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Foreword

Anywhere we look in the Universe, the magnetic fields exist and can be observed, whether we investigate
the planetary magnetic field, solar and star activity, the role of magnetic fields in the evolution of dense
clouds, or the star formation process or the large-scale magnetic fields of galaxies. Dynamo theory
branch of fluid mechanics explains the origin of these magnetic fields and describes the variations over
astronomical time scales. In streaming conductive fluid, electrical currents are induced from the initial
magnetic field, described by the Faraday’s law of induction, named after Michael Faraday who discovered
in 1831 that the magnetic field interacts with an electric current to produce an electromotive force, called
electromagnetic induction. According to Ampre’s law, the electric currents produce magnetic field that
reacts to the fluid motion, and this magnetic field is added to the initial field that is, the magnetic field
grows.

The Sun’s large-scale magnetic field varies on wide spatial and temporal scales. The cyclic regener-
ation of large-scale magnetic field produces sunspots, flares, filaments, and all phenomena at the surface
and in the atmosphere, known as solar activity collectively. The cyclic variation of the large-scale com-
ponent of the solar magnetic field occurs approximately 11 years. This short cycle period points to the
Sun’s large-scale magnetic field being created by a hydromagnetic dynamo working in the convection
zone. The origin of solar activity is one of the greatest unsolved problems in astrophysics. To find the
answers, over the past half a century several dynamo models have created what can be divided into four
classes of large-scale dynamo models. One of them is the widely used Babcock-Leighton flux transport
dynamo model, responsible to a number of successes in recent years.

This thesis is organized in five parts. The first part gives a brief history of solar physics and highlights
the most important milestones in the discovery of the solar cycle and the phenomena of solar activity,
as the ”toolbar” of solar physics. The second part describes the mechanisms of the magnetic field
generation and gives a detailed picture of the Babcock-Leighton solar dynamo model with its success and
drawbacks. The remaining three parts submit our results, what are mainly grouped into two topics. One
is the observed North-South asymmetry on the Sun. The other is the effect of meridional circulation,
which has a key role in the Babcock-Leighton fluxtransport dynamo models.

My thesis is an overview of my research during the doctoral fellowship at the E6tvos Lorand University
and the fellowships at the High Altitude Observatory (HAO) of the National Center for Atmospheric
Research (NCAR) in the United States. For the help and support, for the unforgettable and very useful
time at NCAR HAO, as well as for the work of publicated papers I am indebted to my co-supervisor,
Mausumi Dikpati.



DISCOVERY Milestones

1. Discovering the Solar Cycle

1.1. Milestones in the Discovery of the Solar Cycle

Earliest records of visible dark spots on the Sun came from the 4th century BC. In
Europe, sunspots were first observed telescopically by Fabricius and Herriot in 1610. In
1612, Scheiner also published his observations, and he thought that spots are planets.
Galileo Galilei disagreed, he inferred in the ”Istoria e demonstrazioni alle machi solari”
that sunspots are on the solar surface. Starting from 1645 to 1715, sunspots became
extremly rare, as noted by solar observers, Cassini and Hevelius (Ribes & Nesme-Ribes,
1993).

The solar cycle, average eleven-year cycle for the frequency of sunspot presence, was
discovered by Samuel Heinrich Schwabe in 1843 (Schwabe, 1843). Five years later, Wolf
defined the relative sunspot number, that measures the number of sunspots and groups of
sunspots present on the solar surface (Wolf & Brunner, 1936). When Schwabe discovered
the sunspot cycle, some years later, Wolf, Sabine and Gautier recognized that solar cycles
affected the Earth’s magnetic field, connected with the geomagnetic storms (Cliver, 2005).
Carrington’s work is given a lot to solar physics. Carrington observed the sunspots for
many years (1855-1861). He accurately identified the rotation rate of the Sun (Carrington,
1863) and discovered the migration of sunspots during the solar cycle (Carrington, 1858)
and observed a solar flare for the first time (Carrington, 1860). In 1861, Sporer predicts
the distribution of sunspot latitudes during a solar cycle, (Sporer’s law, Sporer, 1889).

In 1874, Langley gave a detailed description of the Sun’s photosphere structure, called
granulation (Langley, 1874). He discovered that granules represented the points where hot
currents were ascending from the interior of the Sun and cooler currents descend among
the hot cells. Spicules were discovered three years later by Father Angelo Secchi of the
Vatican Observatory in Rome. In 1908, Hale observed the Zeeman effect in sunspots using
a spectroheliograph. This was the first indication that sunspots were basically magnetic
phenomena (Hale, 1908). In 1909, John Evershed discovered the Evershed effect, the
radial flow of plasma across the penumbra of sunspots from the inner border with the
umbra towards the outer edge, (Evershed, 1909). Biermann’s (1941) suggestion that
sunspots are relatively cool owing to the inhibition of convection by their magnetic field,

is now generally considered to be basically correct, although it is realized that significant
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convective transport of energy must occur in order to maintain the brightness of umbra,
(Meadows, 1970).

In 1934, Cowling published an anti-dynamo theorem, an axisymmetric magnetic field
cannot be maintained via dynamo action. Hans Bethe won the Nobel Prize in Physics
in 1967 for his work on the theory of stellar nucleosynthesis. He proposed the carbon-
nitrogen-oxygen and proton-proton chains as an explanation for the source of solar energy
in 1938 (Bethe & Critchfield, 1938). Some years later, in 1951, laboratory experiments
began on the magnetic containment of plasma to fusion at 10° K among light atoms and
release energy. In 1952, Babcock invented the magnetograph to give a great improvment
to measurement of solar magnetic fields.

The five-minute solar oscillations were discovered by Leighton in 1962. Helioseis-
mology is a powerful tool to study the interior of the Sun from surface observations of
naturally-excited internal acoustic and surface-gravity waves. The fundamental data of
modern helioseismology are high-resolution Doppler images of the Suns surface. Today,
the development of local helioseismology is fuelled by high-quality data from space and
ground based networks. The methods and the results of the helioseismology are outside

of the thesis topic. A detailed summary about helioseismology is (Gizon & Birch, 2005).

1.2. Indicators of Solar Magnetic Cycle

The observation and study of sunspots was the first researches on solar activity. The 11-
year solar cycle is characterized by reduction and increase in the numbers of sunspots and
sunspot groups. There are other solar activity indicators on the Sun, including the solar
flares, the coronal mass ejections, the 10.7 radio flux and the total solar irradiance. There
are also indicators on the Earth, including 4C and °Be radioisotopes in tree rings and ice
cores and geomagnetic activity, what are varying in association with the sunspots. Near
the spots, bright torches called faculae are seen many times. In later spectroheliograph,
observations made in chromospheric lines, bright plage regions were seen across the whole
disk in the chromosphere of the Sun closely to faculae and sunspots in the photosphere
below. Accordingly, plage occurs most visibly near a sunspot region. The lengthwise,
dark filaments also stand out by these narrow-band observations in the neighborhood of
the spots and plages. A prominence is a large, bright, gaseous feature extending outward
from the Sun’s surface, often in a loop shape. Prominences are anchored to the Sun’s

surface in the photosphere, and extend outwards into the Sun’s corona. Prominences
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and filaments are really the same, but they look bright or dark depending on what is in
the background. The extended areas where spots, faculae, plages, and filaments occur
together are called active regions, are also the locations of powerful explosions observed
as flares.

Based on our current knowledge, the phenomena of solar activity are directly connected
with the Sun’s strong and complex magnetic field. Because the so-called a-effect of the
Babcock-Leighton flux-transport dynamo model originates in decay of the tilted bipolar

active regions, primarily I dealt with sunspots in detail in this section of the thesis.

1.2.1. Structure of Sunspots

Sunspots are temporary phenomena on the Sun’s photosphere. The grand sunspots can
have a temperature of 3700°C, which is much lower than the temperature of the pho-
tosphere, about 5750°C. A typical structure of the sunspots consists of dark featureless
umbra at the core of a spot and less dark penumbra that surrounds it that has a filamen-

tary structure, with largely radial rays that are alternately bright and dark.

Figure 1: High-resolution white-light images of a large sunspot.

(Source: http://apod.nasa.gov)

Solar pores are sunspots lacking penumbrae, below about 2000 km in diameter and

represent the first stage of sunspot evolution. The typical lifetimes of solar pores are a
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few tens of minutes, in contrast with sunspots, which last several hours up to days and
even weeks. The fine structure of umbra includes umbral dots and light bridges. The
penumbra extends the spot diameter to 50000 km or more in the very largest spots. The
ordinary shape of the penumbra is generally irregular and depends significantly on the
evolutionary stage of particular sunspot. The mainly radial fine structures of penumbra
are bright and dark elongated penumbral lanes. For widespread overview the sunspot
structure, read (Solanki, 2003).

The spots are grown from pores. The pores are up to about 2500 km and are brighter
than a sunspot’s umbra. Only near the active regions observed pores turn into spots. Not
all pores develop into sunspot regions, but those that grow into sunspots by coalescence of
smaller spots and development of the penumbra, go through an interesting evolution over
a period of hours to days. Subsequent growth of spots can be extremely rapid, and their
maximum area can be achieved within 1-5 days (Figure 2). The largest spots tend to form
in the side of bipolar group. Follower spots tend to be smaller and greater in number. The
Zurich classification system describe the evolution of sunspot groups through a different
morphological stages.

The process of spot group decay is well observed at the photosphere. The decay rate
is different for large stable spots and for small spots, independing of area. Diffusion
carries away small unipolar magnetic elements from the edge of the spots into the plage,
intensifying the network around active region (stages G, H and J). Horace W. Babcock
developed a model to account for the varying configuration of the Sun’s magnetic field
and for the explaining a number of solar phenomena that are dependent on the field. The
most crucial of the observations to be accounted for are taken to be (1) the reversal of
the main dipolar field, (2) Sporer’s law of sunspot latitudes, (3) Hale’s laws governing the
magnetic polarity of sunspots, and (4) the fact that bipolar magnetic regions disappear by
expanding (Babcock, 1961). The tilt of sunspot pairs away from the east-west direction,
as represented by Joy’s law, in effect generates a North-South (poloidal) component from
an initial east-west (toroidal) magnetic field. An equivalent viewpoint is that the twist
imparted by the Coriolis force on the rising flux ropes inducing a mean poloidal field.
Dynamo models relying on this poloidal field regeneration mechanism are labelled as
"Babcock-Leighton dynamos”. In Section 2 the Babcock-Leighton dynamo is presented

in detail.



Modified Zurich Sunspot Classifications

Configuration of Group Penumbra of the largest Spot Distribution of Spots
Class A This configuration consists of a
small single spot with no penumbra Class x no penumbra Class x
‘_ . Single
4 Class B Class B describes a bipolar group
of spots without penumbrae.
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Class C A bipolar group, one spot with Class o
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spots show penumbrae.
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groups extending over 10° and 15° in . Class a small asymmetric Intermediate
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Figure 2: The magnetic classification of sunspots based on the Zirich/McIntosh system. Using the McIntosh Sunspot Classi-
fication Scheme (McIntosh, 1990) spots are classified according to three descriptive codes. The first code is a modification of
the old Zurich scheme. The second code describes the penumbra of the largest spot of the group and the third code describes

the compactness of the spots in the intermediate part of the group.
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1.2.2. Magnetic Field of Spot Groups

In the convection zone large and small-scale magnetic fields are generated. Active regions
on the solar surface are generally thought to originate from a strong toroidal magnetic
field generated by a deep-seated solar dynamo mechanism operating at the base of the
solar convection zone. Thus the magnetic fields need to traverse the entire convection
zone before they reach the photosphere to form the observed solar active regions. Under-
standing this process of active region flux emergence is therefore a crucial component for
the study of the solar cycle dynamo (Yuhong, 2009).

The magnetic field permeates sunspots; it is responsible for the coolness and dark-
ness of sunspots by greatly reducing the convective transport of heat from below. The
Sun’s average field is very low, 1 —2G. The peak magnetic field of the sunspot um-
bra is 3000 — 4000 G (0.3 —0.4T) and the field of the penumbra reaches the values of
700 — 1000 G (0.07 — 0.1'T) at the edge of the visible sunspot. Usually, the darkest part
of the umbra associated with the strongest field and it is generally close to vertical, while
at the penumbra it is inclined by 70 — 80 degree to the vertical.

The most widely accepted explanation of the sunspot’s coolness and of the fate of
the missing energy is the inhibition of the convection by the magnetic field. (Biermann,
1941) suggested that the magnetic field suspends the convection completely in the first
few thousand kilometers of the convection zone. Cowling’s (1934) suggestion was that the
magnetic field inhibits the convective heat transport partially inside the sunspots, but
that it is less powerful than outside. Convective flows are inhibited if the magnetic field
energy density B?/87 is much larger than the kinetic energy density pr?/2 of the convec-
tion, assuming that the effect of the magnetic freeze is working and the magnetic Reynolds
number is large enough (R, > 1). The intensity of the umbral field is 3000 — 4000 G,
which is more than enough to the convective motions at the photosphere. In this expla-
nation of spot coolness, an equilibrium would be reached in which the convective heat
flux blocked below the spot would simply flow around it. (Foukal, 2004)

The structure of the sunspot is determined by the interaction of the magnetic field
with the convection movements in the upper part of the convection zone. (Thomas et
al., 2002) suggested a remarkable interlocking-comb structure to the penumbral magnetic
field. The penumbral field lines dive down below the photosphere at the edge of the
penumbra, but they rise up to the surface quickly by the magnetic buoyancy and they

dive again.
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Figure 3: Sketch showing the interlocking-comb structure of the magnetic field in the
filamentary penumbra of a sunspot. The bright radial filaments, where the magnetic field
is inclined (at about 40° to the horizontal in the outer penumbra), alternate with dark
filaments in which the field is nearly horizontal. Within the dark filaments, some magnetic
flux tubes (that is, bundles of magnetic field lines) extend radially outward beyond the
penumbra along an elevated magnetic canopy while other, returning flux tubes dive back
below the surface. The sunspot is surrounded by a layer of small-scale granular convection
(thin squiggly black arrows) embedded in the radial outflow (thick curved brown arrow)
associated with a long-lived annular supergranule (the moat cell). The submerged parts of
the returning fluz tubes are held down by turbulent pumping (indicated by thick vertical
brown arrows) due to granular convection in the moat. There is also a persistent horizontal
outflow in the penumbra (the Evershed flow), which is mostly confined to thin, nearly
horizontal, radial channels within the dark filaments.

(Source: Thomas et al., 2002)
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: /ﬁpergranular convection
Penumbra .

Figure 4: Moving magnetic features (MMFs) in the moat around a sunspot. Representative
magnetic field lines of both the inclined magnetic field (red) in the bright filaments and
the nearly horizontal magnetic field (blue) in the dark filaments are displayed. The sketch
shows the configuration of MMF's of three types (I, I, I11), interpreted in terms of magnetic
flux pumping by granular convection in the sunspot moat. Type I MMFs are bipolar pairs
of magnetic footpoints moving outward together at speeds of 0.5 — 1km/s, with the inner
footpoint usually having the same polarity as the spot. Type II MMF's are single footpoints,
with the same polarity as the sunspot, moving outward across the moat at speeds similar to
that of type I MMFs. Type II MMFs are associated with flux tubes peeling off the sunspot
and being transported horizontally outward by convection; they cause a loss of magnetic
flux and decay of the sunspot. Type III MMFs are single footpoints with polarity opposite
that of the sunspot that move rapidly outward at speeds of 2 — 3km/s.
(Source: Thomas et al., 2002)

The discovery of starpots, faculae, and magnetic cycles on other stars has brought
new observations to bear on the topic of solar activity and opened new possibilities for
applying the advances in understanding gained from studying these phenomena on the

suil.

1.2.3. The Butterfly Diagram

More than 150 years ago, scientists learned that the number of sunspots varies cyclically,
with a period of approximately 11 years. About 110 years ago, Maunder demonstrated
that the location of sunspots varies throughout the sunspot cycle (Maunder, 1904). At

the start of each cycle, at solar minimum, the sunspots appear at latitudes about 35°
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North and South, symmetric about the equator. Sunspots emerge closer and closer to the
equator in the course of a cycle, peaking in coverage at about +15° of latitude. Towards
the end of a cycle, sunspots can be seen quite close to the solar equator, around 7° North
and South latitude (Spérer’s law, Sporer, 1889). Edward Walter Maunder, constructed
the first "butterfly diagram”, showing the positions of the sunspots for each rotation.
This diagram shows that these bands first form at mid-latitudes, widen, and then move
toward the equator as each cycle progresses. The sunspot groups are tilted with respect
to the equator, the leading spots always are closer to the equator than the following spots.
The tilt angle depends on the latitude. (Joy’s Law, Hale et al., 1919)

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS
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Figure 5: The cycle of solar activity, shown as the area covered by spots each day, averaged
over a month (top) and as the area covered at various latitudes each day, averaged over
a month (bottom), from 1875 to 2015. The latitude graph shows the butterfly pattern
caused by spots appearing near mid-latitudes at the start of a solar cycle, and closer to
the Equator near the end of the cycle.

(Source: http://solarscience.msfc.nasa.gov)

Sunspot activity cycles are average about eleven years, the shortest is eight years, the
longest is fifteen years. The amplitude is variable, and the stronger cycles are shorter. The
modern understanding of the sunspot cycle starts with George Ellery Hale, who observed

in 1908 the Zeeman effect in the sunspots using a spectroheliograph and discovered that

10
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sunspots have magnetic fields, reverse every 11 years and the solar magnetic activity
cycle is average 22 years, covering two polar reversals of the solar magnetic dipole field.
Sunspots come in pairs with opposite magnetic polarity. During a given sunspot cycle,
the leading sunspots groups have the same polarity in one hemisphere of the Sun. During
the next sunspot cycle, the polarity is changed, the polarity of the leading spots in each

hemisphere is opposite from what it was in the previous cycle. (Hale’s Polarity Law)

Cycle 22 Cycle 23
1989 August 02 2000 June 26

Figure 6: Hales Polarity Law. Magnetogram from sunspot cycle 22 and 23 are shown.
Yellow denote positive polarity and blue is negative polarity. Leading spots in one hemi-
sphere have opposite magnetic polarity to those in the other hemisphere and the polarities
reverse from one cycle to the next.

(Source: Hathaway, 2010)

A number of relationships have been found between various sunspot cycle charac-
teristics. One of the more significant relationships is the Waldmeier Effect. This is an
anticorrelation between the peak in sunspot number of a cycle and the time from mini-
mum to reach that peak. Also an empirical rule is the Gnevyshev-Ohl rule, the sum of

sunspot numbers over an odd cycle exceeds that of the preceding even cycle.
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2. Making a Solar Dynamo Model

2.1. Dynamo Theory

The dynamo converts kinetic energy into magnetic energy. The dynamo theory proposes
a mechanism by which a celestial body such as Earth or a star generates magnetic field.
The dynamo theory of astrophysical bodies uses magnetohydrodynamic equations to in-
vestigate how magnetic field can be regenerated continuously.

Physically, the dynamo produces finite strong magnetic field in a rotating, convect-
ing, and electrically conducting fluid from an arbitrarily low energy field and maintains
the magnetic field over long time scales. If the fluid motion is sufficiently complex, the
magnetic field can be maintained, the intensification of adjective fluid equilibrates the
diffusive decay. The dynamos are called self-sustaining dynamos. The solar dynamo is a
self-sustaining dynamo, which converts kinetic energy of the convection and differential
rotation within the Sun to magnetic energy.

In the kinematic dynamo theory the velocity field is prescribed, useful studying, how
magnetic field strength varies with the flow structure and speed. When the magnetic field
is weak that cannot affect the fluid motion by the Lorentz force, the dynamo is called
linear. When the magnetic field becomes streng enough to affect the fluid motions, the
dynamo is non-linear. Such dynamos are sometimes also referred to as hydromagnetic

dynamos. All dynamos in astrophysics are hydromagnetic dynamos.

2.2. The History of Solar Dynamos

Larmor suggested the inductive effect of the fluid motions in 1919, as one of the few
possible explanations for the origin of the magnetic field, opening the way to the solar
cycle modelling. Some decades later appeared the anti-dynamo theorem, that seriously
challenged Larmor’s conception. According to the anti-dynamo theorems, the success-
ful dynamos cannot possess a high degree of symmetry. The best known is Cowlings
anti-dynamo theorem; an axisymmetric magnetic field cannot be maintained through
self-sustaining dynamo action (Cowling, 1934). The theoretical modelling of the solar
cycle began with (Parker, 1955), which laid the fundamentals of the a-Q-dynamo theory.
Toroidal field generated from poloidal field by the (2-effect and the generation of poloidal

12
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field by helical turbulence (a-effect) occurring in the same location inside the convec-
tion zone (Parker, 1955). Parker showed that the Coriolis force could originate twists
to the rising turbulent fluid elements, breaking the axisymmetry and getting around the
Cowlings antidynamo theorem. By the 1970s, mean-field electrodynamics became the
fundamental theory for the solar dynamo modelling, including the a-effect of mean-field
electrodynamics.

However, serious problems appeared soon, and solar dynamo modelling has not yet
recovered from these troubles. First of all, the solar internal differential rotation is known
satisfactorily from the helioseismology. The solar-like dynamo solutions of mean-field
electrodynamics came from a markedly different differential rotation, namely the radial
differential rotation was assumed to be negative inside the main bulk of the convection
zone before helioseismology found that the differential rotation is primarily latitudinal in
the bulk of the convection zone, and the radial gradient exists in a thin layer, called the
tachocline, at/near the base of the convection zone. Furthermore, the radial gradient was
found to be positive in the sunspot latitudes (Brown et al., 1989). Thus classical mean-field
dynamos will produce poleward migration of the spot-producing toroidal fields. Second,
the magnetic fields was not remain in the solar convection zone for sufficient lengths of
time to become stong enough to produce the sunspots, because of the buoyancy effects.
In addition, numerical simulations showed such a magnetic field migration, which is not
observed on the Sun.

Two different approaches were proposed to solve these issues: (i) thin-layer or in-
terface dynamos; (ii) Babcock-Leighton dynamos. The latter includes a new physical
mechanism of the alpha-effect for poloidal magnetic field regeneration, namely the gener-
ation of poloidal fields at/near the photospheric surface due to the decay of tilted, bipolar
active regions. Since the Omega-effect layer was taken to be at/near the base of the con-
vection zone, the two generation layers were spatially separated (Babcock, 1961; Leighton,
1964). If the diffusion connects these two layers, the butterfly diagram will again reveal
poleward migration, because the Babcock-Leighton alpha-effect is positive by virtue of its
origin. Incorporating meridional circulation with poleward surface flow and an equator-
ward subsurface return flow and representing this circulation into the induction equations
for dynamo action, the Babcock-Leighton dynamos were simulated the butterfly diagram
with a new a-effect successfully. The Babcock-Leighton dynamos are the best example
of flux transport dynamos undisputedly. Over the past two decades Babcock-Leighton

type solar dynamo models have been successful in reproducing many solar cycle features

13
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including equatorward migration of sunspot belts, poleward drift of poloidal fields and
correct phase relationship between them (Wang et al. 1991; Choudhuri & et al. 1995;
Durney 1995; Dikpati & Charbonneau 1999; Guerrero & Munoz 2004; Jouve et al 2008).

2.3. The Basic Equations of Solar MHD and Mean-
Field Electrodynamics

2.3.1. The Solar Magnetohydrodynamics

This section will not discuss in every detail the stellar magnetohydrodynamics. I give a
brief overview of the basic equations of magnetohydrodynamics. For a overview the solar
magnetohydrodynamics, I suggest reading the (Priest, 2014).

For astrophysical plasma, we suppose the following conditions: (1) the collisional
mean-free path of microscopic constituents is much shorter than competing plasma length
scales, in this case, so the fluid motions are non-relativistic and the displacement current
is negligible; (2) there are not current sources in the plasma; (3) the charge density is
zero, the plasma is quasineutral; and (4) in the equations are prescribed the € = ¢y = 1
permittivity and g = po = 1 magnetic permeability of free space.

The Maxwell equations describe how electric and magnetic fields are generated and
altered by each other and by charges and currents. The four Maxwell equations in cgs

units,

V xB=—j, (1a)
10B
E- -2 1
V x v (1b)
VB =0, (1c)
VE = 0. (1d)

In these equations, B is the magnetic induction (units: 1T = 10*G), E is the elec-
tric field, j the current density, the speed of light in a vacuum is ¢ = (€)% =

2.998 - 1019 cms 1.
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If an external B-field is present and the plasma is moving at a non-relativistic velocity
v then the current induced by the Lorentz force on the charge carriers appears. Ohm’s

law states that the current density is proportional to the total electric field

j=0o(E+v xB). (2)

Maxwells equations (la-d) can then be combined using the Ohm’s law into a single
evolution equation
0B

Esz(va)—nVQB. (3)

The evolution of magnetic field described by the induction equation including the
presence of the velocity in (3). The plasma motion is, in turn, governed by equations of

continuity, motion and energy. The equation of mass conservation may be written

% +V(pv) =0, (4)

where p is the mass density.
The equation of motion, the Navier-Stokes equation with the Lorentz force may be

written

9,
p(a—z+(vV)v+29><v):—Vp+j><B—VV+VT, (5)

where the plasma pressure gradient Vp, the gravitational potential gradient VYV, V1 is
the viscosity term and the Lorentz force per unit volume is j x B and Coriolis force term
is 202 X v.

The Lorentz force is directed across the magnetic field and any motion or density

variation along field lines must be produced by gravity or pressure gradients

jxB=

(VxB)xB:(BV)B_v<B_2>. (6)
I 1 24

The first term on the right-hand side is the magnetic tension force, which is non-zero
if B varies along the direction of B and may be regarded as being produced by the effect
of a tension along B of magnitude B%/u per unit area. The second term represents a
magnetic pressure force due to a scalar magnetic pressure of magnitude B? /p per unit
area, the same in all directions. The Lorentz force therefore has two effects. It acts both
to shorten magnetic field lines through the tension force and also to compress plasma

through the magnetic pressure force. The tension produces a resultant force (normal to
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B) when the field is curved, while the magnetic pressure gives a resultant effect when the
magnitude of B is changing in a direction normal to B (Priest, 2014).
The energy equation states the rate of increase of heat for a unit volume. The heat

equation may be written

aUu

rn

where U the internal energy. The right side describes the rate of energy loss. (7, /47)|V

is the Ohmic dissipation, the V(F + F;) is the heat flux, and Sy represents the sum of

+va:Z—:_|V><B|2—V(J:+E)—5H, (7)

all the other heating sources. The heating term is Sy = pe + ¢,,, where € is the nuclear
energy generation rate (per unit mass) in the interior and ¢, is the viscous dissipation

rate. The magnetic diffusivity is

CQ

N = (8)

Ao,
2.3.1.1. Dimensionless Parameters

The magnetic Reynolds number is a measure of strength of the coupling between flow and
magnetic field and indicates the dynamic behaviour of a plasma. It gives an estimate of

the effects of magnetic advection to magnetic diffusion

Ry =20, ©

n
where vq is the plasma speed and ly is the length-scale. If R, < 1, the n magnetic
diffusivity strong, the magnetic field will diffuse away. If Ry, > 1, Alfvé’s theorem states
that the magnetic field lines tend to remain frozen into the plasma, so that magnetic field

behaves as if it moves with the plasma.

x B|?

The plasma beta is the plasma pressure (pg) divided by the magnetic pressure (pumag = B3/21)

(10)

The Rossby number is the ratio of inertial to Coriolis terms in the equation of motion.
A small Rossby number signifies strong Coriolis forces and a large Rossby number signifies
that the inertial and centrifugal forces dominate
Yo
Ry=—. 11
" 10 (1)

The magnetic Prandtl number compares the viscous and magnetic diffusion
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P, = = —. (12)
The Ekman number is the ratio of the viscous force to the Coriolis force

Ro 1%
E. =" = . 13
“T R (B 13)

The Taylor number measures the strength of the rotation

T=E" (14)

2.3.2. Mean-field electrodynamics

The theoretical modeling of solar cycle began with (Parker, 1955), laid down the basis of
solar a — 2 dynamo theory. Mean-field electrodynamics has evolved in the 1960s. The
evolution of the magnetic field described by the induction equation (3). The mean-field
electrodynamics expresses the velocity v and the field B as sums of slowly varying mean

parts and fluctuating parts

B=(B)+b, (15a)
v={(u)+Vv. (15Db)

The induction equation is divided (B) mean part and the b’ fluctuating part

9 (B) =V x ((u) x (B) +2) ~ V x (47 x (B)), (16)

%(b’> =V x ((u) x (b)Y +v' x (B) +G) =V x (nV x (b)), (17)

where ¢ = (v/ x b’) the turbulent electromotive force, G = v/ x b’ — (v/ x b’). The
correlation time and length of turbulent motion are 7 and A, tg and ly are the scale time
and length of variation of (u) and (B). If A <1y, and the turbulence is homogeneous and

isotropic, then € can be expanded according to the derivatives of B into a series

e=a((B)—-5(Vx(B)). (18)

Substitution into the induction equation yields
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o B) =V x (W) x (B))+V x a(B) =V x [(B+n) (Vx (B). (19
advective term turbulent term

The parameter « is called the kinetic helicity. The parameter § is the turbulent mag-
netic diffusivity, which comes from random movement of macroscopic turbulent elements.

If the turbulence is isotropic,

1
a = —gTV/v X v, (20a)

1
[ = gTV’Z. (20b)

Working in spherical coordinates r, § and ¢ and assuming

U = rsin 6Qey, (21)

the magnetic field can be expressed, the sum the toroidal and poloidal component

B(r,0,t) =B+ B, =V x (de;) + V x (V x Ae;) =V x (Ae,) + V x (Ae,). (22)

The poloidal component of the mean-field induction equation is

0A , 1
E‘O‘B%(V —mme) A (23)

The toroidal component of the mean-field induction equation is
9B A 2 2
[Q x (VA)} |~ VAL VB, (24)

ot

where the shear vector is

~

Q = rsin V. (25)

Equations (23) and (24) are the classical dynamo equations.
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2.4. The Solar Dynamo Problem

The cycle of solar activity is maintained by the dynamo process. In the solar dynamo
problem context, the circumstances and flow fields have to be identified which can sus-
tain the cyclic regeneration of the magnetic field. A model of the solar dynamo should

reproduce the observed features of the solar cycles.
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Figure 7: The average of cycles 1 to 23 (thick red line) normalized to the average amplitude
and period. The average cycle is asymmetric in time with a rise to maximum over 4 years
and a fall back to minimum over 7 years. The 23 individual, normalized cycles are shown
with thin black lines.

(Source: Hathaway, 2015)

Sunspots are caused by very strong, 1 — 2 kG magnetic fields on the Sun. The sunspot
pairs have opposite polarity in one hemisphere in one solar cycle. Since the field reverses
from one activity cycle to the next, the magnetic cycle actually has a 22-year period, the
magnetic period. The solar dynamo models have to reproduce the equatorward migration,
polarity reversals and the strength of the the sunspot-generating toroidal field.

The poloidal surface field migrates poleward on photospheric magnetograms and a
substantial phase lag has been observed between the poloidal and the toroidal fields. At
sunspot cycle maximum, the toroidal field peaks, while the poloidal field flips over into
the opposite polarity. The dynamo problem includes two sub-problems: the toroidal field
is generated from poloidal fields by the Q-effect and poloidal fields regenerated by helical
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turbulence (a-effect).

A solar dynamo model should also be able to reproduce the many empirical correla-
tions found in the sunspot record. The more significant and studied connection is the
anti-correlation between rising time and amplitude, the Waldmeier Effect (Waldmeier,
1935; Waldmeier, 1939), namely the rise time for the sunspot number from minimum to
maximum is inversely proportional to the cycle amplitude. (Dikpati et al., 2008) showed
the Waldmeier Effect in Wolf sunspot number data, but is not present in another solar
cycle index, namely sunspot area data. This is true for the spot area data both when
summed over northern and southern hemispheres, and when the two hemispheres are

considered separately.
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Figure 8: The Waldmeier Effect. The cycle rise time (from minimum to maximum)
plotted versus cycle amplitude for International Sunspot Number data from cycles 1 to 23
(filled dots) and for 10.7 ¢cm radio flux data from cycles 19 to 23 (open circles). This
gives an inverse relationship between amplitude and rise time shown by the solid line for
the Sunspot Number data and with the dashed line for the radio flux data.

(Source: Hathaway, 2015)

(Gnevyshev & Ohl, 1948) found that if solar cycles are arranged in pairs with an even num-
bered cycle and the following odd numbered cycle then the sum of the sunspot numbers
in the odd cycle is higher than in the even cycle. This is referred to as the Gnevyshev-Ohl
Rule or Even-Odd Effect. In about 1645 and continuing to about 1715, sunspots became
drastically rare, as noted by solar observers of the time. Many historical Grand minima

are known, including Maunder Minimum, Spérer Minimum or Dalton Minimum. One
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should finally add to the list torsional oscillations in the convective envelope, with proper
amplitude and phasing with respect to the magnetic cycle. This is a very tall order by
any standard, (Charbonneau, 2010).

Individual solar cycles are characterized by their maxima and minima, cycle periods
and amplitudes, cycle shape, the equatorward drift of the active latitudes, hemispheric
asymmetries, and active longitudes.

There exists much observational evidence that solar cycle peak amplitude, timing and

shape exhibit differences between northern and southern hemispheres.
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Figure 9: Blue represents excess solar activity in the North with respect to the South, and

red represents the opposite, i.e., the excess South vs. North.
(Source: Belucz & Dikpati, 2013)

Figure 9, taken from Royal Observatory of Belgium, shows that the solar cycle am-
plitude was dominated by the activity in the northern hemisphere of the Sun during both
the rising and declining phases of cycle 19. For cycles 20-24, the northern hemisphere’s
activity dominated the cycle amplitude, while the southern hemisphere’s activity domi-
nated during the declining phase, (Belucz & Dikpati, 2013). Statistical analyses of the
differences in solar cycle properties of the North and South hemispheres have been car-

ried out for many years by using many methods and several kinds of solar cycle data,
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most commonly sunspot numbers and areas but also flares, proton events, active promi-
nences, solar wind velocity, interplanetary magnetic fields, geomagnetic activity indices,
and galactic cosmic rays (Verma, 2000; Vernova et al., 2002; Li et al., 2002; Javaraiah,
2007; Nair & Nayar, 2008; Bankoti et al., 2010; Chowdhury et. al., 2013a; Chowdhury et.
al., 2013b).

2.5. The Babcock-Leighton Flux-transport Dynamo
Model

2. hydrodynamical shear instabilities 3. MHD instabilities
[[. turbulence and mean-field electrodynamics 4. Babcock-Leighton mechanism
mm;gn'emgrs;phtc mappl:g ﬁo.fld. four classes of mechanisms that appear most prnmlsing/ \‘ \\ n Z/ //
€ dSun's surface magnetic nel X
; = a-effect st L

ey

4—- Poloidal magnetic field @ Toroidal magnetic field

Ohsern:/ec‘lﬁri.me—[atitude plmsnnf 3 3 /
the longitudinally avaraged radial Solar large-scale motion 5 _ BTl
magnetic field at the solar surface Q_eﬂrcct oy
o differential rotation The Babcock—Lelght(;n mechanism of
main generator of the toroidal field poloidal field production from the
 meridional circulation decay of bipolar active regions showing
transports the magnetic flux to the poles opposite polarity patterns in each solar
and down to SCZ hemisphere

Figure 10: Schematic of a-{2 dynamo models.

The «a-) dynamos with meridional circulation are so-called flux-transport dynamos,
widely used variety of hydromagnetic dynamo models for the Sun. Observations suggest
that production of large-scale magnetic field works as a two-step process. The generation
of the strong toroidal (azimuthally-directed) magnetic component is produced when the
poloidal component is stretched out and wound around by the Sun’s differential rotation
(Q-effect). This is now widely accepted to occur deep in the solar convection zone, at
or immediately beneath the tachocline. In the tachocline, the rotation rate changes very
rapidly. The form and magnitude of the differential rotation at the core-envelope interface
is known from helioseismology (Zhao et al., 2009; Corbard et al., 2001). The production of
the poloidal component is generated with reversed polarity by the twisting of toroidal flux
tubes by helical motions (a-effect). This process is more uncertain. The solar dynamo
models can be classificated, (i) which mechanism is used as a-effect, (ii) are the a-effect

and Q-effect separated or undivided in space, and (iii) the butterfly diagram is explained
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as dynamo wave or some flux-transport mechanism. Meridional circulation serves as a
conveyor belt, transporting the poloidal component from the surface to the interior of
convection zone, and the toroidal component to the lower latitudes at the core-envelope
interface. In these models, this ingredient also plays an important role in determining
the dynamo cycle period and in governing the memory of the Sun’s past magnetic fields
(Dikpati et al., 2006; Dikpati & Gilman, 2008). Although it has been detected by different
observations (Hathaway et al., 1996; Braun & Fan, 1998), that the meridional circulation
is poleward in the solar near-surface layers with flow speed of 10 — 20 ms™?, the equator-
ward return branch of the meridional circulation in the deep convection zone has not been
observed. The poleward meridional circulation in the upper half of the convection zone
down to about 0.85R has been indicated by the helioseismology. Using time-distance
helioseismology the most recent observations from SDO/HMI data infer meridional cir-
culation with two cells in depth (Zhao et al., 2013). Ring-diagram analysis from GONG
data infer that the surface flow is poleward up to about ~ 60° latitude (Haber et al., 2013;
Basu & Antia, 2010; Komm et al., 2012), whereas Doppler measurements from Mount
Wilson Observatory data, which can measure this flow at higher latitudes, infer a high-
latitude, reverse flow associated with the primary poleward surface flow (Ulrich, 2010).
Using a very long-term GONG database and applying time-distance technique (Kholikov
et al., 2014) have found signatures of equatorward return-flow in the lower half of the
convection zone, indicating a long, deep one-cell flow-pattern. A p-mode perturbation
analysis by (Schad et al., 2013) infers four cells in latitude, each going down to about
0.8R. Thus observations do not yet give us a unique answer about the Sun’s meridional
circulation pattern. (Belucz et al., 2015)

(Babcock, 1961) proposed and (Leighton, 1964) elaborated that weak, diffuse fields
drift poleward and produce poloidal fields at the surface from the observed decay of
tilted, bipolar active regions. The tilt of sunspot pairs away from the east-west direction,
as represented by Joy’s law, generates a North-South (poloidal) component from an initial
east-west (toroidal) magnetic field. An equivalent viewpoint is that the twist imparted by
the Coriolis force on the rising flux ropes induces a mean poloidal field. Dynamo models
relying on this poloidal field regeneration mechanism are called as ”Babcock-Leighton
dynamos”. This process is actually observed, so in what follows the focus is placed on
dynamo models relying on this poloidal field regeneration mechanism, because they are
arguably the best exemples of flux transport dynamos (Charbonneau, 2007). Figure (11)

shows the schematic of solar flux-transport dynamo processes.
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Figure 11: Schematic of solar flux-transport dynamo processes. Red inner sphere repre-
sents the Sun’s radiative core and blue mesh the solar surface. Between them is the solar
convection zone where dynamo resides. (a) Shearing of poloidal field by the Suns differ-
ential rotation near the bottom of convection zone. The Sun rotates faster at the equator
than the pole. (b) Toroidal field produced due to this shearing by differential rotation. (c)
When toroidal field is strong enough, buoyant loops rise to the surface, twisting as they
rise due to rotational influence. Sunspots (two black dots) are formed from these loops. (d,
e, f) Additional flux emerges (d, e) and spreads (f) in latitude and longitude from decay-
ing spots. (g) Meridional flow (yellow circulation with arrows) carries surface magnetic
flux poleward, causing polar fields to reverse. (h) Some of this flux is then transported
downward to the bottom and towards the equator. These poloidal fields have sign opposite
to those at the beginning of the sequence, in frame (a). (i) This reversed poloidal flux is
then sheared again near the bottom by the differential rotation to produce the new toroidal
field opposite in sign to that shown in (b).
Source: Dikpati & Gilman, 2008
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Over the past two decades, Babcock-Leighton type solar dynamo models have been
successful in reproducing many solar cycle features including equatorward migration of
sunspot belts, the spatiotemporal evolution and the poleward drift of poloidal fields, cor-
rect phase relationship between the two magnetic field component. They naturally repro-
duce the observed solar cycle period and some observed patterns of solar cycle amplitude
fluctuations, such as the Gnevyshev-Ohl rule (Wang et al., 1991; Choudhuri et. al., 1995;
Durney, 1995; Dikpati & Charbonneau, 1999; Kiiker et al., 2001; Bonanno et al., 2005;
Nandy & Choudhuri, 2001; Guerrero & Munoz, 1995; Jouve & Brun, 2007; Charbonneau
et al., 2007). It was possible to calibrate these models (Dikpati et al., 2006) for the Sun
and so they were applied to prediction of solar cycle amplitude. Now, we know that solar
cycle 24 amplitude forecast, namely a 30% to 50% stronger cycle 24 peak than the peak
of cycle 23, has not been validated. One of the reasons is that the assumption of a steady,
single-celled meridional circulation in each hemisphere may be oversimplified for the Sun.
Both observations and models indicate that there may be more than one cell in either
depth or latitude, or both, in each hemisphere, at least some times. In (Belucz et al.,
2015), our aim was to study the effects of various plausible multi-cellular meridional flow
patterns on a Babcock-Leighton solar dynamo model operating in a full spherical shell of
the convection zone (see Section 4.).

Despite the observations supporting the Babcock-Leighton mechanism, much discus-
sion exists on some issues. A detailed summary article about these questions and answers
is (Charbonneau, 2010).
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2.6. The SOLAR Babcock-Leighton Flux-transport
Dynamo Model

We developed a C-language code for our Babcock-Leighton kinematic flux transport solar
dynamo model (Belucz et al., 2013; Belucz & Dikpati, 2013; Belucz et al., 2015; SO-
LAR), this improved an earlier model (Dikpati & Charbonneau, 1999; DC99) in order
to examine North-South (N-S) asymmetry. We also examined with this model the role
of complex, multi-cellular circulation patterns in a Babcock-Leighton solar dynamo in
advection- and diffusion-dominated regimes. The main components of the model are a
solar-like internal differential rotation profile, a depth-dependent diffusivity, a tachocline
a-effect and Babcock-Leighton type surface poloidal source and two different stream func-
tion (Forgacs-Dajka & Petrovay, 2002 and Dikpati et al., 2010) to represent the meridional

circulation.

2.6.1. Dynamo Equations

We use spherical polar coordinates (r, 6, ¢), and assume axisymmetry. The magnetic field,
as the sum of a toroidal component (Bs) and a poloidal component (Bp), can be written

as:

B(r,0,t) = By(r,0,t)e, + V X [A(r, 0, t)ey), (26)

where the toroidal component of the magnetic field By(r,6,t) and the vector potential
A(r, 0, t)es. Both components can be generated by a flow. The large-scale flow field U(r, 0)
be expressed as the sum of differential rotation (€2(r,f)) and the meridional circulation

(u(r,0) = u,(r,0)e. + ug(r,0)eq):
U(r,0) = u(r,0) + rsin6Q(r, 0)ey, (27)

as toroidal and poloidal parts of the total flow field.

The evolution of the large-scale magnetic field B according to

B
%—t:Vx(UxB—anB). (28)
The toroidal component becomes
0B, . 1
E = I'SIHG(BP . V)Q — VT] x V x B¢e¢ -+ n (V2 — m) Bd), (29)
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where 7(r) is the magnetic diffusivity.

B <v2 - @) A+ S(r,0:By), (30)
where B, = V x (Ae,).

Flux-transport dynamo is driven by both a tachocline a-effect and Babcock-Leighton-
type surface poloidal source. The decay of the tilted bipolar active regions can produce an
amount of poloidal fields near the surface. To produce an antisymmetric toroidal field, the
poloidal field needs to be sheared by differential rotation. On the other hand, a poloidal
field significantly decay during the transport because it is detached from its source. We

use the following expressions for Babcock-Leighton surface source:

S(I‘, 97 B¢) = {SBL<r7 ‘9) + Stachocline<r7 ‘9)} [1 + (%ﬁjt)) ] (31&)

S r—r r—r . 1
SBL(I‘,G):%{l—i—GI‘f( T 4)} {1—erf< T 5)} sm@cos@{m} (31b)

for < 7/2 and for 0 > 7/2

S r—r i r—r ) 1
SBL(T,0)251|:1‘|‘61"f< d44)] _1—erf< d55)} mn&cos@[m} (31c)

Stachocline (7, ) = %sin [6 (0 — g) e BO-T/9?

1 r—Tg r—r17
Xm[l+erf< d6 ):| [1—erf< d7 ):| (31d)

The parameters used in Equations (31b) and (31c) are following: the amplitudes for
the strength of the Babcock-Leighton and tachocline source term s; = 2.5ms™!, sy =
0.5ms™!, location of the error functions r; = 0.95Rq, 15 = 0.9875 R, 15 = 0.70579 R,
r7 = 0.7245696 R, length scales for the radial variation dy = d; = d¢ = d7 = 0.0125 R,
deep toridal field strength By = 10kG and other free parameters v; = 30.0, v = 40,

3 =170.0.

2.6.2. Differential Rotation Profile

The solar internal rotation profile includes primarily latitudinal shear in the convection

zone as seen in two-dimensional helioseismic inversions. A solar-like internal differential
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rotation profile (Dikpati & Charbonneau, 1999) is given by,

r — I

Qr,0) = Q, + % {1 +erf (2 )} (Q(0) — Q) (32a)

1

where

Qg = Qpq + agcos® 0 + ascos® (32b)

is the surface latitudinal differential rotation. Values were chosen to closely resemblen
the best fit helioseismic solution of (Charbonneau et al., 1998). The angular velocity of
rigidly rotating core is €./2m = 432.8nHz. Qg,/2m = 460.7nHz is the rotation rate at
the equator. The other parameters are set as ay /27 = 62.69nHz, and a, /27 = 67.13 nHz.
The r. = 0.7 Ry, indicates the central radius of the d; = 0.0125 R, thickness tachocline.
The differential rotation is known from helioseismic measurements relatively well for
the Sun and there have been indication of a near-surface shear layer. The most frequently
used differential rotation prescription is characterized by purely latitudinal differential
rotation with equatorial acceleration, smoothly matching on the core rotating. We also
use a differential rotation profile, including near-surface shear layer in some cases. The

detailed differential rotation pattern follow (Dikpati, 2014)

Qr,0) = A1 (1,0) + Viae (1) (Qez — Qe + ag cos® § + ay cos* 6), (33a)

Ay(r,0) = Qe + ez {a(0)(r — 1e2) } + s(r) ¥ s Q(C; +—ﬁ7’<6))<R - TS)’ (33b)
B(0) = By + Bscos0 + P cos® b, (33c)

W = % [1 + erf <2T ;Zn)} , 1=c,cz,Ss. (33d)

Here Qgq/2m = 452.5nHz, Q./2m = 435nHz, ay/2m = —61nHz, a,/27 = —73.5nHz.
What the other parameters denote and their values are as follows: the location at
which the slope of the rotation contours starts r., = 0.71 Ry; the equatorial rotation
rate at r.z, Q,/2m = 453.5 nHz, the width, w., = 0.05 Rg; the position of the tachocline,
r. = 0.69 Ry; width of the tachocline, w. = 0.05 Ry ; the position of the maximum of near-
surface shear, rg = 0.97 Ry; the width, ws = 0.05 R, and the near-surface shear is defined
by Bo/2m = 437nHz, f3/27 = —214nHz and [s/27 = —503 nHz.
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Figure 12: The differential rotation profiles with and without near-surface shear layer
prescribed in (32a) and (33a).

2.6.3. Diffusivity Profile

Direct measurements of magnetic diffusivity as a function of depth are not possible yet.
The mixing-length theory gives us an estimate of the supergranular diffusivity within a
range (Nsuper = 10" — 10" cm?s™!) in the supergranulation layer near the surface. The
magnetic diffusivity in the envelope is dominated by its turbulent contribution, but below
the convection zone there is much less turbulence, the core is stabler, the diffusivity
should be determined essentially from the molecular contribution in the stably stratified
deep radiative interior (Dikpati et al., 2006). We assume that the turbulence governs the
diffusivity in the convection zone and it gets significantly reduced in the subadiabatically

stratified radiative zone below (Dikpati et al., 2004). The diffusivity profile can be written

T r—1rIg Tsuper r—Ty
= re — |1 f 1 f . 4
n(r) More 2 l e ( ds )] " 2 l e ( dg )] (3 )

The parameters in the diffusivity profile: nr = 1.5-10'" cm?s™! is the turbulent diffusivity,

as:

Neore = 10?7 cm?s™! is the core diffusivity, Nper = 3 - 102 cm?s™! is the supergranular
diffusivity, locations of the error functions rg = 0.7 Rg, rg = 0.9562 R, length scales for
the radial variation dg = 0.0125 R, dg = 0.025 R.
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Figure 13: The diffusivity profile is prescribed in (34).

2.6.4. Stream Function

The circulation is represented in the spherical shell by a stream function of (Forgacs-
Dajka & Petrovay, 2002). The steamline flow applies to both of hemispheres. To study
the effects of meridional circulation, we prescribe a simple and well-adjustable spatial

structure with realistic amplitude. The components of the meridional circulation can be

written as | 5
ulr) = p(r) - 1%sinf %\Il(r, ). (35)
u®) = —~ . 2gq0). (35b)

p(r)rsing or

We represent the stream function in the following form:
W(r, ) = (1) sin® nf cos nf, (35¢)

where the form of the given function ¢ (r) specifies the flow.

]y 00]

e .

(35d)

where 1) sets the amplitude of the meridional circulation. Two geometric parameters have
main role in the simulations. We can set the number of cells in latitude with the change
of k parameter and the number of cells in radius with the change of n parameter. The
ro and I are also geometric parameters, ry = (R — rp,c)/30cm and ' = 6.4 - 10'° cm. The
I'me 18 the radius to which the meridional flow penetrates from the base of the convective

zone. Keeping in mind the observed depth of the tachocline, we set 1, = 4.79 - 10!% cm.
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Figure 14: Streamlines of the meridional circulation prescribed in (35d).

(Source: Belucz et al., 2015)

We also use an other stream function ¥ (Dikpati et al., 2010) as follows:

w(r — Rp)
(R — Ry)

Yrsin @ = 1y (6= 6) sin [k

(6 + 6p) } (1 —exp™™7) (1 — exp@=/2)) exp~((r=ra)/D)*
0

(36)

The streamline flow can be obtained in the northern hemisphere by plotting the con-
tours of ¢rsiné and in the South hemisphere by implementing mirror symmetry about
the equator. The parameter values are: k = 1, Ry, = 0.69Rg, 81 = 0.1/(1.09 - 10") cm ™,
By =0.3/(1.09- 109 cm™!, € = 2.00000001, rg = (R — Ry,)/5, ' = 3-1.09 - 10*° cm, #y = 0.
This choice of the set of parameter values produce a flow pattern that peaks at a 24°
latitude. The parameters depends on which meridional circulation pattern is used in

particular cases.

Figure 15: Streamlines of the meridional circulation prescribed in (36).
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2.6.5. Bouldary Conditions and Solution Method

Equations (29) and (30) are solved in a full-spherical shell (0 > 6 > 7), extending radially
from the bottom of convection zone (r/Rs = 0.6) to the surface (r/Rs = 1). We used the
4th-order Runge-Kutta method with central finite difference scheme for r and 6 derivatives
to solve the equations.

The boundary conditions are obvious. Assuming the deep radiative core to behave
effectively as a perfect conductor, we set B, = 0 and A = 0 at the lower boundary.
Both these quantities are also set to zero along the symmetry axis (6 = 0 or 7) to ensure
regularity. To insure that the fields-lines match smoothly from northern to southern
hemisphere, we have prescribed %—‘;: 0. At the surface, the A field satisfies the free space

equation

1
2
Vie ——]A=0.
< r23m29) 0 (37)

A general solution to this equation can be written, (Dikpati & Choudhuri, 1994):

Ar=R0.6)=Y C;Z—S?Pfl(cosﬁ), (37D)

(2n + 1)R™!

an(t) = n(n+1)

where P! (cos®) is the associated Legendre polynomial. The derivative of A at the

w/2
/ A(r = R,0,t)P!(cos 0) sin §d6, (37¢)
0

solar surface

0A

) (4 Danl®) pi ey, (37d)

n+2
(r=R) — I
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3. Exploring the North-South
Asymmetry

Solar cycles in the North and South hemispheres differ in cycle length, amplitude, profile,

polar fields, and coronal structure.
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Figure 16: Smoothed monthly sunspot areas for northern and southern hemispheres sepa-
rately. The difference between the two curves is filled in red if the North dominates or in
blue if the South dominates.

(Source: Hathaway, 2015)

Statistical analyses of North-South asymmetry in solar cycle properties have been
carried out for many years by using different methods and several kinds of solar cycle
data, most commonly sunspot numbers and areas but also flares number, solar proton
events, active prominences, solar wind velocity, interplanetary magnetic fields, geomag-
netic activity indices, and galactic cosmic rays (Verma, 2000; Vernova et al., 2002; Li et
al., 2002; Javaraiah, 2007; Nair & Nayar, 2008; Bankoti et al., 2010; Chowdhury et. al.,
2013a; Chowdhury et. al., 2013b). (Joshi & Joshi, 2004) showed that the existence of a
real N-S asymmetry which is strengthened during solar minimum. (Verma, 1993) showed

that the N-S asymmetry indices for several solar phenomena of solar cycles. The study
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indicates that the N-S asymmetry has a trend of a long-term characteristic time scale of
about 100 yr. The solar activity was South dominated during solar cycle 21, 22, 23 and
24, but according to the predictions of the next solar cycle 25 (starting in 2020, peaking
in 2025), the N-S asymmerty will shift to North hemisphere. (Verma, 2000)
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Figure 17: Normalized North-South asymmetry (N — S)/\/m in four different ac-
tivity indicators for individual Carrington rotations. Sunspot area is plotted in black.
The Flare Index is shown in red. The number of sunspot groups is shown in green. The
Magnetic Index is plotted in blue.

(Source: Hathaway, 2015)

Different kinds of phase-shifts between the North-wing and South-wing of the butterfly
diagram can be seen in different cycles, the amplitude and the latitude-extent of the
butterfly wings in the northern and southern hemispheres are often various and the North-
wing extends in latitude is often different than that of the South-wing. In some solar cycle
the North-wing starts and ends before the South-wing does, although both wings start

simultaneously, they end at different times. The progress of cycles can be inferred to be
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Figure 18: A Magnetic Butterfly Diagram constructed from the longitudinally averaged
radial magnetic field obtained from instruments on Kitt Peak and SOHO.
(Source: Hathaway, 2015)

different also in the northern and southern hemispheres; the butterfly wing is often more
vertical in the northern hemisphere, which means that the cycle is progressing faster in
the northern hemisphere than in the southern hemisphere. The amplitude of the cycles
in the northern and southern hemispheres are often different. Our purpose to investigate
the two causes of such N-S asymmetry in the solar cycle pattern. One plausible source
can be attributed to different Babcock-Leighton surface poloidal source in the northern
and southern hemispheres. The other possibility is if the meridional circulation pattern
is different; either the amplitude of the meridional circulation can be different, or there

can be one-cell flow in one hemisphere, and a multi-cell flow in the other hemisphere.
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3.1. Asymmetric Babcock-Leighton Poloidal Source in
North and South (Belucz et al., 2013)

First, we present some results from simulation in the northern hemisphere only (0 > © > 7/2).
The dynamo behaves like a classical a — {2 dynamo as we can expect, when there is no
meridional circulation. The average duration of solar activity cycle is about 11 years.
We investigate the changing of the cycle length only as function of diffusivity without

meridional circulation. (see Figure 19).
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Figure 19: The toroidal and poloidal field strength. The dynamo cycle period dependence

on inverse power of nr

We simulate the dynamo in the northern and southern hemispheres. The formula for
so works fine when we extend our computation domain from single hemisphere to both
hemispheres. We solve the induction equation in a full-spherical cell; the dynamo ingredi-
ents (symmetric differential rotation, antisymmetric a-effect, magnetic diffusivity) create
the necessary connection between the two hemispheres. We carry out two simulations

to examine the effect of differences in the sy in the northern and southern hemispheres.
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We do not have meridional circulation switched on for the experiments, so this is a pure

a — ) type Babcock-Leighton dynamo.

(b) Toroidal field at 0.71R (c) Radial field at 1.0R
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Figure 20: Butterfly diagram for the toroidal field, taken near the bottom of the convection
zone. After first two cycles, the source term in the southern hemisphere is reduced to half

of its original amplitude, but the sy has its full amplitude in the northern hemisphere.

The poloidal field is produced as a flux emergence across the solar convective envelope
and the decay of the tilted bipolar active regions at the surface. The tilt of sunspot pairs
away from the east-west direction, as represented by Joy’s law, in effect generates the
poloidal field. The nonlocal source term account for some of the properties of rising flux
ropes revealed by the simulations.

We run the simulation, for the first two dynamo cycles, with a selected value of
so(=3m/s), and then we reduce the value of sy, just in the southern hemisphere, by a
factor of 2. In this case, the dynamo in both hemispheres continue to operate, but the
butterfly diagram shows that the dynamo in the southern hemisphere becomes weaker
(see Figure 20).

In our second simulation, we totally switch off the source term in the southern hemi-
sphere after the first two cycles. In this case, as expected, the dynamo in the northern

hemisphere continues its usual cycle, but the dynamo in the southern hemisphere does
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not change sign anymore. Instead, it shows the sign of weakening, although takes a long

time to completely decay away (see Figure 21).

b) Toroidal field at 0.71R c) Radial field at 1.0R
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Figure 21: After first two cycles, the source term in the southern hemisphere is switched
off. The dynamo in the southern hemisphere does not produce cyclic features, instead

slowly decays away.

In the Babcock-Leighton flux-transport models, the meridional circulation determines
the solar cycle period (Dikpati & Charbonneau, 1999) and sets its rise and fall patterns.
Helioseismic observations of the Suns surface Doppler plasma flow from Mount Wilson
Observatory data (Dikpati & Gilman, 2012) have shown that often a second reverse merid-
ional flow cell appears at high latitudes in one hemisphere, or in both hemispheres with
different sizes and amplitudes. These kind of asymmetries in meridional circulation can
cause significant asymmetry in solar cycle patterns, such as in the butterfly diagram in
North and South.

In general, the source-terms (Q-effect and a-effect) and decay-terms in a dynamo
model complete with each other. Depending on what term wins, the dynamo sustains or
dies out. Our numerical simulations of suddenly switching off the poloidal source (sy) in
one of the hemispheres puts the dynamo under a situation that no new poloidal fields are

generated, and previously produced poloidal fields will decay away under the action of
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turbulent diffusion. That would eventually stop inducing toroidal fields also.

It is important to know how much time a dynamo model would take to wash out
the previously generated fields if sy is suddenly set to zero. We perform several of such
numerical simulations in our a — {2 Babcock-Leighton dynamo using various initial s
values, and also using various turbulent diffusivity values, and we find that the decay
time of the toroidal fields, after the source-term s is set to zero, does not depend on the
value of sy, but it depends on the turbulent diffusivity. Figure 22 shows that the larger is
nt, the faster is the field decay.
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Figure 22: Decay time versus turbulent diffusivity.

(Source: Belucz et al., 2013)
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3.2. Asymmetry of the Meridional Circulation Pat-
tern in the North and South Hemisphere (Belucz &
Dikpati, 2013)

In the results that follow, we first establish a reference dynamo solution that corresponds
reasonably well to what is observed on the Sun but is antisymmetric about the equa-
tor. Then we carry out a sequence of simulations in which we change a property of the
meridional flow in the South only, first for two periods of 3 yr and then for a much longer
interval of 44 yr (~4 sunspot cycles). All results are shown for a period of 100 yr after
starting from a well-established periodic solution with steady meridional flow that has a

single cell in each hemisphere containing poleward flow near the outer boundary.

Figure 23: Frame (a) shows a flow pattern that contains one cell in each hemisphere and

is mirror symmetric about the equator; (b) and (c) show patterns containing one cell in

the North and in the South, respectively, two cells in latitude and two cells in depth.
(Source: Belucz € Dikpati, 2013)
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3.2.1. Steady Symmetric Single Cell in North and South

Figure 24 shows the reference case against which we compare all cases for which the South
has different meridional circulation than the North. These patterns are produced when we
use the meridional circulation shown in Figure 23, with a single cell in each hemisphere.
Panel 23(a) is the surface poloidal field; panel 23(b) is the toroidal field amplitude near
the bottom.
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Figure 24: Evolution of the (a) surface radial pattern and (b) tachocline toroidal field, in
a time-latitude diagram, for a steady single celled meridional flow pattern that is mirror
symmetric about the equator. Color-filled contours for surface radial fields (top frame)
are in a linear interval of 35 G, with the lowest contours of £5G plotted in the lightest
yellow for B, = +5 G and in the lightest green for B, = —5 G. For tachocline toroidal fields
(bottom frame), color-filled contour levels are in logarithmic interval, six contours covering
the range of one order of magnitude; the highest tachocline toroidal field is ~ 60 kG (deep
red/blue).
(Source: Belucz € Dikpati, 2013)
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The butterfly wings are obvious, as is the appropriate phase relation between the
surface polar field and the peak in toroidal field. That is, the polar field changes sign near
the maximum in the toroidal field and reaches its maximum near the minimum of the
toroidal field in mid-latitudes. The meridional flow is chosen so that the dynamo period
is slightly longer than 20 yr. The toroidal field peak does occur at a higher latitude than
is inferred for the Sun from the location of sunspots, but that detail does not seem that

important for this study.

3.2.2. Varying Circulation Amplitude in South

Latitude (degree)

((((/((( f

100
t (yr)

Figure 25: Same as in Figure 24 but for a meridional flow pattern in which flow speed in
the South is varied two times for 3 yr during a 100 yr simulation: starting at the 11th
year and ending at 14th year, flow speed in the South is increased to double the flow speed
in the North, and starting at the 50th year and ending at the 53rd year, the flow speed in
the South is decreased to half the flow speed in the North for 3 yr.

(Source: Belucz € Dikpati, 2013)

42



DYNAMO MODEL The model

In Figure 25, we give results for a 100 yr simulation in which during years 11-14 we
have doubled the amplitude of meridional flow in the South only and during years 50-53
we have reduced it by 50%. We can see that because of the increased flow speed, the cycle
phase advances faster in the South than the North, so the polar field peaks sooner in the
South, and the next half cycle in the toroidal field does also. This phase-lead is preserved
until the next change in meridional circulation, at 50 yr. But that is not the only effect.
In the South, the peak in toroidal field migrates closer to the equator during the speedup,
and the peak polar field is weaker than the peaks of both previous and following cycles.
All of these changes are easily explained by the action of meridional flow. The faster cycle
phase advancement is directly caused by the increased flow carrying toroidal field toward
the equator faster and the poloidal field faster to the poles. This causes the peak toroidal
fields to be found closer to the equator in that half cycle and weakens the polar field
because it spends less time near the pole at a time close to its maximum value, before
it is swept down to the bottom. Once the increased meridional flow speed is removed,
subsequent cycles look much more like cycles before the speed was increased. But the
phase of the South continues to be a few years ahead of the North.

The effect of slowing down the flow in years 50-53 has the effect of slowing down the
phase advancement of the toroidal and polar fields in the South. The half cycle that
immediately follows the change is now longer than the ones before and after it, resulting
in a renewed synchronization of phase between the North and the South. However, we do
not see much amplitude change in either the toroidal or poloidal field. This is probably
due to the particular choice of 50-53 yr, which occurs just after the change of sign in
toroidal fields at the highest latitudes and just before the sign change in polar fields.

What happens when the meridional flow speed is doubled in the South for a much
longer duration, for example, 44 yr? Figure 26 gives answer. The most obvious effect
is that the cycle period in the South is now half as long as it was before. The peak
toroidal field is substantially weaker, which we should expect. Because the meridional
flow advects it faster from high latitudes to low, the peak resides at a given latitude for
a shorter time, giving less time for the latitudinal shear of the differential rotation to
amplify it by shearing the poloidal field near the latitude of the peak. By contrast, the
polar fields are about the same as for the lower meridional flow speed. For this to occur,
two nearly compensating effects are required. The weaker toroidal field produces less
surface poloidal flux in low and middle latitudes, but the faster poleward meridional flow

carries what is produced faster toward the poles, so there is less loss by diffusion, and
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Figure 26: Same as in Figure 24 but for a meridional flow pattern in which flow speed

in the South is increased to double the flow speed in the North, for the first 44 yr of the

simulation run.
(Source: Belucz & Dikpati, 2013)

then packs it more tightly against diffusion when it gets there.

Because of the duration of the higher flow speed, beyond the end of the 44 yr the
South leads the North by about half a sunspot cycle, or 5 yr. This lead persists to the
end of the simulation period shown. We have run this calculation for a few hundred more
years, during which the South continues to lead. Throughout the whole simulation, the

North changes virtually not at all, confirming that the linkage between hemispheres is

weak.

3.2.3. Intermittent Second Cell in Latitude in South

In the next simulations we present, instead of changing the strength of the meridional
circulation for a few or many years, we add a second, reversed meridional circulation at

high latitudes. The form of this meridional circulation is shown in Figure 23(b). The
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peak speed of the primary cell is held fixed, but the latitude of this peak is somewhat
lower. The boundary between cells is near 60° latitude. The results for the same two 3

yr intervals as used before are shown in Figure 27.
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Figure 27: Same as in Figure 24 but for a meridional flow pattern in which a high-latitude
second reverse flow-cell appears in the South two times for 3 yr during 100 yr of simulation
run: once starting at 11th year and ending at 14th year and a second time starting at the

50th year and ending at the 53rd year.
(Source: Belucz & Dikpati, 2013)

We see that the effect of the second cell is to substantially prolong the rising phase
of the cycle, as seen in the plot of toroidal field, and to delay the subsequent peak in the
polar field. The low latitude toroidal field is weaker than it would have seen otherwise,
and the strongest high-latitude toroidal field extends to a higher latitude.

All of these effects come from the presence of the second cell. The ascending phase of
the toroidal field always starts near 60°, which is now near the boundary of the two cells.
This placement causes some of the poloidal flux from above to be advected toward the

pole near the bottom, helping to produce more toroidal field there. There is less poloidal
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flux going toward the equator that is carried by the primary cell, so there the toroidal
field does not amplify as much. The peak in polar field is delayed, because the temporary
equatorward flow near the outer boundary prevents the poloidal flux from being advected
there. But when the second cell is switched off, the primary cell takes over and completes
the delayed poleward transport. Because of the lengthening of the ascending cycle phase,
the whole cycle becomes longer than it would otherwise be, but this effect is absent in
the next cycle. Nevertheless, the phase lag in the South introduced by the 3 yr presence
of the second cell persists.

The second 3 yr interval of a second reversed cell produces different effects because it
is introduced at a different phase in the cycle. Here, it occurs in the late declining phase
of the toroidal field. Now the downflow near 60° gives the new cycle a head start with
poloidal flux at a lower latitude than it would have been, so the peak in the toroidal field
is closer to the equator and the ascending phase is shorter. At the same time, the peak
polar field in the South is substantially reduced for that cycle. Because of the timing,
the reversed cell has prevented the maximum in polar field from forming, because while
it is present it is carrying flux away from the pole, some of which goes to the bottom
near 60° to be sheared there to start the toroidal field. In the late descending phase of
the high-latitude toroidal field, one can see a weak extension toward the pole, due to the
second cell carrying some poloidal flux there to be sheared by differential rotation, but
that goes away in the next half cycle because there remains very little poloidal flux there
to be sheared.

When we keep the second reversed cell for 44 yr, as shown in Figure 28, we get
even more profound changes. We get a pronounced high-latitude branch to the butterfly
diagram, because now there is a steady advection of poloidal flux toward the pole near
the bottom that is sheared by the differential rotation there. The pattern tilts forward in
time closer to the pole, just as the low latitude pattern tilts forward in time toward the
equator. The basic period is also somewhat shorter because the length of the primary
conveyor belt is shorter, since the downflow is at 60° rather than at the poles. The
poleward and equatorward parts of the butterfly diagram remain roughly in phase with
each other because of the particular amplitude chosen for the second cell relative to the
primary cell. That is, it takes roughly the same amount of time for the toroidal field
pattern to go from 60° to the pole as it does to the equator. Obviously, other choices are
possible, for which the relative phases would change significantly from cycle to cycle in

low latitudes compared with high latitudes.
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Figure 28: Same as in Figure 24 but for a meridional flow pattern in which a high-latitude
second reverse flow-cell prevails in the South for the first 44 yr of the simulation run.
(Source: Belucz & Dikpati, 2013)

We see also in Figure 28 that while the second cell is present, the polar fields are
much weaker than they otherwise would be. This is not only because the equatorward
flow there keeps the field from concentrating at the pole but also because the surface
poloidal source is much weaker there compared to what is present at low latitudes. Some
of the poloidal flux at high latitudes near the bottom originates at lower latitudes near
the top.

Finally, in the first complete half cycle in the South after the second cell has been
removed, we get a particularly strong toroidal field. This is because poloidal flux that was
being divided between polar and lower latitude branches is now all available for advection
toward the equator and because the amplification of toroidal field in this branch starts at

a higher latitude than before.
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3.2.4. Intermittent Second Cell in Radius in South
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Figure 29: Same as in Figure 24 but for a meridional flow pattern in which a second
anticlockwise flow-cell below the primary clockwise cell appears in the South two times for
3 yr during a 100 yr simulation: once starting at the 11th year and ending at the 14th
year and a second time starting at the 50th year and ending at the 53rd year.

(Source: Belucz & Dikpati, 2013)

The results when we turn on a second meridional flow cell below the primary one
for the same two 3 yr intervals as used above, so that at the bottom there is now flow
toward the poles, are shown in Figure 29. This pattern is produced using the meridional
circulation shown in Figure 23(c). We see that the effect on the butterfly diagram is
immediate, in the form of a 3 yr reversal in the direction of migration of the toroidal field
with time. This is seen clearly in both time intervals. As soon as the single cell with depth
is restored, the equatorward migration resumes. The net effect on the dynamo period is to
lengthen by 4-5 yr the cycle present when the circulation change was switched on. Once
past the intervals of circulation change, the butterfly wing reverts to its original form and

period. However, the phase lag in the South is retained so that the toroidal fields are
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nearly in phase in North and South hemispheres. Many more cycles are needed to regain
the correct phase difference of roughly half a spot cycle.

We can also see that subsequent to the first interval of changed circulation, the South
polar field is much weaker than earlier. This is because the toroidal field that produced
the surface poloidal source for this cycles South pole field was weaker at middle and high
latitudes. By contrast, the second interval of circulation change leads to a long period of
enhanced high-latitude toroidal fields, from which a relatively strong South pole field was
produced. Thus, the effect on polar fields is sensitive to the phase of the cycle for which
the circulation changed.

The change in direction of migration of peak toroidal fields when the second cell in
radius is added is what we should expect for a dynamo in which the primary mode of

migrating the peak toroidal field is advection by the meridional flow.
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Figure 30: Same as in Figure 24 but for a meridional flow pattern in which an anticlock-
wise flow cell below the primary clockwise cell prevails in the South for the first 44 yr of
the simulation run.

(Source: Belucz & Dikpati, 2013)

49



DYNAMO MODEL The model

Results from a second cell in radius switched on for 44 yr are shown in Figure 30.
Here the changes in both toroidal and poloidal fields are much more dramatic. In the
latitude range 0° — 45° | toroidal field migration essentially stops, while at high latitudes
it migrates toward the pole at a relatively high rate. The South polar field maxima
are much weaker than before, spread out in time, with irregular time spacing. In this
case, equatorward of about 45° | poleward migration due to the reversed meridional flow
near the bottom is approximately balanced by the "a — 2”7 dynamo wave effect causing
propagation toward the equator. At higher latitudes this effect is reversed in sign, so
that both meridional flow and dynamo wave properties are causing the toroidal field to
migrate relatively quickly toward the pole. The weaker polar fields are a consequence of
the weaker toroidal field at all latitudes that leads to a weaker surface poloidal source
term.

Once the second circulation cell is switched off, within one full magnetic cycle the
South butterfly diagram ”wing” returns to essentially what it was before the second cell
was switched on. In this particular example, the phase lag introduced by the second cell
was close to a complete magnetic cycle period, so that after the effects of that change
have disappeared, the North and South have returned to nearly the correct phase relation.
Had we chosen a different time interval than 44 yr, that would not have been the case.

One might argue in the case of a second cell in radius that the proper toroidal field
to use to produce a butterfly diagram becomes the toroidal field at mid-depth, where
the meridional flow is still toward the equator. Perhaps there the butterfly diagram will
look more solar-like. The problem with this reasoning is that in this class of models the
toroidal field generated is much larger near the bottom, because of the lower turbulent
magnetic diffusivity taken there. We should expect the surface butterfly pattern to be
produced from the depth where the induced toroidal field is largest, regardless of the
circulation pattern. Furthermore, there is a problem with keeping the toroidal field at
mid-depth when magnetic buoyancy is working. Near the bottom, in the tachocline, the
subadiabatic stratification expected there can hold the toroidal flux for long enough to

amplify it to values large enough to produce sunspots seen at the surface.
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4. Examining the Role of Complex
Multi-cellular Meridional Circulation
Pattern in the Babcock-Leighton
Solar Dynamo Model (Belucz et al.,
2015)

Over the past two decades Babcock-Leighton type solar dynamo models operating with
single celled meridional circulation have been successful in reproducing many global solar
cycle features, including equatorward migration of sunspot belts, poleward drift of poloidal
fields and correct phase relationship between them (Wang et al., 1991; Choudhuri et. al.,
1995; Durney, 1995; Dikpati & Charbonneau, 1999; Kiiker et al., 2001; Bonanno et al.,
2002; Nandy & Choudhuri, 2001; Guerrero & Mutioz, 1995; Jouve et al., 2008), and have
reached the stage that they can be used for making solar cycle predictions. Meridional
circulation works in the flux-transport dynamo models like a conveyor-belt, carries a
memory of the magnetic fields and enables the flux-transport dynamos to predict future
solar cycle properties, similarly, like the great-ocean conveyor-belt carry signatures from
the past climatological events and influence the determination of future events. (Dikpati
& Gilman, 2006) has a simulation for the solar cycle 24 amplitude, and predicts that cycle
24 will be 30%-50% stronger than the cycle 23. Now we know that this forecast may not
be validated. One of the reasons is that the steady, single-celled meridional circulation
in both hemisphere may be oversimplified for the Sun. Both observations and models
indicate that there may be more than one cell in either depth or latitude, or both, in each
hemisphere, at least at some times.

Using time-distance helioseismology the most recent observations from SDO/HMI
data show evidence of meridional circulation with two cells in depth (Zhao et al., 2013).
Ring-diagram analysis from Gong data infer that the surface flow is poleward up to
about ~ 60° latitude (Haber et al., 2013; Basu & Antia, 2010; Komm et al., 2012),
whereas Doppler measurements from MWO data, which can measure this flow at higher

latitudes, show a high-latitude, reverse flow associated with the primary poleward surface
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flow (Ulrich, 2010). Using a very long-term GONG database and applying time-distance
technique (Kholikov et al., 2014) have found signatures of equatorward return-flow in the
lower half of the convection zone, indicating a long deep one cell flow-pattern. A p-mode
perturbation analysis by (Schad et al., 2013) infers four cells in latitude, each going down
to about 0.8R. Thus observations do not yet give us a unique answer about the Suns
meridional circulation pattern.

Models indicate more complex patterns and model outputs vary from model to model.
For example, mean-field models produce a long, counterclockwise primary cell often asso-
ciated with a weak, reverse cell at high latitudes, both extending down to the bottom of
convection zone (Kitchatinov & Riidiger, 2005; Dikpati, 2014), whereas full 3D convection
simulations produce multiple cells in latitude and depth (Guerrero et al., 2013; Feather-
stone & Miesch, 2015). The helioseismic measures observed the poleward meridional flow
at the solar surface, but the form of the internal return flow is at present unconstrained
observationally. The flow speed of the meridional circulation depends little or no on depth
down to r/R = 0.95 and meridional flow decreases with depth (Schou & Bogart, 1998),
but the measures currently do not provide accurate information at greater depth. How-
ever, deep in the envelope nearly all his simulations are characterized by an equatorward
return flow that penetrates below the interface between the nominally stably stratified
interior and the unstably stratified envelope (Dikpati & Charbonneau, 1999). Analysis of
long-term meridional flow data available at Mount Wilson Observatory (MWO) shows a
reversed meridional flow cell at high latitudes, poleward of 60° or so, during solar cycle 19,
20, 21 and 22. The second cell disappeared during most of cycle 23, but has reappeared
during the ascending phase of the current cycle 24. Surface Doppler measurements are
more able to measure meridional flow at the highest latitudes than are helioseismic mea-
sures, since latitudinal flow is nearly parallel to the line of sight there (Dikpati, 2014).
Given the lack of knowledge about the uniqueness of meridional flow from observations
and models, it is necessary to consider all plausible meridional circulation patterns for the
Sun, and explore their effects on a Babcock-Leighton solar dynamo model.

Guided by the observational and modeling results cited above, we study the effects
of multi-cellular meridional flow patterns on a Babcock-Leighton solar dynamo model
operating in a full spherical shell of the convection zone. In a full spherical shell model,
the equator is no longer a boundary of the computational domain and this fact is allows
to study the issue of parity problem in flux-transport dynamo models. These include

in each hemisphere Figure 14(a) a single cell with a poleward flow at the surface; Figure
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14(b) a long primary cell from the equator to about 60° latitude, associated with a second,
reversed cell at high latitudes; Figure 14(c) two cells in depth; Figure 14(d) two cells in
depth and two in latitude; and Figure 14(e) four cells in latitude.

Using a Babcock-Leighton flux-transport dynamo model, simulations have been done
for some of these multi-cells meridional circulation pattern; for example (Bonanno et
al., 2005) explored a dynamo operating with two similar cells in latitude, the cell with
poleward surface flow extended from the equator to the mid-latitude instead of up to 60°
in latitude. They verified that the equatorwards migration in the butterfly diagram can
be easily obtained by the combined action of two cells of meridional circulation. (Jouve &
Brun, 2007) have simulated a Babcock-Leighton flux transport dynamo with four similar
cells meridional circulation pattern that has two cells in depth and two in latitude. They
confirmed that adding cells in latitude tends to speed up the dynamo cycle and adding
cells in radius more than triples the period. They find, that the cycle period in the
four cells model is less sensitive to the flow speed than in the other simpler meridional
circulation profiles studied. In contrast with these simulations, we studied the effect of
four-celled meridional circulation pattern containing two long cells in depth extending up
to about 60° latitude and then associated with two small reversed cells in depth at the
poles Figure 14(d). (Zhao et al., 2013) did not confirm whether the poleward surface flow
continues up to the pole or stops at high latitudes. On the other hand, surface Doppler
measurements indicate that the surface flow is poleward up to a certain high latitude
(Ulrich, 2010) and then reverses beyond that.

We examine which of the five circulation patterns, mentioned in Figure 14(a-e), can
produce cyclic features similar to the Sun. Furthermore, we perform a systematic param-
eter survey to compare dynamo model simulations for all five circulations using the same
model and the same dynamo physics, and judge which models that use these circulation

patterns can be calibrated to the Sun in diffusion and advection dominated regimes.
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4.1. Time-latitude Diagrams for Multi-cell Flow

4.1.1. Reference Case

First, we establish a reference case dynamo solution, to which other individual solutions
can be compared, to see what changes are created by changing the meridional circulation

pattern.
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Figure 31: Panel (a) displays the streamlines for single-celled meridional circulation in
each hemisphere; blue-violet represents counterclockwise flow, green-orange clockwise flow.
Panel (b) shows the time evolution of the tachocline toroidal field; panel (c) the same for
surface radial fields. For tachocline toroidal fields, color-filled contour levels are 3kG; the
highest tachocline toroidal field is ~ 37TkG (yellow/violet). The mazimum value of the
radial fields 1s 210 G, occuring near the poles.

(Source: Belucz et al., 2015)

We choose for reference the frequently used single-cell meridional circulation that
has poleward flow near the outer boundary, and return flow at the base of the convec-
tion zone (see Figure 14(a) and Figure 31(a)). This flow penetrates slightly below the
tachocline. The thin black dashed semicircular arc represents the location of the center

of the tachocline. Two frames, (b) and (c) on the right panel of Figure 31 show the
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time-latitude diagrams respectively of toroidal field at the bottom of convection zone
(By|r—o.7r) and surface radial field (B;|,—1r). To get these results we took a maximum
surface flow speed of 15ms™!, poloidal source amplitude of s; = 3.0ms™! and turbulent
diffusivity np = 3 - 10" em?s™ .

Babcock-Leighton flux transport dynamo models with one-celled meridional circula-
tion in each hemisphere can reproduce many features of the solar cycle. These include
(i) the equatorward migration of toroidal flux at lower latitudes; (ii) the 11-year sunspot
cycle; (iii) the observed phase-shift between poloidal and toroidal components; (iv) the
short rise of toroidal field to maximum followed by the long decline to minimum - in
the reference case, the ascending phase is 16.77% of the whole cycle; (v) peak tachocline
toroidal fields are 37kG; (vi) peak surface radial fields are £210 G, similar to values ob-
tained by many previous authors (Wang et al., 1991; Choudhuri et. al., 1995; Durney,
1995; Dikpati & Charbonneau, 1999; Dikpati & Gilman, 2001; Rempel et al., 2005; Dik-
pati & Gilman, 2006; Jouve & Brun, 2007; Schrijver & Liu, 2008; Dikpati et al., 2010;
Belucz & Dikpati, 2013). This solution also reproduces the observed phase shift between
the surface poloidal field and the toroidal field at the tachocline; the poloidal field polarity
changes from positive to negative when the toroidal field is near maximum and its polarity
is negative.

Figure 32 shows how the poloidal and toroidal fields evolve through a sunspot cycle
for the entire meridional cross-section. When the toroidal field is strong, it is confined
to the lower layers of the domain, and its peak is clearly migrating toward the equator,
along with the poloidal field lines that are sheared by differential rotation to produce it.
We expect sunspots to emerge from at or near the latitude of maximum in the toroidal
field. The reversal of polar fields is seen here in the interval between 5 and 6.25 years, at
which time the toroidal is a maximum with its peak near 20°.

How dependent are the results described above on the particular choice of turbulent
magnetic diffusivity? We address the question by repeating the dynamo simulations for

the five meridional circulations using a lower value, 7 - 10 cm?s™1.

These results are
displayed in Figures 33-42. Figure 33 displays the reference case with single circulation
cellfor the lower magnetic diffusivity. Panel (b) gives the toroidal field amplitude near
the bottom, panel (c) the surface poloidal field. We use the same peak surface flow speed
(15ms™!) and poloidal source amplitude (s; = 3.0 ms™!) as for the solution seen in Figure

31.

55



DYNAMO MODEL The model

Figure 32: Fwvolution of toroidal and poloidal fields with one-cell meridional circulation
(Figure 14(a)). The filled contours show toroidal fields, yellow/red colors denoting pos-
itive (into the plane of the paper) and blue/purple negative (out of the plane). Red and
blue contours respectively denote positive (clockwise) and negative (anticlockwise) poloidal
fieldlines.

(Source: Belucz et al., 2015)

In lower diffusivity case, the model still reproduces the observed phase shift between
the surface poloidal field and the tachocline toroidal field. Due to the the lower turbulent
diffusivity, much stronger fields are produced. The highest tachocline toroidal field is
52kG, and the maximum value of the radial fields is 4+ 208 G near the poles. The period
is also somewhat longer than in Figure 31, namely 12.7 years, as measured by the time
between adjacent peaks in toroidal and poloidal field at the same latitude. But there is

also significant overlap between adjacent cycles, so the time between the high latitude
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peak of a new sign of toroidal field to its disappearance at low latitudes is more than
20 years. How much overlap there is in the Sun itself is unclear, since from observations
we know where the tachocline toroidal field is only from the latitude of sunspots seen.
The slight poleward migration of tachocline toroidal fields seen at high latitudes comes
from the strong negative radial shear there overcoming the relatively weak equatorward

advection of toroidal field by the meridional flow there.
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Figure 33: Same as in Figure 31 but the turbulent diffusivity is 7-10°cm?s™t. The
highest tachocline toroidal field is 52.4kG (red/violet). The mazimum value of the radial
fields is 208 G near the poles.

(Source: Belucz et al., 2015)
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4.1.2. Primary Cell with a High-latitude Second Reverse Flow-

cell

(b) Toroidal ﬁeld at 0.7R| (c) Radial ﬁeld at 1.0R .
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Figure 34: Same as in Figure 31 but the meridional flow pattern has a high-latitude second
reverse flow-cell (Figure 14b). The highest tachocline toroidal field is similar to that in
Figure 31, ~ 37kG (yellow/violet). The maximum value of the radial fields is £90 G, at
about 50°

(Source: Belucz et al., 2015)

In the next simulations, we study how the characteristic features of butterfly-diagram
change when the meridional circulation cell contains a second, high-latitude, reverse cell.
The form of this meridional circulation is shown in Figure 14(b) and Figure 34. The peak

! poleward at the surface, but the latitude of

flowspeed of the primary cell is still 15 ms™
this peak is slightly lower, at 25.3°. The peak flow speed of the secondary cell is 3ms™!,
equatorward at the surface. The boundary between cells is near 61° latitude.

The right panel of Figure 34 shows the time-latitude diagrams of By|,—o7r in panel
(b) and B,|;=1g in panel (c). Not surprisingly, due to the effect of the second cell, a
more pronounced poleward branch can be seen in the butterfly diagram of toroidal field

in panel (b) compared to that in Figure 31. The sunspot cycle length (i.e. half magnetic
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cycle) is just 8.3 years, due to the shorter primary conveyor belt. The strength of toroidal
field is similar to that of reference case, 37 kG. Comparing the time-latitude diagrams of
Figure 31(c) and 34(c), we find that the polar field peaks around 55° latitude instead of
peaking near the pole as in the case of a single cell in each hemisphere. This is due to flow
convergence at 61° latitude instead of at the pole. The second cell also causes a delay in
the polarity change by advecting polar fields away from the pole.

The rise of the cycle from minimum to maximum in this case is slightly longer com-
pared to that in the single cell case. This is probably because some of the poloidal flux
advected to the bottom in between the primary and secondary cells is advected toward
the poles, retarding the early production of the equatorward migrating branch of toroidal

field there.
(b) Toroidal ﬁeld at 0.7R| (c) Radial ﬁeld at 1.0R
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Figure 35: Same as in Figure 34 but the turbulent diffusivity is 7 - 101% cm?s™L. The highest
tachocline toroidal field is ~ T8 kG (red/violet). The mazximum value of the radial fields

1s 277G, occuring near 50°.
(Source: Belucz et al., 2015)

Figure 35 shows the time-latitude diagrams of toroidal and radial fields in the two
cell case (Figure 35a) with 7- 10 cm?s™! turbulent diffusivity. For this case we see that

the high and low latitude branches of the butterfly diagram for tachocline toroidal field
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are about the same, despite the unequal amplitudes of the two circulation cells. Both the
poleward meridional circulation at the bottom and the radial gradient of rotation in high
latitudes at tachocline depths are contributing to this pattern, which is more pronounced
than seen in Figure 33, for which the bottom meridional circulation is toward the equator
at high latitudes. The sunspot cycle is shorter, about 10.7 years, due to the shorter
conveyor belt that is the primary circulation cell. Here too, the induced toroidal field are
stronger than in the high diffusivity solution with the same meridional circulation. The
maximum value of the toroidal field is 78 kG; maximum radial field is 77 G. In this case
we get substantially less overlap of adjacent cycles than in the higher diffusivity reference

case (Figure 34).

4.1.3. The Two Similar Cells in Depth

(b) Toroidal ﬁeld at 0.7R| (c) Radial ﬁeld at 1.0R .
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Figure 36: Same as in Figure 31 but the meridional flow pattern has a second, reversed
flow-cell below the primary cell (Figure 14c). The mazimum tachocline toroidal field
strength is ~ 23kG (orange/violet). Mazimum value of the radial fields is £83 G, near

the poles.
(Source: Belucz et al., 2015)
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For the next simulation, we add a second, reversed meridional cell below the primary
cell (see Figure 14c). The two cells are similar in amplitude and radial extent. The results
for this meridional flow are shown in Figure 36.

This dynamo solution is very different from the reference case. At all latitudes, the
tachocline toroidal field is migrating with time toward the poles rather than the equator.
The rate of this migration increases with latitude. This is due to the poleward flow at
the bottom of the second cell. Thus, based on tachocline toroidal fields, this meridional
circulation pattern produces an antisolar butterfly diagram. The toroidal field at the
bottom of the domain is weaker than in the reference case, because polar fields are not

brought down from the top, but instead are advected from lower latitudes near the bottom.
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Figure 37: Same as in Figure 36 but the toroidal fields are shown from 0.83125R. A

solar-like butterfly diagram is obtained to equatorward flow there.
(Source: Belucz et al., 2015)

If we plot instead the toroidal field near the middle depth, for example, 0.83125 R,
shown in Figure 37, we get a more solar-like butterfly, with both poleward and equator-
ward branches. This is because at these depths both circulation cells have equatorward
flow, so they advect toroidal field toward the equator in lower latitudes. The relatively

high speed total flow there also makes the dynamo period shorter (6.25 yr). In addition,
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since in this case the poleward flow near the outer boundary reaches to a shallower depth,
less poloidal flux is advected toward to the pole. These weaker polar fields lead to weaker
toroidal fields at all latitudes.

In the next simulation, with low diffusivity, we turn on a second meridional cell below
the primary cell, as for the case previously displayed in Figure 36. The results are shown
in Figure 38. The most outstanding feature of the butterfly diagram is the longer sunspot
cycle, about 50 years. What little migration of toroidal field there is, is toward the poles,
leading to a slightly antisolar butterfly. Here, again, as in the higher diffusivity case
shown in Figure 37, toroidal field contours (not shown) at mid-depth of the convection

zone, yields a butterfly diagram with both poleward and equatorward branches.
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Figure 38: Same as in Figure 36 but the turbulent diffusivity is 7 - 101° cm?s=t. The highest
tachocline toroidal field is ~ 114kG (red/violet). The mazimal value of the radial fields
is £288 G, near the poles.

(Source: Belucz et al., 2015)
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4.1.4. Two Meridional Cells in both Latitude and Depth

The next dynamo simulation is for the case of two meridional cells in both latitude and
depth in each hemisphere. The amplitudes of upper and lower cells is about the same.
These results are shown in Figure 39. Panel (b), again, shows the toroidal fields near the
bottom of convective zone. Panel (c) depicts the surface radial field. As in the case of
two cells in radius, we again get an anti-solar butterfly diagram when we plot the toroidal
field at the bottom. Again, this is because the flow is toward the pole at the bottom of
the stack of cells at all latitudes except the highest. If we plot the toroidal field contours
at mid-depth (not shown), we will again get a solar type butterfly, as seen in Figure 37.
In comparison with that case, the dynamo period here is longer because the meridional

flow speed is lower.

(b) Toroidal ﬁeld at 0.7R| (c) Radial ﬁeld at 1.0R .
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Figure 39: Same as in Figure 31 but the meridional flow pattern has four flow-cells (Figure
14d). The highest tachocline toroidal field is ~ 33kG (yellow/violet). The mazimum value
of the radial fields is 100 G, at around 50°.

(Source: Belucz et al., 2015)

The results of the next simulation is shown in Figure 40. Here, with two strong cells
in low and mid-latitude, and two reversed relatively weak cells in polar latitudes, we again

found a predominantly antisolar butterfly. Because of the low diffusivity, we actually get
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a double set of butterfly wings. But both are tilted toward the poles with time. Since
near the bottom, the latitudinal flow changes sign near 50°, only the low latitude butterfly
wing can be due to poleward advection of toroidal field; the high latitude wing must come
from radial shear of poloidal field there by the radial gradient of rotation. Finally, here
again we can get a solar like butterfly for low and middle latitudes if we plot toroidal field

contours at mid-depth in the dynamo domain.

(b) Toroidal field at 0.7R (c) Radial field at 1.0R
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Figure 40: Same as in Figure 39 but the turbulent diffusivity is 7 - 101° cm?s=t. The highest
tachocline toroidal field is ~ 123kG (red/violet). The maximum radial field is £120 G,

from about 50° to near the poles.
(Source: Belucz et al., 2015)

4.1.5. Four Cells

In the last simulation, we also have four cells, but these cells are located side by side, as
seen in the Figure 14e. In this case (Figure 41), the fields are confined to lower latitudes
because the multiple cells in latitude prevent poloidal field transport all the way to the
poles as in the reference case. We get a solar-like time-latitude diagram up to about

22°; the toroidal field migration is equatorward. We do not see dynamo activity beyond
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about 50°. The cycle length is very short, 3.125 years due to the very short conveyor
belts represented by the two circulation cells closest to the equator. The strength of the
toroidal field is just half of the reference case, because the dynamo is confined to the lower
latitudes where the differential rotation is smaller so the production of toroidal field from

a given poloidal field is smaller.
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Figure 41: Same as in Figure 31 but the meridional flow pattern has four flow-cells (Figure
14e). The highest tachocline toroidal field is ~ 15kG (red/violet). The mazximal value of
the radial fields is + 33 G, which occurs near 25°.

(Source: Belucz et al., 2015)

In the last simulation, we show results for low diffusivity in Figure 42. Due to the
short conveyor belts, decreasing the turbulent diffusivity does not significantly change the
cycle length. But the lower turbulent diffusivity has other effects. First, the fields are
stronger, as we should expect. Second, we can see dynamo activity at higher latitudes
than in the high diffusivity case, though it is still low compared to that low latitudes.
The orientation of the wings of the time-latitude diagram at the different latitudes is
determined by the latitudinal direction of the flow near the bottom; equatorward flow
leads locally to migration toward the equator, and poleward to migration toward the

poles, as seen in Figure 42b.
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Figure 42: Same as in Figure 8 but the turbulent diffusivity is 7 - 10 cm?s~t. The highest
tachocline toroidal field is ~ 65 kG (red/violet). The mazimum value of the radial fields
is £29 G.

(Source: Belucz et al., 2015)

From all the time-latitude plots shown above, we can see that the most solar-like
diagrams are produced if there is a single primary circulation cell in each hemisphere,
with possibly a weaker secondary, reversed cell in polar latitudes. Circulation with two
cells in depth, or two cells in both latitude and depth, give solar-like butterflies only from
toroidal fields at mid-depth, not the bottom. For these to be correct for the Sun, the
toroidal fields at the bottom must not come to the surface because of their magnetic
buoyancy or for any other reason, and a mechanism must exist that keeps mid-depth
toroidal fields from rising buoyantly too fast to be amplified to produce sunspots. Neither

requirement is easily satisfied using known MHD processes.
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4.2. Parameter Survey

We have shown how solutions from a solar flux transport dynamo model differ for different
forms of meridional circulation. The solutions we obtained are all for the same differential
rotation, since from helioseismic measurements that is relatively well known for the Sun.
These were found for fixed meridional circulation amplitude, but that amplitude is not
very constrained from observations, and it is bound to have time variations. In addition,
there are uncertainties in the amplitude and form of the surface poloidal flux source as well
as the turbulent magnetic diffusivity. It is of interest to know how basic characteristics of
a simulated sunspot cycle differ for different values of these uncertain parameters. Three
prominent features of simulated cycles to focus on are its period, amplitude, and shape -
the times spent in ascending and descending phases.

Figure 43 displays the variation of cycle period with circulation amplitude (panel (a)),
turbulent diffusivity (panel (b)) and poloidal source amplitude (panel (c)). We see from
panel (a) that as the circulation amplitude is increased, in almost all cases the period
declines. This is to be expected, because in all cases, unless diffusion dominates, the
period is set by the speed of the conveyor belt. The primary exception we see is that for
low speeds, decreasing the circulation in the single cell case (and to much lesser degree,
the case with a second weak cell at high latitudes) leads to a decrease in period. This
happens because as the circulation is decreased, turbulent diffusion starts to short-circuit
the conveyor belt, since some poloidal flux is diffused toward the bottom from the top
before it reaches polar latitudes.

This short-circuiting effect is even more evident in panel (b), where we have plotted
cycle length versus turbulent diffusivity. For the same circulation amplitude, the solutions
become more diffusion dominated to the right in the figure. The periods decline, in some
cases by factors of five or more. This result shows that to have a flux transport dynamo
calibrated to the observed sunspot cycle period requires careful choice of the turbulent
diffusivity, no matter what circulation pattern is assumed. By contrast, panel (¢) shows
that the cycle period is almost independent of the amplitude of the surface poloidal source.
This is also expected, because the dynamo is nearly linear. Changing the poloidal source

amplitude should change primarily the peak amplitude of the cycle, as we shall see below.

67



DYNAMO MODEL The model

=
S
>
=
%)
RS
=
ES
Q o—-o
1 7)( ‘t)z% Cceel/l with a weak high latitude reverse cell B
§ two szn'zz_llar' a)l][i‘. n L;L’é?,th i 1
r j;%%’ Cells tn eeptshlzrllng tewo in latitude
1000 2000 3000 4000 5000
circulation amplitude (cms”)
50 C T T T T ™)
r Xone cell . . ]
F O fwo cell with a weak high latitude reverse cell
r two similar cells in depth 1
r §[our similar cells in latitude .
= T \6 two cells in depth and two in latitude
g L
RS L
=
g 10 - E
~ L
o r =
@ [ A A
- &t
[ O—G--o-
L & 0\0 S <>§<>
2 TR T A I A I A AR N A A A A AT AR A VAN AT AT AN A AN A
1.0e+112.0e+11 3.0e+114.0e+115.0e+11 6.0e+11 7.0e+11
turbulent diffusivity (cm’s”)
T l T T T T
>|:|( %% Cceelzl with a weak high latitude reverse cell (C)
HA two similar cells in depth g
& four similar cells in latitude .
— ¥ two cells in depth and two in latitude
~
=
5y
> 10+ —W— ¥ X ..o
< 101 En*,*—gt— ¥ X ..o :
50 [ . ]
§ [ ® A OO N A A
R ’
U L i
O O—-O0—O0—O—0—-—
100 200 300 400 500

poloidal source amplitude (cms™)

Figure 43: Dependence of simulated sunspot cycle length on (a) amplitude of meridional
circulation, (b) turbulent diffusivity and (c) amplitude of poloidal source term for the five
circulation patterns used. The case of two cells in both latitude and depth is shown only

L. Below that amplitude, the solutions are quadrupolar

for circulation amplitudes > 15 ms™
rather than dipolar.

(Source: Belucz et al., 2015)
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Figure 44: Dependence of mazimum toroidal field on (a) meridional circulation amplitude,
(b) turbulent diffusivity and (c) amplitude of poloidal source term, for the five circulation
patterns used. The sudden drop in cycle amplitude for the case of two cells in latitude and
depth is due to the solution switching from dipolar to quadrupolar at a peak circulation
amplitude of 15ms~!.

(Source: Belucz et al., 2015)
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Figure 44 shows how depends the maximum toroidal field varies with meridional
circulation (panel (a), turbulent diffusivity (panel (b)) and amplitude of the poloidal
source term (panel (c)) for the five circulation patterns. From panel (c) we see that, as
we should expect, raising the amplitude of the poloidal source raises the peak toroidal
field amplitude. Because of the nonlinear quenching of the source term internal to the
model, however, the amplitudes are beginning to approach asymptotic limits. Two cells
in depth and four cells in latitude both generate much less toroidal field than the other
patterns, which give almost the same amplitudes. In the four cell case, this is because
the shearing of poloidal field is largely confined to low latitudes, where the latitudinal
rotation gradient is weakest, by the short latitudinal extent of the conveyor belt, so less
toroidal field is generated. In the case of two cells in depth, less of the poloidal flux gets
to the bottom where the radial shear is strongest, again reducing the dynamos ability to
amplify toroidal field.

In panel (b) the result that peak toroidal field declines with increasing magnetic
diffusivity is simply due to the fact that there is more dissipation in the system than
the induction processes in the dynamo have to overcome. Here too we see that, for all
diffusivities, the configurations with four cells in latitude and two cells in depth generate
less toroidal field for the same assumed diffusivity.

From panel (a) we see that the variation in peak toroidal field with changes in circu-
lation amplitude are more complex. With two cells in depth the peak amplitude changes
relatively little with circulation amplitude. With two cells in both latitude and depth,
we see a similar result, except near circulation amplitude 15ms~! where the amplitude
drops by more than 50% when the magnetic field configuration switches from dipolar to
quadrupolar. In both cases, with the relatively fine scale meridional circulation pattern,
the solutions are in the diffusively dominated regime, so the amplitude does not change.
Meridional circulation acts mainly as a transporter of toroidal and poloidal flux, rather
than as an amplifier.

The other three cases each show a largest value of toroidal field amplitude at a merid-
ional circulation amplitude between about 8 ms~! and 15 ms~—!. At these speeds there is an
optimum balance between amplification of toroidal field by differential rotation shearing,
diffusive decay, and meridional transport of toroidal and poloidal flux. In each case, for
larger than optimum circulation, the toroidal fields are moved in latitude and/or depth
too fast to be as fully amplified; at less than optimum advection rate, more time is allowed

at a given latitude and depth for the toroidal and poloidal fields to decay due to diffusion.
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4.3. Parity Issue

In all the cases we have presented so far, we have found dipolar parity during the simu-
lation time of our interest, i.e. about up to 500 years. We know that the growth rates
of quadrupolar parity solutions are slightly higher than the dipolar parity in a Babcock-
Leighton dynamo and the dipolar parity slowly drifts to quadrupolar one if the dynamo
simulations run for more than 2000 years (Dikpati & Gilman, 2001; Bonanno et al., 2002;
Hotta & Yokoyama, 2010; Miesch & Dikpati, 2014). However, (Jouve & Brun, 2007) have
shown that this switching from dipolar to quadrupolar parity is very fast in the case of a
four-celled meridional circulation which consists of two cells in latitude and two in depth.
In our four-celled case consisting of two cells in latitude and two cells in depth (see Figure
41), the parity change did not occur so quickly. This is because the ratio of poleward
surface flow-speed of the top cell to that of the bottom cell was too high, ~ 50, whereas in
(Jouve & Brun, 2007) had that ratio ~ 6. In order to investigate the fast change of parity
in the four-celled case, we consider a ratio of poleward surface flow-speed to poleward
bottom flow-speed to be ~ 5 and simulate that case and present our results in Figures
45-46.

In Figure 45, as in earlier figures panel (b) shows the toroidal fields near the bottom
of convective zone. Panel (c) depicts the surface radial field. We see here a radical change
from the earlier examples. The toroidal and poloidal field patterns are now symmetric
rather than antisymmetic about the equator. In other words, we have found quadrupolar
type rather than dipole type parity. This difference in parity about the equator develops
in just a few cycles, so the system in this case has a strong preference for quadrupole
parity.

(Jouve & Brun, 2007) described when quadrupolar structure is favored as a function
of meridional flow speed and diffusivity. In the case of a meridional circulation consisting
of single cell in each hemisphere, (Dikpati & Gilman, 2001) discussed that slow switching
to quadrupolar from dipolar parity occurs when bottom poloidal fields become weak
enough after a long traversal via the conveyor-belt from surface to the bottom, and hence
cannot connect with their opposite-hemisphere counterparts about the equator. A global
statement would be that the quadrupole is selected when, for a particular meridional
circulation, it is dissipated at a substantially lower rate than is the dipole. In other
words, the growth rate for a quadrupolar mode is higher than for a dipole mode. Since

a circulation pattern that has two cells in both latitude and depth is inherently more
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complicated than one with a single cell, in which poloidal and toroidal flux of opposite
signs and different amplitude are converged together in more places away from the equator,
we expect quadrupolar symmetry to be favored, unless the upper and lower cells are very
unequal in amplitude.

We find also in the low diffusivity case that having two cells in both latitude and
radius leads to a quadrupolar solution (we do not produce here the time-latitude dia-
gram for that). Therefore this fast switching from dipolar to quadrupolar parity is a
typical phenomena in the four-celled meridional circulation case, irrespective of turbulent

diffusivity value.
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Figure 45: Same as in Figure 41 but the bottom cell of this four-celled meridional circu-
lation pattern has about ten times stronger poleward flow compared to that in 41a. The
highest toroidal field amplitude is about ~ 27kG (yellow/violet). The mazimum value of
the radial fields is £150 G, near 50°

(Source: Belucz et al., 2015)
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Figure 46: Panels (a) and (c¢) show time-latitude diagrams for tachocline toroidal fields
and surface radial fields respectively; evolution of parity from dipolar to quadrupolar is

shown in enlarged form in panels (b) and (d).
(Source: Belucz et al., 2015)
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Figure 47: Twelve snapshots of toroidal fields in orange/violet color-filled contours and
poloidal fields in red (positive) and blue (negative) contours show the evolution of fields
during parity change.

(Source: Belucz et al., 2015)
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Figures 46 and 47 give details of the actual transition from dipolar to quadrupolar
symmetry. In Figure 46, panels (a) and (c) we see by eye that the transition occur
iappears to occur in about 120 years (16-18 sunspot cycles) in the tachocline toroidal field
and surface poloidal field respectively. Frames (b) and (d) show finer detail for each in the
middle of this transition. The simulation was started from a previous dipole simulation,
which inevitably has some slight departures from dipole symmetry at the truncation error
level. The quadrupolar symmetry is so strongly preferred for the parameters chosen that
even these small differences are enough to start the process of symmetry switching.

What we see in Figure 46 is a very simple process in which switching occurs by the
southern hemisphere developing a phase lag relative to the northern hemisphere, which
grows until the South lags by a sunspot or half magnetic cycle, with very little change in
pattern in each hemisphere. Presumably in another simulation with different truncation
errors, it could be the northern hemisphere that lags, ending up with the same final state.

In Figure 47, we show meridional cross-sections of both toroidal field (blue/yellow
shading) and poloidal field (solid black and dashed red lines) in 1-year intervals in the
middle of the transition. We can see particularly that the peak toroidal fields are moving
up in the domain to a mid-depth where the flow in low latitudes is toward the equator.
In addition, the polar field reversals are evolving to a state in which they go from positive

to negative at both poles at the same time.
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Figure 48: Normalized difference in cycle-lengths in North and South as function of cycle
number during change in dipolar to quadrupolar parity.
(Source: Belucz et al., 2015)
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We can quantify how long the transition takes by measuring the difference in cycle
periods between South and North as a function of time. This result is shown in Figure 48.
We see that during this transition, the North develops a phase lag relative to the South,
which reaches 12% midway through the transition. What is actually happening is that
the periods of both hemispheres are getting longer, from about 6.5yr to 8.5yr, but the
North reaches the longer period faster than the South, so the South gains on it in phase.
Therefore the difference in period length between North and South is positive.

This switching is possible because with the circulation pattern chosen, there is much
less linking of flux between hemispheres at the equator. With dipole symmetry there is
strong diffusion across the equator, whereas with quadrupole symmetry there is much
less since both sides have the same sign of field there. Furthermore, dipole symmetry is
best preserved when the toroidal fields of both signs are strongest where they are being
brought into close proximity near the equator. This is guaranteed when these is single
cell in depth in low and mid latitudes, with equatorward flow near the bottom where the

turbulent magnetic diffusion is smaller.
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5. Summary and Future Plans

The solar activity regularly affects the Sun’s plasma and energetic particle populations,
and these effects and changes cause the space weather that may influence long-term cli-
mate trends. Space Weather combines several research fields and important to economy
because solar activities affect the Earth’s climate and the advanced technology we be-
come so dependent upon in our lives. The physical phenomena of space weather are the
geomagnetic storms and substorms, ionospheric disturbances, aurora at high, middle and
low latitudes, energization of the Van Allen radiation belts, and geomagnetically induced
currents at Earth’s surface. Coronal mass ejections and their associated shock waves
can compress the magnetosphere and trigger geomagnetic storms. The CMEs and solar
flares accelerate the solar energetic particles (SEP) that can damage electronics onboard
spacecraft.

There has been significant interest to predicte the future solar cycles (Thompson,
1993; Badalyan et al., 2001; Dikpati et al., 2006; Du & Du, 2006; Cameron & Schssler,
2007; Javaraiah, 2007; Kane, 2007; Javaraiah, 2015). The aim of dynamo theory today,
in the context of the Sun, is to understand how the dynamo actually operates to produce
the magnetic fields we observe. For Cycles 22 and 23, prediction methods were primarily
statistical rather than dynamical. That is, no physical laws were integrated forward in
time, as in the meteorological and climate predictions. For solar cycle 24, to began in
2008, the first such dynamo-based cycle prediction, which involves integrating forward in
time a form of Faradays law of electromagnetic theory, has now been made (Dikpati &
Gilman, 2006).

Over the past two decades the Babcock-Leighton flux-transport solar dynamo models
have been successful in reproducing many solar cycle features including equatorward mi-
gration of sunspot belts, poleward drift of poloidal fields and correct phase relationship
between them (Wang & Sheeley, 1991; Choudhuri et. al., 1995; Durney, 1995; Dikpati &
Charbonneau, 1999; Kiiker et al., 2001; Bonanno et al., 2002; Nandy & Choudhuri, 2001;
Guerrero & Munoz, 1995; Jouve et al., 2008). The models are relatively well-constrained
observationally. The Babcock-Leigton flux-transport dynamo models are able to produce
long-term prediction of extensive solar activity, which is of great interest in the context
of long-term forecasting, and also determine the possible solar influences on terrestrial

climate.
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We have performed simulations of a Babcock-Leighton flux-transport dynamo model
in a full-spherical shell to study the observed asymmetry in the northern and southern
hemispheres and multi-cellural meridional circulation patterns suggested by solar obser-
vations and/or hydrodynamic models and simulations applied to the Sun.

The single hemisphere calculations showed how the dynamo cycle period varies as
function of turbulent diffusivity, basically confirming the results that can be obtained in
a classical a-§2 dynamo without meridional circulation that is the magnetic fields within
the Sun are stretched out and wound around the Sun by differential rotation to creating
the toroidal components and twisting of the magnetic field lines is caused to issue the
poloidal component from the toroidal component.

In a full spherical shell calculations we studied the features of dynamos operating in the
northern and southern hemispheres when (i) the Babcock-Leighton poloidal source terms
have different amplitudes (Belucz et al., 2013), (ii) the meridional circulation amplitude,
the number of circulation cells in latitude, and then in radius changes (Belucz & Dikpati,
2013).

We found that the dynamos in North and South operates mostly independently, with
very little cross-talk between them. If the Babcock-Leighton source is very small or even
zero in the southern hemisphere, the dynamo becomes weaker or stops cycling in the
South, but the dynamo in the northern hemisphere operates unaffected.

From the next sets of dynamo simulations, for which we varied in succession the
meridional circulation amplitude, the number of circulation cells in latitude, and then in
radius, we have shown that the resulting properties of the magnetic cycles produced vary
greatly in the South, where we applied the changes, compared with the North, which we
kept steady. These changes include changes in dynamo period, shape of the butterfly
diagram, strength of the polar and toroidal fields, and phase relations between polar and
peak toroidal fields.

When we increase the speed of the meridional circulation, we get the expected short-
ening of the cycle period in the South, together with a persistent phase gain relative to
the North. When the speedup occurs during the ascending phase, both the peaks of polar
and toroidal fields are weakened because the poloidal flux spends less time at the pole,
and the toroidal flux less time near its peak latitude, resulting in less amplification there.
When we lowered the speed of meridional flow during the late declining phase of a later
cycle, the cycle period in the South declined and restored the phase relation with the
North, but the peak amplitudes did not change much because of the timing of the speed
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change. For a speed increase that lasts for several cycles, the toroidal field peak is still
weakened for the same reason as with speed increases of short duration, but the polar
field peaks are not weaker. Here the surface poloidal source is weaker, but it is advected
to the pole faster, reducing the loss by diffusion, so the polar field peaks are nearly the
same.

When we temporarily add a second reversed meridional circulation at high latitudes,
the subsequent changes in cycle properties are quite sensitive to the timing of introduction
of the second cell. When it is introduced for 3 yr in the ascending phase of a cycle, the
polar flux peak is weakened by the temporarily equatorward flow near the outer boundary,
and the toroidal flux peak that follows is weakened because some of the poloidal flux made
available near the bottom is advected toward the pole there rather than toward the equator
when there is only the primary cell present. Both cause the rising phase of that cycle
to lengthen in time. By contrast, when later a second reversed cell is introduced in the
late declining phase, the cycle is actually sped up because we more poloidal flux near the
bottom at lower latitudes earlier. When the second cell lasts for several cycles, we get a
persistent polar branch of the butterfly diagram (which is not observed on the Sun) and
weaker polar field peaks because it is harder for low latitude poloidal flux to get to the
pole.

When we introduce a second meridional circulation cell with depth, the changes in the
toroidal field and butterfly diagram are particularly large. The butterfly wings reverse
in direction for the duration of the second cell. The polar field peaks are particularly
sensitive to timing, with the peak decreasing when the second cell occurs during the
ascending phase and increasing when the second cell is added during the late declining
phase. The amplitude changes persist only while the second cell is present, but the phase
differences with the North persist for a much longer time. When the second cell in radius
is present for several cycles, then much more radical changes occur. The butterfly diagram
moves far away from the observed one, and even the dynamo periods are quite different
between low and high latitudes in the South. Low latitude periods get much longer
because the poleward flow near the bottom and the ”a-{)” dynamo wave effect near the
bottom nearly cancel each other in low latitudes, while they add in high latitudes. Polar
field peaks are always lower because their toroidal source is always lower.

The changes in meridional flow we have used all fall within the range of possible solar
circulations. An analysis of (Ulrich, 2010) indicates an amplitude variation of up to ~50%

and an appearance and disappearance of a second high-latitude reverse cell, whereas a
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recent analysis of (Zhao et al., 2013) shows evidence of a second cell in depth. Our results
reinforce the need to measure meridional circulation in the Sun as accurately as possible
at all latitudes and depths within the convection zone, and for long time periods. It
also reinforces the need for time dependent theories of solar meridional circulation that
can tell us theoretically how this circulation may change its amplitude and form in each
hemisphere. It is important to realize that all the changes in cycle properties are produced
using a surface poloidal source function that varies the surface poloidal source only in
response to changes in the toroidal field at the bottom. In the Sun, surface poloidal fields
could change due to changes in other processes not included in the surface source. The
results also show that in this class of solar dynamo, the North and South are linked very
weakly, since the North experienced virtually no change from all the changes occurring in
the South over several decades. In the Sun, the kinds of changes we have introduced in the
South should be occurring in both the South and the North, not necessarily well correlated
between hemispheres. Nevertheless, it is apparent from longterm solar observations that
the differences in cycle phase between the North and the South are never large enough
to negate the basic antisymmetric pattern of polar and spot fields. Therefore, there must
be some limit to the differences in circulation behavior in the two hemispheres.

Finally, it worth noting that our results suggest it is unlikely that there can be a
second meridional circulation cell with depth that persists for more than a few years, if
the Sun is a flux transport dynamo, because if there were a very persistent second cell with
reversed flow at the bottom, the butterfly diagram would look very different than that
observed for the Sun and there would be large changes in the dynamo period, particularly
in low and middle latitudes where it is well observed. But from these simulations we
can see that we cannot rule out the possibility that a second cell in radius is present for
a few years at a time, because the presence of such a second cell for a few years does
not radically change the solar cycle patterns from a flux transport dynamo. Note that
second cell in depth found by (Zhao et al., 2013) is from the analysis of about two years
SDO/HMI data. However, it is yet to be seen whether the second cell in depth persists
for a solar cycle timescale or longer.

Finally, we have compared flux-transport dynamo model results for five meridional
circulation patterns that may occur in the solar convection zone, as suggested by solar
observations and/or hydrodynamic models and simulations applied to the Sun (Belucz
et al., 2015). We carried out simulations for both diffusion and advection dominated

regimes. Only the circulation pattern is different in each simulation; all other physical
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processes included are the same. We find a wide variety of dynamo behavior, as measured
by simulated time-latitude diagrams of toroidal and poloidal fields.

In general, circulation patterns with only one cell in depth and no more than two cells
in latitude produce the most solar like butterfly diagrams. Two cells in depth leads to
antisolar butterflies from tachocline toroidal fields, but solar like butterflies at mid-depth
where both cells have equatorward flow. For this pattern to work for the Sun physical
mechanisms must exist to inhibit magnetic buoyancy there long enough to allow enough
amplification of toroidal fields to produce spots, while preventing tachocline toroidal fields
from reaching the solar surface in any observable form. Four cells in latitude leads to some
solar-like magnetic patterns, but very fast cycle periods compared to the Sun. Surface
Doppler measurements also do not support the existence of four cells distributed evenly
in latitude, though multiple cells confined to polar latitudes can not be ruled out. All
of the solutions we have found retain dipole or solar-like symmetry about the equator,
except the case of two circulation cells in latitude and depth when the upper and lower
cell amplitudes differ by less than a certain amount. In that case, starting from a small
difference between hemispheres (probably truncation), even when starting from essentially
dipole symmetry, the solution switches to quadrupole type within several magnetic cycles
and stays there. This switch is achieved simply by one hemisphere temporarily changing
its period relative to the other until the relative phase changes by one-half cycle, without
changing the pattern itself in either hemisphere. A milder version of this effect could
be partly responsible in the Sun for differences in phase between northern and southern
hemispheres that do not go so far as to switch the dominant symmetry observed, which
is dipolar.

Despite producing significantly different butterfly diagrams for toroidal and poloidal
fields, our flux transport dynamo simulations with different meridional circulations have
many properties in common, as revealed by our parameter survey. In almost all cases
for all paramters chosen, cycle length declines with increasing circulation amplitude and
increasing turbulent magnetic diffusivity, but is nearly independent of poloidal source
amplitude. Maximum fields generated decline with increasing diffusivity, but increase
with poloidal source amplitude. Only changes in circulation amplitude produce a variety
of changes in peak fields for different circulation patterns.

There are at least two important effects related to MHD turbulence that we have not
included in the model we have used, that we need to examine in future studies. Both

would add nonlinearities to the system. One is the so-called turbulent pumping mechanism
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(see (Guerrero et al., 2009) and references therein), and the other is diffusivity quenching
(Guerrero & de Gouveia Dal Pino, 2008). It is currently not known how these effects would
change dynamo behavior for the full range of circulation patterns we have considered here.

In forthcoming papers, we propose to calibrate and improve the our dynamo model to
simulate the observed activity cycles and stellar dynamos the solar-type cool dwarf stars
and define the best ingredients to a calibrated solar dynamo model to predict of future
solar cycles.

Because of Sun’s proximity, it is an excellent target for studying magnetic cycles on
different time and wavelengths. The magnetic fields present in the Sun, and in similar
stars with deep surface convection zones, are believed to be generated by a hydrodynamic
dynamo. A model of the solar dynamo should also simulate the stellar dynamos of solar-
type cool dwarf stars, able to accurate predictions of the solar cycle, and determine the
ingredients to a calibrated solar dynamo model for prediction of future solar cycles. The
lengths of stellar data sets are much shorter than that of the Sun, the data sets are ideal
to calibrate a stellar dynamo model and study the magnetic cycles of stars.

We will evaluate and calibrate the 2D Babcock-Leighton dynamo model (Belucz et
al., 2015) to simulate the cycles of solar-type star using ground- and space-based data
of stellar activity as well as differential rotation. We will use guidance from available
observations (Frasca et al., 2010; Kévari & Olah, 2014; Kévari et al., 2015) as well as
theoretical concepts to specify values for the needed dynamo ingredients, as differential
rotation, density profile and diffusivity profile. Rotation of many solar-type stars is fairly
well-known from observations, and convection thickness is well constrained by stellar
interior structure models. Surface differential rotation is also available for some. From
these parameters and convection simulations we constrain Q(r, ©) to different categories
likely to occur in solar-type stars, such as equatorial, mid-latitude and polar acceleration,
deceleration and accompanying meridional circulation. Plausible turbulent diffusivities
and a-effects can be inferred from available Doppler broadening data for stellar turbulence
together with guidance from convection models and active region decay times.

We propose a 3D Babcock-Leighton flux-transport dynamo model to simulate active
longitudes, couple shallow-water model of the tachocline (Dikpati & Gilman, 2005) and
the 2D Babcock-Leighton dynamo model (Belucz et al., 2015) by the bottom boundary
condition in the overshoot tachocline zone. We estimate the axisymmetric component of
longitude-dependent Babcock-Leighton source. We develop a 3D Babcock-Leighton flux-

transport dynamo model to interpret the longitudinal concentrations of enhanced solar
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activity known as active longitudes determined by sunspot groups and the longitudinal
distribution of macrospicules.

(Gyenge et al., 2016) show connection between active longitude and flare activities
with a similar short time-scale periodicity, very important for Space Weather. For more
than half a century, it has been observed that solar active regions tend to emerge near the
location of previous or currently existent magnetic flux (Gaizauskas et al., 1983; Brouwer
& Zwaan, 1990; Harvey & Zwaan, 1919). These preferential longitudes of solar activity
are commonly referred to as Active Longitudes, and have been observed some cool, active
stars and young solar analogs (Olah et al., 1991; Lanza et al., 2009; Garcia-Alvarez et al.,
2011).

(Gyenge et al., 2015) found statistical relationships between the active longitude de-
termined by sunspot groups and the longitudinal distribution of macrospicules. The lati-
tudinal distribution of macrospicules concentrates around the poles, but the longitudinal
distribution of macrospicules shows inhomogeneous properties and concentrates certain
belts suggest that there is a relationship between the position occurrence and the genera-
tion of the global magnetic field. Coronal holes are related to the Sun’s large-scale poloidal
field (Gonzalez & Schatten, 1987; Bravo & Otaola, 1990) and macrospicules observed at
the limb in polar coronal holes. Finding connections between the latitude distribution
of sunspots and macrospicules and the relationship between macrospicules formation and
the solar dynamo would be a great step for a better physical understanding of these
phenomena. We will build and develop a 2D axisymmetric mean-field dynamo (Simard
et al., 2013) with solar rotation profiles (derived from helioseismology) incorporate the
alpha-effect using the 3D EULAG-MHD to verify the suggestion that there is a relation-
ship between the position occurrence of macrospicules and the generation of the global

magnetic field.
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