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ABSTRACT

Meridional flow is crucial in generating the solar poloidal magnetic field by facilitating the poleward

transport of the field from the decayed Bipolar Magnetic Regions (BMRs). As the meridional circu-

lation changes with the stellar rotation rate, the properties of stellar magnetic cycles are expected to
be influenced by this flow. In this study, we explore the role of meridional flow in generating magnetic

fields in Sun and sun-like stars using STABLE [Surface flux Transport And Babcock–LEighton] dy-

namo model. We find that a moderate meridional flow increases the polar field by efficiently driving the

trailing polarity flux toward the pole, while a strong flow tends to transport both polarities of BMRs
poleward, potentially reducing the polar field. Our findings are in perfect agreement with what one

can expect from the surface flux transport model. Similarly, the toroidal field initially increases with

moderate flow speeds and then decreases after a certain value. This trend is due to the competitive

effects of shearing and diffusion. Furthermore, our study highlights the impact of meridional flow on

the cycle strength and duration in stellar cycles. By including the meridional flow from a mean-field
hydrodynamics model in STABLE, we show that the magnetic field strength initially increases with the

stellar rotation rate and then declines in rapidly rotating stars, offering an explanation of the observed

variation of stellar magnetic field with rotation rate.

Keywords: The Sun(1693) — Magnetohydrodynamics(1964) — Solar dynamo(2001) — Solar magnetic

fields(1503) — Solar cycle(1487) — Stellar magnetic fields(1610) — Stellar rotation (1629)

1. INTRODUCTION

After differential rotation, the second important ax-

isymmetric flow inside the solar convection zone (CZ)

is the meridional circulation, which is a weak flow from

equator to pole in the upper CZ and from pole to equa-
tor in the deeper CZ (Kitchatinov 2016; Hanasoge 2022).

This flow has been observed on the surface for many

years by tracking various tracers (e.g., Makarov et al.

1983; Makarov & Sivaraman 1989).
Hydrodynamic mean-field models—employing the

mean-field versions of the equation of plasma

flows, heat transport, and equation of states—

have been employed to model the large-scale flows

in the sun and stars in which the meridional cir-
culation is a natural consequence of the angu-

lar momentum balance (Brandenburg et al. 1992;

Corresponding author: Bidya Binay Karak

karak.phy@iitbhu.ac.in

Kitchatinov & Ruediger 1995; Küker & Stix 2001;

Rempel 2005; Hotta & Yokoyama 2011). Particularly,

the solar differential rotation produced in the model

of Kitchatinov & Olemskoy (2011) remarkably matches
with the helioseismic observations (e.g., Schou et al.

1998). Further, the model agrees with the observations

of surface differential rotation of rapidly rotating stars

(Barnes et al. 2005). The meridional flow in the model
of Kitchatinov & Olemskoy (2011) consists of single-

cell circulation with a surface flow speed of about 15

m s−1 and return flow of 5 m s−1. With the increase of

the rotation rate of the star, the flow becomes weaker

(it is strong only near the radial boundaries). On the
other hand, the global convection simulations also pro-

duce meridional flow in the solar and stellar CZs (e.g.,

Featherstone & Miesch 2015). The flows from these

simulations are quite complicated, usually consisting
of multiple cells and some signatures of poleward flow

near the surface and return flow near the base of CZ

(see, e.g., Fig. 8 top right of Karak et al. 2015). As the

global convection simulations are still exploratory and

http://arxiv.org/abs/2407.16620v1
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struggling to reproduce the fundamental observations

of solar and stellar CZs (e.g., convection speed at large

length scale), we must interpret their results cautiously

(Karak et al. 2018; Käpylä et al. 2023).
Meridional circulation plays an important role in the

generation of the poloidal magnetic field near the sur-

face. It is this flow that pushes the field towards the

poles from the low latitude, where the poloidal field

is generated through the decay and dispersal of the
tilted bipolar magnetic regions (BMRs). Without this

flow, the field from the decayed BMRs might largely

gets cancelled, and a negligible amount of polar field

is expected to be produced. The evolution of the sur-
face magnetic field clearly imprints a poleward trans-

port due to meridional flow (in fact, historically, this

feature has been the basis for the measurements of

meridional flow on the surface by some authors, e.g.,

Howard & Labonte 1981; Topka et al. 1982). However,
a strong meridional flow can cause both polarities of

a BMR to move towards the pole, enabling inefficient

cross-equatorial cancellation. Thus, we expect a non-

monotonous variation of the polar field strength with
the increase of the flow speed. Surface flux transport

(SFT) simulations of Baumann et al. (2004), by includ-

ing the meridional flow, differential rotation, turbulent

diffusion, and BMRs source, showed an increasing de-

pendence of the polar field at low meridional flow speed
and decreasing trend at high flow (also see Jiang et al.

(2010); Upton & Hathaway (2014) for the demonstra-

tion of the polar field variation due to fluctuations in

meridional circulation). So far, no dynamo model has
been able to reproduce this trend completely. By includ-

ing double ring as the replacement of Babcock–Leighton

α effect, Muñoz-Jaramillo et al. (2010) showed that the

polar field decreases with the increase of meridional flow

speed. However, their study was not performed at low
meridional flow speed, and thus, the full spectrum of

the polar field variation has not been reproduced so far.

One motivation of our work is to show this dependence

using a three-dimensional (3D) dynamo model.
In addition to the generation of a poloidal

field in the Sun, the meridional circulation

plays a vital role in determining the features

of the solar cycle via the dynamo process

(Charbonneau & Dikpati 2000; Charbonneau et al.
2004; Karak 2010; Choudhuri & Karak 2012;

Hazra et al. 2015; Hazra & Nandy 2016; Choudhuri

2021; Hazra et al. 2023). In flux transport dynamo

models (Karak et al. 2014a; Charbonneau 2020; Karak
2023), it is the flow that helps in transporting the polar

field from the surface to the deeper CZ at high latitudes,

where the differential rotation stretches the field to pro-

duce a toroidal one. At the base of CZ, the toroidal field

is transported to the low latitude from where it gives

rise to BMR eruptions. Thus, a shorter cycle period is

expected at faster circulation speed. Indeed, previous
axisymmetric kinematic flux transport dynamo models

found an almost inverse relation for the cycle period

with the meridional flow speed, namely, Pcyc ∝ v−0.89
0

(Dikpati & Charbonneau 1999; Yeates et al. 2008) or

Pcyc ∝ v−0.7
0 at high diffusivity regime (Karak 2010),

where Pcyc is the cycle period and v0 is the flow speed.

Meridional flow also affects the strength of the toroidal

magnetic field. The axisymmetric flux transport dy-

namo model showed that in the low diffusivity regime,
decreasing meridional flow causes an increase in the field

strength by giving the shear more time to induct a

toroidal field. In the high diffusivity regime, this ef-

fect is overpowered by an opposing effect—weaker flow

speed gives more time for the diffusion to diffuse the
field, which eventually decreases the field (Yeates et al.

2008); also see Karak & Choudhuri (2010, 2011) for an

application of this idea in modeling the Waldmeier Ef-

fect.
In the present study, we employ a 3D kinematic

solar dynamo model STABLE (Surface flux Trans-

port And Babcock–LEighton; Miesch & Dikpati 2014;

Miesch & Teweldebirhan 2016; Karak & Miesch 2017)

to study the effect of meridional flow speed on the polar
field, toroidal field and cycle duration. As in STABLE,

the Babcock–Leighton process is realistically modeled,

which can be operated as an SFT model in addition

to the (normal) dynamo mode. In this work, we shall
first check whether STABLE reproduces the expected

variation of the polar field with the meridional flow as

found in the SFT models. This is an essential step be-

cause any dynamo model should reproduce the basic

features of the SFT model, which has proven success-
ful in reproducing surface observations in great detail

(Yeates et al. 2023). Next, we shall demonstrate how

the cycle strength and duration vary with the meridional

flow speed. We shall show that the result from our com-
prehensive dynamo model is quite different than found

in axisymmetric flux transport dynamo models. Our re-

sults will have an implication for stars whose cycles have

different strengths and durations (Baliunas et al. 1995;

Garg et al. 2019, e.g,), and the meridional circulation
speed changes with stellar rotation rates (Brown et al.

2008; Kitchatinov & Olemskoy 2011, 2012; Karak et al.

2015; Viviani et al. 2018). Thus, our study will identify

the meridional flow as a cause of the variations of cycle
strength and duration of stellar cycles with the rotation

rate. In Section 2, we present our model, while in Sec-
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tion 3 we discuss our results. Finally, in Section 4, we

summarize our results and highlight the conclusion.

2. MODEL

2.1. 2D dynamo model with Babcock–Leighton source

We initialize our study by using a 2D kine-
matic dynamo model (Choudhuri et al. 1995;

Dikpati & Charbonneau 1999) in which the Babcock–

Leighton process is parameterized by an α term. In this

model, the following equations for the axisymmetric
magnetic field are evolved.

∂A

∂t
+

1

s
(vp.∇)(sA) = ηt

(

∇2 −
1

s2

)

A+ αBBCZ, (1)

∂B

∂t
+

1

r

[

∂

∂r
(rv′rB) +

∂

∂θ
(vθB)

]

= ηt

(

∇2 −
1

s2

)

B

+ s(Bp · ∇)Ω +
1

r

dηt
dr

∂

∂r
(rB), (2)

where Bp = ∇ × [A(r, θ)eφ] is the poloidal component

of the magnetic field, B(r, θ) is the toroidal component,

s = r sin θ, vp = v′r r̂ + vθ θ̂ = (vr + γr)r̂ + vθ θ̂, which in-
cludes the meridional circulation (vr, vθ) and the radial

pumping (γ), ηt is the effective turbulent diffusivity that

incorporates the mixing effect of the small-scale convec-

tive flow, α is a parameter that captures the BL pro-

cess in this 2D dynamo model and BBCZ is the average
toroidal field in the thin layer from 0.69Rs to 0.71Rs (Rs

is the radius of the sun), and Ω is the angular velocity.

For the meridional circulation, we consider a single-

cell flow, poleward near the surface and equatorward at
the base of CZ. For which, we consider a stream function

ψ, in such a way that,

ρvp = ∇× [ψ(r, θ)φ̂], (3)

and,

ψr sin θ = ψ0(r −RP) sin

[

π(r −RP)

Rs − RP

]

(1− e−β1θ
ǫ

)

×(1− eβ2(θ−π/2))e−((r−r0)/Γ)
2

. (4)

Here, ρ = C(Rs

r − 0.95)3/2, is the nondimensional
density stratification, β1 & β2 are 1.5 & 1.3, ǫ = 2.0,

Γ = 3.47 × 108 m and RP = 0.69Rs. The amplitude of

the meridional circulation at mid-latitude v0 is obtained

from the value of ψ/C.
For the differential rotation, we use an analytic func-

tion that aligns with observed helioseismic data and

has been used in many previous publications; for exam-

ple, see Equation (3) of Miesch & Teweldebirhan (2016).

The profile of the radial magnetic pumping is same

as shown by Cameron et al. (2012); Karak & Cameron

(2016). This radial pumping suppresses the diffusion

of the magnetic field through the surface and thus
helps the model to operate at a high diffusivity value

(Karak & Miesch 2017).

For ηt, we take it as a function of r alone and has the

following form:

ηt(r) = ηRZ +
ηCZ

2

[

1 + erf

(

r − rBCZ

d1

)]

+
ηS
2

[

1 + erf

(

r − rsurf
d2

)]

, (5)

with rBCZ = 0.715Rs, d1 = 0.0125Rs, d2 = 0.025Rs,

rsurf = 0.956Rs, ηRZ, ηCZ, and ηS represent the diffusiv-
ities at the inner boundary, within CZ, and at the sur-

face, respectively, having the values as ηRZ = 1.0× 109

cm2 s−1, ηCZ = 1.5 × 1012 cm2 s−1, and ηS = 3 × 1012

cm2 s−1.
One motivation of our work is to understand the re-

sponse of the poloidal field to the meridional flow of dif-

ferent level and that we study by placing a single BMR

in our dynamo model. However, in the present axisym-

metric model, we mimic the generation of the poloidal
field from a single BMR by localizing the poloidal source

function in a narrow latitudinal band. Hence, we take

the following profiles of α.

α =
α0

4

[

1 + erf

(

θ − θ1
∆θ

)][

1− erf

(

θ − θ2
∆θ

)]

, (6)

where α0 = 50 m s−1, ∆θ = 2◦, θ1 = 16◦, and θ2 = 14◦.
No quenching in α or anywhere is included in this 2D

model, thus making it fully linear.

2.2. STABLE: 3D Babcock–Leighton dynamo model

For most of our calculations, we use a 3D kine-
matic dynamo model, STABLE (Miesch & Dikpati

2014; Miesch & Teweldebirhan 2016; Karak & Miesch

2017; Hazra & Miesch 2014), which solves the follow-

ing induction equation in three dimensions within the
solar CZ.

∂B

∂t
= ∇× [V ×B − ηt∇×B] , (7)

where the large-scale velocity, V is represented as,

V = vp + r sin θ Ω(r, θ)φ̂. (8)

The profiles of vp, Ω, and ηt, follow the same formulation

as outlined in Section 2.1.

The major difference between the STABLE and 2D

dynamo model is that in STABLE, we do not include
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α term for the poloidal source in Equation (7); rather,

BMRs are deposited (based on the toroidal field at the

base of CZ) on the surface, and then the decay of these

spots produce a poloidal field.
Further, in STABLE, the magnetic field of the sunspot

is extrapolated below the surface using a linear potential

field extrapolation of the surface fields. For additional

details on the field distributions, we refer the readers to

Section 3 of Miesch & Dikpati (2014). As the STABLE
includes explicit BMRs and captures their decay on the

solar surface in the same way as in SFT models, we can

operate STABLE in SFT mode by feeding the observed

or synthetic BMR data.

2.2.1. STABLE as SFT model with single BMR

Our primary motivation with STABLE is to explore

the evolution of the polar field. To achieve this, we first

use the STABLE model in the SFT mode and include a

single BMR for the source of the poloidal field.

This BMR is placed at a certain latitude of the north-
ern hemisphere and has the following properties: (i)

Tilt as given by Joy’s law i.e., Tilt = 30◦ sinλ (where

λ is latitude), (ii) Flux in each pole of BMR (Φ) =

1022 Mx (within the observational range, as mentioned
in Sreedevi et al. (2023)), (iii) Magnetic field strength

(Bs)= 3000 G, and (iv) Polarity separation between two

poles of the BMR is three times the radius of a pole. No

nonlinearity is imposed in this case.

2.2.2. STABLE as dynamo model

By default, STABLE was designed to be used as a dy-
namo model in which the SpotMaker algorithm plays

a crucial role. This algorithm deposits the Bipolar

Magnetic Regions (BMRs) on the surface based on the

toroidal field at the base of CZ. When this field exceeds

a (assigned) threshold value and the time delay between
the two successive spots is greater than ∆, then this

algorithm adds a spot on the surface. The delay ∆ is

taken from an observed distribution of the time delay

of BMRs; see Sec. 2 of Karak & Miesch (2017). Once
the timing of the spot is decided, the flux and tilt of the

spots are taken from their observed distributions (Equa-

tions 8, 9, and 10 of Karak & Miesch (2017)). The dis-

tribution of fields in the spot and the internal profile are

the same as discussed in the previous section. We note
that in this case, to limit the growth of the magnetic field

in dynamo, a magnetic field-dependent quenching in the

tilt angle (of the form 1/(1+(B/Bsat)
2), where B is the

average Bφ at BCZ and Bsat = 100 kG) is included as
inspired by observations (Jha et al. 2020; Sreedevi et al.

2024).

Once the model deposits BMRs on the solar surface,

the decay and dispersals of the field produce a poloidal
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Figure 1. Dependence of saturated radial field on merid-
ional circulation amplitude v0 in the 2D dynamo model with
explicit α term for Babcock–Leighton process at different val-
ues of diffusivity; blue: the reference diffusivity ηt as given
by Equation (5), green: 2ηt (scaled by a factor of 2 to fit in
the range), red: ηt/2 (scaled by a factor of 1/3).

field. This poloidal field, through differential rotation,

produces a toroidal field, which again gives rise to BMR

eruptions and continues the dynamo loop; see, e.g.,

Karak & Miesch (2017, 2018) for more details of the
model and the representative dynamo solutions.

3. RESULTS AND DISCUSSION

Our work analyzes the behavior of magnetic field evo-

lution by varying the meridional flow speed v0. First,

we compare the poloidal field evolution from the 3D

dynamo model (STABLE) with that of the 2D model
incorporating the Babcock–Leighton process by an α

term and check which model is consistent with the SFT

model.

3.1. Polar field evolution in 2D model with α term

To examine the results from a 2D model incorporat-

ing the Babcock–Leighton α effect, we perform several

simulations at different values of meridional flow speed
v0, starting from 0 to 32 m s−1 and compute the av-

erage value of the surface radial field from 75◦ latitude

to the north pole. We define this polar field as BP.

This radial field first increases and then slowly decreases

due to the supply of more leading (opposite) polarity
flux towards the pole. Finally, it tends to saturate, as

seen in Figure 10 of the Appendix. We note that if

we do not include the radial magnetic pumping, then

the diffusion of the poloidal field across the surface is
high, and the BP cannot saturate in the later stage; see

Karak & Cameron (2016) Fig 5. In the present case,

when the polar field (approximately) saturates in time,

we take its value and plot it for different meridional cir-
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Figure 2. Variation of saturated polar field strength BP

with the flow amplitude v0, from a simulation in which a
single BMR is placed at 15◦ latitude. Red and blue colors
correspond to simulations with and without the magnetic
pumping. The data for latter case are multiplied by a factor
of 60 for better visibility.

culation speeds as shown in Figure 1. In this model,

we find that the polar field consistently increases with

meridional flow speed. This increasing trend is due to

the fact that in this model, there is a large separation be-
tween the leading and trailing polarity fluxes. And, since

the meridional circulation is weak near the equator, in-

creasing the flow predominantly enhances the transport

of the trailing polarity flux towards the pole (see Fig-

ure 10 in the Appendix for a pictorial representation of
the radial field). This causes a monotonous increase of

the polar field with v0, which is strikingly in contrast

to the expectation of the SFT model. Even by chang-

ing the latitudinal extent of the α term, or by placing
α at different latitudes, and varying the diffusivity (see

dash and dotted lines in Figure 1), we observe a similar

increasing trend in the polar field with the flow.

3.2. Polar field evolution in STABLE with single BMR

Now, we observe the behavior of the polar field in
the STABLE model in which a BMR is included at 15◦

latitude in the northern hemisphere, and no α term is

added in the equation (Section 2.2.1). The decay of this

BMR generates a poloidal field. We again perform the

simulations at different values of meridional flow speed
v0 starting from 0 to 32 m s−1 and compute the av-

erage value of the polar field from 75◦ latitude to the

north pole. Contrary to the results obtained from the 2D

model with explicit α prescription, the STABLE model
reveals a distinct trend. As seen in Figure 2, the po-

lar field initially increases, and then beyond a certain

value of v0, it decreases. The polar magnetic field, BP,

is extremely weak at v0 = 0 because, in this case, the

leading and trailing polarity fluxes largely cancel each

other, and there will be a negligible trailing polarity field

that goes to the pole. With the increase of v0, the po-

lar field initially increases due to the transport of more
trailing polarity flux1 towards the pole, facilitating the

cross-equatorial cancellation of the leading polarity.

However, as v0 continues to boost up further, the

meridional flow also efficiently transports the leading

polarity to the pole, and thus, the cancellation of the
leading polarity flux across the equator reduces, result-

ing in a decrease in BP. The most intense polar field

is generated at a moderate meridional flow (at v0 = 8

m s−1 in this configuration). Contrary to the 2D dy-
namo model that incorporates the Babcock–Leighton α

effect, the STABLE model exhibits a smaller separa-

tion between trailing and leading polarities, resulting in

both polarities moving towards the pole; see Figure 11

in the Appendix for a pictorial representation of how a
BMR evolves in our 3D STABLE model. Interestingly,

in the 2D model with α parameterization for Babcock–

Leighton process, it is primarily the trailing polarity flux

that moves toward the pole; see Figure 10 in the Ap-
pendix.

The observed trend of the polar field with the merid-

ional flow speed in STABLE is consistent with the

expectation from SFT models, especially with the

works of Baumann et al. (2004); Schrijver & Liu (2008).
By incorporating double rings as the replacement of

the Babcock–Leighton α effect in a dynamo model,

Muñoz-Jaramillo et al. (2010) produced a decreasing

trend of the polar field with the meridional flow. How-
ever, they did not show the behavior at low meridional

flow speed. Thus, the increase of the polar field at low

meridional circulation and the turning point were unex-

plored.

Our study marks the first instance of a dynamo model
demonstrating such a variation between the polar field

strength and meridional flow as found in SFT models.

Moreover, Kumar et al. (2024) showed that the STA-

BLE model successfully reproduces the variation of the
eventual dipole moment with the latitude of BMR as

found in SFT models. These suggest that the results

generated by the STABLE dynamo model are reliable.

We recall that in our 3D dynamo model, we have

used downward magnetic pumping, which suppresses
the diffusion of the magnetic field through the surface

(Cameron et al. 2012; Karak & Cameron 2016). Thus,

when we remove the pumping, we observe that the

1 Both leading and trailing polarities move towards the pole, but

as the trailing one appears at the higher latitude, it experiences

more drag of the flow.
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Figure 3. Variation of the polar field strength BP with the
flow amplitude v0 for three different cases in which the BMR
is placed at 5◦ (blue), 15◦ (red), and 30◦ (green) latitudes.

strength of the polar field is reduced. However, the over-
all profile of the polar field vs meridional flow remains

almost unchanged; see Figure 2.

Thus, the variation of the polar field with the merid-

ional flow, as found in our STABLE model, is robust.
Therefore, we shall present the results of the polar field

by including magnetic pumping only.

In Sun, the BMRs are produced at different latitudes

while the meridional flow peaks around the mid-latitude.

Hence, the BMRs appearing near the equator will expe-
rience weak flow as compared to mid-latitude. The same

BMR, when placed at different latitudes, will produce

different amounts of polar field. To demonstrate this, in

Figure 3, we show the variation of the polar field with
the meridional flow of the same BMR placed at 5◦, 15◦

and 30◦ latitudes. From this figure, we clearly observe a

shift in the peak of the polar field towards higher ranges

of magnetic field strength and v0 with the decrease of

BMR latitude.
This shift towards a higher polar field occurs because

a BMR placed closer to the equator experiences more

cross-equatorial cancellation, resulting in efficient trans-

port of trailing polarity flux towards pole. This fea-
ture is supported by the findings of Karak & Miesch

(2018); Karak (2020) and also consistent with several

previous SFT models (Jiang et al. 2014; Petrovay et al.

2020). The shift of the peak of the polar field towards

higher meridional flow in Figure 3 also occurs because
the meridional flow speed is weak at low latitude and

the flow needs to be increased enough to cause the de-

crease in the polar field strength when a BMR is placed

at low latitude (compare with Figure 2).
To further investigate the sensitivity of the polar field

variation to the model parameters, we perform two more

sets of simulations, one at double and another at half
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Figure 4. The polar field strength BP vs the meridional
flow amplitude at three distinct diffusivity values; blue: ηt—
the reference diffusivity as given by Equation (5), red: 2ηt,
green: ηt/2. Here, a single BMR is placed at 15◦ latitude.

of the reference diffusivity as given by Equation (5).
The reference case is the one where a single BMR is

placed at 15◦ latitude. As illustrated in Figure 4, in

both cases, the polar field vs meridional flow exhibits

a similar trend. However, with the increase of diffusiv-
ity, the peak shifts towards the lower v0. In the case of

higher diffusivity (red curve), the cross-equatorial dif-

fusion is high, and even a slight increase in meridional

flow can swiftly transport the trailing polarity towards

the polar region, resulting in an increased strength of the
polar field. Further increase of flow leads to enhanced

transport of both polarities, which causes less net po-

lar flux. Moreover, in the case of high meridional flow,

increased diffusivity results in a decrease in polar field
strength. Interestingly, in this scenario, high diffusivity

enhances the efficiency of polar field generation, thereby

increasing the peak of the polar field, which contradicts

the observations from the 2D model (Figure 1).

3.3. Toroidal field evolution in STABLE with single

BMR

While the polar field is measured on the solar sur-

face and thus can be compared with observations (e.g,

Mordvinov et al. 2022), the toroidal field is the one that

gives the sunspots and thus determines the strength of

the solar cycle. Therefore we now examine the variation
of the toroidal field at different speeds of meridional flow.

To do so, we first calculate the average value of the ax-

isymmetric toroidal field 〈Bφ〉 (azimuthal average) from

30◦ latitude to the equator. We denote this quantity as
BT, which slowly increases in time and then tends to

saturate. The value of BT is taken at the same time

when the saturated polar field is computed. We first

observe the toroidal field from the set of simulations in



The role of meridional flow in the generation of solar/stellar magnetic fields and cycles 7

0 5 10 15 20 25 30
v0 [m s−1]

0.0

0.2

0.4

0.6

0.8

1.0

1.2
To

ro
id
al
 fi
el
d 
B T

 [k
G
]

Polar field BP [2000−1G]
Toroidal field BT

0 5 10 15 20 25 30
v0 [ms−1]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

To
ro

id
al
 fi
el
d 
B T

 [k
G
]

Figure 5. Top: Representation of the toroidal field BT

(blue curve) in comparison with the poloidal field BP (gray
curve, scaled by a factor of 2000) in relation with the flow
amplitude. Bottom: Same as the top but the toroidal field
variation from a set of simulations in which the same initial
magnetic field is taken from the output of the simulation
v0 = 8 m s−1.

which we had deposited the BMR at 15◦ north, and is

shown in Figure 5, top panel.

We observe a very similar trend in the toroidal field

as found for the polar field (shaded line). One might
expect the toroidal field, which is generated from the

poloidal one, to follow the same trend as the poloidal

field. However, it is not that obvious. The genera-

tion of the toroidal field is influenced by an additional
physics as identified by Yeates et al. (2008) and later

demonstrated in different context by Karak (2010) and

Karak & Choudhuri (2011). If the meridional flow is in-

creased, then the cycle period becomes short, and this

causes two competing effects: (I) the shear gets less time
to induce the toroidal field, thereby reducing toroidal

field strength, and (II) the magnetic fields remain at the

base of CZ for a shorter time, and thus the diffusion gets

less time to diffuse the fields. As a result, toroidal field
strength increases. In the high diffusivity regime (as in

our case), effect II dominates as long as meridional flow

is moderate. However, when meridional flow becomes

too high, the shearing effect (effect I) becomes domi-

nant, and the toroidal field tends to decrease with the
increase in flow speed. Therefore, for the same initial

poloidal field, the toroidal field strength should first in-

crease at low meridional flow speed, reach a maximum,

and then decrease with the increase of meridional flow

speed. However, in Figure 5 (top panel), we see almost
a similar trend in the toroidal field as seen for poloidal

one (gray points) because the poloidal field is changing

in each simulation of different meridional flow speeds.

To show the effect of meridional flow alone on the
toroidal field, we take the saturated poloidal field from

the run of v0 = 8 m s−1 and perform a new set of simula-

tions with this same poloidal field as an input. We note

that in this new set of simulations, no BMR is deposited,

and thus, the initial poloidal field (which is concentrated
near the pole) remains the same. In Figure 5, bottom

panel, we observe that the toroidal field produced from

this set of simulations shows the variation as expected

from the above explanation (competing effects of shear
and diffusion). We clearly see that the toroidal field

is increased by some amount from the value at v0 = 8

m s−1 (shown by dotted line) up to about v0 = 15 m s−1

and then it decreases. However, this effect of the merid-

ional flow on the toroidal field is less than the effect on
the generation of the poloidal field, and that is why we

do not observe two distinct peaks in Figure 5.

The above two sets of simulations demonstrate that

the meridional flow can determine the strength of the
solar cycle by regulating the generation of the poloidal

field on the surface (Babcock–Leighton process) and by

affecting the diffusion of the toroidal field in CZ. This

motivates us to explore the strength of the magnetic

cycle in dynamo simulations at varying meridional ve-
locity.

3.4. Magnetic cycles in STABLE dynamo model

We now perform a set of dynamo simulations at differ-

ent values of meridional flow speed using the STABLE

in default (dynamo) mode. In this set of simulations, we

include a weak dipolar field for the initial condition and

run the model for several cycles until it produces stable
magnetic cycles. We note that in these STABLE dy-

namo simulations, BMRs are spontaneously produced

based on the toroidal field at BCZ and the decay of

which generates a poloidal field. We further note that
the magnetic field here is stabilized because of the mag-

netic field-dependent quenching, as mentioned in Sec-

tion 2.2.2. The strength of the saturated magnetic cycle

as measured by the average value of the toroidal field at



8 Vashishth & Karak

5 10 15 20 25
v0 [m s−1]

5

10

15

M
ea

n 
fie

ld
 s
tr
en

gt
h

(a) Polar field [G]
Toroidal field [kG]

5 10 15 20 25
v0 [m s−1]

0

10

20

30

40

50

M
ea

n 
fie

ld
 s
tr
en

gt
h

(b)

Polar field [G]
Toroidal Field [kG]

5 10 15 20 25
v0 [m s−1]

11

12

13

14

15

P c
yc
 [y

ea
rs

]

(c)

5 10 15 20 25
v0 [m s−1]

10

15

20

25

30

35

40

P c
yc
 [y

ea
rs

]

(d)

Figure 6. Variation of the (a) mean magnetic fields and (c) cycle period with the flow speed. The right panels are same as
the left ones but from a low diffusivity case (ηt/2).

r = 0.72Rs and θ from 30◦ to the equator from different

simulations at varying meridional circulation is shown in

Figure 6(a). We observe that the cycle strength initially

increases, reaches a maximum, and then declines with
the increase of v0. This behavior is attributed to the

combined effect of meridional flow on the generation of

a poloidal field and the diffusion of the magnetic field,

as explained in the above section. However, when the
diffusivity is reduced by half, the diffusion effect will be

less dominant over the shearing effect, and thus, increas-

ing v0 gives less time for the shear to generate a toroidal

field. This causes a consistent decrease of the toroidal

field with v0 as seen in Figure 6(b).
Another interesting trend is seen in the cycle pe-

riod for which we expect a monotonically decreasing

trend with the increase of flow speed in traditional

flux transport dynamo model with Babcock–Leighton
α (see Fig. 4 of Yeates et al. 2008; Karak 2010;

Muñoz-Jaramillo et al. 2010). Here, in contrast, we ob-

serve a slight increase in the cycle period at high merid-

ional flow; see Figure 6(c). This trend remains more or

less consistent even at lower diffusivity value; see Fig-
ure 6(d). The slight increase in cycle period at high v0

(beyond about 16 m s−1) is because the generation of

the poloidal field weakens at fast meridional flow (see

Figure 6(a)) and the poloidal field needs more time to

reverse the old field.

3.5. Implication to stellar cycles

The above sets of simulations teach us that the mag-

netic cycle amplitude and duration are largely deter-

mined by the meridional flow speed. Features of the

stellar cycle vary with the rotation rate of the star
(Baliunas et al. 1995; Garg et al. 2019). Particularly,

the cycle strength increases with the increase of rota-

tion rate and then saturates at rapidly rotating stars

(Noyes et al. 1984; Wright et al. 2011). While the cycle

period shows a bit complicated trend at rapidly rotat-
ing stars, an increasing trend with the rotation period

is identified for slow rotators (Boro Saikia et al. 2018).

We also note that, with the rotation rate, the merid-

ional circulation strength changes in the solar-like stars.
Mean-field hydrodynamic models and convection sim-

ulations show that the rapidly rotating stars are char-

acterized by a weak meridional flow, which is confined

only near the boundaries, while the slowly rotating stars
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period of the stars.

possess a strong flow in the bulk of the CZ; see Fig. 5 in
Kitchatinov & Olemskoy (2012). Therefore, the ques-

tion is how much is the role of meridional flow in deter-

mining the stellar cycle amplitude and duration.

To address the above question, we conduct a series of
stellar dynamo simulations by taking the meridional flow

from Kitchatinov & Olemskoy (2012) model for 1Msun

stars of rotation periods of 1, 3, 7, 10, 15, 20, 25.38 (so-

lar value), and 30 days. The radius of these stars are

0.896, 0.898, 0.902, 0.907, 0.920, 0.949, 1, 1.08 Rs. The
variations of the latitudinal component of the surface

meridional circulation vθ(Rs, 45
◦) and the radial aver-

age of the poleward flow at mid-latitude are illustrated

in Figure 7. We observe that the rapid rotators exhibit
higher velocities near the surface but lower flow in the

bulk of the CZ. Conversely, the slow rotators posses a

strong flow within the bulk but are weak on the sur-

face. In other words, the flow amplitude near the sur-

face steadily decreases with the rotation period, whereas
the flow within the bulk of the convection zone tends to

increase with rotation period.

Now we analyse the poloidal and toroidal fields ob-

tained from these simulations which are shown in Fig-
ure 8(a). We see that both the fields initially increase,

reach maximum, and then decline with the increase in

the rotation period. For a rotation period of 1 day, the

surface meridional flow is very strong, while the flow

within the bulk of CZ is negligible; both of these con-
tribute to an extremely weak polar field. As the rotation

period increases, the meridional flow within the bulk (as

shown in Figure 7) strengthens, resulting in an increase

in the polar field. On the other hand, at a rotation pe-
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Figure 8. Same as Figure 6, but from the set of
simulations in which the meridional flow is taken from
Kitchatinov & Olemskoy (2012) mean-field hydrodynamics
model of sun-like stars having rotation periods varying from
1–30 days. The horizontal axis represents the rotation pe-
riod of the corresponding mean-field model of stars.

riod of 30 days, the bulk flow is strongest, but the sur-

face flow is weakest, leading to a weak polar field again.

When the rotation period decreases from this point, the

surface flow intensifies, contributing to a stronger polar
field. Therefore, an increase in the polar field is ob-

served when transitioning from low to high meridional

flow in bulk (from fast to slow rotators) or from low to

high surface flow (from slow to fast rotators); also see

Figure 7.
The decline trend of magnetic field as observed in Fig-

ure 8(a) beyond about a ten-day rotation period gives

one contribution of the observed decrease of the stel-

lar cycle strength with the rotation period (Noyes et al.
1984; Boro Saikia et al. 2018). The decreasing trend

at shorter rotation periods also helps to explain the

saturation of the magnetic field in rapidly rotating

stars. This is because in reality, for the rapidly ro-
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Figure 9. Time-latitude distribution of the surface radial
magnetic field Br [in G] for stars of (a) 1 day, (b) 7 days,
and (c) 25.38 days (solar value) rotation periods.

tating stars, the strength of the poloidal field gener-

ation (Babcock–Leighton process and α effect) should

be stronger (Kitchatinov & Olemskoy 2015), and the

diffusivity should be weaker (Kitchatinov et al. 1994;

Karak et al. 2014b). These two will tend to increase
the magnetic field, and thus, the resultant effect will be

a magnetic field saturation in the very rapidly rotating

stars.

Finally, the cycle period shows an interesting trend, as
shown in Figure 8(b). This variation can be explained

from the variation of vθ(Rs, 45
◦) and vpoleθ at 45◦ lat-

itude as presented in Figure 7. The initial increase of

cycle period with the rotation period is due to the weak-

ening of surface flow, while the decline of cycle dura-
tion beyond about 7 days rotation period is due to the

strengthening of bulk poleward flow. The effect of the

strong (weak) surface flow on the poleward transport of

the radial magnetic field is clearly depicted in the but-

terfly diagram for the 1 day (7 and 25.38 (solar value)

days) rotation period in Figure 9

As for rapidly rotating stars, the cycle period vs

rotation period trend is less obvious in observations
(Boro Saikia et al. 2018); we cannot make a compari-

son with observations. We find that for slowly rotating

stars, we are getting the opposite trend. This decreasing

trend of the cycle period at a large rotation period is due

to the enhancement of the meridional flow. Thus, we
need additional physics to explain this observed trend

(Karak et al. 2020; Hazra et al. 2019; Vashishth et al.

2023; Kitchatinov 2022).

4. CONCLUSIONS

In this comprehensive study, we revisited the pivotal

role of meridional flow in generating magnetic fields in
the Sun and sun-like stars, using dynamo models. We

show that the STABLE dynamo model, which captures

the Babcock–Leighton process through deposition and

decay of BMRs on the solar surface, represents the gen-
eration of the poloidal field in the Sun more realistically

than the dynamo models with explicit α effect parame-

terization for the Babcock–Leighton process. In partic-

ular, the variation of the polar field strength with the

meridional flow matches the variation found robustly in
SFT models (e.g., Baumann et al. 2004). Specifically,

the polar field strength increases with a moderate in-

crease in meridional flow speed but decreases once the

flow exceeds a certain value. When the meridional flow
is negligible, the cross-equatorial cancellation is poor.

With the increase in flow speed, the trailing polarity

flux is dragged efficiently by the flow, increasing the po-

lar field strength. A further increase of meridional flow

causes both leading and trailing polarity flux to move to
the pole, which decreases the polar field.

Moreover, our analysis extends to the toroidal field,

which exhibits a similar trend to the polar field: in-

creasing at moderate meridional flow speeds and then
decreasing. This behavior is due to two reasons. One is

the variation of the polar field itself with the flow, and

the other is due to the competition between the shearing

and diffusion effects. When meridional flow is small, the

magnetic fields stay in the CZ for a longer time, giving
more time for the diffusion of the fields. Thus, increas-

ing meridional flow increases the toroidal field. However,

when the meridional flow is too strong, the shear gets

very little time to induce a toroidal field, thereby de-
creasing the toroidal field with the further increase of

flow speed. Eventually, the strength of the magnetic

cycle shows an initial increase followed by a decreasing

trend with the meridional flow speed.
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Furthermore, we observe similar trends for both

poloidal and toroidal fields in relation to meridional flow

in dynamo model. This behavior is attributed to the

combined effect of meridional flow on poloidal field gen-
eration and the diffusion of the magnetic field, as ex-

plained above.

Most importantly, our study identifies the role of

meridional flow in determining the cycle strength and

duration of stellar cycles. In solar-like stars, the merid-
ional flow speed is expected to vary with the rota-

tion rate of the stars (Brown et al. 2008; Viviani et al.

2018). Mean-field model of Kitchatinov & Olemskoy

(2012) suggests that the rapid rotators typically ex-
hibit higher velocities near the surface but lower flow

in the bulk of the convection zone, whereas slow ro-

tators possess stronger flows in the bulk. By includ-

ing the meridional circulation data from the model of

Kitchatinov & Olemskoy (2012) in our STABLE dy-
namo model, we show that the strength of the magnetic

field first increases with the stellar rotation rate and then

declines at rapid rotation. The increasing trend suggests

that the meridional flow is one of the contributors to the
enhancement of magnetic activity with the increase of

the rotation rate of solar-like stars. The decline of the

magnetic field strength at rapid rotation can help to

compensate for the increase of field due to the enrich-

ment of dynamo efficiency at rapid rotators and thus
provides an explanation of the the saturation of mag-

netic activity in rapid rotators. Therefore, the variation

of meridional flow with stellar rotation is an important

component for explaining the features of stellar cycles
at different rotation rates.
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APPENDIX
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Figure 10. Time-latitude plot of the radial field from the
2D model with Babcock–Leighton α for (a) v0 = 4 m s−1

and (b) v0 = 28 m s−1.
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Figure 11. Time-latitude plot of the radial field from the
3D STABLE model with a single BMR for (a) v0 = 4 m s−1,
(b) v0 = 8 m s−1, and (c) v0 = 28 m s−1.
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