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Cover figure: Large-scale flows on the solar surface as derived by tracking the motion
of small convection cells (granules) on observations from the Helioseismic and Magnetic
Imager instrument aboard the Solar Dynamics Observatory spacecraft. The flows have
been averaged over roughly 27 days (one solar rotation). The flow velocities are given by
the arrows and are shown as a function of latitude (covering 65 ) and longitude (covering
360 ). Additionally, the flow vorticity (a measure for local twists in the velocity field) is
shown by the color image, with blue and red indicating a clockwise/counter-clockwise
flow curvature.
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Summary

The aim of this thesis is to observationally characterize various large-scale solar ows,
including the recently detected solar Rossby waves (waves of radial vorticity), large-scale
convection, and ows around active regions. These large-scale ows likely interact with
the solar dierential rotation and, through a dynamo process, with the solar magnetic
eld.

To study these ows | use several years of observations from the Helioseismic and
Magnetic Imager (HMI) aboard the Solar Dynamics Observatory (SDO). These data are
processed using two complementary technigues to obtain horizontal ows on the solar
surface and in the solar interior: local correlation tracking, which is limited to the solar
surface, and ring-diagram analysis, which is able to probe the near-surface layers in the
solar interior (the observational depth limit is roughly 16 Mm) at a lower temporal and
spatial resolution.

First, | study the latitudinal and radial dependence of solar equatorial Rossby waves.
For this, the radial vorticity is computed from the horizontal ows and a spectral analy-
sis is applied via a spherical harmonics transform in latitude and longitude and a Fourier
transform in time. In the top 9 Mm below the surface, the radial dependence of the vortic-
ity eigenfunctions is consistent with a variation of the farin!, expected from models,
wherer is the radial coordinate amd s the longitudinal wavenumber. However, system-
atic errors in the ring-diagram analysis prevent me from constraining the radial eigenfunc-
tions deeper in the solar interior. The latitudinal dependence of the mode eigenfunctions
is determined via a correlation analysis between the equator and other latitudes, and via
a singular value decomposition. The real part of the eigenfunctions decreases away from
the equator and switches sign at absolute latitudes between 20 anth 2@reement
with previous results. The imaginary part of the eigenfunctions has a small, but nonzero,
amplitude at all latitudes, which may be indicative of attenuation.

Second, using the horizontal ow maps, | study the energy spectrum of large-scale
convection in the context of existing results inferred by time-distance helioseismology
and simulations. These results had revealed a huge discrepancy for the velocity of large-
scale convection in the solar interior (root-mean-square values of roughly 1 and 1§0ms
respectively). This disagreement, the convective conundrum, is crucial with regard to cur-
rent models of solar convection. Several issues are found in the existing analysis, such as
di erent conventions for spherical harmonics transforms, missing multiplicative factors,
and inconsistent comparisons. The correction of these issues reduces the discrepancy be-
tween energy spectra of convection from time-distance helioseismology and simulations,
but does not eliminate it entirely. Additionally, new, consistent results from local corre-
lation tracking and ring-diagram analysis are presented, which are closer to the results
derived from time-distance helioseismology than those from simulations.
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Zusammenfassung

Das Ziel dieser Thesis ist es, mithilfe von Beobachtungen verschiedene grof3skalige Stro-
mungen zu charakterisieren, insbesondere die vor kurzem entdeckten solaren Rossby-
Wellen (Wellen der radialen Vortizitat), grof3skalige Konvektion, und Stromungen um
aktive Regionen. Diese grof3skaligen Stromungen wechselwirken wahrscheinlich mit der
di erenziellen Sonnenrotation und, Uber einen Dynamo-Prozess, mit dem Sonnenmag-
netfeld.

Um diese Stromungen zu erforschen, verwende ich mehrjahrige Beobachtungen des
Helioseismic and Magnetic Imager (HMI) an Bord des Solar Dynamics Observatory
(SDO). Diese Daten werden mit zwei sich erganzenden Methoden zur Messung von Stro-
mungen auf der Sonnenober &che und im Sonneninneren verarbeitet: Lokalem Korre-
lationstracking, welches auf die Sonnenober ache beschrankt ist, und Ring-Diagramm-
Analyse, mit welcher die ober &chennahen Schichten im Sonneninneren (das Tiefenlimit
liegt bei circa 16 Mm) mit niedrigerer zeitlicher und rdumlicher Au 6sung erforscht wer-
den kdnnen.

Zunéchst erforsche ich die latitudinale und radiale Abh&ngigkeit von solaren aquato-
rialen Rossby-Wellen. Dazu wird die radiale Vortizitat aus den horizontalen Stromungen
berechnet und eine Spektralanalyse tber eine sphéarische harmonische Transformation in
der Latitude und Longitude und eine Fourier-Transformation in der Zeit durchgeftihrt. In
den oberen 9 Mm unterhalb der Ober ache ist die radiale Abhéngigkeit der Vortizitat-
seigenfunktionen konsistent mit einer von Modellen erwarteten Anderung derrPotm
wobeir die radiale Koordinate undh die longitudinale Wellenzahl ist. Allerdings kon-
nen die radialen Eigenfunktionen tiefer im Sonneninneren aufgrund von systematischen
Fehlern in der Ring-Diagramm-Analyse nicht zuverlassig bestimmt werden. Die Lati-
tudenabhangigkeit der Eigenfunktionen der Moden wird Uber eine Korrelations-Analyse
zwischen dem Aquator und anderen Latituden, und tiber eine Singularwertzerlegung bes-
timmt. Der Realteil der Eigenfunktionen nimmt vom Aquator weg ab und andert sein
Vorzeichen bei absoluten Latituden zwischen 20 und 3Dies stimmt mit vorherigen
Ergebnissen Uberein. Der Imaginérteil der Eigenfunktionen besitzt eine kleine Amplitude
ungleich Null bei allen Latituden, was eventuell auf einen Dampfungsprozess deutet.

Anschlie3end erforsche ich mithilfe von Karten der horizontalen Stromungen das
Energiespektrum von grol3skaliger Konvektion im Kontext vorhandener Ergebnisse, die
durch Zeit-Distanz-Helioseismologie und Simulationen erhalten wurden. Diese Ergeb-
nisse hatten eine riesige Diskrepanz fiur die Geschwindigkeit von grof3skaliger Konvek-
tion im Sonneninneren @nbart (quadratische Mittelwerte von circa 1 beziehungsweise
100ms?). Diese Diskrepanz, das konvektive Dilemma, ist von essenzieller Bedeu-
tung in Bezug auf aktuelle Modelle der Sonnenkonvektion. In der vorhandenen Anal-
yse wurden einige Probleme gefunden, beispielsweise unterschiedliche Konventionen fur
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sphéarische harmonische Transformationen, fehlende multiplikative Faktoren, und inkon-
sistente Vergleiche. Das Beheben dieser Probleme reduziert die Diskrepanz zwischen den
Energiespektren der Konvektion von Zeit-Distanz-Helioseismologie und Simulationen,
entfernt sie allerdings nicht vollstandig. Zusatzlich werden neue, konsistente Ergebnisse
von lokalem Korrelationstracking und Ring-Diagramm-Analyse prasentiert, welche naher
an den Ergebnissen der Zeit-Distanz-Helioseismologie als jenen der Simulationen liegen.
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1 Introduction

1.1 The dynamic Sun

While the Sun may appear as a static star to the human eye, it is in fact highly dynamic
and variable. For example, very soon after the advent of the rst telescopes, around 1610,
Galileo Galilei observed dark spots on the solar surface moving across the visible disk. It
soon became clear that this motion is due to a rotation of the Sun and Galilei was able to
calculate the rotation rate of these sunspots. Only a few years later, in 1630, Christoph
Scheiner noticed that the sunspots rotate slower at higher latitudes and faster close to the
equator and thus introduced the concept ofedéntial rotation to the solar community,

I.e. the rotation rate decreases with latitude. Based on his own measurements of the mean
synodic sunspot rotation period of: 2753 days, in 1863, Richard Carrington invented an
ordering system of Carrington rotations (CRs), which is still in use nowadays.

Almost at the same time, in 1843, Samuel Heinrich Schwabe observed that the number
of sunspots visible on the Sun varies with a period of roughly 10 years (Schwabe 1844).
These sunspot or solar cycles actually have an average period of rather 11 years and
they are the most easily visible manifestation of solar variability (Fig. 1.1, top panel).
65 years later, George Ellery Hale discovered from the splitting of spectral lines due to
the Zeeman eect that the sunspots are intimately linked to the solar magnetic eld (Hale
1908). Hale also noticed that sunspots at any given latitude are typically bipolar, with the
two polarities of the sunspots being opposite between opposite hemispheres and between
successive cycles (Hale's law), while Alfred Harrison Joy found that the leading polarity is
typically closer to the equator than the trailing one, with an angle increasing with latitude
(Joy's law, Hale et al. 1919). Despite these huge successes, at that time observations of
the Sun were unfortunately always limited to the solar surface.

This changed in 1962, with further evidence for solar variability, when Robert Leighton
observed that the Sun oscillates with periods predominantly around 5 min, or equiva-
lently frequencies around 3 mHz (Leighton et al. 1962). This discovery formed the basis
of helioseismology, the study of the Sun using waves. Similar to seismology on Earth,
the waves carry information about the matter they traverse and their frequency is shifted

Disclaimer: Several gures in this introduction originate from existing publications and have been
reproduced with permission. Figures 1.1, 1.2, 1.3 and 1.7 (top right panel) have been reproduced un-
der theCreative Commons CC BY license {s@ehttps//creativecommons.oflicenseshy/4.(0/legalcods.

Figures 1.4, 1.5 (right panel), 1.9, 1.10 and 1.11 have been reproduced under licenses provided by the
respective journals viRightsLink Figures 1.6, 1.7 (top left panel) and 1.8 have been reproduced under
reproduction rights granted for educatialagademic purposes. Figures 1.5 (left panel) and 1.7 (bottom
panel) have been reproduced under reproduction rights granted by the American Astronomical Society and
IOP Publishing, with the consent of the authors of the respective publications.
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Figure 1.1: The sunspot cycle. Top: Fractional sunspot area of the visible solar disk
versus time. Bottom: The solar butter y diagram. Fractional sunspot area in equal area
latitude strips versus time and latitude. From Hathaway (2015), with permission.

along the wave path. The characterization of the waves and the analysis of oscillation
power spectra enabled us to look into the solar interior and thus increased our knowledge
about the Sun dramatically.

We now know the interior rotation pro le for a signi cant part of Sun (Fig. 1.2), in
particular that the dierential rotation rate increases with depth close to the surface (in
the near-surface shear layer) and that the rotation becomes uniform ar@ud(at the
so-called tachocline), see e.g. Howe et al. (2000) and the reviews by Thompson et al.
(2003) and Howe (2009). Additionally we know that there is 40 ms?! poleward belt
ow, the meridional ow (Hathaway 1996). The sunspot area and the magnetic eld as a
function of time and latitude (Fig. 1.1, bottom panel, and Fig. 1.3), the so-called sunspot
and magnetic butter y diagrams, are routinely recorded nowadays. Both the rotation
and the meridional ow vary along with the solar cycle in the form of bands of faster-
and slower-than-average velocities (Fig. 1.4), called torsional oscillations (Howard and
Labonte 1980) and residual meridional ow (Snodgrass and Dailey 1996, Beck et al.
2002), respectively. This indicates that there is a link between ows and magnetic activity.
Helioseismology also allows us to de ne standard solar reference models such as Model S
(Christensen-Dalsgaard et al. 1996) as well as to determine such fundamental parameters
as the age of the Sun.

Finally and maybe most importantly, our knowledge about the energy transport in the
Sun has improved signi cantly thanks to helioseismology, through interior density and
sound speed pro les. These results enabled us to locate the base of the solar convection
zone at roughly @ R , close to the tachocline (Christensen-Dalsgaard et al. 1991). Be-
low this region, energy generated by nuclear hydrogen fusion in the solar core is carried
by photons, while above convection (plasma motions carrying heat) dominates the energy
transport. At the same time we think that the majority of magnetic ux originates at the
base of the convection zone and moves toward the surface in the form of ux tubes. There

16



Figure 1.2: The solar dierential rotation. Left: Contours of the rotation rate in a merid-
ilonal plane (the solar rotation axis is pointing upwards). The dashed lines indicate a 25
angle from the rotation axis. Right: Rotation rate versus radius, fogrdnt latitudes.
From Howe (2009), with permission.

Figure 1.3: The solar magnetic butter y diagram. Radial magnetic eld, averaged over
longitude, versus time and latitude. The image also visualizes Hale's law and Joy's law
(see text). From Hathaway (2015), with permission.
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Figure 1.4: Top: Torsional oscillations, i.e. zonal ows as a function of time and lati-
tude after subtraction of the time-independent component and averaged over longitude.
Bottom: Residual meridional ow, i.e. the analogue for the meridional ows. Positive ve-
locities indicate prograde and northward motions, respectively. The images combine data
at a depth of ZL Mm from three di erent instruments, with derent observation periods
(vertical dashed lines). The solid black lines show magnetic eld contours (5, 10, 20 and
40 G), smoothed over ve solar rotations. From Komm et al. (2018), with permission.

it appears in the form of patches of high magnetic eld (active regions) and their inten-
sity counterparts, sunspots (which appear dark as they are cooler than their surroundings
due to the magnetic eld inhibiting the convection), see Parker (1955) and Cheung et al.
(2010).

The deep connection between the solar activity and ows then naturally raises the
guestion as to how the magnetic eld and the eliential rotation are maintained via a
solar dynamo process and also how large-scale ows come into play there. For a review
on large-scale dynamics in the convection zone, we refer the reader to Miesch (2005).
Apart from the rotation and the meridional circulation, such large-scale ows include for
example convective motions, ows around active regions and a new, recently observed
type of waves known as Rossby waves. As this thesis is indeed about observations of
large-scale ows in the solar interior, in the following sections we want to give further
details on each of them.

18



1.2 Flows in and on the Sun

1.2.1 Rosshy waves

Rossby waves were rst described in detail by Rossby (1939) and Rossby (1940). They
can exist on rotating uid bodies and are a type of inertial waves. As such their restoring
force is the Coriolis force. In particular, most relevant for the existence of Rossby waves
Is that the strength of the Coriolis force, quanti ed by the Coriolis paramiete2 sin

(with  the angular rotation rate related to a rotation vector  2), depends on the lat-
itude . Let us brie y see why this causes an oscillatory motibtere, we describe the
Rossby waves in the framework of theshallow-water-approximatign.e. we consider

a uid whose horizontal length scale vastly exceeds its vertical length scale. The ver-
tical ow velocity is considered to be small compared to the horizontal ow velocity.

The ow is assumed to be incompressible, i.e. the uid should be divergence-free,
and only one depth layer (the surface) is taken into account.

Assume that we have a small uid parcel that rotates with the body. We assume that
the parcel initially does not have any relative vorticity, i.e. = r  u = 0 (for any
velocity u). However, the rotation itself causes a planetary vorticify 2 . Under the
assumption that all motions occur only horizontally on the surface of the body, the relevant
contribution to  is essentially the locally vertical (radial) componént Therefore when
the parcel is perturbed and displaced in latitude (say locally northward), this results in a
change of the planetary vorticity,. However, because the potential vorticity, closely
related to the absolute vorticity, = , + |, must be conserved, this then induces a
relative vorticity that is in the opposite direction. In this way the change of the Coriolis
force with latitude provides a restoring force, causing the wave motions of the Rossby
waves.

From theory, we know that Rossby waves obey a simple relation between frequency
I and wavenumber (azimuthal ord@r angular degree). Their dispersion relation is

2 m
CrD)
The minus sign shows that the phase speed of the Rossby waves is negative and that these
waves thus propagate in the retrograde direction. The above dispersion relation can be
derived from the equation of motion (momentum equation), including the Coriolis term,
but it requires three assumptions. First, the uid body is assumed to rotate uniformly, i.e.

is constant. The second assumption is that the ows are restricted to the surface of the
sphere and purely horizontal, i.e. there are no radial motions. Finally, it is assumed that
the horizontal divergence of the ows is zero, i.e. there are no sources or sinks of the
ows. This implies that the horizontal velocities are purely vortical and can be written as
the curl of a stream function( ;' ) that depends on latitudeand longitudé and which
points radially away from the surface. Theory suggests that the ow eld associated with
single Rossby wave modes (Fig. 1.5, left panel) is given by spherical harmonics (Saio
1982). If (;' ) is proportional to sectoral (= m) spherical harmonics (we will see in
Sect. 2.4.3.3 that the= m component is the dominant contribution in horizontal Rossby
wave eigenfunctions of the radial vorticity), the prograde ayw= % IS anti-symmetric

in latitude and the northward owy = %% is symmetric. These symmetries can also
be seen in the left panel of Fig. 1.5.

(1.1)
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Figure 1.5: Left: Schematic ow eld for the Rossby mode with= m = 3. Rossby
waves are retrograde-propagating vortex patterns. From Saio (188%S. Repro-
duced with permission. Right: Power spectrum of solar Rossby waves. The power of the
radial vorticity is shown as a function of frequency and azimuthal order in the co-rotating
reference frame. The solid black line indicates the simple theoretical dispersion relation
for the sectoral’ (= m) case (see text). Rossby wave modes are detecteal foB. From
Loptien et al. (2018), with permission.

Rossby waves were rst discovered on Earth, where they appear in the atmosphere,
but also in the ocean (Chelton and Schlax 1996). The atmospheric Rossby waves are
connected to large-scale meanders observed in the jet stream and to the transport of cold
air from the poles toward the equator and of hot air from the tropics toward the poles (e.g.
Holton 2004). The oceanic Rossby waves are important for the propagation of ocean-
climate signals, such as the El Nifio phenomenon (Lachlan-Cope and Connolley 2006).
On Earth, Rossby waves thus play a key role in shaping the weather and climate.

However, while the theoretical existence of Rossby waves on the Sun was already
postulated roughly 40 years ago (Papaloizou and Pringle 1978), the observational history
of solar Rossby waves was for a long time marked by ambiguous detection claims (Kuhn
et al. 2000, Williams et al. 2007, Sturrock et al. 2015, Mcintosh et al. 2017). Only very re-
cently, Loptien et al. (2018) provided convincing observational evidence for solar Rosshy
waves (including an identi cation via the dispersion relation). Loptien et al. (2018) used
ow measurements obtained from local correlation tracking (Sect. 1.5.1) to study the ra-
dial vorticity eld on the Sun and they detected a large-scale (azimuthal onderl5)
oscillatory pattern near the equator, with lifetimes of several months. The observed dis-
persion relation of these waves is consistent with the textbook equation (Eg. 1.1) for the
case of sectoral waves, ie.= 2 Hm+ 1), where =2 = 4531nHz is the equatorial
rotation rate of the Sun (Fig. 1.5, right panel). Loptien et al. (2018) also showed that
the eigenfunctions of solar Rossby waves are not the purely sectoral spherical harmonics
expected from early theories (Fig. 1.5, left panel).
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Liang et al. (2019) later con rmed the Rossby wave detection of Loptien et al. (2018)
via time-distance helioseismology (TD, Duvall et al. 1993). Time-distance helioseismol-
ogy is a widely used method of local helioseismology (Sect. 1.5.2). The basic idea is
that, in the presence of a ow, waves travelling between two points on the solar surface
propagate faster in the direction of the ow than against it. This directional asymmetry
can be measured in the form of travel-time eliences which can be converted into ow
velocities by solving an inverse problem. Via drent measurement geometries, ows in
the prograde or the northward direction and even the horizontal divergence and the radial
vorticity can thus be retrieved. Further information about time-distance helioseismology
can be found for example in Gizon and Birch (2005). The Rossby wave con rmation by
Liang et al. (2019) is crucial since it relies on an independent method and thus shows that
the results obtained by Loptien et al. (2018) are robust. Hanasoge and Mandal (2019) and
Mandal and Hanasoge (2020) also detected and characterized Rossby modes with odd
via yet another method called normal-mode coupling. Another Rossby wave con rmation
was provided by Hanson et al. (2020) via ring-diagram analysis.

It has been suggested that Rossby waves could help in maintaining the s@ar di
ential rotation (Ward 1965) or zonal jets on Jupiter (Liu and Schneider 2011). However,
purely sectoral Rossby waves do not transport angular momentum. Gilman (1969) and
Wol and Hickey (1987) proposed that the magnetic eld could be modulated by Rossby
waves. It might also be interesting to study the possible interactions between convection
and the Rossby waves, (e.g. Vallis and Maltrud 1993). While much of this is currently
not much more than speculation, for sure the discovery of solar Rossby waves opens a
new way to probe the solar interior. Similar to other, well-known types of waves com-
monly used in helioseismology, mode frequencies and eigenfunctions can be measured
for Rossby waves. This might allow us to test the validity of existing Rossby wave the-
ories and to study the ects of di erential rotation and potentially the magnetic eld on
this type of waves.

1.2.2 Convective ows

As brie y mentioned before, the transfer of energy generated via hydrogen fusion inside
the Sun relies on two derent physical processes. In the inner 70 % of the solar radius
radiative transfer (i.e. via photons) is the dominant transport mechanism while in the outer
30 % convection (i.e. bulk plasma motions) carries the energy outwards (Fig. 1.6). Most
interestingly, the convection and the related ows occur in a cell-like form on distinct
spatial scales. This has led to a categorization into granules, supergranules and giant
cells.

Granulation (Fig. 1.7, top left panel) is the smallest scale of convection and was rst
observed by Herschel (1801). The term refers to the grainy patterns seen on intensity
images of the Sun. Granules are visible as small bright cells with a diameter of roughly 1-
2 Mm (Rieutord et al. 2010), or equivalently an angular degree 02000-4000. These
cells are relatively shallow and separated by dark narrow lanes, the intergranular network.
Granules have a vertical extent of roughly 300 km or less (Nordlund et al. 2009). They
have short lifetimes of 10 min. The ows on this scale have velocities typically around
1-3kms?! as seen in simulations (Stein and Nordlund 1998, Nordlund et al. 2009) and
observations (Oba et al. 2017), although in rare cases granules can also reach very high
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Figure 1.6: Interior solar structure. The energy is transported outwards from the solar core
through radiation in the inner and through convection in the outer layer, until it reaches
the visible surface, the photosphere. By using solar oscillations that pass through the op-
tically thick matter below the photosphere, probingafient regions, we can study the
solar interior (see text). Frormittps/Avww.esa.inScience_Exploratid®pace_Sciente
Gravity_waves_detected_in_Sun_s_interior_reveal_rapidly_rotating, cooertesy of
ESA/NASA, with permission.

velocities up to  10kms?!. Plasma moves upwards until it reaches the surface, where
it diverges horizontally and is radiatively cooled. In this process, the ionized hydrogen
captures free electrons and releases ionization energy in the form of photons. The still
partially ionized plasma then concentrates in cooler down ow lanes, sinks into the solar
interior and is heated and ionized anew. Granulation is well reproduced by simulations,
see e.g. the review by Nordlund et al. (2009).

Supergranulation (Fig. 1.7, top right panel) occurs on a larger spatial scale around
angular degree 120 (Hathaway et al. 2000). This means that supergranules have typ-
ical length scales on the order of 30 Mm. Their discovery is attributed to Hart (1954).
Unlike granules, this convective scale is best observed in the line-of-sight (LOS) veloc-
ity, i.e. in Dopplergrams, where the supergranulation can be seen as a pattern covering
the whole visible solar disk. Supergranules also evolve on much longer timescales than
granules, with typical lifetimes of 1-2 days. Their ows have amplitudes of approxi-
mately 300 m st in the horizontal direction and are much weaker in the vertical direction
(Rincon and Rieutord 2018). The ows can be easily observed in maps of the horizontal
divergence. There is a wide variety of open questions concerning the Sun's supergranula-
tion, as described in the review by Rincon and Rieutord (2018). Contrary to granulation,
which is relatively well understood and successfully reproduced in simulations, the origin
of the supergranulation is not clear yet. Although thermal convection is the most likely
explanation of its existence, we do not yet understand why supergranulation stands out as
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a distinct scale of convection. Also, it is currently unknown how deep exactly the super-
granules extend into the convection zone. Supergranules are known to rotate faster than
their surroundings and Gizon et al. (2003) suggested that this apparent super-rotation is
linked to a wave-like character of this convective scale. Further evidence for this was
given by Schou (2003) and Langfellner et al. (2018).

Giant cells (Fig. 1.7, bottom panel) are the largest scale of convection, with horizontal
extents of 200Mm*(  20) or more (e.g. Miesch et al. 2008). Typical velocity scales
for the largest cells should be 100 M ®r less. Although scientists hypothesized on the
theoretical existence of giant cells not long after the supergranulation pattern had been de-
tected (Simon and Weiss 1968), this scale of convection continues to remain elusive even
nowadays: Although they clearly appear in simulations (Miesch et al. 2008), unfortu-
nately convincing observations for giant cells are sparse at this moment. While Hathaway
et al. (2013) claim to have detected evidence for giant convection cells at high latitudes
(around 60)in ow maps, it is currently unclear whether the observed large-scale fea-
tures are indeed of convective origin. The authors report lifetimes of at least a few months,
in line with theoretical expectations. Giant cells are likely stronglgaed by the solar
di erential rotation, possibly being sheared by it. Likewise they could potentially play an
important role in angular momentum transport from the higher latitudes to the equator and
could thus help in maintaining the latitudinal rotation gradient (Hathaway et al. 2013).

While the convective energy spectrum at large angular degrees (small spatial scales)
and close to the surface is comparatively well understood, the dynamics are much less
clear deeper in the convection zone and at large spatial scales. Below, we want to brie y
introduce several existing results. These results will be re-evaluated in Chap. 3.

Hanasoge et al. (2010) and subsequently Hanasoge et al. (2012) have employed time-
distance helioseismology to obtain horizontal ows. They applied a spectral analysis on
their obtained horizontal ows to estimate the strength of the convectior®&t®, up to

60 (Fig. 3.1, Original HDS2012). The measured root-mean-square (rms) velocities
(on the order of 1m$) and the energy were roughly two and four orders of magni-
tude smaller, respectively, than those reported from previous simulations by Miesch et al.
(2008) with the Anelastic Spherical Harmonics code (ASH, Clune et al. 1999, Brun et al.
2004) at @8R (Fig. 3.3, ASH). The ASH code simulates the entire convection zone in
a spherical geometry at low resolutitow .

If the Hanasoge et al. (2012) measurements were true, this would have serious con-
sequences for the solar angular momentum transport. It would also imply that current
models of convection such as the mixing length theory (convective parcels travel over a
certain mixing length, keeping their identity, and then release their energy and dissolve
into their surroundings, see Prandtl 1925 and Bohm-Vitense 1958) and modern simula-
tions, e.g. with the ASH code, fail to accurately describe the physics occurring inside the
Sun. Evidently the consequence would be no less than the need to completely rethink our
picture of convection (Gizon and Birch 2012). This is also referred to as the convective
conundrum.

Gizon and Birch (2012) showed another, independent, simulation resu@&RQ
inferred using the stagger code (Fig. 3.3, stagger) from Stein and Nordlund (2006). Stag-
ger simulates layers close to the surface at high resoltiigim™. Additionally, Gizon
and Birch (2012) presented an energy spectrum (Fig. 3.1, Original R2012) from Roudier
et al. (2012), who used granulation tracking (Sect. 1.5.1) to derive horizontal velocities
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