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2 AIMS

1 Introduction

Solar activity regularly affects the Sun’s plasma and energetic particle populations. These
effects and changes cause the space weather that may influence long-term climate trends.
Solar activities affect the Earth’s climate and the advanced technology we became so
dependent on in our lives. It would be a great significance to understand the solar dynamo
and predicte the solar cycles. The purpose of dynamo theory today is to understand how
the solar dynamo actually operates to generate the magnetic fields what we observe.

The Babcock-Leighton dynamos are unquestionably the best examples of flux trans-
port dynamos. The widely used 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. The models are relatively well-supported by observations. The Babcock-
Leigton flux-transport dynamo models are able to simulate long-term prediction of ex-
tensive solar activity, and also to determine the possible solar influences on terrestrial
climate.

2 Aims

The differences in solar cycle properties of the north and south hemispheres are perceptible
in solar data, like sunspot number and areas, flares number, active prominences and solar
wind velocity. The solar activity was south-dominated during solar cycles 21, 22, 23
and 24, but according to the predictions of the cycle 25 (starting in 2020, peaking in
2025), the N-S asymmerty will shift to the North hemisphere. We examine the N-S
asymmetry in the solar cycle pattern in two possible cases. First, the Babcock-Leighton-
type surface poloidal source be different in the northern and southern hemispheres. The
other possibility is that the meridional circulation pattern is prescribed different; either
the amplitude of the meridional circulation can be different, or there can be one-cell flow
in one hemisphere, whereas a multi-cell flow in the other hemisphere (Part 3).

Meridional circulation is an important ingredient in the flux-transport dynamo mod-
els. It works like a conveyor-belt: carries a memory of the magnetic fields and enables
the flux-transport dynamos to predict future solar cycle properties, similarly to the great
ocean conveyor-belt carry signatures from the past climatological events, and influence
the determination of future events. Therefore it is primary to know its profile in depth and
latitude and its speed for understanging the solar dynamo problem. Both observations
and models, like time-distance helioseismology from SDO/HMI data or the Doppler mea-
surements from Mount Wilson Observatory data, indicate that there may be more than
one cell in either depth or latitude, or both, in each hemisphere, at least at sometimes.
We study the effects of multi-cellular meridional flow patterns on a Babcock-Leighton
solar dynamo model (Part 4).
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3 Methods

We developed a C language code for the Babcock-Leighton kinematic flux transport solar
dynamo model in order to examine the 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.

We use spherical polar coordinates (r, θ, φ), and assume axisymmetry. We solve the
induction equation in a full-spherical cell and the dynamo ingredients (symmetric differen-
tial rotation, α-effect, magnetic diffusivity) ensure the necessary connection between the
two hemispheres. The magnetic field is the sum of a toroidal and a poloidal component.
The large-scale flow field is expressed as the sum of differential rotation and meridional cir-
culation. The main components of the model are a solar-like internal differential rotation
profile, a depth-dependent diffusivity profile, a tachocline α-effect and Babcock-Leighton
type surface poloidal source and two different stream function to represent the meridional
circulation.

4 Results

4.1 Exploring the North-South asymmetry in a Babcock-Leighton

dynamo Belucz et al., 2013

I. Solar cycles in the north and south hemispheres differ in cycle length, amplitude,
profile, polar fields, and coronal structure. The plausible source of north-south
asymmetry can be attributed to Babcock-Leighton type surface poloidal source can
be different in the northern and southern hemispheres. We run simulation for the
first two dynamo cycles with selected value of 3m/s. Then we reduce the value
of poloidal source just in the southern hemisphere by a factor of 2. In this case,
the dynamo in both hemispheres continues to operate, but the butterfly diagram
shows that the dynamo in the southern hemisphere starts to become weaker. In our
second simulation, we totally switch off the source term in the southern hemisphere
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 not change sign anymore. Instead, it shows the sign of weakening, although it
takes a long time to completely decay away.

II. It is important to know how much time a dynamo would take to wash out the previ-
ously generated fields if the poloidal source-term is suddenly set to zero. We perform
several of such numerical simulations in our α− Ω Babcock-Leighton dynamo us-
ing various initial source-term values, and also using various turbulent diffusivity
values. We find that the decay time of the toroidal fields, after the source-term is
set to zero, does not depend on the value of poloidal source-term, it depends on the
turbulent diffusivity. If ηT is larger, the field decay is faster.
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4.2 Role of asymmetric meridional circulation in producing North-South asymmetry in
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III. First, 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 use the meridional circulation with a single cell
in each hemisphere. 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. 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. 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, do not see
much amplitude change in either the toroidal or poloidal field. This is probably due
to the particular choice of 50-53 years which occur just after the change of sign in
toroidal fields at the highest latitudes and just before the sign change in polar fields.

IV. Secondly, the meridional flow speed is doubled in the south for 44 year. The cycle
period in the south is now half as long as it was before. The peak toroidal field is
substantially weaker, the polar fields are about the same as for the lower meridional
flow speed. The weaker toroidal field generates less surface poloidal flux in low
and mid latitudes, but the faster poleward meridional flow carries what is produced
toward the poles much quicker, so there is less loss by diffusion, and 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 years. We have run this calculation for a few hundred more
years, during which the south continues to lead. Throughout the whole simulation,
the north virtually does not change at all, confirming that the linkage between
hemispheres is weak.

V. In the next simulations we add a second, reversed meridional circulation at high
latitudes. The ascending phase of the toroidal field always starts near 60◦, which is
now near the boundary of the two cells. Some of the poloidal flux from above to be
advected toward the pole, helping to produce more toroidal field there. Less poloidal
flux is advected toward the equator 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 prevents the poloidal flux from being advected there. 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
cycle becomes longer, this effect is absent in the next cycle. The phase lag in the
south introduced by the 3 yr presence of the second cell persists.

VI. The second 3-yr interval of a second revers occurs in the late declining phase of the
toroidal field. Because the downflow near 60◦, the peak in the toroidal field is closer
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to the equator and the ascending phase is shorter. 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.

VII. When we keep the second reversed cell for 44 years, 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, 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. 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 the 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.

VIII. Finally we turn on a second meridional flow cell below the primary one for the same
two 3-yr intervals as used above. 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. As soon as the single cell with depth is restored, the equatorward
migration resumes. The net effect on the dynamo period is to lengthen the cycle
present by 4-5 year 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 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. In 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
cycle’s 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.

IX. A second cell in radius switched on for 44 years, 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.
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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 ”α− Ω” 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 after the effects of that change
have disappeared, the north and south have returned to nearly the correct phase
relation.

4.3 Babcock-Leighton solar dynamo model with multi-cellural

meridional circulation in advection- and diffusion-dominated

regimes

X. The single-celled meridional circulation in both hemispheres may be oversimplified
for the Sun. Both the observations and the models indicate that there may be
more than one cell in either depth or latitude, or both, in each hemispheres, at least
sometimes. Guided by the observational and modeling results, 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. We establish a reference,
single-cell dynamo solution, to which other individual solutions can be compared,
to see what changes are created by changing the meridional circulation pattern.
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. 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. The sunspot
cycle length (i.e. half magnetic 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. We
find that the polar field peaks around 55◦ latitude. 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 compared 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.
For the low turbulent diffusivity the high and low latitude branches of the butterfly
diagram for tachocline toroidal field are about the same, despite the unequal ampli-
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tudes 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. The induced toroidal field is stronger than in the high
diffusivity solution with the same meridional circulation.

XI. For the next simulation, we add a second, reversed meridional cell below the primary
cell. The two cells are similar in amplitude and radial extent. 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, this meridional circulation
pattern produces an anti-solar butterfly diagram. The toroidal field at the bottom
of the domain is weaker than in the reference case because the polar fields are not
brought down from the top, but instead they are advected from lower latitudes
near the bottom. If we plot the toroidal field near the middle depth, for example
0.83125R, we get a more solar-like butterfly with both poleward and equatorward
branches. This is because at these depths both circulation cells have equatorward
flow, so they advect the toroidal field toward the equator in lower latitudes. The
relatively high speed total flow there also makes the dynamo period shorter (6.25
years). In addition, since in this case the poleward flow near the outer boundary
reaches to a shallower depth, less poloidal flux is advected toward the pole. These
weaker polar fields lead to weaker toroidal fields at all latitudes. In low diffusivity
case, 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.

XII. 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 are about
the same. As in the case of two cells in radius, we again get an anti-solar butterfly
diagram, because the flow is toward the pole at the bottom of the stack of cells
at all latitudes, except the highest. The dynamo period here is longer because the
meridional flow speed is lower. With low diffusivity, we actually get a double set of
butterfly wings. But both are tilted toward the poles with time. Near the bottom,
the latitudinal flow changes sign near 50◦, only the low-latitude butterfly wing can
be there due to poleward advection of toroidal field. The high-latitude wing must
come there from radial shear of poloidal field by the radial gradient of rotation.

XIII. In the last simulation, we also have four cells, but these cells are located side by
side. 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 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. Due to the short conveyor belts, decreasing
the turbulent diffusivity does not significantly change the cycle length. The lower
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turbulent diffusivity has other effects. First, the fields are stronger, as we should
expect. Second, we can see dynamo activity at the higher latitudes than in the high
diffusivity case, though it is still low compared to that in low latitudes.

XIV. It is interesting to know how basic characteristics of a simulated sunspot cycle
differ for different values of the uncertain parameters. Three prominent features
of simulated cycles to focus on: its period, amplitude, and shape. First we study
the variation of cycle period with circulation amplitude, turbulent diffusivity, and
poloidal source amplitude. When the circulation amplitude is increased in almost all
cases the period declines, unless diffusion dominates. The primary exception is that
for low speeds, decreasing the circulation in the single-cell case 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, where we have studied cycle length versus turbulent diffusivity.
For the same circulation amplitude and increasing diffusion, 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. The cycle
period is almost independent of the amplitude of the surface poloidal source. This
is also expected, because the dynamo is nearly linear.

XV. We also studied how the maximum toroidal field varies with meridional circulation,
turbulent diffusivity and amplitude of the poloidal source term for five circulation
patterns. We should expect that raising the amplitude of the poloidal source raises
the peak toroidal field amplitude. There are significant differences in the efficiency
of different circulation patterns: two cells in depth and four cells in latitude both
generate much less toroidal field than the other patterns, 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.
The latitudinal extent of the conveyor belt is short, 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 dynamo’s ability to amplify toroidal
field.
The decline of the peak toroidal field 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. For all diffusivities, the configurations
with four cells in latitude and two cells in depth generate less toroidal field for the
same diffusivity.
The variation in peak toroidal field with changes in circulation 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−1 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
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does not change. Meridional circulation acts mainly as a transporter of toroidal and
poloidal flux, rather than as an amplifier.
The other three cases show a largest value of toroidal field amplitude at a merid-
ional circulation amplitude between 8ms−1 and 15ms−1. 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 lati-
tude 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.

5 Conclusion

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 hemi-
spheres and multi-cellural meridional circulation patterns suggested by solar observations
and/or hydrodynamic models and simulations applied to the Sun.

Our results reinforce the need to measure meridional circulation in the Sun as accu-
rately 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.

We are still far from a complete understanding of how the Sun generates its magnetic
field.

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.
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