elds. The corona stretches for several solar radii and dynamically transitions into the
solar wind, a continuous stream of charged particles ejected from the solar corona into
the interplanetary space. Finally, the heliosphere is the outermost range of in uence of
the Sun, in which the solar wind and the magnetosphere reach out for more than 120 AU
(the heliopause). The solar magnetosphere acts as a shield that protects Earth from GCRs
and highly energetic interstellar particles.
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Figure 1.2: The one dimensional temperature (black) and density (blue) pro les in the
solar atmosphere depending on their height above the solar surface. The pro les are
reproduced from the data from Vernazza et al. (1981).

1.2.2 Surface features

The surface of the Sun is not homogeneous. Even with the naked eye ancient civilizations
were able to see spots on the solar surface. Later, observations with telescopes revealed
that sunspots are not the only features that form on the solar disc and even more fea-
tures were discovered as the resolution and instrumentation of observatories improved.
These various surface phenomena vary greatly in size, shape and lifetime, shaping the
inhomogeneous, ever-changing face of the Sun. In this section we brie y describe the
most prominent structures observed on the solar surface. For this, we categorize the solar
surface into three dierent classes: The part of the solar surface that is free of or only
features weak magnetic elds is called theiet Sun Regions with strong magnetic elds

are calledactive regions Their smaller counterparts are knownegghemeral regions

" Quiet SunThe quiet Sun is the solar surface which is free of measurable magnetic
elds. Due to the convective plasma ows from the solar interior, most of the quiet
Sun's surface is covered by convective cells called granules. They appear brighter
at the center where the hot plasma rises from the convection zone and darker at the
edges where the cooled down plasma descends, see Fig. 1.3. Granular cells evolve
dynamically on timescales of just several minutes and range in diameter between
hundreds and thousands of kilometers. Doppler velocity measurements revealed
another large scale ow pattern called supergranulation which consists of cells with
30 35 Mm diameter and evolves on timescales of 1-2 days (see also Rincon and
Rieutord 2018). Most of the observable magnetic elements in the quiet Sun are
concentrated in the down ow areas of granular and supergranular cells forming the
so-called magnetic network.
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Figure 1.3: High resolution image of the solar surface with several magnetic features
including a sunspot by the optical telescope on board the Hinode spacecraft. Courtesy of
JAXA/ESA (adapted)
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Active regions The most prominent solar surface features are sunspots that form in
regions with very strong magnetic elds called active regions (ARs). They emerge
within the so-called "active belts" located at high latitudes (2% ) at the start of

a solar cycle, but migrate closer towards the equator18 ) throughout the dura-

tion of the solar cycle (see Sect. 1.2.4). ARs form as a result of the solar dynamo
process described in Sect. 1.3.1, by magnetic ux tubes rising from the bottom of
the convection zone until they penetrate the solar surface inlée shape, where

they form bipolar magnetic regions (BMRs) (Parker 1979). The preceding polar-
ity is usually more compact than the following polarity which tends to be more

di use and is often split up into smaller polarity patches (Bray and Loughhead
1979, Mcintosh 1981). The magnetic elds in the footpoints of ARs are so strong

( 2000 4000 G, Livingston 2002), that they inhibit the convective plasma ows,
leading to cooling and the resulting darkening of the plasma at the solar surface,
observed as sunspots. Sunspots themselves can be further separated into umbra and
penumbra, see Fig. 1.3. Umbra is the dark center of the sunspot were the magnetic
elds penetrate the surface almost vertically. Umbrae have typical surface temper-
atures of 4300 K compared to the typical solar surface temperature 800 K

and their brightness is about 1030% of the quiet Sun (Solanki 2003, Mathew

et al. 2007). The dark umbra is surrounded by a brighter region @0 of the
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quiet Sun) that is called penumbra. Here the magnetic elds have a more horizontal
orientation and are not quite as strong as in the umbra (102000 G) and the
typical temperatures are 5400 K (Solanki 2003). Fully developed sunspots have
typical diameters of up to 5060 Mm, magnetic uxes> 5 10°! Mx and lifetimes
between days and weeks (van Driel-Gesztelyi and Green 2015). Some magnetic
elds are not strong enough to develop into full bipolar sunspots, but are observed
as smaller dark regions called pores that feature only an umbra and have sizes of a
few hundred to a few thousand kilometers.

Weaker magnetic elds form bolometrically bright features called faculae. They are
observed as ensembles of bright but small (tens to hundreds of kilometers diameter)
magnetic features which tend to form in the proximity of sunspots and cover large
areas of several tens of Mm. When observed in the chromosphere (e.g. in the
Ca Il K line) they are seen as extended bright regions called plage. Areas with
faculae are typically observed for several weeks although the individual features
disappear within minutes to hours. The reason for faculae being brighter than the
surrounding plasma lies in their smaller diameter. While the bottom of the ux tube
appears dark, due to the inhibition of convective plasma ows, the walls experience
radiative heating by the surrounding plasma ("hot walltet, see e.g. Spruit 1976,
Zwaan 1978). As the faculae are not large enough to inhibit the convection (as is the
case for the dark pores and sunspots) the in owing energy heats up the walls so that
they appear bright, which can best be observed near the solar limb (Carlsson et al.
2004, Keller et al. 2004). It is believed that the transition between bright and dark
features lies between 400700 km in diameter (Knoelker and Schuessler 1988,
Grossmann-Doerth et al. 1994).

Ephemeral regionsBesides the large-scale ARs, a huge number of small-scale
BMRs constantly emerge all over the solar surface. Due to their typically short
lifetimes of hours up to a day, they are called ephemeral regions (ERs). ERs are too
small in size and magnetic ux to form sunspots or pores, but they can be observed
in magnetograms, see Fig. 1.4. The properties of ERs have been studied in detalil
by (Harvey 1993, H93), who found typical sizes between a few and u@® Mm

and magnetic uxes between 310 to a few times 1& Mx, although the lower

ux limit was attributed to the resolution limit of the available data. The number

of emerging regions is however orders of magnitude higher than that of ARs, so
that they have an important contribution to the solar magnetic ux budget (e.g.
Thornton and Parnell 2011). Although the spatial distribution and orientation of
the smallest ERs are almost random, H93 found that there is a smooth transition
between the emergence patterns of large ERs and small ARs concluding that ERs
are actually the small-scale end of ARs, see also Sect. 1.2.4. From observations
we know that the cyclic emergence of ERs is more extended in time than that of
ARs, overlapping several years with neighboring solar cycles (see e.g. Legrand
and Simon 1981, Wilson et al. 1988, H93, Tlatov et al. 2010, Hathaway 2015 and
references therein). The number of ERs thereby varies much less than that of ARs
between high and low solar activity (e.g. H93, Thornton and Parnell 2011). This
makes ERs especially important for the secular variability of the solar magnetic
eld (Solanki et al. 2000, 2002) and solar irradiance (Krivova et al. 2007).
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Figure 1.4: Picture of an AR and an ER in a magnetogram (top) and a continuum image
(bottom). The AR is much larger and harbours a sunspot, whereas the ER is only visible
in the magnetogram. Adapted from www.helioviewer.org (DKl data).

The magnetic ux limit between ARs and ERs is only loosely de ned and varies from
study to study. Therefore, in Tab. 1.1 we summarize our de nition ARs and ERs that we
use throughout the thesis. For more details how we derive the magnetic ux limits see

Sects. 2.4.2 and 3.4.1.

Table 1.1: Magnetic ux content of BMRs as used in this study.

Magnetic feature Magnetic ux range [MXx]
ARs (with sunspots) 3101 1 102
ARs (only pores) 4 10°° 3 10%
ERs (no spots at all) 310® 4 102
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1.2.3 Measurements of the magnetic eld and activity proxies

The magnetic eld produced in the interior and emerged through the solar surface into
the atmosphere has numerous partly spectacular manifestations. We have already men-
tioned sunspots, faculae and ERs in Sect. 1.2.2. There are also coronal loops and eruptive
phenomena such as coronal mass ejections and ares, that can cause geomagnetic distur-
bances in the terrestrial atmosphere (e.g. Sect. 1.1). The various observables on the Sun
can be used to describe solar magnetic activity and are called indices and proxies of solar
activity. In this Section, we will present several of those solar indices and proxies that are
directly relevant to our work. However, we stress that this is by no means a complete list
of all the known quantities related to solar activity.

Some quantities can be measured directly through a real physical observable (e.g. the
total and open magnetic ux, see Sect. 1.2.3.1). Such "physical" indices can be used to
directly quantify solar magnetic activity and its physicaleets. Although not a mea-
surement of the solar magnetic eld itself, the total solar irradiance is another directly
measurable quantity that is strongly related to the solar magnetic eld (see Sect. 1.2.3.2).
This is due to the dierent bolometric brightness of the various magnetic features on the
solar surface. However, direct measurements of the magnetic eld and solar irradiance
exist only since a few decades. On longer timescales (up to centuries or millennia) one
needs to rely on proxies of solar activity, see Sect. 1.2.3.2. The longest running direct
proxy of solar activity is the sunspot number that has been recorded since the early 17th
century. To quantify solar activity on timescales of millennia, the only option is to use
indirect proxies such as concentrations of cosmogenic isotopes stored in natural archives.
Although isotope records have a higher uncertainty and lower temporal resolution (mostly
decadal) than sunspot records (daily, monthly or annual), they can be used to study the
long-term trends in solar activity (see e.g. the review by Usoskin 2017), which is useful
for example for climate studies.

Solar activity and its various manifestations are not constant, but show periodic and
non-periodic variations on various timescales. The most prominent variation is the 11-
year sunspot cycle (Schwabe 1844) whose most evident manifestation a cyclic varia-
tion in the number and spatial distribution of the magnetic features on the solar surface
(Sect. 1.2.2). The evolution and the distribution of those magnetic features throughout the
solar cycle are described in the next section (Sect. 1.2.4).

1.2.3.1 Magnetic eld measurements

Solar variability on timescales longer than a day is driven mainly by its magnetic eld. A
straightforward way to quantify the global solar magnetic eld is the unsigned solar to-
tal magnetic ux derived from synoptic maps of the line-of-sight photospheric magnetic
eld. Synoptic maps are created by combining individual magnetograms taken through-
out one Carrington rotation, which is the mean rotation period of the solar surface at low
latitudes (27,2753 days, by Richard Carrington). The calculated total magnetic ux varies
between observatories, due to e.g. magnetograph saturation (Svalgaard et al. 1978), ob-
servation in di erent wavelengths or derent spatial resolution of the instruments (for an
overview see e.g. Riley et al. 2014). The longest running full-disc magnetographic mea-
surements are made by ground-based observatories: Wilcox Solar Observatory (WSO,
since 1976), Mount Wilson solar Observatory (MWO, since 1967) and National Solar
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Figure 1.5: a) Measurements of the total magnetic ux. The gray symbols are individual
measurements by three ground-based observatories (WSO, NSO and MWO, see main text
for details). The black line is the average of all three observatories. The composite by
Yeo et al. (2014) from the Kitt Peak Vacuum Telescope (KPVT) at NSO, ShtbDand
SDOHMI (see main text for details) is shown in green. The composite was corrected to
the WSO scale. b) Measurement of the open magnetic ux by Owens et al. (2017) (black)
and a reconstruction from the geomagneteindex by Lockwood et al. (2022).

Observatory at Kitt Peak (NSO, since 1974), see Arge et al. (2002), Wenzler et al. (2006).
Later, high resolution full-disc measurements were made by space-based observatories
such as the Michelson Doppler Imager on board of Solar and Heliospheric Observatory
(SoHOMDI, since 1996, see Scherrer et al. 1995) and the Helioseismic and Magnetic
Imager onboard Solar Dynamics Observatory (98I, since 2010, see Schou et al.
2012). Measurements of the total magnetic ux by elient observatories are shown in

Fig 1.5a.

The component of the total ux that reaches into the heliosphere is called the open
magnetic ux and as such can directly in uence geomagnetic activity on Earth. The
strength of the open ux is further related to the strength of the solar interplantetary mag-
netic eld that modulates the amount of GCRs reaching Earth. The GCRs interact with the
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molecules in the terrestrial atmosphere and produce cosmogenic isotopes which are then
stored in natural archives (see Sect. 1.2.3.2). Measurement of the open ux can be done
in-situ, but itis di cult due local distortions by waves, turbulences or reconnection events
that can twist and invert the heliospheric magnetic eld and lead to an overestimate of the
open ux (Owens et al. 2017). Hence, the open ux is often extrapolated from photo-
spheric magnetograms using for example the potential eld source surface model (PFSS,
Schatten et al. 1969) or the current sheet source surface model (CSSS, Zhao and Hoek-
sema 1995a,b). The open ux can further be reconstructed from proxies of solar activity
such as the abundance of cosmogenic isotopes in natural archives or from geomagnetic
activity indices, see Sect.1.3.3. In Fig. 1.5b, we show the open ux measurement by
Owens et al. (2017) and a reconstruction from the geomagaaticdex by Lockwood

et al. (2022).

1.2.3.2 Other quantities and proxies

Figure 1.6: Measurements of TSI by various instruments since 1978. Figure is courtesy
of Greg Kopp (httpgispot.colorado.edtkoppdTSl/).

The solar magnetic activity cycle also manifests itself in a cyclic variation of the solar
irradiance. As the main external energy source into Earth's atmosphere, these variations
in the TSI and SSI — especially on longer timescales — may have in uence on terrestrial
climate. Early ground-based measurements before the 1970s were so inaccurate that they
were unable to detect the small variations in the solar irradiance, hence it was called the
"solar constant”. Ground-based measurements are imprecise for several reasons. Firstly,
a part of the solar irradiance spectrum is ltered out by Earth's atmosphere, for example
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most of the UV radiation. Secondly, atmospheric and weathects can lead to varia-

tions in the measured TSI which are much stronger than the intrinsic TSI variation itself.
Therefore, precise measurements are only available since 1978, with the start of space-
based observations (e.g. Hickey et al. 1980, Willson et al. 1981, Floyd et al. 2003, Kopp
et al. 2005, Frohlich 2012, Schmutz et al. 2013). Multipleadent satellite missions have
since made TSI measurements (see Fig. 1.6), however the lifetime of the instruments al-
lowed observations only for typically years to a decade. The exception is S6RGO?

that remained operational since 1996. Due tcetiénces in the aperture designs the abso-
lute level of the TSI varies between missions. Instrumental degradation over time further
in uences the measurements. To assess the long-term variation of TSI, the individual
measurements need to be combined and corrected in order to obtain a homogenous and
continuous timeseries (Frohlich 2012, Kopp 2014).

Three major TSI composites have been produced bgrént instrumental teams: a)
PMOD (Physikalisch - Meteorologisches Observatorium Davos, Fréhlich 2006), b) ACRIM
(Active Cavity Radiometer Irradiance Monitor, Willson and Mordvinov 2003) and c)
RMIB (Royal Meteorological Institute of Belgium or IRMB in french, Dewitte et al.
2004). The composites rely on "daisy-chainig" (a data series where each new dataset
is calibrated to the level of the reference dataset) and taking only data from one instru-
ment at any given time. This method lead to eliences between the composites in the
long-term trend due to the derent calibrations (biased towards the primary instrument)
and corrections applied to the data (see e.g. Solanki et al. 2013, Zacharias 2014, Kopp
2016). Recently, Dudok de Wit et al. (2017) introduced a new methodology to create a
single, "community-consensus" TSI composite. Instead of relying on daisy-chaining, the
new composite follows a statistical approach that takes the measurements of all available
instruments into account. This allows estimating time-dependent uncertainties.

As discussed in Sect. 1.2.3.1, direct measurements of the global solar magnetic eld
are only available since a few decades. Thus, reconstruction of solar activity on timescales
of centuries to even millennia rely on either direct or indirect proxies. The longest and
hence most commonly used direct proxy of solar activity is the sunspot number. Itis not a
"real" physical observable since it is synthetically derived by observers from visual solar
disc observations following certain conventions. There are two commonly used versions
of the sunspot number: a) the international sunspot number (ISN) since 1700 and b) the
group sunspot number (GSN) since 1610, (see also Usoskin 2017). Since 1874, also
information on individual sunspot groups, inclusively areas and positions, is available.

" International sunspot numbefrhe rst sunspot number series was made by Rudolph
Wolf at the Zirich Observatory in 1848, combining his own observations with those
by past observers (Wolf 1850). It is also called the Wolf sunspot number (WSN) or
the Zurich sunspot number. The relative sunspot number is de ned as:

R, = k(10G + S); (1.1)

wherek is a constant scaling factor used to compensate thereinces of observa-
tion techniques and instruments of individual observ@érs, the number of sunspot

variability of SOlar Irradiance and Gravity Oscillations onboard the Solar Heliospheric Observatory.

28



1.2 The Sun

Figure 1.7: Top: International sunspot number (version 2.0) since 1700. The sunspot
number in the gray area is given as yearly values, while the blue area shows the 13-
month averaged sunspot number since 1749 (from monthly or daily values). Taken from
www.sidc.bésilso (SILSO datamage, Royal Observatory of Belgium, Brussels)

groups and is the number of individual spots. To make the series more homoge-
neous he took only the observations of one "primary" observer each day, without
taking other observations into account. After 1882, Wolfer became the new primary
observer and changed the observation criteria, now counting also small spots and
multiple spots within the same penumbra (Clette et al. 2014). To compensate for
this change in the observation technique, the data after 1882 were multiplied with a
factor of 0.6. The WSN was synthesized until 1981, when it was replaced with the
ISN provided by the Royal Observatory of Belgium (Clette et al. 2007). The ISN
adopts the same de ntion as Wolf (Eqg. 1.1) but takes all observations into account
rather than just the "primary"” observer. A second version of the ISN (ISN2.0) was
released in 2015, taking Wolfer as a reference (hence this time the data before 1882
had to be multiplied by a factor 1.67) and correcting for inhomogeinities in the data
(Clette and Lefevre 2016). The W@BN is available yearly since 1700, monthly
since 1749 and daily since 1818.

Group sunspot numberA new sunspot number series was introduced by Hoyt
and Schatten (1998) that neglects individual spots and instead only counts en-
tire sunspot groups, called the group sunspot number. By only considering entire
sunspot groups, the GSN reduces the ambiguity in the determination of individ-
ual spots by dierent observers present in the ISN. The GSN uses the averaged
sunspot number reported by all observers available on each day. Each observer is
thereby given a xed correction factor to normalize the observations to a similar
level. There are also more raw data available than for the ISN, enabling the record
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to be extended back to 1610. The GSN is de ned as follows:
12:08 X
Ry = N kGi; (1.2)

whereN is the number of observers on each dqys the respective correction fac-

tor for each observer ar@; is the reported sunspot number. The factor 12.08 was
chosen to adjust the GSN to the level of the ISN in the period between 1874-1976,
hence ISN and GSN are rather similar after the 1870s. Although the GSN is consid-
ered to be more reliable than the ISN before 1849, inhomogeneities and errors have
been reported leading to several revisions of the series (see e.g. Lockwood et al.
2014b, Cliver and Ling 2016, Svalgaard and Schatten 2016, Usoskin et al. 2016c,
2021a, Chatzistergos et al. 2017, Willamo et al. 2017).

Sunspot areaEven more information can be obtained from observations of sunspot
areas. Sunspot areas are a physical index of solar activity as they are directly mea-
sured from solar images and hence it is a direct indicator of the magnetic ux
emerging on the solar surface. The longest record of sunspot areas and locations
was compiled by the Royal Greenwich Observatory (RGO) since 1874. The series
was concluded in 1976 when the US Air Force began recording their own data from
the Solar Optical Observing Network (SOON). The two series have later been com-
bined into a continuous record since 1874 by Hathaway et al. (2002), Hathaway
(2015) ("RGUSOON record"). Cross-calibration between the two datasets how-
ever is di cult, as there is no temporal overlap, an hence other observatories have
been used to cover the transition period. For example Balmaceda et al. (2009) used
the Russian dataset by the Pulkovo Astronomical Observatory (Mikhailov 1955)
from 1932 to 1991 that overlaps with both RGO and SOON datasets for the cross-
calibration. Recently, Mandal et al. (2020) have derived more consistent sunspot
area record, that includes data from multiple additional observatories. The primary
observatories are RGO, Pulkovo, Kislovodsk (1952-2018, Nagovitsyn et al. 2007)
and the Debrecen Observatory (since 1977, Baranyi et al. 2016).

Note that the sunspot area records do not include the tilt angles of the sunspots.
The tilt angles can be obtained for example from the observations by Mount Wilson
Observatory and Kodaikanal (Howard et al. 1984, 1999, Sivaraman et al. 1993) cov-
ering the period between 1906 to 1987 and the Debrecen Observatory since 1977
(Baranyi 2015).

The sunspot number records cover the period from 1610 to the present. However, to
reconstruct solar activity on even longer timescales, one needs to rely on indirect proxies
of solar activity, which are related to ects caused by solar activity rather than being a
direct observable. This includes for example the geomagnetic indices (eag-iihaex),
the ux of galactic cosmic rays reaching Earth and the concentrations of cosmogenic
isotopes from terrestrial archives. Although we do not directly use indirect proxies as
input to our work, we use other studies based on indirect proxies as independent reference
cases to our sunspot-based reconstruction of the solar magnetic eld (see Chap. 2 and 3).

Theaaindex is a measurement of geomagnetic activity, conducted by two antipodal
stations in Australia and the UK (Mayaud 1972). Geomagnetic disturbances are caused by
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the open eld lines of the solar magnetic eld interacting with the geomagnetic eld and
inducing currents. For a review of the relationship between solar and geomagnetic activity
see e.g. the review by Pulkkinen (2007). Tdeeindex is calculated as the three hours
weighted average of the k-index of both stations, where the k-index is a measurement of
the geomagnetic activity relative to an undisturbed geomagnetic eld.

The GCR ux in the vicinity of the heliosphere is considered to be almost constant
on timescales less than some 100.000 years. However, the GCR ux is modulated before
reaching Earth by the heliospheric magnetic eld whose strength depends on the solar
open magnetic ux. The heliospheric magnetic eld acts as a shield from GCRs to the
solar system, hence the GCR ux is in anticorrelation with solar activity. The GCR ux
has been measured by neutron monitors all around the globe since 1951 (see e.g. Belov
2000, Simpson 2000, Moraal and Stoker 2010, Jung et al. 2016, Usoskin 2017, Vaisanen
et al. 2021).

The GCRs that reach Earth's atmosphere interact with nuclei of atmospheric atoms to
form cosmogenic isotopes such'46 and'°Be (Stuiver and Quay 1980, Beer et al. 1990,
Bard et al. 1997, Beer et al. 2012). Since these isotopes are mainly produced by GCRs,
their production rate is tied to the modulations of the GCR ux, which is in anti-phase
with the solar open magnetic ux and solar activity. The cosmogenic isotopes are then
deposited in natural archives such as platt€) or antarctic ice layers{Be) (Lal and
Peters 1967, Beer et al. 2012). The isotopes are radioactive with long half-lives of 5730
yr for 1*C and 1.5 1CP yr for 1°Be. Hence their remaining abundances in terrestrial
archives can be used to reconstruct solar activity back for very long time periods from
millenia to millions of years (see the review by Usoskin 2017, and Sect. 1.3.3). Dating of
14C data after the end of the 19ths century is howeverdit: The production rates 6fC
are diluted by anthropogenic burning of coal and fossil oils also known as the Susss-e
(Suess 1955). Additionally, nuclear bomb tests in the 1960s have temporarily increased
the radiocarbon production rates (see also Damon et al. 1978).

1.2.4 Emergence patterns of magnetic features and the solar cycle

All the various solar indices described in Sect. 1.2.3 (but also many others) show periodic
variations throughout the 11-year solar cycle and, more generally, the 22-year magnetic
activity cycle. In this Section, we focus speci cally on the emergence of bipolar magnetic
regions (ARs, ERs, see Sect. 1.2.2) that have been observed to follow recurrent emer-
gence patterns. These patterns include the number of emerging features, as well as their
spatial distribution on the solar surface and the sign of the leading and following magnetic
polarity of the BMRs. Here we describe the emergence patterns of sunspot-bearing ARs
and discuss how the distribution changes for ERs.

" Number of regionsThe sunspot number varies greatly with the solar cycle. While
few (or zero) sunspots emerge at solar minimum, they cover up to a few percent
of the solar surface at activity maximum a few years later (see Fig 1.8). After the
polar eld reversal near activity maximum (see Sect. 1.3.1) the number of emerging
sunspots starts decreasing again. The mean duration of a solar cycle is 11 years
since the start of recordings in 1610, but can vary in length by up to a few years.
The most extreme cases recorded since 1610 are 8 and 15 years. It has further
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Figure 1.8: Top: Buttery diagram. The colors represent the solar disc coverage
with sunspots. Bottom: Average daily sunspot area. Taken from D. Hathaway
(http7//solarcyclescience.cadin
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been observed that the "ascending” or "rising phase" from solar minimum to solar
maximum tends to be shorter than the "declining phase” from maximum to the next
minimum. The length of the rising phase seems to be anti-correlated with the cycle
amplitude, called the "Waldmeier ect" (Waldmeier 1935, 1939).

The number of emerging small, spotless BMRs is up to several orders of magnitude
higher than that of large spot-bearing ARs (Harvey 1993, Parnell et al. 2009, Thorn-
ton and Parnell 2011). In particular it was discovered that the instantaneous number
(Parnell et al. 2009, exponentl:85) as well a the emergence rate (Thornton and
Parnell 2011, exponent2:69) of all BMRs can be described by a single power-law
size distribution. At the same time, the number of emerging ERs varies less with
solar activity than the number of ARs: In a comprehensive study of both small and
large scale BMRs in cycle 21 (1976 to 1986), H93 observed that the number of ARs
varied by roughly a factor of 8 between solar maximum and minimum, while ERs
varied by only a factor of 2. Based on H93's observations, Krivova et al. (2021)
have argued that the emergence rate of BMRs throughout the solar cycle can be
described by a power-law size distribution with a varying power-law exponent de-
pendent on solar activity (expressed by the sunspot number); see also Chap. 2 and
3 of this thesis.

Latitude distribution ARs with sunspots typically emerge within certain latitude
ranges depending on the phase within the cycle — the so-called "activity bands" or
"active latitudes" (e.g. Carrington 1858, Sporer 1879). At the start of the cycle,
those activity bands are located betwee&0 and 40 . As the cycle progresses

the active latitudes move progressively closer to the equator being at abdait
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at the end of the cycle. A plot of the emergence latitudes of sunspots over time
resembles the shape of butter y wings and is hence called the "butter y diagram”
(see Fig 1.8).

ERs also show the tendency to emerge roughly following the activity bands, how-
ever they have a larger spread around the mean than ARs. The smaller the regions
are, the wider the spread around the mean, so that the smallest ERs are essentially
randomly distributed across the solar surface (Harvey and Martin 1973, H93, Ha-
genaar et al. 2003).

Tilt angles As mentioned in Sect. 1.2.2, sunspots emerge in ARs with a positive
and negative polarity. The leading polarity of an AR is closer to the equator and the
tilt angle between the two polarities with respect to the equatorial plane depends on
the emergence latitude (higher tilt angle at higher emergence latitudes). This is also
known as'Joy's law" (Hale et al. 1919). It has been shown by Dasi-Espuig et al.
(2010) that there is a cycle-to-cycle variation in the average tilt angle depending on
the maximum sunspot number (i.e. stronger cycles have lower average tilt angles).

Smaller BMRs also tend to obey to Joy's law, but show a much wider scatter around
the mean tilt angle which increases with decreasing region size. The smallest ERs
appear to be almost randomly orientated (H93, Hagenaar 2001).

Polarity: The leading polarity of a spot-bearing AR shares the same polarity as the
polar magnetic eld of the respective hemisphere at the beginning of the cycle. This
Is known as'Hale's polarity law" (Hale and Nicholson 1925). However, a small
fraction of sunspots violate Hale's law and have the opposite polarity. The fraction
of "anti-Hale" regions is small for sunspots %), but increases for smaller BMRs.
About 40% of the smallest ERs emerge with anti-Hale orientation (H93, Hagenaar
2001).

Cycle overlap As can be seen in the butter y diagram in Fig 1.8 the "wings" of
each cycle temporally overlap with those of neighboring cycles, so that higher lat-
itude regions of a new cycle coexist with lower latitude regions of the old cycle.
This overlap is about 1 2 years for sunspots but can be several years for ERs. Ob-
servations suggest that a new solar cycle starts with the emergence of small-scale
magnetic regions at high latitudes 60 ) immediately after the polar eld rever-

sal at maximum of the ongoing cycle. BMRs continue to emerge at low latitudes

( 5) for about 2 years after the nominal end of the cycle before the activity bands
terminate at the equator (see, e.g. Legrand and Simon 1981, Wilson et al. 1988,
H93, Tlatov et al. 2010, Hathaway 2015 and references therein).

Activity nests The distribution of sunspots and ERs is not entirely random. It
has been observed that new BMRs are more likely to form near existing sunspot
regions. Such clusters of BMRs are commonly referred to as "activity nests” (see,
e.g., Bumba and Howard 1965, Gaizauskas et al. 1983, Castenmiller et al. 1986, Bai
1988). Additionally, it has been proposed that such activity nests might preferably
appear at two persistent longitudes in opposite hemispheres separated &80

so called "active longitudes” (Berdyugina and Usoskin 2003, Zhang et al. 2007).
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1 Introduction

1.3 Generation and surface evolution of the solar mag-
netic eld

The variations in solar activity described in Sect. 1.2.3 are driven by the global solar
magnetic eld. It is generated by a large-scale organized mechanism in the solar interior,
called the solar dynamo. The magnetic eld then emerges on the solar surface in the form
of BMRs (see Sect. 1.2.2). On the solar surface, BMRs are redistributed by a combination
of surface plasma ows while also being subjected to decay incited by convective plasma
ows. We describe the magnetic eld generation by the solar dynamo in Sect. 1.3.1. The
evolution of the magnetic eld and models used to simulate it are brie y introduced in
Sect. 1.3.3.

1.3.1 Magnetic eld generation

It is generally believed that the solar magnetic eld is generated in its interior by rotat-
ing motions of the electrically conducting plasma (e.g. Parker 1955, Dikpati and Gilman
2009, Charbonneau 2020). One can describe the time evolution of the magneti® eld
with the induction equation:
B — 2 .

= r<B+r (v B); (1.3)
where = 1=, is the magnetic diusivity, o is the vacuum permeability, is the
electrical conductivity of the plasma ands the plasma velocity. The rst term on the
right hand side describes magnetic asion of the magnetic eld while second term de-
scribes magnetic induction by plasma ows. The ratio of induction taudion is called
the Reynolds numbdR,, and is of great importance to the understanding of the evolution
of the magnetic eld:

Rn= o VL; (1.4)

whereV is the typical velocity of the plasma ow anldis the typical length scale. A low
Reynolds number 1 would mean that almost no advection takes place and the magnetic
eld will tend to di use over time. However, when the conductivity of the medium is
very high, as is the case in the solar plasma, thesion term vanishes and the Reynolds
number becomes 1. In such a case, the motions of the magnetic eld and the plasma
are no longer independent of each other and are linked together. This phenomenon is
known as Alfven's theorem or the frozen-in magnetic eld (see e.g. Priest 2003). Now
to understand what will happen in a system with high electric conductivity, we consider
the ratio of the gas pressure to the magnetic pressure, called the plasiha- 1

then the magnetic eld pushes the plasma so that it can only move along the magnetic
eld lines but not cross it. This case is observed in the solar corona due to the low plasma
density and the strong magnetic elds. Atthe photosphere and in the solar interior, the gas
(plasma) pressure is much greater so the magnetic eld is pushed along with the plasma
ows. This way, magnetic eld can be generated and ampli ed by the plasma ows in the
solar interior.
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1.3 Generation and surface evolution of the solar magnetic eld

Figure 1.9: Schematic illustration of the Babcock-Leigthon dynamo process, see main
text for details. Taken from Dikpati and Gilman (2009) with permission (published by
Springer Naturg licence number 5600670521274).

Di erent dynamo models have been proposed that explain the generation of the solar
magnetic eld and its 22-year magnetic cycle (see the review by Charbonneau 2020).
Here we will focus on the Babcock-Leigthon mechanism (Babcock 1961, Leighton 1964)
which has proven great success in explaining the observed patterns of sunspot emergence
throughout the solar cycle (see Fig. 1.9, taken from Dikpati and Gilman 2009). The solar
dynamo action can be represented as a two-step process: (1) the generation of toroidal
magnetic eld from an existing poloidal eld con guration and (2) the generation of a
new, reversed poloidal eld component from the toroidal eld. The generation of toroidal
magnetic eld is thought to happen in the tachocline, the thin transition layer between
the radiative zone and the convection zone. While the radiative zone rotates rigidly, the
convective zone shows derential rotation, rotating faster at the equatorial regions than
at the poles. The resulting shear wraps the poloidal eld lines around the rotation axis
where it forms a new toroidal eld at the bottom of the convection zone; see Figs. 1.9a—
1.9b. Once the toroidal eld becomes strong enough, it rises through buoyancy until
it penetrates the solar surface in the form oShaped loops, accordingly naming this
process the -e ect. The two footpoints of the so-called ux tube stay connected to the

2https://doi.org/10.1007/s11214-008-9484-3
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