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Abstract. Babcock–Leighton process, in which the poloidal field is generated through the decay
and dispersal of tilted bipolar magnetic regions (BMRs), is observed to be the major process
behind the generating poloidal field in the Sun. Based on this process, the Babcock–Leighton
dynamo models have been a promising tool for explaining various aspects of solar and stellar
magnetic cycles. In recent years, in the toroidal to poloidal part of this dynamo loop, various
nonlinear mechanisms, namely the flux loss through the magnetic buoyancy in the formation
of BMRs, latitude quenching, tilt quenching, and inflows around BMRs, have been identified.
While these nonlinearities tend to produce a stable magnetic cycle, the irregular properties of
BMR, mainly the scatter around Joy’s law tilt, make a considerable variation in the solar cycle,
including grand minima and maxima. After reviewing recent developments in these topics, I end
the presentation by discussing the recent progress in making the early prediction of the solar
cycle.
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1. Introduction

Many solar-type stars (spectral type: F8V–K2V and effective temperature: 5100–
6000 K) show cyclic variations of their magnetic fields (Baliunas et al. 1995; Garg et al.
2019). The (large-scale) magnetic field of our Sun flips every 11 years, and the strength of
this field in each cycle varies cycle-to-cycle which is popularly measured by the number
of sunspots (Hathaway 2015; Biswas et al. 2023b). While there are variations within the
cycle, such as variable rise rate (which is related to the cycle strength and is given by
Waldmeier effect; Karak and Choudhuri 2011) and Gnevyshev peaks (Karak et al. 2018),
there are variations beyond 11-year periodicity such as the Gnevyshev–Ohl rule, grand
minima/maxima and Gleissberg cycle (Usoskin 2023).
It is observed that the magnetic field of the Sun is produced through the dynamo pro-

cess, which is a cyclic conversion between the toroidal and poloidal fields (Charbonneau
2020). A strong toroidal magnetic field is produced from the poloidal component due
to the shearing by the differential rotation in the solar convection zone (SCZ). Due to
magnetic buoyancy, this toroidal magnetic field gives rise to bipolar magnetic regions
(BMRs) or loosely sunspots. The decay and dispersal of these BMRs give a poloidal
magnetic field, which was first proposed by Babcock (1961) and Leighton (1964) and is
the heart of surface flux transport (SFT) models (Karak et al. 2014a). While α effect—
the lifting and twisting of toroidal field due to helical convection—is another obvious
candidate for the generation of poloidal field, the Babcock–Leighton (BL) process is
observationally supported and is the major process for generating the poloidal field in
the Sun (Cameron and Schüssler 2023). We note that in the BL process, it is the tilt
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of the BMR which is crucial in generating the poloidal field in the Sun. meridional flow
also helps in transporting the field from low to high latitudes (largely by dragging the
trailing polarity flux of BMRs), producing the observed pole-ward migration of surface
field (Baumann et al. 2004; Mordvinov et al. 2022).
In the basic BL dynamo framework, we expect that the poloidal to toroidal field con-

version part is fairly understood due to the following facts. (i) The observed differential
rotation in Sun is observed to vary only by a little amount (in the form of torsional oscil-
lation). (ii) Polar field (or its proxy) is linearly correlation with the amplitude of the next
cycle (Wang and Sheeley 2009; Kitchatinov & Olemskoy 2011; Muñoz-Jaramillo et al.
2013; Priyal et al. 2014; Kumar et al. 2021b, 2022). (iii) Toroidal flux produced due to
shearing of the observed polar flux through the differential rotation matches well with the
observation (Cameron and Schüssler 2015). However, the toroidal to poloidal part of the
model was less transparent as this process involves some nonlinearity and stochasticity.
In recent years, we have made some progress in understanding this part, which I shall
highlight in this proceedings.

2. Nonlinearities in BL process

There are several nonlinear processes involved in the BL mechanism for the generation
of the poloidal field in the Sun. To explain these, let us begin by observing the butterfly
diagram (Figure 9 Hathaway 2015). We find that the strong cycles begin BMRs/sunspots
at high latitudes, and thus, the average latitudes of BMR are high for strong cycles and
vice versa (Mandal et al. 2017). On the other hand, we find that if a BMR appears at a
high latitude, it gives less polar field than the BMR at a low latitude; see Figure 1. Hence,
suppose due to fluctuations, if the Sun’s magnetic field in a cycle is trying to grow, it will
produce BMRs at high latitudes (as observed in the Sun). These high-latitude BMRs
will give less polar field. The less polar field will consequently create a less toroidal
field for the next cycle, and the indefinite growth of the magnetic field will be halted.
This mechanism, so-called latitude quenching as proposed by Petrovay (2020) and Jiang
(2020) is shown to be a potential mechanism for stabilizing the magnetic field in the solar
dynamo as demonstrated by Karak (2020) in 3D BL dynamo model (Miesch and Dikpati
2014; Miesch and Teweldebirhan 2016; Karak and Miesch 2017).
Strong cycles produce BMRs at higher latitudes, related to a broader feature of

the sunspot butterfly diagram, first highlighted by Waldmeier (1955) and recently by
Cameron and Schüssler (2016). They show that a strong cycle begins BMRs at higher
latitudes; its activity level (sunspot number) rises rapidly (in the activity vs central lat-
itude of the latitudinal distribution of sunspots), and it begins to decline already when
the sunspot activity belt is at high latitudes. This feature was explained by Biswas et al.
(2022) by including a flux loss due to magnetic buoyancy through the formation of BMRs
in their dynamo model (following the idea of Nandy and Choudhuri 2000, including the
magnetic buoyancy in axisymmetric dynamo model). They showed that strong cycles
produce BMRs at a high rate, and thus, they lose their toroidal flux rapidly. This rapid
loss of toroidal flux causes the cycle to decline early when the toroidal belt is at high
latitudes.
Another nonlinearity in the BL solar dynamo is the reduction of tilt with the magnetic

field, so-called tilt quenching. In the thin flux tube theory of BMR formation, the tilt
of a BMR is produced due to the torque induced by the Coriolis force on the diverg-
ing flow produced from the apex of the rising flux tube (D’Silva and Choudhuri 1993).
Hence, we expect that if the BMR forming flux tube has a strong magnetic field, it will
rise quickly, and the Coriolis force will take less time to develop tilt. Thus, we expect
the BMR tilt to decrease with the increase of the magnetic field in BMR. Based on
this idea, kinematic BL dynamo models use a magnetic field-dependent quenching in the
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Figure 1. The dashed/red line shows the polar field produced from the decay of two BMRs
deposited symmetrically at 5◦ north and south. Solid/black line represents the same from the
same two BMRs but deposited at 5◦ north and south, and the tilts are assigned according to
Joy’s law. This plot shows the evidence of latitude quenching—BMRs appearing at high latitude
generates less polar field.

tilt (Lemerle & Charbonneau 2017; Karak and Miesch 2017, 2018). However, the obser-
vational signature of this tilt quenching is fragile due to limited magnetogram data of
strong cycles (Jha et al. 2020); also see Jiao et al. (2021) for the cycle averaged tilt from
white-light data.
The final nonlinearity that we shall discuss here is the inflows around BMRs.

Observations show converging flows around the BMRs (Gizon et al. 2001; González
Hernández et al. 2008). These inflows aggregately generate mean flows around the activity
belt (Jiang et al. 2010; Cameron and Schüssler 2012). Due to these flows, the cross-
equatorial cancellations of the BMRs are reduced, and the effectivity of the BL process is
suppressed. In a strong cycle, this effect is stronger and thus leads to a stabilizing effect
in the dynamo (Martin–Belda and Cameron 2017; Nagy et al. 2020; Teweldebirhan et al.
2023).

Besides the above nonlinearities in the toroidal to poloidal part of the dynamo model,
the poloidal to toroidal part and the turbulent transport coefficients are also nonlinear.
However, due to the fact that the differential rotation is observed to vary only weakly
with the solar cycle, and there is a strong correlation between the polar field and the
next cycle amplitude, we expect that the poloidal to toroidal part is weakly nonlinear.
We refer readers to Section 5 of Karak (2023) for all possible nonlinearities in the solar
dynamo.

3. Stochastic effects in BL process

The nonlinearities mentioned above in the BL dynamo model have the tendency to
stabilize the magnetic cycle rather than produce irregularity. However, the solar cycle is
irregular. Hence, can the BL dynamo models produce the observed modulations in the
solar cycle, including grand minima and maxima? The answer is again hidden in the BL
process. As mentioned in the introduction, the tilt of BMR plays a vital role in generating
a poloidal field in the sun. While this tilt follows Joy’s law in a statistical sense, there is
a huge scatter around it which can be approximated by a Gaussian of sigma about 19◦

(Stenflo and Kosovichev 2012; Jha et al. 2020; Sreedevi et al. 2023). Not only the BMR
tilt but the BMR eruption rate and flux content also give some variations to the mag-
netic cycle (Karak and Miesch 2017; Kumar et al. 2023). By including the scatter around
Joy’s law tilt and variation in the BMR flux and eruption rates Karak and Miesch (2017)
showed modulation in the solar cycle, including grand minima and maxima episodes
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Figure 2. (a) Smoothed (10-year binned and smoothed) BMR number from 3D dynamo model
of Karak and Miesch (2018). Blue regions show the locations of grand minima. (b) shows the
zoomed-in view of some cycles. A Maunder-like extended grand minimum is highlighted by
dashed lines. Note that the model successfully recovers from grand minima without needing any
additional source for the poloidal field.

Figure 3. Dynamo chain under the BL framework.

(Figure 2); also see Lemerle & Charbonneau (2017) for a similar work. Several previous
studies were also performed to model the grand minima using axisymmetric dynamo mod-
els where the BMR scatter was captured by including noise in the BL source term (e.g.,
Choudhuri and Karak 2009, 2012; Olemskoy and Kitchatinov 2013; Karak and Choudhuri
2013; Passos et al. 2014; Nagy et al. 2017). Double peaks (Gnevyshev peaks) were also
modelled using a similar idea (Karak et al. 2018). Recently, Golubeva et al. (2023);
Biswas et al. (2023) also showed that the scatter around BMRs, particularly the anti-
Hale BMRs, produces considerable variation in the polar field strength and the reversal
times.
Another potential source for the irregularity in the solar cycle is the variation in

the meridional circulation. Surface observations show a noticeable temporal variation
of it over the last few solar cycles (e.g., González Hernández et al. 2008). However, the
variation in the deep meridional circulation is uncertain due to the difficulties in the mea-
surement. Karak (2010) have shown that a weak meridional flow makes a cycle long and
magnetic field weak (due to getting more time to diffuse the field) in the high diffusivity
dynamo model. He showed that a large part of the amplitude is also matched by mod-
elling the cycle period by varying the meridional flow speed. Later, Karak and Choudhuri
(2011) showed that a variable meridional circulation helps in modelling the classical
Waldmeier effect. A large reduction in the meridional flow also allows the model to push
into a grand minimum phase (Karak 2010; Karak and Choudhuri 2012, 2013). SFT mod-
els also show that variation in the meridional flow cause variation in the polar field
(Upton and Hathaway 2014; Biswas et al. 2023).
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Figure 4. Linear correlation coefficient between the amplitude of the next sunspot cycle and
the polar field or its proxy at different times τ measured from the times of reversals. Dashed
lines show the time difference between the corresponding time of polar field reversal and the
cycle minimum. Figure reproduced from Kumar et al. (2021b).

4. Early prediction of solar cycle

We have seen that the solar dynamo has a stochastic component, and it is nonlinear. So
the question is, can we then make a prediction of the future cycle? To answer this question,
let us recall the dynamo chain of the solar cycle as shown in Figure 3. We observe that the
generation of the poloidal field involves some randomness, and thus, at the end of every
cycle, the strength of the poloidal field varies from cycle to cycle. However, the poloidal
to toroidal part of the dynamo is deterministic (as the differential rotation in the Sun
does not change much with time). The toroidal magnetic field gives sunspots for the next
cycle. In fact, this is the basis for producing the observed correlation between the poloidal
field (or its proxy) and the next sunspot cycle. Hence, if we can measure the poloidal
magnetic field, we can predict the amplitude of the next cycle. Indeed, a part of the
poloidal field, namely the radial field on the solar surface, is observed, and it becomes
maximum near the solar minimum. Prediction works use the polar field at the solar
minimum to predict the amplitude of the next cycle either by using the linear correlation
between these two or by feeding the polar field in the dynamo model (Choudhuri et al.
2007; Jiang et al. 2007). As the polar field peaks around the cycle minimum, most of the
prediction methods use the polar field at the cycle minimum to predict the amplitude
of the next cycle (Bhowmik et al. 2023). However, the question is, ‘Do we really need to
wait till the solar minimum or a reasonable prediction can be made sometime earlier?’
Kumar et al. (2021b) have shown that the correlation between the amplitude of the next
cycle and the polar field just after four years becomes strong; see Figure 4. This suggests
that a reasonable prediction of the amplitude of the next solar cycle can be made just
after four years of the reversal, which is about 2–3 years before the solar minimum (the
usual landmark of solar cycle prediction). Later Kumar et al. (2022) have shown that
instead of computing the polar field at a fixed time, if we compute the rise rate (slope)
of the polar field within the first three years of the polar field after the reversal, then a
better and even early prediction can be made. They further showed that the rise rate of
the polar field determines its eventual peak (Figure 5a)—it is like the Waldmeier effect
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Figure 5. (a) Correlation between the observed rise rate of the polar field with the amplitude
of the next sunspot cycle (Kumar et al. 2022). (b) Same as (a) but obtained from an SFT model
(Biswas et al. 2023).

Figure 6. Prediction of the Cycle 25 using the rise rate of the polar field during three years
after reversal (Kumar et al. 2022). The red-shaded region shows the prediction window, and the
horizontal arrow shows the range of expected peak time.

in the polar field. While their initial inference was based on the limited observed data
of the polar field, later Biswas et al. (2023) demonstrated the robustness of this feature
using SFT model by feeding the synthetic solar cycle with anti-Hale and non-Joy BMRs;
see Figure 5(b). Following this idea, Kumar et al. (2022) forecasted the solar cycle 25
with predicted peak sunspot number: 137± 23; see Figure 6.
Finally, the question is, if we can predict the amplitude of the next cycle, can we

extend this further to multiple cycles? The simple answer is no. As seen from Figure 3,
the toroidal to poloidal part of the solar dynamo diminishes the memory of the polar
field due to randomness and nonlinearity involved in this step. Kumar et al. (2021a) have
shown that only when the dynamo operates near the critical transition, the nonlinearity
is weak, the dynamo growth rate is weak, and the memory of the polar field can be
propagated to multiple following cycles. With the increase of supercriticality of the solar
dynamo, the memory of the polar field reduces, and in a highly supercritical regime,
the memory is completely washed out; see Figure 7 for an illustration. In conclusion, a
reliable prediction of the solar cycle amplitude beyond one cycle is impossible. However,
a hint of the amplitude of cycle n+ 2 can be obtained from the polar field of cycle n
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Figure 7. (a–d): Correlations between the polar field of cycle n with the toroidal flux of cycle n,
n+ 1, n+ 2, and n+ 3, respectively, when the dynamo operates near-critical regime (two times
the critical dynamo number). (e–f) Same as (a–d) but when the model operates at a highly
supercritical regime (four times critical); for details, see Kumar et al. (2021a) from where this
figure is adopted.

as some studies suggest the solar dynamo is operating in weakly supercritical region
(Karak et al. 2015; Kitchatinov and Nepomnyashchikh 2017; Cameron and Schüssler
2017; Vashishth et al. 2021; Tripathi et al. 2021; Albert et al. 2021; Vashishth et al.
2023).

5. Concluding remarks and future outlook

In recent years, we have had a tremendous development in the BL dynamo theory for
modelling the various aspects of the solar magnetic cycle. It has been shown that the
toroidal to poloidal field part of the BL dynamo model includes some nonlinearities, which
at least include the flux loss due to magnetic buoyancy during the formation of BMR,
latitude quenching, tilt quenching, and magnetic field dependent inflows around BMRs.
These nonlinearities tend to stabilize the dynamo rather than produce a considerable
variation in the magnetic cycle. Stochastic properties in the BMRs, namely, the scatter
in the BMR tilt around Joy’s law, can produce large variations in the solar cycle, including
grand minima and maxima. Despite these nonlinearities and stochasticity in the solar
dynamo, a prediction of the amplitude of the next solar cycle can be made using the
polar field at the solar minimum. We have shown that we indeed do not have to wait
till the minimum of the cycle; we can make a prediction of the next cycle’s strength
just by measuring the rise rate of the polar field of the first three years’ data after its
reversal. This allows us to make an early prediction of the solar cycle—about three years
before the solar minimum, the usual landmark of the forecast. Prediction of multiple
cycles is not possible because the memory of the polar field degrades in the poloidal to
toroidal part of the dynamo loop. How rapidly the memory degrades beyond one cycle
is determined by the supercriticality of the dynamo.
We end the discussion by commenting on the operation of BL dynamo during Maunder-

like grand minima. It has been suspected that the generation of the poloidal field through
BL process during these episodes is not possible due to lack of sunspots. The obvious
candidate for this is the classical α effect (Parker 1955). Some studies have included α
effect in the BL dynamo models to recover the models from these quiescent episodes
(Karak and Choudhuri 2013; Hazra et al. 2014; Ölçek et al. 2019). However, recent
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observations show that the Maunder minimum was not as deep as it was thought earlier
(e.g., Usoskin et al. 2015; Zolotova and Ponyavin 2016). Also, the small sunspots and
the BMRs, which do not appear as sunspots in today’s telescope (Jha et al. 2020), were
not observed during Maunder minimum. These BMRs also show a systematic tilt and
Joy’s law (Jha et al. 2020), which can generate some poloidal field during Maunder-like
grand minimum as demonstrated by Karak and Miesch (2018). The downward turbulent
pumping helps in reducing the diffusion of the poloidal field (Karak and Cameron 2016),
and thus, even a weak poloidal field produced through the decay of a few BMRs during
the grand minimum can successfully recover the Sun to normal phase. Another comment
about the operation of BL dynamo in other solar-type stars. Possibly, the BMRs are also
produced in other stars, and they are tilted. With the increase of rotation rate, both
the tilt and latitude of the emergence of BMR increase (Schuessler and Solanki 1992).
However, the tilt cannot increase beyond 90◦. This can cause saturation of magnetic field
in rapidly rotating stars (Kitchatinov and Olemskoy 2016). The increase in the latitude
of emergence can cause a decrease in the magnetic field (latitude quenching; Jiang 2020;
Karak 2020). Karak et al. (2014); Hazra et al. (2019); Karak et al. (2020); Vashishth et al.
(2021); Vashishth et al. (2023) have utilized BL dynamo models to explain some aspects
of the stellar magnetic cycles, including the saturation of the magnetic field in rapidly
rotating stars and the variation of the number of grand minima and cycle variability
with the rotation rates of stars. We hope future observations will help to validate the BL
dynamo theory in other stars.
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