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Abstract To estimate the hemispheric flux generation rate of the large-scale
radial magnetic field in the Solar Cycles 23 and 24, we use the photospheric
observations of the solar magnetic fields and results of the mean-field dynamo
models. Results of the dynamo model show the strong impact of the radial
turbulent diffusion on the surface evolution of the large-scale poloidal magnetic
field and on the hemispheric magnetic flux generation rate. To process the
observational data set we employ the parameters of the meridional circulation
and turbulent diffusion from the Surface Flux-Transport (SFT) models. We find
that the observed evolution of the axisymmetric vector potential contains the
time–latitude patterns which can result from the effect of turbulent diffusion
of the large-scale poloidal magnetic field in the radial direction. We think that,
the SFT models can reconcile the observed rate of hemispheric magnetic flux
generation by considering radial turbulent diffusion and lower values of the
diffusion coefficient.

Keywords: Solar Cycle; Dynamo; Magnetic fields

1. Introduction

The basic scenarios of the solar dynamo cycle base on the large-scale hydro-
magnetic dynamo mechanism of Parker (1955). Following Parker’s idea, the
large-scale toroidal magnetic field, which is generated in the depth of the solar
convection zone from the poloidal magnetic field by the differential rotation,
forms the 11-year sunspot cycle. In addition, the large-scale poloidal magnetic
field can be regenerated because of effects of the cyclonic convective motions.
The dynamo process of the large-scale poloidal magnetic field generation is under
debate (Charbonneau and Sokoloff, 2023). There are two basic alternatives: 1)
the turbulent α effect, which is caused by the broken reflection symmetric of
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V.V. Pipin

the turbulent motions (Krause and Rädler, 1980); 2) the so-called Babcock-
Leighton effect, which usually relate with the tilt of the emerging BMRs toward
the solar equator (Leighton, 1969). Formally, the Babcock–Leighton effect can
be considered as a special case of the mean-field α effect (Hazra et al., 2023).
The alternative dynamo scenarios result in a different location of the dynamo
sources of the large-scale poloidal magnetic field in the solar convection zone.
When the turbulent α effect dominates, the poloidal magnetic field is generated
in the bulk of the convection zone and propagated toward the surface, where it
is redistributed by the turbulent diffusion and the meridional circulation. This is
the case of the so-called distributed dynamo (Brandenburg, 2005; Brandenburg
et al., 2023). In the Babcock–Leighton scenario, the large-scale poloidal magnetic
field is generated in the near-surface layer as a result of the averaged effect of
the emerging BMRs (Hazra et al., 2023). Such models try to take into account
the phenomenology of the surface magnetic field evolution on the Sun. It is
noteworthy that the predicted time-latitude diagrams of the large-scale radial
magnetic field on the surface look very similar for both scenarios. In our recent
paper (Pipin, Kosovichev, and Tomin, 2023), we showed the emergence of the
BMRs on the surface and that their effect on the large-scale dynamo can be taken
in the 3D mean-field dynamo model. The given model reproduces quantitatively
the basic parameters of the Solar Cycles 23 and 24. Similar to the 3D flux-
transport models of Miesch and Dikpati (2014) and Kumar, Jouve, and Nandy
(2019) our model uses internal toroidal magnetic field as a source of the BMRs
formation. However, in our case, the large-scale poloidal magnetic field in the
bulk of the convection zone is regenerated by the α effect. The interesting point
is that, for the weakly nonlinear case, when the mean-field dynamo operates
with the α effect, which is close to the dynamo threshold, the surface BMRs’
activity provides a considerable impact on the dynamo.

Naturally, the question arises if it is possible to filter out the basic dynamo
scenarios using the solar magnetic field observations and results of the dynamo
models? To answer the question we consider the flux of the axisymmetric poloidal

magnetic field, B
(P )

, for example, through the northern hemisphere of the Sun,

ΦN =
∫
N
B

(P ) · dS. Using Stokes’s theorem, we transform it in the line integral
over the solar equator,

ΦN =

∫
N

B
(P ) · dS =

∫
N

∇×
(
ϕ̂A

)
· dS (1)

=

∮
eq

Aϕ̂ · dℓ = 2πRA|eq, (2)

where ϕ̂A is the axisymmetric vector potential, ϕ̂ is the unit vector in the
azimuthal direction, and R is the solar radius. Equation 2 is more practical than
Equation 1 for estimation of ΦN using the data of the dynamo models. In this
paper, we employ the results of the dynamo models from our previous paper
(Pipin, Kosovichev, and Tomin, 2023). The next section describes briefly the
dynamo model and the algorithm of computation of the poloidal flux genera-
tion rate parameters. Section 3 shows the data reduction. Section 4 shows the
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Large-scale poloidal magnetic flux generation rate

main results of our analysis and the last section contains discussion and basic
conclusions of our paper.

2. Dynamo model and poloidal magnetic field generation rate

We consider the mean-field evolution equation for the induction vector of the
large-scale magnetic field,

∂t ⟨B⟩ = ∇×
(
E + E(BMR) +U × ⟨B⟩

)
, (3)

where, we decompose the induction vector ⟨B⟩ into the sum of the axisymmetric
and pure nonaxisymmetric parts:

⟨B⟩ = B+ B̃. (4)

Hereafter, we denote by ⟨. . . ⟩ the mean over ensemble of the turbulent field, and
the overbar . . . denotes the azimuthal averaging. The turbulent electromotive
force, E = ⟨u× b⟩ is determined by the randomly fluctuating turbulent velocity
and magnetic field, u and b, respectively. Following Pipin, Kosovichev, and
Tomin (2023) we introduce the special part of the mean electromotive force,

E(BMR), to describe the emergence and effects of the BMRs on the large-scale
dynamo. The vector U defines the axisymmetric large-scale flows, which include
the differential rotation and the meridional circulation.

The turbulent mean electromotive force was calculated analytically using the
mean-field magnetohydrodynamics framework of Krause and Rädler (1980). In
general case, it reads as

Ei = (αij + γij) ⟨B⟩j − ηijk∇j ⟨B⟩k , (5)

For injections of the BMRs, we use the mean-field like expression:

E(BMR)
i = αβδiϕ ⟨B⟩ϕ + Vβ (r̂ × ⟨B⟩)i , (6)

where the first term describes the alpha effect, which is connected with the tilt of
the individual BMR (parameter αβ), and the second term describes the BMRs’
emergence in the form of the bipolar magnetic region. The NOAA database
(https://www.swpc.noaa.gov/) was used to estimate the location, size, emer-
gence time, and rate of emergence. The spatial profile of Vβ is Gaussian with
the center and width, which correspond to location and size of the BMRs. The
magnitude of Vβ is determined by the mean-field effects of the turbulent and
magnetic buoyancy (Ruediger and Brandenburg, 1995). The BMRs alpha effect
(associated with the BMRs tilt) is considered as the random value, which is
fluctuating relative to the mean value corresponding to the Joy’s law,

αβ = (Cαβ cos θ + ξα)Vβψα(β). (7)

The parameter Cαβ determines the average tilt of BMRs for the specified lati-
tude. Following to Pipin, Kosovichev, and Tomin (2023), Cαβ = 0.5 results in a
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good agreement with solar observations. The parameter ξα controls the random
fluctuations of the BMRs tilt. Similarly to Rempel (2005), the evolution of ξα is
driven by the third–order system of the differential equations,

ξ̇α = − 2

τξ
(ξα − ξ1) , (8)

ξ̇1 = − 2

τξ
(ξ1 − ξ2) ,

ξ̇2 = − 2

τξ

(
ξ2 − g

√
2τξ
τh

)
.

Here, g is the random number from the Gaussian probability distribution; the
code renews its value at each time step of the dynamo model, τh. The choice
of τh is dictated by the numerical stability criteria, and it is sufficiently small
in comparison with the other typical time scales of the mean-field dynamo pro-
cesses. The parameter τξ controls the relaxation time scale of perturbation ξα .
Following the above cited paper, we put τξ = 2 months. In addition, it is assumed
that, g = 0, σ (g) = Cαβ/2, i.e., the mean-square magnitude of variations, σ,
corresponds to the mean tilt at the latitude of 30◦.

The papers of Pipin, Kosovichev, and Tomin (2023) and Pipin and Kosovichev

(2024) describe E(BMR)in details, including animations of the BMRs emergence
and their modeled evolution in the Solar Cycles 23 and 24. The dynamo model
calculates the general parameters, including differential rotation and meridional
circulation, in a way that incorporates the effect of the generated magnetic
field on heat transport and angular momentum balance. These questions are
described in more detail in the works cited above. Figure 1 shows the angular
velocity distribution profile, the meridional circulation structure, as well as radial
profiles of the alpha effect tensor and the turbulent diffusion at latitude 45◦, and
the structure of the effective drift of a large-scale magnetic field in the dynamo
model. In the upper half of the convective zone, the turbulent diffusion magni-
tude reaches a value of 1012 cm2s−1 and on the surface it is 4×1011cm2s−1. This
is approximately consistent with the analysis of observations of the effect of solar
supergranulation on the decay of solar active regions (Hathaway and Choudhary,
2008). Further details of the solar dynamo model under consideration can be
found in Pipin, Kosovichev, and Tomin (2023).

The variation rate of the axisymmetric radial magnetic field flux in the north-
ern hemisphere is determined by the evolution of the axisymmetric vector po-
tential at the equator,

∂tΨN = ∂t

∫
N

BP · dS =

∫
N

∇×
(
E + E(BMR)+

(
U×B

))
· dS (9)

= 2πR∂tA (t, π/2, R) ,

where E(BMR) corresponds to the azimuthally averaged effect of BMRs’ emer-
gence. Note that the evolution of the axisymmetric azimuthal vector potential
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Figure 1. a) The profile of the angular velocity distribution in nHz and the streamlines of
the meridional circulation for the nonmagnetic case of in the dynamo model, the dashed line
corresponds to a counterclockwise flow; the magnitude of the circulation is 13 m s−1 on the
surface; b) radial profiles of the anisotropic eddy diffusivity and the eddy viscosity at latitude
45◦; c) radial profiles of the alpha-effect tensor; and d) the streamlines of the effective drift
of the toroidal magnetic field because of the effects of turbulent pumping and the meridional
circulation.

satisfies the dynamo equation:

∂tA = Eϕ + E(BMR)
ϕ +

(
U×B

)
ϕ
.

Here, the last term reflects the effect of meridional circulation. The objective of
this paper is to evaluate the relative contribution of the different parts of this
equation on evolution of the vector potential. To analyze the various contribu-
tions to the evolution, we categorize the turbulent electromotive force into three
individual components,

Eϕ = Eα
ϕ + Eγ

ϕ + Eη
ϕ , (10)

where Eα
ϕ corresponds to effects of the turbulent generation of the large-scale

poloidal magnetic field, Eγ
ϕ stands for the turbulent pumping, and Eη

ϕ reflects
the effect of the turbulent diffusion. General analytical expressions for these
contributions can be found in Pipin (2008) or in the recent paper by Pipin (2022).
We distinguish the turbulent diffusion on the radial coordinate. It is denoted as

Eη(rad)
ϕ . This contribution is proportional to

1

r

∂2rA

∂r2
, it is also associated with
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the radial derivative of the meridional component of the large-scale magnetic
field. We will also compute the effect of turbulent diffusion on latitude, which

is hereafter denoted as Eη(lat)
ϕ . It is proportional to

sin θ

r2
∂2A

∂µ2
, where µ = cos θ

and θ is the polar angle.
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Figure 2. a) Evolution of the axisymmetric radial magnetic field of the Sun according to
data of the solar observations; b) reconstructed evolution of the axisymmetric toroidal vector
potential A; c) estimation of the effect of meridional circulation in evolution ∂tA; d) estimation
of the effect of turbulent diffusion along latitude in evolution ∂tA according to observational
data (see comments in the text).

3. Observational data

Solar observations allow us to estimate the distribution of the radial magnetic
field at the photosphere. To compare the model and observations, it is conve-
nient to reconstruct the evolution of the axisymmetric vector potential from
observations. Fortunately, this is quite easy to do (Blackman and Brandenburg,
2003; Knaack and Stenflo, 2005). The method uses the solution of the equation

Br =
1

r sin θ

∂A sin θ

∂θ
and decomposition of Br and A into spherical harmonics.

For the magnetic field, we use synoptic maps of the radial field prepared based on
observations by the Kitt Peak Observatory, the US National Solar Observatory
(NSO, https://diglib-dev.nso.edu/ftp), as well as maps of the radial field with
pole correction from the Solar Dynamics Observatory (SDO/HMI, Sun et al.,
2011). Figure 2(a) shows the time-latitude diagrams of Br for four solar cycles.
They are obtained after averaging of the magnetic synoptic maps by azimuth.
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The restored toroidal vector potential A is depicted in Figure 2(b). The result
is consistent qualitatively and quantitatively with Blackman and Brandenburg
(2003).

To estimate the effect of the meridional circulation we use the profile suggested
by the surface flux-transport models:

U
(SFT)

θ =
16u0
110

sin (π − 2θ) exp (π − |π − 2θ|) , (11)

where u0 = 11 m s−1 (Virtanen et al., 2017). In our model the maximum
magnitude of the meridional circulation is 13 m s−1. Compared the dynamo
model, the profile of Equation 11 decreases more sharply toward the solar poles.

We do not take into account variations of the meridional circulation with solar
cycle. The model (see Pipin and Kosovichev, 2020) shows that such variations
can have a magnitude of 1 m s−1. For our consideration, see Equation 2, the
cross-equatorial variations of the meridional circulation are important. In the
model, such variations are small and their magnitude is less than 1 cm s−1.

On the other hand, results of Upton and Hathaway (2014) and Komm (2022)
show evidence in favor of more than one order of magnitude larger meridional cir-
culation variations at the solar equator. Results of Upton and Hathaway (2014)
show an amplification of dipole moment because of the time-varying meridional
flow. We will return to this point later, in the discussion.
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Figure 3. The same as Figure 2 for the time-smoothed evolution of the surface radial magnetic
field: a) the evolution of an axisymmetric toroidal vector potential A; b) the derivative of the
vector potential in time, ∂tA; c) and d) show effects of the meridional circulation and latitudinal
diffusion for the smoothed data set.

For the latitudinal turbulent diffusion, we consider an order of magnitude
larger value than it is suggested by our model for the top of the convection zone;
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we put:

η(SFT) = 12.5ηT , (12)

where ηT = 5×1011 cm2s−1. While both Equations 11 and 12 correspond to the
choices of the “optimized” surface flux-transport models (see Virtanen et al.,
2017; Yeates et al., 2023), they are not fully derived from the observations.
For example, the profile of Equation 11 does not take into account information
about the behaviour of the meridional circulation at high latitudes above 60o,
assuming that circulation speed is sharply reduced to zero toward the poles (cf.
profiles of Upton and Hathaway, 2014). Also, an analysis of the sunspots decay
showed that if the process is approximated by the turbulent diffusion, then the
diffusion coefficient is about 1011 cm2s−1 (Hathaway and Choudhary, 2008). The
large diffusivity in the surface flux-transport models is attributed to the effect
of transport of magnetic elements by supergranules (Yeates et al., 2023).

4. Results

Figure 2(c) shows the evaluation of the effect of the meridional circulation on
evolution of the vector-potential A. Figure 2(d) does the same for the effect
of turbulent diffusion on latitude. We get a strong noise in our estimation of
the turbulent diffusion effect, especially at low latitudes. In polar regions, the
signal is clearly visible. There, its sign is opposite to that of the effect of the
meridional circulation. To estimate the time derivative of the vector potential,
we smoothed the signal using Fourier filtering of harmonics with periods less
than three years. For this procedure, the standard packages of python scipy
are applied. In addition, subsequent smoothing of the signal using empirical
modes is applied using python pyemd package. Finally, we filter out the high
spatial spherical harmonics of ℓ > 13. The results are shown in Figure 3. We see
that neither the meridional circulation nor the turbulent diffusion in latitude can
explain the time–latitude variations of the time derivative of the vector potential.
The contribution of the meridional circulation varies in antiphase with ∂tA.
According to Equation 9, the equatorial value of the derivative ∂tA determines
the rate of change of the axisymmetric radial magnetic field flux through the

hemisphere. At the solar equator, the phase of η(SFT)
sin θ

r2
∂2A

∂µ2
seems to be

following the phase of ∂tA. For the given choice of η(SFT) the latitudinal turbulent
diffusion can provide the required rate of change of the hemispheric flux of the
axisymmetric radial magnetic field.

Let us now consider the dynamo model of Cycles 23 and 24 of Pipin, Koso-
vichev, and Tomin (2023). Figure 4 shows snapshots of the distributions of the
poloidal magnetic field and the turbulent effects of the dynamo evolution of the
large-scale poloidal magnetic field in the meridional section of the convective
zone for the growth and decline phases of the Cycle 23. We see that the effects
of diffusion and generation are in dynamic balance inside the convective zone.
In the northern hemisphere, at the growth phase, the sign of the variation rate
of the vector potential in the middle and low latitudes coincides with the sign

SOLA: sola_pipin.tex; 12 August 2024; 2:24; p. 8
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a) b) c) d)
Figure 4. Snapshots of distributions in the meridional section of the convective zone for the
growth and decline phase of Cycle 23: a) streamlines of the poloidal magnetic field (dashed
line – the vector of the field is directed counterclockwise), the amplitude of the derivative of
the vector potential is shown in color; b) the sum of the turbulent effects of diffusion and
pumping Eγ

ϕ + Eη
ϕ ; c) the color shows the sources of poloidal field generation, including the

Babcock–Leighton effect of BMRs, Eα
ϕ +E(BMR)

ϕ , the contours show the intensity of the toroidal

magnetic field fields within range of 3kG; d) the effect of meridional circulation, −UθBr.

of the generation effects. At the decline phase of the magnetic cycle, when the
general structure of the poloidal magnetic field is established, the sign of the
variation rate of the vector potential coincides with the sign of the turbulent
diffusion effect. The maximum of the turbulent diffusion effect coincides with
the center of the streamlines pattern of the poloidal magnetic field inside the
convective zone.

Figures 5 and 6 show the time–latitude evolution diagrams for the radial
magnetic field, vector potential, its time derivative, as well as the evolution of
various contributions of turbulent electromotive force and the effect of meridional
circulation. The dynamo model evolution of the vector potential shows qualita-
tive and quantitative agreement with diagrams of Figures 2(b) and 3(a). The
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Figure 5. a) The evolution of an axisymmetric radial magnetic field at the outer boundary
r = 0.99R in the dynamo model of the Solar Cycle 23 and 24; b) and c) show the evolution of
the vector potential A and of its derivative ∂tA.

diagram of the parameter ∂tA allows us to identify positions of the most powerful

BMRs’ injections in the dynamo model, see Figure 5(c). The average sign and

amplitude of ∂tA agrees with the diagram of Figure 3(b). Figure 6 shows that,

in the model, as well as in the observations, the effect of meridional circulation

forms an essential part of the evolution of the magnetic field on the surface. The

contribution of the latitudinal diffusion effect to the signal of ∂tA is relatively

small compared to the diagram of Figure 3(d). The local contribution of the

effects of generating a large-scale poloidal magnetic field because of emergence
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Figure 6. Time–latitude diagrams of the evolution of various contributions of the dynamo
equation for ∂tA at the outer boundary of the dynamo, r = 0.99R: a) the effect of meridional

circulation; b) the effect of diffusion along the latitude, Eη(lat)
ϕ ; c) the same as b) the dynamo

generation effects, including the α effect and the Babcock–Leighton effect of the BMRs.

of bipolar regions on the surface is significantly less in amplitude than the local
values of the signal ∂tA.

Figure 7(a) shows the time–latitude diagram of the radial turbulent diffusion
effect on the surface vector-potential in the dynamo model. We find that the
sum of the effects of the radial turbulent diffusion and the transport effects by
the meridional circulation gives the time-latitude variations of the signal ∂tA
(see Figure 5(c)). Now, let us subtract the sum of diagrams in Figures 3(c)
and 3(d) from the diagram of Figure 3(b). In other words, we calculate ∂tA +

U
(SFT)

θ Br−Eη(lat)
ϕ using the smoothed version of the data set from observations.
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Figure 7. (a) The time–latitude diagram for the effect of the radial turbulent diffusion of a

poloidal magnetic field, Eη(rad)
ϕ at the top boundary r = 0.99R; (b) the result of calculation

of ∂tA+U
(SFT)
θ Br −Eη(lat)

ϕ using the smoothed version of the data set from observations, see

Figures 3(b), 3(c) and 3(d); (c) shows the same as (b) but for the order of magnitude smaller
coefficient of the turbulent diffusion, i.e., the same as in the dynamo model.

Figure 7(b) shows the result of calculation for the turbulent diffusion coefficient
η(SFT ), see Equation 12. At low latitudes, the diagrams of Figures 7(a) and
7(b) agree qualitatively. The result of calculation in Figure 7(c) corresponds to
the turbulent diffusion coefficient of the dynamo model. This diagram shows a
better agreement with Figure 7(a) than that in Figure 7(b). There is a phase
difference of Figures 7(a) and 7(c) in polar regions. It is likely because of the
different behavior of the meridional circulation profiles of the dynamo model and
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the profile of Equation 11. Nevertheless, these findings may trace for the effect
of the radial turbulent diffusion in evolution of the surface axisymmetric radial
magnetic field.

Figure 8a shows the evolution of the hemispheric flux of the axisymmetric

radial magnetic field, Φ
N
, through the surface of the photosphere in the northern

hemisphere over Solar Cycles 21–24 . Interestingly, the hemispheric flux of the
radial magnetic field in Cycles 21 and 22 differs considerably from the flux of the
magnetic field through the polar caps (latitude ≥ 60◦). The rate of generation

of the hemispheric flux, ∂tΦ
N
, varies with the phase shift of π/2 relative to Φ

N
.

As expected, according to the general dynamo scenario, the maximum values of

∂tΦ
N

correspond in time to the maximum of the sunspot cycle.
Our estimates confirm that the magnitude η(SFT ) = 5 ·1012 cm2s−1 is enough

to reproduce the generation rate ∂tΦ
N
. Nevertheless, the signal of the turbulent

diffusion effect is, sometimes out of the phase of ∂tΦ
N
. For example, it happens

at the growing phase of the Solar Cycle 23.
A comparison with the results of the model (see Figure 9) shows that the

model reproduces the evolution of Φ
N
, as well as the fluxes of the radial magnetic

field through the polar caps. From the point of view of the dynamo model, the

most significant contribution to the Φ
N

signal is connected to the effect of radial
turbulent diffusion. For comparison, we show the results for the hemispheric flux
of the radial magnetic field and its generation rate in the axisymmetric dynamo
model of Pipin, Kosovichev, and Tomin (2023). We see that the large portion of
the dynamo generated flux of the surface large-scale magnetic field is because of
the axisymmetric dynamo operating in the bulk of the convection zone.

5. Discussion and conclusions

In this study, we investigated the rate of generation of a radial magnetic field flux
through a hemisphere in a solar dynamo using observational data and a mean-
field dynamo model of Pipin, Kosovichev, and Tomin (2023). The model takes
into account the turbulent generation of a poloidal magnetic field associated
with the alpha effect and the Babcock–Leighton effect, which results from the
emergence of tilted bipolar sunspots groups. We process the observational data
set using the parameters of the surface flux-transport models.

Both the dynamo model and observations indicate that the hemispheric flux
generation rate can depends strongly on the effect of turbulent diffusion. Inter-
esting that the surface effects because of either turbulent generation by the alpha
effect or because of the Babcock–Leighton effect are not so profound. In both
cases, the model describe the generation process by effective turbulent electro-

motive force (EMF), Eα
ϕ + E(BMR)

ϕ , along the axisymmetric toroidal magnetic

field Bϕ (Krause and Rädler, 1980).
Such an EMF generates the poloidal magnetic field. The streamlines of this

magnetic field go around the axis of a toroidal magnetic field. The polarities
of the field are opposite from the south and north of the Bϕ axis, and also
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Figure 8. (a) The flux of an axisymmetric radial magnetic field through the surface of the

photosphere in the northern hemisphere, ΦN , (ΦN is the time-smoothed version of the signal),
ΦN>60 and ΦS>60 are the fluxes of the radial magnetic field through the polar caps; (b)

∂tΦN – the rate of change of the radial magnetic field flux in the northern hemisphere, while
2πηT

R
∂2
µA is the contribution of turbulent diffusion along the latitude to the derivative of the

magnetic field flux, a similar value in the horizontal bar shows the time-smoothed signal.

in the radial direction, respectively. The efficiency of the radial magnetic flux
production depends on the boundary conditions and the turbulent diffusion along
the radius and latitude. If we consider the evolution of the poloidal magnetic

field along latitude, then the amplitude of the generation of Φ
N

in the northern
hemisphere depends on how the southern polarity of the poloidal field generated

by Eα
ϕ+E(BMR)

ϕ and cancels with the corresponding northern polarity from the
southern hemisphere. This determines the efficiency of the Babcock–Leighton
scenario and models of surface magnetic flux transport (surface flux transport
(SFT), Yeates et al., 2023). The authors of these models recognize the need to
take into account radial diffusion (see, e.g., Virtanen et al., 2017 and the review
cited above). Our results suggest that the required hemispheric generation rate
could be reconciled in the SFT models with an order of magnitude less turbulent
diffusion if in the radial direction is taken into account.
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Figure 9. The same as Figure 8 for the dynamo models. Panel (b) additionally shows the
contributions of the surface effects of turbulent diffusion and generation to the rate of change
of the radial magnetic field flux in the northern hemisphere. The green lines in both panels
show results for the axisymmetric dynamo model of Pipin, Kosovichev, and Tomin (2023).

In a solar dynamo, the variations of the large-scale magnetic field is much
smaller in radius than in latitude. This leads to a relatively high role of turbu-
lent diffusion along the radius in the presented mean-field dynamo model. Our
dynamo model operates in weakly nonlinear regime with the α effect, which
is slightly above (about 10%) the dynamo threshold. For such a situation, the
additional Babcock–Leighton effect of surface BMRs activity shows a profound
contribution, and it leads to an increase in the dynamo efficiency. The tilted
loops of the BMRs increase the radial field flux penetrating from the depth
of the convective zone by generating new flux outside the dynamo region and
by reconnection of magnetic fields at the base of BMRs with an axisymmetric
poloidal magnetic field inside the convective zone, because of the effects of radial
diffusion. In addition, the radial turbulent diffusion maintains the poloidal field
structure covering the entire convective zone (see Figure 4). Here, the generation
of a toroidal magnetic field occurs throughout the entire volume of the convective
zone not only because of differential rotation in latitude (cf., the BL scenario
of Cameron and Schüssler 2023), but also radial gradients of angular velocity
near the boundaries of the convection zone. Similar conclusions were drawn
recently from an analysis of the toroidal magnetic flux budget using the same dy-
namo model by Pipin and Kosovichev (2024) and the 3D magnetohydrodynamic
simulations by Finley et al. (2024).

In this study we do not consider the effects of the solar-cycle variations of
the meridional circulation. Following the results of Upton and Hathaway (2014)
existence of such variations can greatly affect our conclusions. The circulation
speed affects the differential rotation of the Sun (Hazra et al., 2023). There-
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fore, in comparing the dynamo model and observation, the desired picture of
the meridional circulation variations should be physically consistent with the
mass and angular momentum conservation of the large-scale flow in the bulk of
the convection zone. Also, the knowledge about the subsurface magnetic field
evolution is needed, in order to distinguish between the effects of the meridional
circulation variations and turbulent diffusion.
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