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Abstract
This thesis studies the long-term evolution of the photospheric magnetic field using
surface flux transport simulations. The photospheric magnetic field and magnetic activity
are tightly connected to space weather, and affect the whole heliosphere including the
Earth. However, due to a lack of reliable observations our understanding of the long-term
evolution of the photospheric magnetic field is still poor. Surface flux transport models,
which are capable of simulating the evolution of the whole surface field from observations
of solar activity, can be used to study the field in times when direct observations are not
available.
In this thesis we validate our surface flux transport model, optimize its parameters
and test its sensitivity to uncertainties in parameter values and input data. We find
a need to extend the model with a decay term to properly model the deep and long
minimum between solar cycles 23 and 24, and simulate the photospheric magnetic field of
cycles 21-24 using magnetographic observations as input. We also study consequences of
hemispherically asymmetric activity, and show that activity in one hemisphere is enough
to maintain polar fields in both hemispheres through cross-equatorial flow of magnetic
flux.
We develop a new method to reconstruct active regions from calcium K line and
sunspot polarity observations. We show that this reconstruction is able to accurately
capture the correct axial dipole moment of active regions. We study the axial dipole
moments of observed active regions and find that a significant fraction of them have a
sign opposite to the sign expected from Hale’s and Joy’s laws, proving that the new
reconstruction method has an advantage over existing methods that rely on Hale’s and
Joy’s laws to define polarities. We show one example of a long simulation covering solar
cycles 15-21, demonstrating that using the active region reconstruction and surface flux
transport model presented in this thesis it is possible to simulate the large-scale evolution
of the photospheric magnetic field over the past century.
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1. Introduction
The Sun produces the vast majority of energy in the solar system. The energy
released in nuclear fusion reactions deep within the core of the star is spread
throughout the heliosphere as electromagnetic radiation and plasma, which carries the solar magnetic field with it. This energy enables all life on the Earth, and
understanding solar activity and how it changes in time is a subject that is not
only scientifically interesting, but has many practical implications as well. Electronics, satellites and space travel, for example, can be affected by solar activity
and eruptions, such as flares and coronal mass ejections.
Solar activity is strongly connected to the solar magnetic field, and studying
it has the potential to substantially increase our knowledge about the Sun in
general. Sunspots, which are created by strong magnetic fields at the surface
of the Sun, have been observed for thousands of years [Vaquero et al., 2002].
Direct measurements of the magnetic field on the solar surface have been possible
for about a hundred years, and the space age has enabled us to study also the
interplanetary magnetic field and its interaction with the magnetosphere of the
Earth. Over these years we have learned much about magnetic activity on the
Sun, and how it changes in time. We have discovered cyclic variations in sunspot
activity and the polarity of the magnetic field, as well as the connections between
solar activity, space weather, the magnetosphere of the Earth, and space weather.
However, there are still large gaps in our understanding of the solar magnetic
field, and our ability to accurately predict solar eruptions and space weather is
still poor in all time scales. Due to our vantage point on the Earth we are not
able to properly see the poles of the Sun, or its backside. Instruments capable
of accurately measuring the photospheric magnetic field have also existed for a
relatively short period of time, limiting our understanding about the long-term
evolution of the field, and observations below and above the photosphere are still
extremely challenging to do. Models and simulations are often used in combination
with existing observations when trying to fill these gaps in our understanding.
In this thesis I study the photospheric magnetic field using surface flux transport
modelling. I use observations of active regions to simulate the global photospheric
magnetic field, and develop methods to reconstruct magnetic fields from historical
observations. The main goal is to advance our understanding about the long-term
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evolution of the photospheric magnetic field over the past century.

2. Solar magnetic field
2.1. Magnetic activity
The solar magnetic field is created deep beneath the solar surface in a magnetohydrodynamic dynamo process, in which turbulent plasma flows and the differential
rotation of the Sun turn kinetic energy of plasma into electromagnetic energy
[Charbonneau, 2013; Charbonneau, 2014]. The interior of the Sun can only be
observed indirectly, which is why the dynamo and the structure of the magnetic
field inside the Sun are not very well understood. The interior can be modelled
using magnetohydrodynamics (MHD) but, due to the scale and complexity of the
problem the task is still extremely challenging [Käpylä, 2011]. Simpler dynamo
models based on mean-field electrodynamics that are capable of capturing the slow
evolution of large-scale magnetic fields, have been traditionally used [Ossendrijver ,
2003].
In the photosphere, the visible surface of the Sun, the magnetic field can be
directly measured. In the photospheric magnetic field we can observe so-called
active regions, which are areas where the magnetic field is exceptionally strong.
These usually appear as bipoles including both negative and positive polarities.
Magnetic field lines emerge from the convection zone beneath the photosphere,
creating a loop where field lines rise above the photosphere in one part of the active
region and return beneath the surface in another. Active regions are the source of
many forms of solar activity. Flares and coronal mass ejections, for example, are
born when the magnetic energy stored in an active region is suddenly released in
an eruption. In the visible part of the electromagnetic spectrum active regions can
often be seen as sunspots. The strong magnetic field hinders the upward movement
of hot plasma, which cools down the plasma in the active region and causes it to
appear as a dark spot.
Large sunspots can sometimes be seen even with naked eye, and observations
of sunspots have been made since ancient times, the earliest records dating back
thousands of years. With the invention of telescopes in the early 17th century the
quality of solar observations increased dramatically, and allowed astronomers to
make even detailed drawings of sunspots.
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Fig. 2.1. Latitude-time distribution of sunspots between 1825-1867 derived from Samuel
Schwabe’s observations [Arlt et al., 2013]. Reprinted by permission of the Oxford University Press on behalf of the Royal Astronomical Society.

2.2. Solar cycle
The solar cycle was discovered by Samuel Heinrich Schwabe in the early 19th
century [Schwabe, 1844; Arlt, 2011]. After observing sunspots continuously for
over a decade, he noticed a periodic variation in the number of spots. Rudolf Wolf
combined observations from earlier times and found that the number of sunspots
consistently follows a cycle of about 11 years. The number of sunspots repeatedly
rises to a sunspot maximum, where multiple groups of sunspots are usually seen
every day, and then decreases to a minimum, where hardly any spots are seen
[Wolf , 1852]. Richard Carrington and Gustav Spörer later noted that the latitude
where sunspots appear changes during the cycle [Carrington, 1863; Spörer , 1880].
When a new cycle starts after a minimum, spots appear at higher latitudes, but
as the cycle progresses, the spots move closer and closer to the equator.
Figure 2.1 shows the latitude-time distribution of sunspots derived from Schwabe’s
original sunspot drawings. This so-called butterfly diagram illustrates the cyclic
behaviour of sunspot activity. Each sunspot cycle has two wings, one in the northern and one in the southern hemisphere. Often wings of subsequent cycles overlap
slightly, meaning that between the cycles near the sunspot minimum there is a
time period when sunspots from the previous cycle appear near the equator at the
same time as sunspots of the next cycle appear at higher latitudes.
The magnetic field of sunspots was first studied by George Ellery Hale in the
early 20th century. He showed that sunspots usually appear in pairs of spots of
opposite magnetic polarities [Hale, 1908a; Hale et al., 1919; Hale and Nicholson,
1925, 1938]. These are called leading and trailing sunspots and polarities, where
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the leading sunspot with the leading magnetic polarity is seen rotating ahead of the
trailing sunspot with the trailing magnetic polarity. Majority of pairs of sunspot
groups in a given cycle and hemisphere tend to have leading and trailing polarities
of the same sign. The polarity patterns are opposite in opposite hemispheres, and
they change from one sunspot cycle to another. This creates a 22-year magnetic
cycle consisting of two 11-year sunspot cycles. This law of magnetic polarities of
sunspots is known as Hale’s law after its discoverer.
Hale’s observations also indicated that the sunspot pairs are systematically
tilted with respect to the solar equator, and that the average tilt angle depends
on latitude. The leading spot is usually closer to the equator, and the difference is
larger the higher the latitude. This means that as the cycle progresses and sunspots
move closer to the equator, the tilt angles of sunspot groups tend to decrease. This
property of sunspot groups is known as Joy’s law, after Alfred Harrison Joy, who
worked with Hale at the Mount Wilson observatory at the time.
This cyclic evolution can be explained by the Babcock-Leighton dynamo model,
which was first introduced by Horace Babcock in the early 1960s [Babcock , 1961],
and later elaborated by Robert Leighton [Leighton, 1969]. It describes the solar
cycle as a periodic change between a poloidal dipolar magnetic field and a toroidal
magnetic field. In a sunspot minimum the solar magnetic field is mostly poloidal,
consisting of unipolar polar fields of opposite polarities in the two poles. As time
goes on, the differential rotation of the Sun, which is fastest at the equator and
slower towards the poles, winds the field lines around the Sun and generates a
toroidal magnetic field in the convection zone. Sometimes a flux tube emerges
through the photosphere, creating an active region. Due to all field lines being
twisted in the same direction by differential rotation, the polarity of the emerging
active regions follow Hale’s polarity rule.
As the flux tube rises through the convection zone it is affected by Coriolis
force, which twists the looped field lines in the north-south direction, causing the
trailing part of the tube to emerge at a higher latitude and the active region
to follow Joy’s law. The Coriolis-induced twisting of the flux-rope generates a
poloidal component from the originally purely toroidal field and slowly returns
the large-scale solar magnetic field to its poloidal configuration during the next
sunspot minimum. The process reverses the polarity of the dipolar field compared
to the previous minimum, leading to the 22-year magnetic cycle.
Figure 2.2 shows an illustration of the emergence of active regions [Babcock ,
1961]. On the left the dashed lines are subsurface field lines that differential
rotation is winding around the Sun. At two points a flux tube emerges through
the surface and creates a loop above the photosphere, which is marked with a solid
line. These points would be seen in the photosphere as active regions. On the right
of Figure 2.2 the loops, which now have a poloidal component, reconnect with a
field line connecting the two polar fields. Parts a are replaced with parts b, and in
the process the active region loops and a fraction of the polar dipole, which still
has a polarity opposite to the polarity of the active region, are destroyed.
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Fig. 2.2. Illustrations of the magnetic field of an active region in the Babcock-Leighton
model, and its reconnection with the polar field [Babcock , 1961].

2.3. Corona and solar wind
Above the photosphere and the chromosphere is the solar corona. The corona is
an aura of plasma surrounding the Sun. It can be seen with a coronograph, or
during en eclipse even with the naked eye. From the corona blows the solar wind,
which spreads plasma, and with it the solar magnetic field frozen to the plasma, to
the whole heliosphere [Parker , 1958]. The magnetic field of the corona is difficult
to observe directly, but it can be modelled from the photospheric field [Altschuler
and Newkirk , 1969].
A part of magnetic structures in the photosphere extend into the corona. The
flux tubes that create active regions in the photosphere rise into the corona, where
they are seen as coronal loops. The loops are closed, causing the field lines and the
plasma contained within to remain trapped in the corona. Sometimes magnetic
reconnection causes these loops to erupt, releasing the magnetic energy of the loop
in the form of radiation and plasma. These eruptions lead to flares and coronal
mass ejections, which affect space weather throughout the solar system and near
the Earth [Webb and Howard , 2012]. The connection between solar flares and
geomagnetic activity was first noted by Carrington as early as 1859 [Carrington,
1859].
Outside active regions, especially in the polar regions, the field lines do not close
in the corona, but remain open and are carried by the solar wind to the edges of
the heliosphere. The areas from where these open field lines originate are called
coronal holes. Large coronal holes are the source of the fast solar wind [Altschuler
et al., 1972; Cranmer , 2009]. During sunspot minima when the magnetic field
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is highly dipolar there are two large coronal holes, one around the pole of each
hemisphere. As sunspot activity increases, polar fields weaken, the large-scale
magnetic field becomes increasingly complicated in both the photosphere and the
corona, and coronal holes start appearing closer to the equator. Plasma density
in the open field lines of the polar coronal holes is low, but plasma speed is high,
leading to fast solar wind. Near active regions and above coronal loops the flow
speed is lower but density higher [Balogh et al., 2008].
Due to this connection to the corona, the solar wind, and the whole heliosphere,
the structure of the photospheric magnetic field affects even near-Earth space and
the Earth itself. The locations of coronal holes and active regions dictate the
properties of the solar wind and the times and locations of solar eruptions like
flares and coronal mass ejections, which then propagate through space and interact
with the Earth and the Earth’s magnetic field.
Figure 2.3 shows the Sun during an eclipse in 2009. The structure of the coronal
magnetic field is seen clearly in the plasma halo surrounding the eclipsed Sun. Near
the poles open field lines rise from the polar coronal holes and density is low. At
lower latitudes closed loops rise from the photosphere to the corona and density
is higher. Between closed field lines some open field lines can be seen. Higher in
the corona the open field lines expand over closed loops.
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Fig. 2.3. Solar eclipse in 2009 over the Marshall Islands [Basu, 2013]

3. Magnetographic observations
3.1. Sunspots
The first observations of the solar magnetic field were made by George Ellery Hale
in 1908 with new instrumentation constructed at the Mount Wilson observatory
[Hale, 1906, 1908b]. By observing the Zeeman splitting of spectral lines of solar
radiation he was able to show that sunspots contain strong magnetic fields. In
1917 routine measurements of the strength and polarity of the magnetic field in
sunspots started at Mount Wilson observatory [Pevtsov et al., 2014, 2016; Tlatov
et al., 2015]. The observations were carried out by visually finding the displacement
of the two Zeeman components of a spectral line. The polarity of each sunspot
and an estimate of the strength of the magnetic field was then marked on a daily
sunspot drawing.
Figure 3.1 shows an example of a sunspot drawing from December 26, 1917.
Sunspot activity was high at the time, and many sunspot groups are visible in
the drawing. Each sunspot has been drawn by hand, and the number of each
group has been written and circled next to the group. The magnetic polarity of
each individual sunspot has been measured individually and marked with either
an R or a V, indicating positive and negative polarity, respectively. The numbers
following the polarity are related to the strength of the magnetic field. In the
drawing left and right have been reversed, so that the Sun would be rotating from
right to left. We can see that in the northern hemisphere the positive and in the
southern hemisphere the negative sunspots of a group tend to be to the left and
closer to the equator. These are the leading polarities of the cycle. This is very
clearly visible for example in groups 951 and 955, and demonstrates the structure
of strong magnetic fields in sunspots in a solar maximum.

3.2. Full-disk observations
In the 1950s the first magnetograph capable of making full-disk observations was
built [Babcock , 1953]. Prior to this only the strong fields of sunspots could be
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Fig. 3.1. Sunspot drawing from December 26, 1917 from the Mount Wilson observatory.

observed, but the new instrumentation allowed measuring also weaker fields in
areas without sunspot activity. This gave for the first time a complete image of
the large scale solar magnetic field. This included the polar fields, and allowed
Babcock to observe the polarity reversal of the field for the first time [Babcock ,
1959].
Daily full-disk observations of the photospheric magnetic field started at the
Mount Wilson observatory in 1957 [Howard et al., 1968; Howard , 1976]. Kitt Peak
[Livingston and Harvey, 1971a; Livingston et al., 1971; Livingston and Harvey,
1971b; Livingston et al., 1976] and Wilcox Solar [Scherrer et al., 1977] observatories began routine measurements in the 1970s. Later the magnetic field has also
been observed by instruments in space. There interference caused by the Earth’s
atmosphere is eliminated. The Michelson Doppler Imager (MDI) on the Solar and
Heliospheric Observatory (SOHO) spacecraft started operation in 1995 [Scherrer
et al., 1995], and the Helioseismic and Magnetic Imager (HMI) on the Solar Dynamics Observatory (SDO) followed in 2010 [Scherrer et al., 2012; Schou et al.,
2012].
Most of the above instruments measure only the line-of-sight component of the
field. The photospheric field is predominantly radial [Svalgaard et al., 1978; Petrie
and Patrikeeva, 2009], and typically line-of-sight magnetograms are turned into
radial magnetograms simply by assuming a purely radial field and dividing them
by the cosine of latitude. Recently vector magnetographs, which are capable of
measuring all three components of the magnetic field, have been built. HMI is a
vector magnetograph, and the Vector Stokes Magnetograph (VSM) on the Synoptic
Optical Long-Term Investigations of the Sun (SOLIS) replaced the older Kitt Peak
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instrumentation 2003 and started observing also the complete vector field [Keller
et al., 2003; Balasubramaniam and Pevtsov , 2011]. Vector magnetograms have
shown that the field is not purely radial [Virtanen et al., 2019a]. The field is
generally inclined towards the equator, but the inclination of active regions is
small, making the radial approximation reasonable. Vector magnetograms suffer
from noise and the vantage point effect more than line-of-sight magnetograms,
which limits their usability when studying weak fields and polar areas.
While line-of-sight observations exist since the 1950s, combining them into a
continuous data set has proven to be very difficult. Different instruments use different methods and spectral lines, which means that significant scaling is required
when using data from different observatories, or even from the same observatory
but from different time periods, since instrumentation is sometimes repaired or
upgraded [Pietarila et al., 2013; Virtanen and Mursula, 2017; Tran et al., 2005;
Berger and Lites, 2003; Liu et al., 2012; Riley et al., 2014]. Scaling is non-linear
between most instruments, meaning that the scaling coefficient depends on field
strength, typically leading to saturation. Insufficient spatial resolution is also often
a serious problem.
While the magnetic field of active regions is relatively easy to measure, polar
fields are more challenging [Petrie, 2015]. This is mostly due to three reasons.
First, the magnetic field in active regions is much stronger than in other areas of
the Sun. In an active region field strength rises to hundreds or even thousands
of Gauss, but a typical polar field is only a few Gauss. Second, the orbit of the
Earth is tilted by about 7.25 degrees with respect to the solar equator. This means
that only one pole is visible at a time, and the surface area covered by a pixel of
constant sine-latitude is large even if the pole is visible, leading to poor spatial
resolution. Lastly, near the poles the line of sight is almost perpendicular to the
radial magnetic field. Since almost all instruments measure only the line-of-sight
component of the field, measurements become increasingly uncertain towards the
poles. Only the HINODE spacecraft, which was launched into a polar orbit in
2006, has offered detailed vector magnetograms of polar fields [Tsuneta et al.,
2008].

3.3. Long-term evolution of the field
The full-disk observations can be processed into so-called synoptic maps. While a
full-disk observation shows only the visible side of the Sun, a synoptic map contains
observations from a whole Carrington rotation to form a complete image of the
solar magnetic field. Usually only a narrow band around the central meridian is
used from each full-disk image, as near the limb the same configuration problem
that affects polar fields reduces the reliability of the measurements. Since only
one pole is visible at a time, most synoptic maps have data gaps at high latitudes.
While the area of the gaps is small, the polar field and the associated coronal
holes are very important for space weather. It is customary to fill the missing
polar field with interpolation. The interpolation method typically uses data from
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Fig. 3.2. Synoptic maps of the photospheric magnetic field for three different Carrington
rotations ,CR 1818, CR 1915 and CR 1965.

lower latitudes to fill the pole. Past and future observations from times when
the missing pole is visible can also be included in the interpolation [Sun et al.,
2011]. However, whatever method is used, there are large uncertainties involved,
as measurements at the highest latitudes are always based on interpolation or
measurements suffering from the vantage point effect.
Figure 3.2 shows synoptic maps for three different Carrington rotations, illustrating the magnetic cycle. The top panel shows CR 1818 (July 1989), which was
near the maximum of cycle 22. Active regions form two belts at low latitudes, one
in each hemisphere. In the northern hemisphere the leading polarity is negative
and the trailing polarity positive, while in the south the leading polarity is positive
and the trailing polarity negative. The leading polarity part of most active regions
is closer to the equator, while the trailing polarity part of dissipating active regions
is seen spreading towards the poles. The polar field is still mainly negative in the
north and positive in the south. In the middle panel is CR 1915 (October 1915),
which was around the minimum between cycles 22 and 23. There is barely any
activity. One dissipating active region is seen near the equator. It still has the
polarity of cycle 22, the leading polarity being positive and trailing polarity negative. The polar fields have reversed their polarity. There is a uniform positive field
around the northern pole and a negative field in the south. In the bottom panel
is CR 1965 (July 2000), which was near the maximum of cycle 23. The activity
belts are again present in both hemispheres, but leading and trailing polarities
have reversed. The polar fields have already weakened considerably compared to
the middle panel, but are still primarily positive in the north and negative in the
south.
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Fig. 3.3. Supersynoptic maps of the photospheric magnetic field for six different data
sets. Color indicates field intensity [Virtanen and Mursula, 2016].
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Synoptic maps can further be compiled into so-called supersynoptic maps. In
this case the synoptic map of every Carrington rotation is averaged in longitude
to form one column of pixels in a time-latitude map. A supersynoptic map shows
the long-term large-scale evolution of the photospheric magnetic field. Figure 3.3
shows supersynotpic maps for six different data sets. The butterfly wings that
were originally discovered from sunspot observations are clearly visible also in the
magnetic field. Each cycle starts with active regions appearing at mid-latitudes.
As the cycle progresses, the activity belt moves closer to the equator. The trailing
polarity parts of active regions create strong poleward surges of flux, which travel
towards the poles and eventually reverse their polarity. When the activity belt
reaches the equator a new cycle starts, with active regions appearing again at
higher latitudes, but with reversed polarities compared to the previous cycle. The
supersynoptic maps in Figure 3.3 cover roughly four full sunspot cycles, or two
full magnetic cycles.
The above discussed problems related to scaling and polar fields are also evident in Figure 3.3. The intensity of the simultaneously measured field varies
significantly from instrument to instrument. The polar fields of MWO and HMI
have not been filled, leaving the gaps at the poles visible. The rest of the data
sets employ varying interpolation methods to fill the poles, except for WSO, which
does not require filling due to its low spatial resolution. Especially near polarity
reversals when the polar fields are weakest there are significant differences between
the six data sets.

4. Surface flux transport simulations
4.1. Flux transport model
The idea of a surface flux transport model was first introduced by Leighton [1964].
He proposed that the expansion and migration of magnetic regions in the photosphere is caused by the convection cell pattern known as supergranulation. It
had been shown that the motions inside the convection cells tend to concentrate
the magnetic field to narrow lanes at the boundaries of the cells [Parker , 1963].
Because the velocity field is non-stationary, the plasma in the boundaries moves
around from one boundary to another as the supergranulation pattern evolves.
This movement resembles a random walk and, due to the high electrical conductivity of plasma, it drags the magnetic field with it. This means that the random
walk of plasma in supergranulation cells also spreads the magnetic field. Leighton
[1964] also assumed that all regions develop independently, regardless of polarity,
and that when two regions overlap, the resulting field is the sum of the separate
fields. If they have different polarities, the fields will neutralize each other.
We assume the drift velocity of the magnetic elements C to be proportional to
the gradient of the concentration of magnetic elements n with coefficient D
C = −D∇n.

(4.1)

Because magnetic flux is conserved, n must obey the continuity equation
∂n
+ ∇ · C = 0.
∂t

(4.2)

This leads to the diffusion equation
∂n
= D∇2 n.
∂t

(4.3)

If we also take into account that the rotation of the Sun moves the magnetic
elements at velocity v, the equation becomes
∂n
= D∇2 n − (v · ∇)n.
∂t

(4.4)
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Leighton [1964] originally derived the diffusion equation by drawing an analogy
to diffusion in gases, the magnetic elements playing the role of gas molecules. It was
later shown that the same result can be derived directly from the magnetohydrodynamic induction equation, if the magnetic field is assumed to be predominantly
radial and the scale length of the field large compared to the correlation length
of turbulence [DeVore et al., 1984]. In this case the radial magnetic field Br is
considered instead of the concentration of magnetic elements n.
In this original form the model includes only two processes that evolve the
magnetic field, supergranular diffusion and differential rotation. Mosher [1977]
found that the motions and spreading of solar active regions are better described
by a model that also includes a slow poleward meridional flow. As more and more
observational evidence of the existence of a meridional flow started to emerge
[Duvall , 1979; Howard , 1979; Howard and Labonte, 1981; Labonte and Howard ,
1982; Topka et al., 1982], it became a part of the standard flux transport model.
In spherical coordinates the complete flux transport equation can then be written
as
D
∂
∂Br
1 ∂ 2 Br
∂Br
= 2
( (sin(θ)
)+
)
∂t
R sin(θ) ∂θ
∂θ
sin(θ) ∂φ2
1
∂
∂Br
−
(u(θ)Br sin(θ)) − ω(θ)
R sin(θ) ∂θ
∂φ

(4.5)

where φ and θ are solar longitude and colatitude, respectively, R is the radius of
the Sun, u(θ) is the velocity of the meridional flow, and ω(θ) is the angular velocity
of the differential rotation of the Sun.

4.2. Simulating the evolution of the magnetic field
Solving Equation 4.5 allows one to simulate the time evolution of the photospheric
magnetic field. Here we follow the method used by Yeates [2014] to find a solution.
We can simplify the time derivative by writing the radial magnetic field B as a
function of the vector potential A:
B=∇×A

(4.6)

If we write the curl in spherical coordinates and take into account that B is assumed
to be radial, we get:
Br (θ, φ, t) =

1
∂
∂Aθ
( (sin(θ)Aφ ) −
).
R sin(θ) ∂θ
∂φ

(4.7)

The two components of the vector potential evolve in time as follows:
∂Aθ
D
∂Br (θ, φ, t)
= ω(θ)R sin(θ)Br (θ, φ, t) −
∂t
R sin(θ)
∂φ

(4.8)

∂Aφ
D ∂Br (θ, φ, t)
= −uθ (θ)Br (θ, φ, t) +
.
∂t
R
∂θ

(4.9)
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Taking the partial derivative of Equation 4.7 with respect to time, and using
Equations 4.8 and 4.9 results in Equation 4.5, which shows that evolving the vector
potential in time according to Equations 4.8 and 4.9 is equivalent to evolving the
radial magnetic field in time according to Equation 4.5. Due to the freedom of
changing the gauge we can set Aφ = 0 at any moment in time and solve a vector
potential that has only one component, Aθ . Equation 4.7 then gives:
φ

Z

Br (φ0 , θ)dφ0 .

Aθ = −R sin(θ)

(4.10)

0

The time derivative in Equation 4.9 is still non-zero and will make Aφ non-zero
when the vector potential is evolved in time. We can now solve the flux transport
equation numerically by computing Aθ from Equation 4.10, evolving Aθ and Aφ
in time according to Equations 4.8 and 4.9, and solving Br again from Equation
4.7. This numerical integration must be repeated in small enough time step so
that flux is not transported more than one grid cell during a step. The necessary
condition for one-dimensional processes such as differential rotation and meridional
circulation is [Courant et al., 1967]:
∆t 6

∆x
u

(4.11)

and for the two-dimensional supergranular diffusion:
∆t 6

(∆x)2
D

(4.12)

where ∆t is the time step, ∆x is the spatial step, which depends on the spatial
resolution of the simulation, and u is the speed of the flow.
These equations form the basis of the SFT simulation. Vector potential is first
solved from some initial radial field using Equation 4.10. The vector potential is
evolved in time using Equations 4.8 and 4.9 over the time step given by Equations
4.11 and 4.12. The radial field is then solved from the vector potential using
Equation 4.7, and the process can start again from the beginning.
What remains is to determine the angular velocity of differential rotation, ω(θ),
the velocity of meridional circulation, uθ (θ), and the supergranular diffusivity coefficient D. The differential rotation of the Sun can be directly measured using
sunspots, magnetic features, or other observations, and is fairly well known [Beck ,
2000]. However, meridional circulation and supergranular diffusion are not nearly
as well understood, and optimizing these parameters remains one of the challenges
in SFT modelling.

4.3. Supergranular diffusion
Supergranular diffusion is a simple model of the complicated random movements
of plasma that spread magnetic flux. The value of the only free parameter, the
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coefficient D, cannot be directly measured, but must be optimized by comparing
the simulated field to observations. Leighton [1964] estimated that the value of
D would be around 1000km2 /s, although he also noted that the estimate is very
uncertain. This value was obtained for a model without meridional circulation, and
supergranular diffusion had to be strong enough to be able to carry flux towards
the poles on its own. When Mosher [1977] combined supergranular diffusion with
a slow poleward flow, he found a diffusion rate of only 200 − 400km2 /s to be
sufficient. Later Sheeley et al. [1983] obtained an estimate of 730 ± 250km2 /s,
which was also for a model without meridional circulation, and relatively close to
Leighton’s estimate. Wang et al. [1989] used a model with meridional circulation
and obtained a value of 600km2 /s, and Wang et al. [2002] brought the estimate
further down to 500km2 /s. Later studies have used the lower values close to those
of Mosher [1977]. Yeates [2014] found that values in the range of 200 − 450km2 /s
lead to reasonable results, Lemerle et al. [2015] and Whitbread et al. [2017] both
found an optimal value of about 350km2 /s, and Cameron et al. [2016] used a
diffusion rate as low as 250km2 /s. Interestingly all these recent estimates are in
a good agreement with Mosher’s study over thirty years earlier. In Paper I we
study the diffusion parameter and find a value of 400km2 /s to produce a good
agreement with observed supersynoptic maps.

4.4. Meridional circulation
The first evidence of a meridional flow came from observations of the polar magnetic fields and poleward flux surges. It was found that the structure of polar fields
could be explained by a poleward flow of flux, which works against dispersion and
concentrates flux near the poles [DeVore et al., 1984; Sheeley et al., 1989]. Additionally, the poleward surges seen in supersynoptic maps could not be produced
by supergranular diffusion alone [Wang et al., 1989; Sheeley, 1992]. The poleward
movement of filaments also suggested that a poleward flow is present at the surface of the Sun [Topka et al., 1982]. As the accuracy of Doppler measurements
increased, it eventually became possible to observe the velocity of the photospheric
plasma and the meridional flow directly.
The speed of meridional flow depends on latitude. The speed profiles typically
used in SFT simulations go to zero at the equator and the poles, and have maxima at mid-latitudes in both hemispheres. The speed of supergranular diffusion
does not depend on latitude, which means that at mid-latitudes meridional flow is
stronger compared to supergranular diffusion than at low latitudes. Flux emerging near the equator can move against the local weak meridional flow across the
equator to the other hemisphere. Cross-equatorial transport is studied in Paper
II. Especially in the ascending phase of a sunspot cycle and near the maximum
meridional circulation is strong at the (relatively higher) latitudes where active regions emerge, and emerging flux is very effectively transported towards the poles.
Near the poles supergranular diffusion becomes again stronger relative to meridional circulation, and the flux in the polar area spreads into a uniform unipolar
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polar field, instead of concentrating heavily at the very highest latitudes.
The exact latitudinal speed profile is not very well known, and its optimization
is one of the challenges in SFT modelling. There is also temporal variation in
meridional flow, which has been found from Doppler measurements of plasma
speed [Hathaway, 1996; Gizon and Rempel , 2008], from movement of magnetic
elements [Hathaway and Rightmire, 2010], and with helioseismic methods [Lin
and Chou, 2018]. The flow speed seems to depend on the phase of the solar cycle
and anti-correlates with the strength of the magnetic field. Near solar maxima
meridional circulation is slower than near minima. MDI data suggests that during
cycle 23 the direction of the flow may have even reversed near the poles [Hathaway
and Upton, 2014]. However, this phenomenon has not been found from HMI data.
The slowing may be at least partly related to the combined effect of inflow of
plasma in active regions, which enhances flows towards the activity belts near
solar maxima [Cameron et al., 2010; Jiang et al., 2010b]. SFT models typically
use a constant flow profile, due to the difficulty of estimating exactly any temporal
variance.
Numerous estimates latitudinal maximum of meridional flow speed have been
made. Wang et al. [1989] and Wang and Sheeley [1991] found the maximum speed
to be in the range of 7−13m/s. Baumann et al. [2004] used a value of 11m/s, while
Hathaway and Rightmire [2010] found the average maximum to be 10−12m/s, and
Upton and Hathaway [2014] used 12m/s. Yeates [2014] concluded that maximum
speeds in the range of 11 − 15m/s produce a good correlation with the butterfly
diagram. Whitbread et al. [2017] found the optimal value to be 14m/s. In Paper I
we find a value of 11m/s to work well in our model. It should be noted that most of
these studies use slightly different latitude profiles. Figure 4.1 shows examples of
different meridional circulation profiles from Baumann et al. [2006], Lemerle et al.
[2015], Whitbread et al. [2017] and Wang et al. [1989]. The profile from Wang et al.
[1989] is much steeper at the equator than the other profiles used in more recent
studies.
In addition to the poleward flow at the surface, the full meridional circulation
must also include a return flow below the photosphere. Due to the difficulty of
observing plasma flows beneath the solar surface, the properties of this presumably
slow equatorward flow are not well known. It was long assumed that there would
be one flow cell with the return flow deep beneath the surface, possibly near the
bottom of the convection layer. However, helioseismic observations indicate that
the flow pattern is more complex, most likely consisting of two cells on top of each
other [Zhao et al., 2013; Kholikov et al., 2014]. The return flow of the surface cell
would then be in the middle of the convection layer. Below it the flow becomes
again poleward, creating two cells that both flow towards the equator where they
are adjacent.

28

Velocity of meridional circulation [m/s]

15
Baumann (2006)
Lemerle (2015)
Whitbread (2017)
Wang & Sheeley (1989)

10

5

0

-5

-10

-15

-80

-60

-40

-20

0

20

40

60

80

Latitude [deg]

Fig. 4.1. Meridional circulation speed profiles from Baumann et al. [2006], Lemerle et al.
[2015], Whitbread et al. [2017] and Wang et al. [1989].

4.5. Radial decay
One shortcoming of the above described SFT model is that, apart from cancellation
of fluxes of different polarities, it does not include a process that could remove flux
from the simulation. In accordance with the Babcock-Leighton model, when a
solar cycle starts, polar fields created by the previous cycle exist at both poles.
Unless a sufficient amount of flux of opposite polarity arrives at the poles during
the next cycle, unipolar fields of the earlier polarity will remain at the poles. In
situations where a strong solar cycle is followed by a weaker cycle, the weaker cycle
may not contain enough emerging flux to cancel the strong polar fields created by
the strong cycle, leading to a situation where the simulated polar fields no longer
reverse their polarity. This is a problem especially in long simulations covering
multiple solar cycles, as any excess flux at the poles never dissipates, and the
strength of polar fields may slowly drift to unrealistic values, if strong and weak
cycles alternate. As shown in Paper I, for example the weak cycle 24 and the long
and deep minimum before it are problematic in a traditional SFT model.
One possible solution to this problem is to increase the speed of meridional
circulation during the weaker cycle. This makes the poleward transport of flux
more efficient, and increases the amount of flux arriving in the polar areas. It
is also in agreement with the known anti-correlation between solar activity and
meridional circulation speed. However, the speed of meridional circulation required
to achieve polarity reversals during very weak cycles, such as cycle 24, is very high
compared to current observations, and it is unclear whether this kind of drastic
changes in meridional circulation are realistic.
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Another solution is to add a decay process to the model. The point of this
process is to very slowly reduce the strength of the magnetic field. The time
scale of the decay is long enough so that it does not significantly affect active
regions or other small-scale features of the field, which evolve in short time scales.
Slowly evolving polar fields, on the other hand, are affected and slowly decay,
especially in solar minima when there is less emerging flux. Physically the decay
can be understood as the diffusion of the radial component of the magnetic field
in the convection zone. The SFT model is two-dimensional and does not take into
account processes below the photosphere. The decay term models the effect of
diffusion in the convection zone on the surface field. Alternatively the decay term
can be interpreted as the convective submergence of surface flux, which is also not
included in the SFT model, since convection in the radial direction is not possible
in a two-dimensional model.
A commonly used decay term is a simple exponential decay of the form
(

1
∂Br
)decay = Br
∂t
τ

(4.13)

R
where ( ∂B
∂t )decay is the change of radial field caused by decay, and τ is the decay
time. Whitbread et al. [2017] found an optimal decay time of 4.5 years for cycle 23,
while Schrijver et al. [2002] used a decay time of 5-10 years. Lemerle et al. [2015]
did not find exponential decay to have a large effect for cycle 21. The discrepancy
can be explained by the long and deep minimum after cycle 23. Normally flux
emergence dominates the evolution of the field, but during periods of very low
activity the decay becomes visible in the evolution of the polar fields.
An alternative decay term was suggested by Baumann et al. [2006]. They
started from the magnetohydrodynamic diffusion equation, and proceeded to derive an equation for the decay of the field in a spherical shell, assuming that the
field is radial at the surface and that the radial component vanishes at the bottom
of the convection zone. The solution can be written as a decomposition into orthogonal decay modes using spherical harmonics and, when implemented into the
SFT model it takes the form

l=inf
m=l
X 1
X
∂Br
(
)decay =
clm (t)Ylm (θ, φ),
∂t
τl (kl )
l=1

(4.14)

m=−l

where Ylm (θ, φ) are spherical harmonics, clm are the harmonic coefficients of the
spherical harmonic expansion of the surface field at time t and τl are the decay
times for each decay mode characterized by l. The decay time of each mode is
τl = 1/(ηkl2 )

(4.15)

where kl are constants that can be numerically determined the diffusion equation,
and η is the volume diffusivity, the free parameter of the decay term. Baumann
2
et al. [2006] estimated the volume diffusivity to be in the range of 50 − 100 km
s
2
by comparing simulations with observations. A value of 100 km
gives the lowest
s
harmonic modes a decay time of about five years, which is very well in agreement
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with the optimal decay times obtained for simple exponential decay. The decay
times become shorter with increasing values of l, but the higher harmonic modes
correspond to small scale structures that evolve in short time scales and do not
affect the slow evolution of polar fields. In practice the term behaves very similarly to a simple exponential decay but, since it is derived directly from the volume
diffusion process and is based on magnetohydrodynamics, it offers a physical explanation for the decay process and a better theoretical justification for its use.
In Paper I we show that using this decay term significantly improves long SFT
simulations compared to a model without a decay term, especially in the long and
deep minimum between cycles 23 and 24.

4.6. Emerging flux
While the SFT model describes the evolution of magnetic flux on the solar surface,
it does not create new flux by itself. Emerging flux in terms of new active regions
rising from the convection zone to the photosphere must be inserted to the SFT
simulation as input. In practice this means adding regions of strong magnetic
fields to the simulated radial field at certain points in time. These regions can
either be assimilated from observations of the real photospheric magnetic field, or
they can be constructed using other measures of solar activity, such as sunspot
numbers [Jiang et al., 2011] or areas [Jiang et al., 2010a; Baumann et al., 2004],
or statistical properties of solar cycles [Baumann et al., 2004].
When constructing active regions, e.g., for time with no observations of the
large-scale magnetic field, the active region can be assumed to be a simple bipole
with a negative polarity and a positive polarity part. Joy’s law can then be used
to determine the tilt angle of the active region, and Hale’s law can be used to
determine the leading and trailing polarities. If sunspot observations are used in
the construction, they can give the number of active regions, and their latitudes
and longitudes. In the complete absence of observations the statistical properties
of sunspot cycles can also be used to determine the number of active regions and
the latitudes of activity belts. In this case some assumption about the level and
average latitude of activity of each cycle must be made. The shortcoming of these
methods is that the assumptions do not always hold. A considerable amount of
active regions violate Hale’s and Joy’s laws, and these active regions may affect
the evolution of the magnetic field significantly. Nagy et al. [2017] found that in
a dynamo model a single large magnetic region with unusual characteristics can
have a major impact on the development of a solar cycle, and in an extreme case it
can even trigger a grand minimum. Jiang et al. [2015] showed that active regions
with unusual tilt angles could be the cause of the weak solar cycle 24.
If direct observations of the photospheric magnetic field are available, the active
regions can be identified from them and assimilated into the SFT simulation [Yeates
et al., 2015; Worden and Harvey, 2000; Arge et al., 2010]. This removes most of the
uncertainties related to emerging flux, but restricts the time frame of the simulation
to the time period covered by magnetographic observations. One assimilation
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method is described in Paper I and also used in Paper II.
A key property of the emerging active regions is the axial dipole moment D,
which is given by the equation
Z
3
D=
Br (θ, φ, t)cos(θ)dΩ
(4.16)
4π
where Br is the radial magnetic field, and integration is performed over the active
region’s solid angle Ω [Wang and Sheeley, 1991]. It should be noted that D is not
a magnetic moment, but rather the coefficient of the axial dipole component in a
spherical harmonic expansion of the magnetic field. The axial dipole moment of
the emerging active regions contribute to the strength of the dipole of the surface
magnetic field of the whole solar surface, and contributes to the magnetic cycle.
Due to Joy’s and Hale’s laws, the majority of emerging active regions during each
sunspot cycle have axial dipole moments pointing in the same direction, which
is opposite to the direction of the axial dipole created by the polar fields that
dominate during the previous minimum when the new cycle starts. Eventually the
polarity of the polar fields and the direction of the dipole reverse by the effect of
the new-polarity surges.
Because the strength of the dipolar magnetic field at solar minimum is in this
way created as a sum of the weak axial dipole moments of individual active regions,
it is important to have the correct axial dipole moments for the active regions inserted into an SFT simulation. Otherwise the strength of the polar field dipole
will not be correct [Whitbread et al., 2018]. The axial dipole moment of an active
region depends on its polarity and tilt angle, which must be known to a reasonable accuracy to simulate the evolution of the polar fields accurately. Two active
regions of similar size and total flux can have vastly different axial dipole moments
depending on how the active region is oriented and fluxes of different polarities
distributed. This is a major shortcoming of simulations relying on Joy’s and Hale’s
laws when constructing the emerging active regions, since the total emerging axial
dipole moment of a cycle may not be correct even if the total emerging flux is,
leading to uncertainties in polar fields. We study the axial dipole moments of
active regions in Paper IV, and find that the number of active regions with a sign
opposite to the normal sign of the cycle is significant, and they can significantly
affect the evolution of polar fields.

5. Simulated magnetic field
5.1. Active regions
Figure 5.1 demonstrates the decay of a single active region in an SFT simulation.
The region emerged in the southern hemisphere in November 2014. The four
panels show the original region, and the decayed region after its evolution has
been simulated for one, two and three Carrington rotations. The identification
method and the SFT simulation are the same that were used in Paper I and Paper
II.
When the region emerges, it has a fairly complex structure. Field strength
varies within the active region, and in the middle of the region the positive and
negative polarity parts are intertwined. As the simulation runs forward supergranular diffusion spreads both the positive and negative polarity parts of the
region, and the small-scale structures disappear. Between the two polarity parts
is a neutral line where positive and negative fluxes meet and cancel each other.
At the edges of the active region there is nothing to stop the spreading, so the
active region expands. At the same time meridional circulation, which is faster at
mid- than low-latitudes, stretches the region towards the (southern) pole. Unlike
in a longitudinally averaged supersynoptic map, differential rotation also plays an
important role at this scale. It shears the active region in longitudinal direction,
rotating the part closer to the equator faster. The combined effects of supergranular diffusion, meridional circulation and differential rotation shape the original
flux structure into two curved lines stretching towards the pole.
Since the total flux of the region decreases due to cancellation of flux, the active
region loses flux as time passes. This combined with the constant spreading of the
remaining flux causes the active region to eventually fade away. In the case of
Figure 5.1 the leading polarity is positive and, on average, the positive flux is
located closer to the equator. The negative trailing polarity part is at a slightly
higher latitude, and as the active region evolves we can see that the negative part
stretches farther towards the pole, while more positive flux is left near the equator.
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Fig. 5.1. An active region identified from the SOLIS/VSM synoptic map of Carrington
rotation 2157 (November 2014) (top left panel), and the same region after it has been
evolved with an SFT model for one rotation (top right panel), two rotations (bottom left
panel), and three rotations (bottom right panel).

5.2. Large-scale field
When the simulation is run for an extended period of time and the varying number
of active regions resembles a solar cycle, the solar cycle evolution of the large-scale
photospheric magnetic field starts to become visible. The active regions inserted
into the simulation form two activity belts, one in each hemisphere, which move
towards the equator as the cycle progresses and have leading and trailing polarities
according to the polarity of the cycle. Individual active regions decay as seen in
Figure 5.1, and the combined effect from the high number of active regions in the
activity belts create large-scale flows of magnetic flux.
Figure 5.2 shows an SFT simulation of solar cycles 21-23 by Schüssler and
Baumann [2006]. At low latitudes supergranular diffusion creates a continuous
stream of leading polarity towards the equator in both hemispheres. At the equator
they meet and annihilate each other. Because meridional circulation is very weak
near the equator, flux emerging at low latitudes is carried towards the equator by
supergranular diffusion easily, and even at higher latitudes some of the flux travels
against the meridional flow. This is especially true for strong active regions, since
the speed of supergranular diffusion depends on the gradient of the magnetic field.
Also, because the active regions obey Joy’s law, active regions at higher latitudes
tend to have larger tilt angles, and the separation of polarities in latitude leads to
differences in meridional circulation speed and affects flux cancellation. In Paper II
we study the cross-equatorial flow of flux and show that in times of hemispherically
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Fig. 5.2. Surface flux transport simulation of the photospheric magnetic field based on
sunspot group data [Schüssler and Baumann, 2006].

asymmetric activity it is not annihilated at the equator and is even strong enough
to maintain polar fields in the inactive hemisphere.
The trailing polarity parts of active regions create a poleward flow of trailing
polarity in both hemispheres. The poleward flows cancel and re-create the polar
fields as they reach high latitudes. Most of the emerging flux is cancelled in the
active regions as they decay, causing the flows in both directions to be very weak
compared to the activity belts. In this way the model described by Equation 4.5
creates a cyclic evolution of the field that very closely resembles the observations
discussed in Section 3.3.
The total unsigned flux in the polar caps is typically only 102 2M x − 102 3M x
[Sheeley, 1966; Benevolenskaya, 2004], which is roughly similar to the total unsigned flux of one large active region. This means that the Babcock-Leighton
mechanism that generates the poloidal polar flux does not need to be very efficient. Less than one percent of the emerging flux must be converted to create the
observed polar flux.
The model in Figure 5.2 is based on sunspot group observations, and assumes
all active regions to follow Hale’s and Joy’s laws. The weakness of this approach is
made clear by the lack of poleward surges of leading polarity. In the supersynoptic
maps of Figure 3.3 surges of leading polarity caused by active regions violating
Hale’s or Joy’s laws are sometimes seen, for example in the early 1980s in both
hemispheres, but in Figure 5.2 the poleward flow is always of trailing polarity. To
accurately simulate all the surges, active regions would have to be assimilated from
magnetograms or reconstructed with polarity information.
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5.3. Polar fields
Due to the difficulty of observing the poles of the Sun and the lack of historical
polar field observations, simulations play an important role in the study of the
long-term evolution of polar fields. If the parameters of the SFT model have
been determined, the evolution of polar fields depends only on the emerging active
regions used as input, allowing one to reconstruct polar fields from observations
of active regions, which are easier to do and more readily available.
The polar fields are created by the poleward flow of trailing (and sometimes
leading) polarity flux, and their strength at the end of a cycle depends on the
amount of flux contained in the poleward flow during the cycle and the strength of
the pre-existing polar fields created by the previous cycle. The dependence on the
existing field gives the simulation a long-term memory, causing the initial polar
fields at the beginning of the simulation to affect the simulated polar fields until
the end of the simulation. The length of the memory can be limited with decay
terms discussed in Section 4.5, which limit it to the time scale of the decay, as
shown in Paper I.
Due to the high diffusivity of the model, the polar fields develop to be almost
uniform, with very little variance in field strength or polarity at high latitudes.
Small-scale structures exist only in emerging flux at lower latitudes, in the activity
belts. This is somewhat different from recent polar field observations, which have
shown small-scale structures with strong magnetic fields to exist near the poles
[Tsuneta et al., 2008; Shiota et al., 2012]. Only the average field strength agrees
with SFT simulations. Not much is known about the small-scale structures or
the physics behind them, and they cannot be produced by SFT models, which do
not include a process that could concentrate already emerged flux to increase field
intensity.

5.4. Long-term SFT simulation
Figure 5.3 shows a supersynoptic map from an SFT simulation of solar cycles 1521, starting from January 1917 (CR 847), and ending in July 1985 (CR 1764).
The SFT model is the same that is described and validated in Paper I and used
in Paper II and Paper III. The active regions used as input in the simulation have
been reconstructed from Mount Wilson calcium K line and sunspot magnetic field
observations with the reconstruction method described and tested in Paper III.
The reconstruction allows the simulation to start from 1917, long before the start
of full-disk magnetographic observations.
We can see how the magnetic cycle continues throughout the 20th century, leading and trailing polarities and polar field polarities changing every cycle. However,
due to the sunspot polarity information included in the active region reconstruction
the evolution of the polar fields is not as smooth as in Figure 5.2. The simulated
poleward flow is not purely of trailing polarity. Leading polarity surges are sometimes seen. This is because the reconstruction captures the axial dipole moment
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Fig. 5.3. Supersynoptic map from an SFT simulation covering cycles 15-21.

of individual active regions, including the opposite-sign component studied in Paper IV. For example, the leading polarity surges seen in the early 1980s in Figure
3.3 are also present in the simulation of Figure 5.3, and leading polarity surges
in the northern hemisphere of cycles 16 and 18 cause the northern polar field to
momentarily weaken considerably.
The strength of polar fields varies significantly from cycle to cycle, reflecting
mainly the varying level of sunspot activity. The weakness of cycle 15 is most likely
due to poor quality of early calcium K line and sunspot polarity observations,
which prevents reliable reconstruction of active regions. Cycle 19 is the most
active, leading the simulation to predict very strong poleward surges and strong
polar fields in the next minimum.
It should be noted that Figure 5.3 is a preliminary result and may suffer from
problems related to scaling of the calcium K line observations, errors in the sunspot
database, and data gaps. However, it serves as a proof of concept, showing that
the simulation creates a realistic magnetic cycle and has an advantage over reconstructions that do not use active region polarity observations.

6. Summary
In this thesis the long-term evolution of the photospheric magnetic field is studied
using a surface flux transport model. The focus is on optimizing the model and
overcoming challenges related to input data in order to create long simulations
spanning multiple solar cycles. Model parameters, magnetographic observations,
properties of active regions, and active region reconstruction are studied. The
SFT model is used to simulate the evolution of the photospheric magnetic field
in the past century using both magnetographic observations and active region
reconstructions. From the resulting simulations especially polar fields and their
evolution, including polarity reversals, are investigated. Due to the poor quality
and lack of observations polar fields are still poorly understood, and simulations
can offer valuable new information.
In Paper I we tested and validated our SFT model. We studied the effects
of uncertainties in model parameters and input data, and selected an optimal
parameter set to be used in our simulations. We found that our original model was
incapable of reproducing the polarity reversal of cycle 24 due to the deep minimum
preceding it, and extended the model with the decay term of Baumann et al. [2006],
which we showed to be necessary in simulations spanning multiple solar cycles.
We found our extended model to be robust, fairly insensitive to uncertainties in
parameter values and input data, and suitable for studies investigating the largescale long-term evolution of the photospheric magnetic field.
In Paper II we studied the effects of hemispherically asymmetric activity. We
simulated a situation where flux emergence is restricted to the southern hemisphere, and showed that even in this extreme case polar fields develop and reverse
their polarity in both hemispheres. In the northern hemisphere the weak polar field
is formed by flux that is carried over the equator from the southern hemisphere
by supergranular diffusion. We estimated the strength of the cross-equatorial flow
and studied its variance over time and its weakening as it flows towards the northern pole. We also noted the delayed polarity reversal in the northern hemisphere
and the resulting quadrupole Sun.
In Paper III we presented a new method to reconstruct photospheric magnetic
fields using calcium K line and sunspot polarity observations along with SFT simulations. We reconstructed active regions by identifying plages from the calcium
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K line observations, using them as proxies for locations of photospheric active
regions, and assigning magnetic polarities to them using sunspot polarity observations. We then used these reconstructed active regions as input in an SFT
simulation, and showed that the simulated magnetic field agrees well with magnetographic observations. This method allows one to reconstruct the complete
photospheric magnetic field of times before full-disk magnetographs, starting from
the early 20th century, when calcium K line and sunspot polarity measurements
started. We also showed that the axial dipole moments of the reconstructed active
regions agree with the axial dipole moments of observed active regions, which is a
major advantage of this reconstruction method compared to methods that do not
include polarity information for individual active regions.
In Paper IV we studied the axial dipole moments of observed active regions
and their statistical distributions. Since perhaps the most important advantage
of the new active region reconstruction method presented in Paper III is its ability to capture the correct axial dipole moment of each individual active region, it
is important to understand how the real axial dipole moments differ from those
expected from Hale’s and Joy’s laws. We computed the axial dipole moments of
active regions in cycles 21-24, as well as their distributions in time and latitude,
and showed that there are differences between hemishpheres and cycles. We also
showed that there is a significant amount axial dipole moment with a sign opposite to the one expected from Hale’s and Joy’s laws present, and that this may
sometimes play an important role in the development of the polar field dipole.
As a whole this thesis seeks to advance our understanding of the development of
the photospheric magnetic field in long time scales. We show that SFT models are
capable of accurately simulating polar fields using only active regions as input, we
show the shortcoming of active region reconstructions relying on Hale’s and Joy’s
laws, and we present a reconstruction method that improves on the existing methods by capturing the axial dipole moments of individual active regions, leading to
more realistic simulations in times before full-disk magnetographic observations.
These results make it possible to reconstruct the photospheric magnetic field starting from the earliest calcium K line and sunspot polarity observations in the early
20th century, and open the way for follow-up studies that can improve such simulations beyond the one shown here as an example, giving us new information about
the long-term evolution of the solar magnetic field.
The thesis also paints a picture of the evolution of the photospheric magnetic
field in the magnetographic era, which includes roughly cycles 21-24. Most notably we studied the weak cycle 24, its unusual flux emergence, and the unusually
deep minimum before it, demonstrating the need to account for it in modelling.
Hopefully the methods and results presented in this thesis will help us on a path
towards a better understanding of the long-term evolution of the solar magnetic
field.
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