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Abstract. A striking feature of the solar cycle is that at the beginning, sunspots appear around
mid-latitudes, and over time the latitudes of emergences migrate towards the equator. The
maximum level of activity varies from cycle to cycle. For strong cycles, the activity begins early
and at higher latitudes with wider sunspot distributions than for weak cycles. The activity and
the width of sunspot belts increase rapidly and begin to decline when the belts are still at
high latitudes. However, in the late stages of the cycles, the level of activity, and properties of
the butterfly wings all have the same statistical properties independent of the peak strength of
the cycles. We have modelled these features using Babcock–Leighton type dynamo model and
shown that the toroidal flux loss from the solar interior due to magnetic buoyancy is an essential
nonlinearity that leads to all the cycles decline in the same way.
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1. Introduction

The magnetic activity of the Sun, as generally measured by the presence of sunspots (or
more generally bipolar magnetic regions) on the solar surface evolves in a cyclic fashion
with a period of about 11 years, commonly known as the ‘Solar Cycle’ (Hathaway 2015).
The long term study of the solar magnetic activity reveals that the 11 year solar cycles
possess significant variations in their characteristics which makes the otherwise similar
looking cycles unique and widely different from each other (Karak 2023; Usoskin 2013;
Biswas et al. 2023b).
The strong cycles rise faster and take less time to reach peak, whereas the weaker ones

rise slowly and take more time to attain their peak strength. This phenomena is known as
the Waldmeier effect (Waldmeier 1935; Karak and Choudhuri 2011) which is also detected
in the magnetic cycles of other solar-type stars (Garg et al. 2019). A more detailed look
at the rising phases of the solar cycles reveals that the stronger cycles start early, and
shows sunspot activities on higher latitudes, with wider latitudinal distribution in the
initial phase, on the other hand, the weak cycles exhibit a delayed start of their activity
and from lower latitude regions with narrower latitudinal bands of activity. Hence the
rising phases of the cycles are quite different from each other depending on their eventual
strength.
In 1955, Waldmeier reported about an even more intriguing aspect of the evolu-

tion of the solar cycles is that, during their decline phases of the cycles, they evolve
with similar statistical properties irrespective of their strength (Waldmeier 1955). Later,
Cameron and Schüssler (2016) analysed the century-scale sunspot observations and found
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out that when the cycles are represented in terms of the average latitude and width of
their annual activity belt and the annual strength of their activity, the rising phases of
the cycles show different trajectories of evolution however, soon after the cycles reach
their peak, they evolve with a common trajectory, i.e. all the cycles decay in the same
way with similar statistical properties irrespective of their peak strength.
The phenomena of solar cycles evolving in different manners through their rising

phases, but possessing similar properties while declining indicates towards the presence
of a nonlinearity in solar dynamo process. In this work, we perform numerical simulations
of the solar dynamo to explore the role of this nonlinearity behind the aforementioned
traits of the solar cycle.

2. Model description:

The underlying reason behind the sustained cyclic variation of strength of the solar
magnetic fields is believed to be the dynamo mechanism working in the solar convec-
tion zone. In recent times, the Babcock–Leighton (Babcock 1961; Leighton 1969) type
solar dynamo models have made significant progress in explaining various observed fea-
tures of magnetic activity of the Sun and Sun like stars (Charbonneau 2020; Karak
2010; Karak and Miesch 2018; Karak et al. 2018; Vashishth et al. 2021, 2023) and
have been extensively used for forecasting solar cycle strength (Choudhuri et al. 2007;
Bhowmik and Nandy 2018; Kumar et al. 2021b; Kumar et al. 2022; Biswas et al. 2023).

In this work, we are utilizing a Babcock–Leighton type, axisymmetric, kinematic
solar dynamo code ‘SURYA’ (Nandy and Choudhuri 2002; Chatterjee et al. 2004;
Karak and Choudhuri 2012) which solves the following two coupled equations to capture
the evolution of the poloidal and toroidal component of the solar magnetic field:
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Where, s= r sin θ, A is the magnetic potential of the poloidal magnetic field, B is
the toroidal magnetic field. A detailed discussion about the model parameters for this
particular work can be found in Biswas et al. (2022).

Here we describe the source of nonlinearity in this dynamo model which is related to
the process of buoyant rise of the toroidal flux, i.e. the formation of sunspots. In every
certain time interval it is checked whether the strength of the toroidal magnetic field
in the convection zone has crossed a critical value Bc. If at any grid point the field is
found to have crossed Bc, it is assumed that flux tube will buoyantly emerge to the
surface. The value of the magnetic field is locally reduced by half and the other half
is added to the surface. This is how the formation of sunspot due to the buoyant rise
of the toroidal flux tubes are captured in the model in a simple way to ensure that
with each sunspot eruption, a part of the toroidal flux is lost from the solar convection
zone. The value of the critical field is taken as Bc = 0.8× 104 G to keep the surface
radial field strength within the observed range (Mordvinov et al. 2022; Golubeva et al.
2023), and to keep the total amount of toroidal flux loss consistent with observational
estimates (Cameron and Schüssler 2020). It is worth mentioning that, just by constraining
the model parameters from observations, we find that the value of the critical field Bc

is similar to the equipartiiton field strength at the base of solar convection zone, as
calculated from the mixing length approximation.
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(a) (b)

Figure 1. (a) The model sunspot number for each year plotted as the function of the mean
latitude of the annual sunspot distribution. Each curve correspond to one cycle. (b) Same as
(a) but with the width of the annual latitudinal distribution. The cycles begin from the left (at
higher latitudes) and progress towards the right with time. The vertical lines correspond to the
average latitude where the strong (red), moderate (blue), and weak (green) cycles reach their
peak.

3. Results and Discussions

Following the model setup described in the previous section, we perform simulation
spanning over 40 cycles. The (pseudo) sunspots for each of the cycles from the simulation
are tracked by the latitude of their emergence. The annual latitudinal distribution of
the sunspots approximately follow a Gaussian distribution similar to what is seen in
observation (Cameron and Schüssler 2016). From these distributions, the central latitude
of the activity belts and the width of their distribution are measured. Here in the Figure 1,
the trajectories of the cycles are shown as the sunspot activity belts migrate from high
latitude regions towards the equator with the progress of the cycle. It can be clearly seen
that during the beginning phases of the cycles, when the sunspot activities are centred
on higher latitude regions, the cycles evolve very differently from each other, the strong
cycles start early at higher latitudes, with wider activity belts, they rise rapidly and attain
their peak at higher latitudes, on the other hand, the weaker cycles, start lately, from
somewhat lower latitude regions, rise slowly and eventually attain their maxima at even
lower latitudes. On the other hand, during the decline phases of the cycles, the trajectories
merge quickly after obtaining the peaks and the cycles evolve with similar properties.
Hence, the observed features of the latitudinal distribution of the solar magnetic activity
throughout the phases of solar cycle as described earlier is very well reproduced in this
model.
Now, let us discuss the role of the nonlinear flux loss in the evolution of solar cycles

with different strengths. In a strong cycle, the poloidal field strength during the minima
of the cycle is strong, as a result the rate of production of the toroidal field due to
the action of differential rotation is high, hence the toroidal flux emergence condition
is fulfilled very early in the cycle in a wider latitudinal region. As a result, the sunspot
activity for these cycles begin very early with a wider latitudinal distribution and at
higher latitudes. Due to the high production rate of the toroidal field, the emergence rate
of the sunspots are also high here, however, with each sunpsot emergence, a significant
portion of the toroidal flux is lost from the solar interior. As a result, the toroidal field
strength, attains saturation very quickly at high latitudes, when the subsurface toroidal
field strength becomes comparable to Bc, marking the maxima of the solar cycle. During
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the declining phase of the cycles, any further production of the toroidal flux is taken care
of by the further loss of flux due to emergences as the activity belts get advected towards
the equator by the meridional circulation.
In the case of a weak cycle, the poloidal field during the minima is weak and as a result,

the toroidal flux is generated at a low pace. Hence, it takes more time for the toroidal field
to meet the threshold for flux emergence. By the time the toroidal field becomes strong
enough to produce sunspots, the merdiional circulation transports the activity belt to
lower latitudes, this explains why the weak cycles exhibit a delayed start and begin their
journey from a low latitude. Also, due to the low rate of toroidal field production, lead to
the flux eruption condition getting satisfied only at a narrow latitudinal regions and the
activity of the cycle rise slower than the stronger cycles. The weak cycles lose less amount
of toroidal flux due to their low rise rate, hence the toroidal field takes more time to be
saturated and in the meanwhile, the meridional circulation advects the activity belts to
further lower latitudes making the weaker cycles reach their peak at lower latitudes in
comparison to the stronger ones. However, during the decline phase, the weaker cycles
evolve exactly the same way as the stronger ones, the value of the toroidal field stays
comparable to the critical value Bc and any further build-up of the toroidal flux is taken
care of by the further flux lost due to emergencies.

4. Conclusion

In conclusion, we find that a strong nonlinear mechanism of toroidal flux loss due to flux
emergence is essential to reproduce the observed features of the latitudinal distributions
of solar cycle activity. This mechanism significantly enhances the amount and rate of flux
lost during the rising phases of the strong cycles in comparison to weak cycles ensuring
that the morphology of the toroidal magnetic field inside the Sun’s convection zone
becomes similar for all cycles during their decline phases, hence all the cycles decline
in the same way having similar statistical properties irrespective of their peak strength.
By comparing the model outputs with observations, it has been found that, the critical
field strength (Bc) for the threshold of flux emergence is similar to the equipartition
field strength at solar convection zone. Our study also provides an explanation of the so-
called latitudinal quenching—strong cycles produce BMR at high latitudes (Mandal et al.
2017), which in turn generates a weak polar field and stabilizes the solar dynamo (Jiang
2020; Karak 2020)
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