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Abstract. Principle component analysis (PCA) of the solar
background magnetic field (SBMF) measured from Wilcox
Solar Observatory (WSO) magnetograms revealed the fol-
lowing principal components (PCs) in latitudes: two main
symmetric components, which are the same for all cycles
21–23, and three pairs of asymmetric components, which are
unique for each cycle. These SBMF variations are assumed
to be those of poloidal magnetic field travelling slightly off-
phase from pole to pole while crossing the equator. They are
assumed to be caused by a joint action of dipole and quadru-
ple magnetic sources in the Sun.

In the current paper, we make the first attempt to interpret
these latitudinal variations in the surface magnetic field with
Parker’s two-layer dynamo model. The latitudinal distribu-
tions of such waves are simulated for cycles 21–23 by the
modified Parker’s dynamo model taking into account both
α and ω effects operating simultaneously in the two (up-
per and lower) layers of the solar convective zone (SCZ)
and having opposite directions of meridional circulation. The
simulations are carried out for both dipole and quadruple
magnetic sources with the dynamo parameters specifically
selected to provide the curves fitting closely the PCs de-
rived from SBMF variations in cycles 21–23. The simula-
tions are optimised for matching the positions of maximums
in latitude, the number of equator crossings and the phase
difference between the two dynamo waves operating in the
two layers. The dominant pair of PCs present in each cy-
cle is found to be fully asymmetric with respect to the mag-
netic poles and produced by a magnetic dipole. This pair is
found to account for the two main dynamo waves operating

between the two magnetic poles. There are also three further
pairs of waves unique to each cycle and associated with mul-
tiple magnetic sources in the Sun. For the odd cycle 21 the
simulated poloidal field fits the observed PCs, only if they
are produced by magnetic sources with a quadruple symme-
try in both layers, while for the even cycle 22 the fit to the
observed PCs is achieved only in the case of quadruple mag-
netic sources in the upper layer and dipole sources in the in-
ner layer. For the other odd cycle 23 the fit to observation
is obtained for the quadruple magnetic sources in the inner
layer and the dipole sources in the upper layer. The magni-
tudes of dynamo numbersD defining the conditions (depth
and latitude) of a magnetic flux formation and the numbers
N of zeros (equator crossings by the waves) are found to in-
crease and the meridional circulation speed to decrease with
a cycle number increase (D =−700,N = 3 for cycle 21 and
D =−104, N = 9 for cycle 23). The phase delays between the
waves in each unique pairs are also found to increase with the
cycle number from∼ 9◦ in cycle 21 to∼ 13◦ in cycle 23.

Keywords. Solar physics, astrophysics, and astronomy
(magnetic fields)

1 Introduction

A solar cycle of magnetic activity is manifested with the ap-
pearance of sunspots on the surface of the Sun having their
number and leading magnetic polarity change with a period
of 22 yr. These cycles of magnetic activity are associated
with the action of solar dynamo mechanisms combining the
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effects of magnetic field shear and stretching caused by the
differential rotation (ω-effect) and twisting of magnetic flux
loops allowing them to appear on the surface (α-effect). Such
representation provides the solution of dynamo equations in
a form of oscillating waves of: (a) the poloidal (background)
magnetic field travelling from pole to pole in the whole
Sun and (b) the toroidal (sunspot) magnetic fields (dynamo-
waves) appearing from the middle latitudes to the equator.

The mechanism of such dynamo action was proposed in
the fundamental work byParker(1955). A toroidal mag-
netic field is produced from the poloidal field by the action
of differential rotation. The inverse process of transforming
toroidal magnetic field into poloidal field occurs due to the
breaking of mirror symmetry by the convection in the ro-
tating body. The action of the Coriolis force on expanding,
rising (compressed, sinking) vortices results in a predomi-
nance of right-handed vortices in the Northern Hemisphere
and left-handed vortices in the Southern Hemisphere. After
averaging over velocity pulsations, the electromotive force
produced by Faraday electromagnetic induction acquires a
componentαB parallel to the mean magnetic fieldB. This
is the component that closes the self-excitation loop in the
Parker’s dynamo. This mechanism for generating magnetic
fields is the one called “α-ω dynamo”.

In Parker(1955) it is assumed that generation of the dy-
namo process occurs in a single spherical shell, where twist-
ing of the magnetic field lines (α-effect) and magnetic field
line stretching and wrapping around different parts of the
Sun owing to its differential rotation (ω-effect) are acting to-
gether. However, it is more than likely that the location of
the α-effect can be displaced from that of the shear. More-
over, according to the solar rotation curve derived from the
helioseismological observations, at least, in some regions of
the convective zone the latitudinal shear dominates over the
radial shear.

In addition, a meridional circulation is expected to include
at least two opposing contributions: one is a flow, which
transports solar plasma, say, from the equator to the pole near
the surface, and the other is a deeper counter-flow, which
returns the plasma to the equatorial region that makes the
mass distribution stationary. The above options associate the
dynamo generators with different radial layers and conse-
quently, there is a need to include the radial variable into
the dynamo-governing equations. Analysis of such a model
is much more complex than a one-dimensional example.
In order to simplify the problem, Parker (1993) suggested
an effective way to describe an interface dynamo with dy-
namo generators distributed in two radial layers, using for
each layer the equations that are very similar to those of the
Parker (1955) dynamo.

On the other hand, Babcock (1961) suggested the model
of active region eruption and decay with the meridional cir-
culation which is supposed to be a cause of the dynamo-
wave motion. The model was later mathematically defined
and analysed by Leighton (1969). A significant distinction of

this model from Parker’s model was the obligatory presence
of the meridional circulation. This model was subsequently
developed by Wang et al. (1991), followed by Choudhuri et
al. (1995) and Durney (1995) who built flux transport models
with the meridional flows in the convective zone.

Given the complexity of the physics in the interior of the
Sun, in order to comply with observations, any model should
be able to simulate the important features of typical solar cy-
cle (Choudhuri et al., 2004; Dikpati et al., 2004), such as
the butterfly diagram, and the phase relation in time between
toroidal (sunspot) fields and poloidal (polar) fields. It must do
this with the differential rotation and the meridional circula-
tion that are close to that observed in the Sun. In other words,
the dynamo models are expected to be calibrated with solar
observations.

Recently, a dynamo-based predictive tool was built by
converting Babcock-Leighton’s calibrated flux-transport dy-
namo model into a linear system forced from the surface
(and not from the convective zone) and applied it to predict
the relative sequence of peaks of solar cycles 12 through 24
(Dikpati et al., 2006). By assimilating into the model the
surface magnetic-flux data since cycle 12 up to cycle 23,
Dikpati and Gilman (2006) have shown that the first four cy-
cles are required to build its magnetic memory enabling cor-
rect prediction of the relative sequence of peaks of cycles 16
through 23. Although this model failed to predict correctly
the current very weak solar cycle 24. In addition, there is
an alternate class of flux transport dynamos, where the flux
transport is shared, at least, equally by circulation and tur-
bulent diffusion (Nandy and Choudhuri, 2002; Nandy et al.,
2011; Choudhuri et al., 2004; Hotta and Yokoyama, 2010;
Munoz-Jaramillo et al., 2009; Miesch, 2012). In fact, the two
classes of models yield very different predictions of the solar
cycle, and it is now somewhat certain that the models rely-
ing on an important role of diffusion (Choudhuri et al., 2007)
may be closer to the mark (for a weak cycle 24) as concluded
from a comparison of these models discussed in the reviews
(Jones et al., 2010; Tobias et al., 2011).

Munoz-Jaramillo et al. (2009) undertook the first steps to-
wards a use of more accurate velocity fields in solar dynamo
models derived from helioseismic observations for construct-
ing the differential rotation and meridional circulation pro-
files of magnetic field variations. They present kinematic dy-
namo simulations driven by the direct helioseismic measure-
ments for the rotation and four plausible profiles for the in-
ternal meridional circulation matching the helioseismically-
inferred near-surface depth-dependence. They showed that,
in the induction of the toroidal field, the latitudinal shear in
the rotation in the bulk of the solar convection zone plays a
more important role than either the tachocline or surface ra-
dial shears. The speed of the equatorward counterflow in the
meridional circulation right at the base of the solar convec-
tion zone is found primarily to determine the dynamo cycle
period, and not the depth into the radiative interior where it
penetrates.
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Nandy et al.(2011) performed kinematic dynamo simula-
tions based on the sunspot numbers in the past 200 yr, which
demonstrate that the fast meridional flows in the early half
phase of solar cycle, followed by a slower flow in the later
half phase of the cycle, reproduces the main characteristics
of the minimum following the sunspot cycle 23: a large num-
ber of spotless days and a relatively weak polar field. The
results, therefore, provide a good link between the solar in-
ternal dynamics and the atypical values of the heliospheric
forcing parameters associated with sunspots, solar radiation,
radio flux, cosmic rays, and other characteristics of the solar
activity.

In all the above dynamo models it was assumed that there
is not a long-term difference in the average levels of the so-
lar activity in the Northern and Southern Hemispheres based
on the findings by White and Trotter (1977), who analysed
the strongly averaged sunspot data since 1874. However,
later it turned out that for every cycle there are essential
differences between the activities in each hemisphere, not
only for sunspots (Verma, 1993; Oliver and Ballester, 1994;
Temmer et al., 2002; Zharkov and Zharkova, 2006; Zharkov
et al., 2008) but also for solar flares (Garcia, 1990; Joshi and
Joshi, 2004; Zharkov and Zharkova, 2011), the solar wind
(Mursula and Zieger, 2001; Bzowski et al., 2003), long-lived
solar filaments (Duchlev, 2001), solar and heliospheric mag-
netic fields (Bravo and Gonzeles-Esparza, 2000), cosmic-ray
propagation (Simpson et al., 1996), and geomagnetic activity
(Murayama and Nosaka, 1991). Despite strong North–South
Hemisphere asymmetries in many appearances of the solar
activity, there is still not a dynamo theory, which can ade-
quately account for this asymmetry.

Even more definitive information was recently obtained
with the PCA about the meridional motion of the waves of
the magnetic field as seen on the surface with the Wilcox
Solar Observatory low resolution whole disk magnetic data
(Zharkova and Zharkov, 2010; Zharkova et al., 2012) for
cycles 21, 22, and 23. The authors identified the two main
periodical components in latitude of the opposite polarities
being common for all three cycles and reflecting two pri-
mary waves of SBMF in each hemisphere travelling slightly
off-phase and the two secondary (smaller) latitudinal com-
ponents with appearances varying from cycle to cycle and
carrying clear asymmetric features.

This motivated us in the current paper to utilise the pre-
vious findings of Zharkov et al. (2008) and Zharkova et
al. (2012) about the observed asymmetries in latitudinal dis-
tributions of the solar background magnetic fluxes in the first
attempt to interpret these results with the simplified dynamo
model based on Parker’s (1955, 1993) models updated with
meridional circulation. This approach was selected because
a simple model, in which there are only several free param-
eters, allows one to find more clear mechanisms for physical
interpretation of the observational results that can be later
used in more realistic numerical models.

The summary of observations is presented in Sect.2, the
governing model equations for simulation of dynamo waves
of the poloidal magnetic field are discussed in Sect.3, the
results of the simulation of two waves of poloidal magnetic
field for each of cycles 21–23 are presented in Sect.4 with a
general discussion and conclusions drawn in Sect.5.

2 Summary of observations

For a comparison of the patterns observed in the solar mag-
netic field with predictions by the dynamo model let us use
full disk SBMF obtained from the low resolution photo-
spheric magnetic field measurements by the Wilcox Solar
Observatory (WSO) (Hoeksema, 1984) in the period between
Carrington rotation 1642 and 2036 that covers the past 3 cy-
cles (21–23). In all cycles we consider the WSO SBMF (ex-
cluding the sunspots) averaged over longitudes within the
30µ-hemispheres (thin layers parallel to the equator) equally
divided between hemispheres 15′

× 15′ with respect to the
heliographic latitude sines (from 75.2◦ N to 75.2◦ S) as de-
scribed by Zharkov et al. (2008).

Let us keep in mind though that SBMF, in fact, is related
to a poloidal magnetic field, and it can come from different
sources of the dynamo action, possibly, located at different
depths. Although, it is not possible to measure directly a pre-
cise magnetic field depth distribution in the solar interior, be-
sides some recent inversions of Doppler velocities by means
of helioseismology (Schou et al., 1998). Instead, one can sub-
stitute these depth distributions with some model simulations
by using solar dynamo models, in an attempt to arrive at the
same surface distributions which are observed.

For this purpose, we intend to use Parker’s two-layer
dynamo model, discussed in Sect.3, which considers the
poloidal magnetic field located deeply in the convection zone
and directly responsible for solar cycle. Since a direct obser-
vation of the poloidal magnetic field in the solar interior is
not yet possible, let us consider as its tracer (at least, before
finding a better one) the magnetic field on the surface (the
photosphere), or SBMF, from which we exclude the mag-
netic field of sunspots often assumed to be associated with
toroidal magnetic field.

PCA of the latitudinal variations of SBMF in all three cy-
cles revealed significant variations between the components
with the opposite polarities for different cycles (Zharkova
and Zharkov, 2010; Zharkova et al., 2012). Here we extract
from Zharkova and Zharkov(2010) the single plot shown
in Fig. 1 presenting variations of the magnitude of SBMF
versus a latitude. The plot represents variations of the eight
PCs derived from PCA: the two components with the largest
eigenvalue obtained for the whole dataset of all 3 cycles (two
upper curves) and 6 PCs with smaller eigenvalues, suppos-
edly, defining the waves in each cycle separately (the sec-
ond set of two curves – for the cycles 21, the 3rd set – for
cycle 22 and the 4th, bottom one – for cycle 23). Different
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Fig. 1. The latitudinal SBMF distributions in the total set of cycles 21–23 (upper plot), in the separate sets for the cycle 21, cycle 22 and
cycle 23 (from the top to the bottom, respectively). Different components in each pair are shown by the solid and dashed lines. The points
C− and C+ demonstrate the centres of symmetry of the curves describing the SBMF waves, which roles are discussed in Sects.4.4and4.5.

components in each pair show the solid and dashed lines. The
meaning of the points C− and C+ will be explained below in
Sects.4.4and4.5.

In Fig. 1, the horizontal lines correspond to the zero am-
plitude level for each pair of magnetic field components with
positive signs above and negative below. Thus, in each cycle
the amplitude of the field repeatedly changes sign along the
meridian. For the exact numbers on they axis correspond-
ing to the curves found for each cycle we refer to Fig. 4
in Zharkova et al.(2012), for example, the maximum of the
magnetic field amplitude is approximately 1500 normalised
PCs for 21–23 cycles, 1000 – in cycle 21, 700 – in cycle 22,
500 – in cycle 23.

However, since we do not intend to interpret exactly each
point of the curves but only their main features, here we use
the more schematic Fig. 3 fromZharkova et al.(2012), which
represents in one plot the main features for all three cycles
(the upper two curves) and for each cycle separately (the
further three pairs of curves). We will produce simulations,
which the proposed simple model can account for, providing
a “face-fit” to the PCs derived from the full disk magnetic
field observations on the solar surface, which matches the
three basic criteria: the amplitudes of the two waves in both
hemispheres, the number of equator-crossings (or zeros) and
the phase shifts between the two waves. We will also show
that this simple fit allows us to derive some interesting prop-
erties of the dynamo processes in different cycles.

By examining the plots in Fig.1 one can see that the
eigenfunctions of the two SBMF components presented in
the top plots obtained for the data including all three cycles,
resemble rather closely the anti-symmetric waves (towards
the equator, e.g. when one wave has minimum the other has
maximum and vice versa), or symmetric ones (with respect
to the magnetic poles if only an absolute value of magnetic
field is considered), which are produced by a simple dipole
source. They contain the two principal components of the
waves, which are travelling off phase with some time delay
between them.

Contrary to the anti-symmetric (with respect to the equa-
tor) plots obtained for the two largest eigenvalues, the other
three pairs of curves corresponding to the individual cycles
show rather different phase shifts and very mixed types of
symmetry allowing us to suggest that they are not caused by
simple dipole sources but by the quadruple ones. A possibil-
ity of excitation of the quadrupole solar magnetic poloidal
field mode by theα-ω dynamo mechanism at the growth
phase of activity cycle 23 was first suggested byKrivodubskii
(2001, 2005). Using this suggestion and the simple “view-
analysis” of the observed patterns encouraged us to simulate
the dynamo waves for dipole and quadrupole components
and their mixtures, in order to reproduce the curves in Fig.1,
which are discussed below in Sect.3.
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3 Dynamo simulations with meridional circulation

PCA allowed to distinguish in the observations of SBMF the
existence of two waves supposedly assigned to the poloidal
magnetic field. Taking into account such the results derived
from these observations, let us assume that each wave has
its own source. This allows us to use the simplest dynamo
model for two layers, which includes the meridional cir-
culation and is, in fact, a one-dimensional dynamo occur-
ring in each thin layer, taking into account advection. This
division is supported by the previous dynamo simulations
(Ballegooijen and Choudhuri, 1988; Dikpati and Choudhuri,
1995; Munoz-Jaramillo et al., 2011) showing that the diffu-
sivity profiles in the solar interior is a step-like function that
can be interpreted in the first approach as two separate layers.

One can see that the latitudinal SBMF distributions shown
in Fig. 1 have quite a different structure in different latitudes
from the South to the North. To accommodate these differ-
ences, one can assume that each of these pairs plotted in
Fig. 1 are the result of two different sources of the dynamo,
which may be located in different layers, as assumed in the
models discussed below.

3.1 Parker’s two-layer dynamo model

Parker’s dynamo equations in the two layers are a develop-
ment of his model in a single layer by assuming that dif-
ferent dynamo mechanisms operate at different layers. The
equations describing the Parker’s dynamo can be obtained
from the full system of mean-field electro-dynamic equa-
tions (Krause and Radler, 1980) by assuming that the waves
of solar magnetic field propagate in a thin spherical shell
(for example, in the inversion layer). Braginskii (1964; see
alsoMoffatt, 1978) noted that the similar equations can also
be derived for a thin cylindrical shell and that the constant
meridional circulation can be included into these equations.

The equations are derived by Parker (1993) in such a way
that the magnetic field is averaged radially within a certain
spherical shell, where the dynamo operates, and terms de-
scribing curvature effects near the poles are neglected. Large-
scale magnetic field has form:

B = B(θ, t)eφ + ∇ ×
(
A(θ, t)eφ

)
.

Hereφ is azimuthal angle,B(θ, t)eφ is the toroidal com-
ponent,∇ × (A(θ, t)eφ) is the poloidal component. We as-
sume that the magnetic fieldB and vector potentialA are
assigned to one layer, whileb anda are related to the other
layer. Parker’s equations for the two layers describing a dy-
namo with theα-effect dominating in one radial layer and
the shear of differential rotation (ω-effect) dominating in the
other one are written as follows:

∂B

∂t
=

η

n
1B,

∂A

∂t
= αB +

η

n
1A, (1)

∂b

∂t
= −D cosθ

∂a

∂θ
+ 1b,

∂a

∂t
= 1a. (2)

In Parker(1993) it is assumed that the diffusion process
has a different intensity in each layer, soη, n are the dif-
fusion coefficients in the first and second layers. This as-
sumption was confirmed by the recent kinetic simulations
(Munoz-Jaramillo et al., 2011) showing that the simulated
diffusivity is a two-step function confirming a presence of
two layers with different diffusivity in each. The diffusiv-
ity is defined by Eq. (1) inMunoz-Jaramillo et al.(2011) as
τ
3〈v2

〉, whereτ is the eddy correlation time and the term with
v corresponding to the averaged turbulent squared velocity.
B(r, θ, t), b(r, θ, t) are the corresponding toroidal magnetic
fields in these layers,A(r, θ, t), a(r, θ, t) are the vector po-
tentials from which the poloidal magnetic field is derived in
each layer.

In the Eqs. (1) and (2) the first terms define change of a
magnetic field with time, the terms with1 describe diffusion
of the magnetic field. Curvature effects are omitted in the
diffusion terms (the second terms in the equations forB and

a and the third terms forA andb), so1 = ∂2

∂θ2 +
∂2

∂r2 . Parker
assumed the differential rotation to dominate in one layer and
to vanish in the other, and, conversely, theα-effect to prevail
in the second layer and to vanish in the first. So action of the
differential rotation, which is described by term cosθ ∂a

∂θ
, is

added to the first Eq. (2), for b, and the action ofα-effect,
which is described by the termαB, is added to the second
Eq. (1), for A.

The variables in Eqs. (1)–(2) are normalised by the stan-
dard procedure, which is described inZeldovich et al.(1983)
andKrivodubskii (1984), in which t is a diffusion time mea-
suring the time of a magnetic field penetration through the
layer where the dynamo works. Since we assume that the
turbulent diffusion coefficients are constants in both layers,
it is possible to normalise dynamo equations by using one
of these coefficients. The diffusion time is proportional tot̃ n

h2

where t̃ is the time in real units (for example, in years),n

– the turbulent diffusivity coefficient in a layer,h – a semi-
thickness of the layer. Amplitudes of theα-effect and of the
angular velocity gradient are combined with the convective
diffusivity into a single dimensionless dynamo numberD de-
fined asD =Rα Rω and characterising the magnitudes ofRα

accounting for the contribution ofα-effect andRω – for the
differential rotation in the generation of such the dynamo.

Note that Rα ≡
Rα∗

0
n

is the special magnetic Reynolds
number of theα-effect whereR is solar radius,α∗

0 is the
maximum amplitude of theα, which is the parameter of the

mean helicity of turbulent pulsation.Rω ≡
R2

n
1
r

∂ω
∂r

is the spe-
cial magnetic Reynolds number of the differential rotation.
Here ∂ω

∂r
is the radial gradient of the angular velocity,r is

the radial distance. In the one-dimensional case1
r

∂ω
∂r

is the
constant (Zeldovich et al., 1983).
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3.2 Modified dynamo model with meridional
circulation

Popovaa et al. (2010) expanded this model by adding the
meridional flows which are described by terms withV andv

for each layer, respectively. This results in modified dimen-
sionless equations in the following form:

∂B

∂t
+

∂(V B)

∂θ
= β 1B,

∂A

∂t
+ V

∂A

∂θ
= αB + β 1A, (3)

∂b

∂t
+

∂(v b)

∂θ
= −D cosθ

∂a

∂θ
+1b,

∂a

∂t
+v

∂a

∂θ
= 1a. (4)

HereA, B, a, b, andD have the same meaning as in Eqs. (1)–
(2), θ is the latitude measured from the equator,β =η/n

is ratio of coefficients of turbulent diffusion. The multiplier
cos(θ) corresponds to the polar shortening of the lines of lat-
itude. If D is large enough, then the solutions of these equa-
tions are growing waves, i.e. the effect of dynamo appears.
The generation threshold corresponds to the condition under
which the generation effects (amplitude of theα-effect and
differential rotation) are small, so that they are only able to
compensate the dissipation losses.

TheV in Eq. (3) andv in Eq. (4) represent the meridional
circulation defined as velocity of the matter, where waves of
the magnetic field propagate. Its structure in each layer is
not exactly known, so for simplicity we assume that both
V = const andv = const (in the model units). Further, let us
assign the meridional circulation with a positive sign if the
flows are directed from the equator to the poles and with
a negative sign in the opposite case. We accept that in the
equations aboveα(−θ) =−α(θ) and the magnetic field is as-
sumed to have a dipolar or quadruple structure.

In the paperPopova et al.(2010) it was suggested that the
α-effect and differential rotation can act in both layers and
the α-effect can have a different latitudinal profilesα1 and
α2. Then the equations can be re-written as follows:

∂B

∂t
= −D cosθ

∂A

∂θ
+ β 1B,

∂A

∂t
= α1B + β1A, (5)

∂b

∂t
= −D cosθ

∂a

∂θ
+ 1b,

∂a

∂t
= α2b + 1a. (6)

This will modify the model described in Eqs. (3)–(4) to the
following:

∂B

∂t
+

∂ (V B)

∂θ
= −D cosθ

∂A

∂θ
+ β 1B, (7)

∂A

∂t
+ V

∂A

∂θ
= α1B + β 1A, (8)

∂b

∂t
+

∂(v b)

∂θ
= −D cosθ

∂a

∂θ
+ 1b, (9)

∂a

∂t
+ v

∂a

∂θ
= α2b + 1a. (10)

Initially, Parker’s dynamo model (Eqs.1 and2) had in one
layer only a source responsible for the differential rotation
and in the other layer – another source responsible for the
α-effect (described by the parametersD cosθ ∂a

∂θ
andαB as

indicated in Eqs.1 and2). Hence, in this model, it was nec-
essary to impose such boundary conditions linking these two
layers and, thus, inducing the action of a cyclic dynamo as-
sociated withα andω effects. For the sake of clarity, let us
prescriber = 0 for the radial boundary between the two lay-
ers, and define there the following boundary conditions:

b = B, a = A,
∂b

∂r
= β

∂B

∂r
,

∂a

∂r
=

∂A

∂r
. (11)

Since the lengths of the latitude net decrease toward the
pole, we assume that the material involved in the circulation
gradually moves into the counterflow region, while the mag-
netic field remains in the generation region.

Thus, by assuming thatα-effect and differential rotation
can act in each layer and have different amplitudes one can
obtain the following set of equations describing the two layer
dynamo model:

∂B

∂t
+

∂(V B)

∂θ
= −D1 cosθ

∂A

∂θ
+ β 1B, (12)

∂A

∂t
+ V

∂A

∂θ
= α1B + β 1A, (13)

∂b

∂t
+

∂(v b)

∂θ
= −D2 cosθ

∂a

∂θ
+ 1b, (14)

∂a

∂t
+ v

∂a

∂θ
= α2b + 1a. (15)

Here the differential rotation is described byD1 cosθ and
the alpha-effect is described byα(θ)1B in the first layer and
by D2 cosθ and α(θ)2B respectively in the second layer.
One can make a reasonable assumption that the intensity of
the dynamo may be different in each layer. Thus, we con-
sider a dependence of magnetic field only on latitude, bear-
ing in mind that the information about the depth contained
though consideration of different layers which have different
values of amplitude of theα-effect, differential rotation and
meridional circulation.

It was shown earlier (Popova et al., 2010; Popova, 2011)
that the solutions of Parker’s equations for the toroidal and
poloidal magnetic field (either without or with meridional
circulation) can have a form of travelling waves, which prop-
agate from the poles to the equator. Since in our problem
all the terms (alpha-effect and differential rotation) for gen-
erating a magnetic field are present in each layer, we get a
solution in the form of two travelling waves, similar to those
observed inZharkova and Zharkov(2010); Zharkova et al.
(2012). Note that the meridional circulation has the oppo-
site direction in these layers moving from the equator to the
poles and in the deep interior from the pole to the equator
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as suggested by Hathaway (2005) and supported by many
authors (Munoz-Jaramillo et al., 2009, 2011, and others).
Between the layers there is a region where the meridional
flows are practically zero, and it is the boundary of the layers
separation.

In the first approach, since we are aiming to reproduce
fairly basic features of the PC curves, the details of the ex-
act interaction between the layers are neglected. This ap-
proach is validated by a comparison with kinetic simulations
of the dynamo models taking into account the meridional cir-
culation as derived from the helioseimology measurements
(Munoz-Jaramillo et al., 2009), which showed the separation
of meridional flows and the appearance of the region between
them with zero flow. This region with zero flow, in fact, can
be considered as the boundary between the two layers with
meridional circulation, and this boundary can be accepted as
non-interactive one as proposed in the current study.

The proposed model was tested with the numerical sim-
ulations including the interaction between the layers, which
showed that this interaction does not fundamentally change
the results for magnetic fields. In fact, for certain values of
the coupling coefficients of the dynamo equations with in-
teracting layers we obtained the theoretical results which
are similar to the results of a simple model with the non-
interacting layers. Hence, we concluded that in the case with
the interacting layer between the two layers the influence of
dynamo numbers and meridional circulation on the poloidal
field is rather similar to that in the case with the two non-
interacting layers. Therefore, as the first approach, we can
safely investigate the problem with the two non-interacting
layers, which has a smaller number of free parameters.

Evidently, adding the boundary conditions between the
layers in the model allows us to establish a sufficiently strong
connection between the magnetic fields from different layers
for the two layer interior medium. However, in the models
Eqs. (5), (6), (7)–(10), and (12)–(15) the independent pairs of
sources of magnetic fields (α-effect and differential rotation)
are suggested to be present in each layer that makes these
layers virtually independent for generating different kind of
waves.

Since up to-date observations do not allow us to measure
exactly how the magnetic sources of the dynamo are con-
nected inside the solar interior, so it is possible to assume
that they can work independently in each layer as it was pre-
viously suggested, for example, by Benevolenskaya (2000)
for modelling the combined 22 yr quasi-biennial cycle. Simi-
larly, here we use a simplified 1-D model with the two layers
located in different depths of the interior defining the depth
only be these two layers. Then the dynamo systems for these
two layers are considered to be independent and, thus, do not
need to be connected by any boundary conditions.

3.3 The final form of the Governing equations

For simplicity, in the proposed model we assume the same
latitudinal profiles of theα-effect in each layer, which are
equal sin 2θ . At the same time, the different dynamo num-
bersD1 andD2 and different magnitudes of the meridional
circulationV andv are also assumed for the first and second
layers, respectively. Thus, one obtains:

∂B

∂t
+

∂(V B)

∂θ
= −D1 cosθ

∂A

∂θ
+ β

∂2B

∂θ2
, (16)

∂A

∂t
+ V

∂A

∂θ
= αB + β

∂2A

∂θ2
, (17)

∂b

∂t
+

∂(v b)

∂θ
= −D2 cosθ

∂a

∂θ
+

∂2b

∂θ2
, (18)

∂a

∂t
+ v

∂a

∂θ
= αb +

∂2a

∂θ2
. (19)

Note that the poloidal (Bpoloidal=−
∂A
∂θ

) and toroidal com-
ponents of magnetic field may be even functions (for a
quadruple structure of magnetic sources) or odd functions
(for a dipolar structure). In our model we also assume that
the magnitude of meridional circulation as well as the dy-
namo numberD may be different not only in different layers,
but also in different hemispheres.

The simplest dynamo model for a layer with a meridional
circulation was previously described analytically by using
the asymptotic method and then numerically (Popova et al.,
2008; Popova and Sokoloff, 2008; Popova et al., 2010) by
using WKB (Wentzel–Kramers–Brillouin) technique. As a
result, the meridional circulation was shown to regulate the
dynamo wave period and, thus, a duration of the activity cy-
cle. Despite Parker’s approximation not describing in suffi-
cient detail the polar and equatorial regions, the solar cur-
vature effects cannot dramatically change the simulation re-
sult in the main latitudes of the solar activity excluding the
poles (Popova, 2010). This means that the plane model can
be used as a viable first approximation without large errors
in the results.

In the current paper we will simulate a poloidal magnetic
field and vector potential for each layer separately, follow-
ing the assumption made in Sect.3.2 that the sources of the
dynamo in each layer are independent and do not interact.
In order to derive the latitudinal distribution for the poloidal
magnetic field components, we will use theQR algorithm,
e.g. performing theQR decomposition by writing the ma-
trix as a product of an orthogonal matrixQ and an upper
triangular matrixR. This algorithm allows us to calculate the
eigenvalues and eigenvectors of the matrix defining the mag-
netic field latitudinal distribution (Ruzmaikin et al., 1980),
that is particularly valid for the interpretation of the observa-
tional principal components (PCs) derived utilising a similar
approach.
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4 Simulations of two dynamo waves

4.1 General comments

Let us first note that in the proposed dynamo model
the following symmetries are accepted across the hemi-
spheres by the sign of poloidal and toroidal magnetic fields:
B(−θ) =−B(θ) for a dipolar structure andB(−θ) =B(θ)

for a quadruple structure. This symmetry does not mean the
equality of magnetic field magnitudes in each hemisphere,
which can be essentially different in the opposite hemi-
spheres as deduced from the observed photospheric magnetic
fields (Zharkov et al., 2008; Zharkova and Zharkov, 2010;
Zharkova et al., 2012).

This means that the turbulent diffusion, the amplitudesRα

of theα-effect andRω of the differential rotation can be dif-
ferent in the two layers of the SCZ accepted in the updated
Parker’s dynamo model described above. Since the product
of these parameters defines the dynamo number (D =Rα Rω),
we will use the different dynamo numbersD in different
layers and in the opposite hemispheres, varying which one
can obtain different poloidal magnetic field parity (dipole-
quadruple) and distributions in latitude that, in turn, can fit
those curves derived with PCA from the SBMF (see Fig.1).

Second, let us assume that the meridional circulation keeps
the mass distribution stationary during the dynamo action
and, thus, it has to have the opposite signs in the two layers
accepted in the model. In other words, one can reasonably
suggest that in the top layer located near the surface, the flow
transports the solar plasma, say, from the equator to the pole
(Hathaway, 2005) and the deeper counter-flow in the other
layer returns the plasma to the equatorial region.

Given the fact that PCA derived the pairs of waves shown
in Fig.1, as for the whole set of three cycles, so for each cycle
separately, it is also reasonable to assume that each wave in
the pair is produced by its own source. Then, we can suggest
that one wave is generated in the upper layer of the solar
convection zone and another wave coming from its bottom.

And the third characteristic feature in Fig. 1 is the well pro-
nounced asymmetry between the amplitudes of SBMF in the
dominant and trailing hemispheres (North dominates South
in cycle 21 and South dominates North in cycle 22), while
in cycle 23 the amplitudes of magnetic fields in each hemi-
sphere are nearly comparable. Thus, in order to account for
this asymmetry, in our simulations different values of merid-
ional circulation are used for cycles 21 and 22 for each layer
and each hemisphere, while keeping it the same in both hemi-
spheres for cycle 23.

Hence, different latitudinal profiles of the waves derived
by PCA lead us to assume that the magnitudes of the differ-
ential rotation, theα-effect, and the speed of meridional cir-
culation are different as in the two layers of the SCZ, and so
in the opposite hemispheres. In addition, in order to keep the
plasma flow continuous, the meridional circulation in differ-
ent layers is accepted to move in the opposite directions. Let

us now try to produce the theoretical curves of poloidal mag-
netic field waves generated in the two-layer dynamo model
described above for dipole and quadruple magnetic sources,
which reasonably fit the observed SBMF distributions by the
selected criteria: ratio of the wave amplitudes in the hemi-
spheres, a number of zeros (or equator crossings) and the
phase shifts between the two waves for the same model
(cycle).

Based on the characteristic features of the whole set and
each cycle discussed above, we will consider first in Sect. 4.2
the two main waves (with clearly visible dipole symmetry)
common for all cycles 21–23 and then in Sect. 4.3 we investi-
gate the waves with clearly visible dual dipole and quadruple
symmetry as seen in cycle 23. In cycles 21 and 22 none of
the symmetries are clearly visible; hence, we will discuss the
problem of generation of poloidal magnetic fields and deter-
mining their curves symmetry in Sect. 4.4 for cycle 21 and in
Sect. 4.5 for cycle 22.

4.2 Simulations of two main waves for the cycles 21–23

Let us first attempt to fit the two curves from the top plot in
Fig. 1 presenting the PCs of the SBMF derived for the two
strongest eigenvalues of the data for the whole three cycles.
One can see that the two SBMF components have a clear
dipolar structure because the amplitudes of these waves are
clearly anti-symmetric functions relative to the equator (see
discussion in Sect.2) with a small phase shift between them.

The previous simulation results (Popova et al., 2008;
Popova and Sokoloff, 2008; Popova et al., 2010) showed
that for a fixed value of the dynamo number the inclusion
of meridional flows in the two layer dynamo model produces
magnetic field waves with a shift in phase. The latitudinal
distributions, or butterfly-diagrams, simulated for a few sim-
ilar dynamo models (Popova et al., 2008) revealed that in a
each hemisphere the meridional circulation directed against
propagation of the wave strongly shifts the magnetic field to
the poles. Thus, one can reasonably assume that the cause for
the phase shift in the models with a fixed dynamo number is
the presence of meridional flows; and the differences in the
shifts in different curves are associated with the difference of
their amplitudes in each layer.

The more detailed analysis (Popova et al., 2008) showed
that meridional circulation also changes the growth rate of
magnetic field and, consequently, the amplitude of the waves
along a latitude seen on the solar surface. In addition, a
change of the dynamo numberD can strongly affect the am-
plitude of the waves and a number of zeros (points of the
equator crossings) because this parameter describes the in-
tensity of the dynamo effect (Parker, 1955). Namely, an in-
crease of the dynamo number increases the number of max-
ima and minima (or a number of zeros) in the waves and their
amplitudes.

Using these general tendencies governing the generation
of dynamo waves, let us simulate with the current dynamo
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model (Eqs.16–19) the main properties of the two dynamo
waves with largest eigenvalues derived with PCA for the
whole dataset of cycles 21–23 presented in Fig.1. From the
observations of the two top curves in Fig.1 we can see a
pair of waves with clearly antisymmetric amplitudes relative
to the equator. This allows us to assume that the amplitudes
of meridional circulation to be equal in both hemispheres.
Also because the observed magnetic field waves have simple
latitudinal profiles with a relatively small amount of zeros
(5 for one wave (the solid line) and 3 for the another one (the
dashed line), so one can also assume thatD required for the
generation of these waves is not too big (Popova et al., 2008).

Hence, in each layer we can use the same magnitudes
of D, the parameter responsible for differential rotation and
magnetic field twists, because the structure of these waves
does not differ significantly in the opposite hemispheres. Al-
though, in order to obtain the phase shift observed in the prin-
cipal components of the SBMF, we needed to use different
values of the meridional circulation in different layers. The
results of the simulations reasonably fitting the observations
of the SBMF for the whole dataset of cycles 21–23 are plot-
ted in Fig.2 for the following model parameters:D1 =−700
andV = 0.3 for the curve for the upper layer (the solid line)
andD2 =−700 andv =−0.1 for the curve for the inner layer
(the dashed line).

It can be noted that the solid and dashed curves in this
simulation have well defined anti-symmetry relatively to the
equator having one “big” maximum and “small” minimum
in the negative latitudes and one “big” minimum and “small”
maximum in positive latitudes which are defined by their
generation by a dipole source. One can also see that we ob-
tained a maximum of the poloidal magnetic field amplitude
to be approximately equal to 0.02 model units (such the di-
mensionless units are used in many dynamo models (see, for
example,Zeldovich et al., 1983)), the phase shift is∼ 8◦ (ap-
proximately 1 yr) and the number of zeros is 5 for each wave.
Note that a wave of magnetic field passes 90◦ during 11 yr.
Therefore, 1◦ corresponds to about 0.12 yr, or a 1.0 yr differ-
ence corresponds about to 8.1◦ of the phase shift. The am-
plitude, number of zeros and the phase shift derived from
PCA for the all three cycles 21–23 resemble the theoretical
results in the middle latitudes where Parker’s two layer model
is applicable.

Hence, the simulations show that the magnetic waves with
the highest eigenvalues in Fig.1 are produced by the dipole
magnetic sources with the opposite polarities present in both
inner and outer layers, and these dipoles are those located at
the poles. This is a prototype of the standard two dipole dy-
namo model with the two poles, although, corrected with the
meridional circulation. In order to fit the observed top curves,
the meridional circulation needs to be slightly faster in the
upper layer (V = 0.3) compared to the inner one (v =−0.1).
This can cause a faster exchange of polarities in the outer
layer compared to the inner one and lead to the noticeable
phase shift between the waves.

Fig. 2. Simulations for the two wave components of poloidal mag-
netic field generated in the upper and inner layers (solid line and
dashed line, respectively) reproducing reasonably close (within lim-
itations of the simple model used as discussed in Sect.4.1) the main
features of the SBMF top curves in Fig.1 obtained for cycles 21–23
(for details of comparison see the text). The following model pa-
rameters are used:D1 =−700 andV = 0.3 for the curve shown by
the solid line andD2 =−700 andv =−0.1 for the curve shown by
the dashed line.

4.3 Simulations of two waves for the odd cycle 23

The next set of curves, which we wish to interpret, is pre-
sented at the bottom in the Fig.1 for the components ob-
tained for the odd cycle 23. The curve shown by the solid
line has a clear anti-symmetric structure relative to the equa-
tor (see Sect.2), thus, it is generated by a dipolar magnetic
source. While the curve shown by the dashed line is sym-
metric relative to the equator, allowing us to assume that
it is produced by a quadruple source. This assumption is
confirmed by the cross-correlation of the PCA data for cy-
cle 23 presented by Zharkova et al. (2012), their Fig. 6, which
revealed a presence of three dipoles for this cycle, or one
dipole and one quadruple. Based on this finding, we assume
a one dipole to be present in the upper layer and the other
two dipoles (located in perpendicular directions and, thus,
forming a quadruple) – in the inner layer. As mentioned
in Sect.4.1, for cycle 23 the wave asymmetry between the
hemispheres is small and, thus, not considered in this model
simulation.

It has to be noted though that the timing of the appearance
of the quadruple sources is not defined in PCA, since for the
analysis the whole dataset was considered for the duration of
each cycle (10–11 yr). This means that the quadruple sources
can be, in fact, present only during the short period of a few
years in the growth phase of the poloidal magnetic field and
disappear at later times as previously reported by Krivodub-
skij (2005) andNandy et al.(2011).

The amplitudes for each of these waves of the SBMF have
8 zeros that is about twice more than in the case for the waves
derived for all three cycles discussed in Sect.4.2. Hence,
in order to obtain such a wave structure as derived for cy-
cle 23, one needs to use a larger dynamo-number than in the
case for all three cycles. Also the amplitudes of the derived
SBMF waves are nearly equal, they have a smaller phase shift
(about 5◦ (0.6 yr) in the middle latitudes) in the Northern
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Hemisphere and are nearly in the anti-phase (a phase shift
is about 14◦ (∼ 1.7 yr)) in the Southern Hemisphere.

This allows us to suggest that absolute magnitudes of the
meridional circulation are equal in both layers while the anti-
phase of the wave in the Southern Hemisphere noted above
can arise from a combination of the dipole and quadruple
magnetic sources present in these two layers. We accept the
meridional circulation to be equal to 0.2 andD1 =−104 for
the upper layer (where there is a dipole source) and to−0.2
andD2 =−104 for the inner layer (where there is a quadruple
source) and plotted the results in Fig.3.

Since the larger dynamo number is used, the maximum
of the simulated poloidal field amplitude is approximately
equal to 0.07 model units that is higher than in the pure dipole
case used for all three cycles. This increase complies with the
previous dynamo simulations showing that an increase of the
amplitudes of either differential rotation or alpha-effect leads
to an increase in the intensity of the dynamo generation and,
hence, to an increase in the amplitude of a magnetic field
wave (Popova, 2008).

Also the simulation in Fig.3 predict the phase shift of
≈ 16◦ (∼ 1.9 yr) between the waves generated by differ-
ent layers for the positive middle latitudes resembling those
nearly in anti-phase derived with PCA analysis in Fig.1 and
≈ 3◦ (∼ 0.4 yr) for the negative middle latitudes that resem-
bles the phase shifts at the middle latitudes between the ob-
served bottom curves shown in Fig.1. The magnitude of each
wave has 9 zeros, which number fits rather closely the num-
ber of 8 derived from the PCA. Note that near the equator
the theoretical quadruple curve is different from the observa-
tions, but this happens in the low latitude where our model is
not applicable. Hence, one can conclude that under the terms
of applicability of the model (middle latitudes), the observed
SBMF and theoretical waves for poloidal magnetic field have
similar latitudinal profiles for the dipole structure of mag-
netic sources in the outer layer and the quadruple one in the
inner layer.

4.4 Simulations of two waves for the odd cycle 21

For the odd cycle 21, the pair of the SBMF waves obtained
with PCA is shown in Fig.1, the second row from the top.
Both waves reveal rather symmetric structures towards the
equator indicating a quadruple symmetry of the magnetic
sources generating these waves. Also the curves have equal
numbers of their maxima and minima, that also supports the
quadruple symmetry. However, the symmetric structure of
the SBMF sign (BSBMF(−θ) =BSBMF(θ)) is not kept with re-
spect to the equator but to the other symmetry points shifted
from the equator to the North or South. Namely, the curve
shown by the solid line has a centre of the quadruple sym-
metry in the point C− (shifted to the South), and the curve
shown by the dashed line has a centre of the quadruple sym-
metry in the point C+ (shifted to the North).

Fig. 3. Simulations of poloidal magnetic field for the dipole (solid
line with D1 =−104, V = 0.2) and quadruple (dotted line with
D2 =−104, v =−0.2) magnetic sources reproducing the latitudinal
SBMF distributions for cycle 23.

Unlike the previous two cases discussed in Sects.4.2
and4.3, in which the maxima of the SBMF magnitudes were
nearly equal in the opposite hemispheres, in cycle 21 both the
waves have larger maxima in the Southern Hemisphere com-
pared to those in the Northern one. Hence, one can assume
that for cycle 21 there is some factor, which has a different
effect on the generation of poloidal field waves in the oppo-
site hemispheres. A factor, which can change the magnitude
of the poloidal field is a meridional circulation speed, which
has to be more intense in the Southern Hemisphere compared
to the Northern one.

In addition, because the two curves for cycle 21 have
rather different shapes, this means that, for their reproduction
with the dynamo model, the meridional circulation in differ-
ent layers has to have different velocities. Since the ampli-
tudes of both the PCA waves with quadruple structures have
a smaller number of the local extrema (7 versus 9) than in
the previous case (for cycle 23), to reproduce them in the
dynamo model, one needs to use a smaller dynamo number
than in cycle 23. Therefore, the parameters accepted to simu-
late the waves described the PCA curves for cycle 21 are the
following: for the upper layer –D1 =−700,V = 0.8 (region
of the positive latitude), andV = 0.3 (region of the negative
latitude) (dashed line) and for the inner layer –D2 =−500,
v =−0.1 (region of the positive latitude), andv =−0.3 (re-
gion of the negative latitude) (solid line).

The simulation results are plotted in Fig.4, which show
that we managed to obtain the model curves with the struc-
ture qualitatively similar to that observed in the PCA curves.
Similar to the observations, the amplitudes of the model
waves are larger in the Northern Hemisphere than in the
Southern Hemisphere; and they also have the same number 7
of the local extrema. The maximum of the SBMF magnitude
for these waves is approximately equal to 0.02 model units
that is much smaller than in the case for cycle 23. This occurs
because the dynamo numbers used are two orders of magni-
tude smaller compared to cycle 23.

The model phase shifts between the two simulated waves
at the middle latitudes are≈ 15◦ (∼ 1.8 yr) for the positive
latitudes and≈ 10◦ (∼ 1.2 yr) for the negative one. At the
same time, the observable phase shift is≈ 10◦ for the positive
latitudes and a few degrees for the negative one in the middle
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Fig. 4. Simulations for the two quadruple components of the
poloidal magnetic field reproducing the latitudinal SBMF distri-
bution for cycle 21: dashed line with the parameters:D1 =−700,
V = 0.8 (region of positive latitude), andV = 0.3 (region of negative
latitude); solid line with the parameters:D2 =−500,v =−0.1 (re-
gion of positive latitude), andv =−0.3 (region of negative latitude).

latitudes. Such a difference in the phase shifts between the
model and observations in the Northern Hemisphere can be
associated with the fact that the modified Parker’s model used
in the current simulations is symmetric towards the equator,
unlike the observations, and does not take into account a shift
of the centre of the symmetry detected in the principal com-
ponents for this cycle in Fig.1.

Hence, in the odd cycle 21 there are clear indications of
the presence of the two quadruple magnetic sources, one in
each layer, required for fitting the observed curves with the
Parker’s two-layer dynamo model used in the current paper.
This is different from the odd cycle 23 where the quadruple
structure was required to be only present in the inner layer
wave while the outer layer wave was well reproduced by a
dipole structure.

Although, we need to remember that the principal com-
ponents used in this study are found for the whole cycle
data, and thus, the timing of the appearance of the quadruple
sources is not defined. This means that the quadruple sources
can, in fact, only be present during the short period of time
of a few years in the growth phase of the poloidal magnetic
field as it was previously pointed by Krivodubskij (2005) and
Nandy et al.(2011).

4.5 Simulations of two waves for cycle 22

Let us now look at the last set of plots for the even cycle 22
presented in Fig.1 by the third from the top set of curves.
Similar to cycle 23, the amplitude of the wave shown by the
dashed line for cycle 22 is almost anti-symmetric relative to
the equator that looks like a dipolar structure while the ampli-
tude of the wave shown by the solid line is almost symmetric
relative to the point of symmetryC− (shifted to the south)
that looks like a quadruple structure. In the Northern Hemi-
sphere the wave shown by the dashed line has a larger ampli-
tude in comparison to the other wave shown by the solid line
while in the Southern Hemisphere both waves have compara-
ble but smaller amplitudes than in the Northern Hemisphere.

Fig. 5.Simulations for the two components of the poloidal magnetic
field reproducing the latitudinal SBMF distribution for cycle 22.
The solid line is obtained withD1 =−400,V = 0.2 (region of neg-
ative latitude), andV = 0.1 (region of positive latitude), the dashed
line – withD2 =−1000,v =−0.1 (region of negative latitude), and
v =−0.5 (region of positive latitude).

By applying the general analysis described in Sect.4.1 to
the curves, we deduce that for fitting the latitudinal distribu-
tions of the SBMF with the model, we need to select a larger
dynamo number for simulation of the dipolar wave generated
in cycle 22 (Fig.5), in order to provide a larger amplitude of
the wave, and to use a different value of the meridional circu-
lation in different hemispheres, in order to provide a differ-
ence in magnitude and phase between the wave amplitudes
of the two curves.

Thus, the dipolar wave for the inner layer is reproduced by
usingD1 =−1000,V =−0.5 (region of the positive latitude),
andV =−0.1 (region of the negative latitude) (dashed line)
and the quadruple wave for the upper layer is reproduced
by usingD2 =−400,v = 0.1 (region of the positive latitude),
andv = 0.2 (region of the negative latitude) (solid line). The
simulation results reproducing the SBMF variations in cy-
cle 22 are plotted in Fig.5. The simulations show that the
SBMF amplitude of the model dipole wave has 6 zeros sim-
ilar to the observed PCA wave. The amplitude of the model
and observed quadruple wave both have 7 zeros. Also the
maximum magnitude in the model is≈ 0.03. In the North-
ern Hemisphere the phase shift between the two waves in the
model is about≈ 5◦ (∼ 0.6 yr), in the Southern Hemisphere
the waves are nearly in the anti-phase that is close to those
found from the observations. There is an interesting trend in
the simulated waves: in cycle 22 the wave generated by the
inner layer has the dipolar symmetry and the wave from the
upper layer is still reproduced by the quadruple one, unlike
the symmetry of magnetic waves in the odd cycle 21 which
were the quadruple ones in both layers. However, this sym-
metry is opposite to that found in cycle 23 where the dipolar
symmetry appears in the upper layer and the quadruple sym-
metry is in the inner one. Also the centre of symmetry for the
wave caused by quadruple sources in cycle 22 is shifted to
the South, similarly to cycle 21.

This indicates that the conditions of dynamo generation
have to be changed significantly from cycle 21 to cycle 23
not only in the dynamo numbers and meridional circulation
parameters in the layers and in the hemispheres but also in
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Table 1.Model parameters in cycles.

Cycle 21 22 23 21–23

Upper layer

Dymano number −700± 50 −400± 50 −104
± 500 −700± 50

Meridional circulation (region of positive latitude) 0.8± 0.05 0.1± 0.05 0.2± 0.05 0.3± 0.05
Meridional circulation (region of negative latitude) 0.3± 0.05 0.2± 0.05 0.2± 0.05 0.3± 0.05

Inner layer

Dymano number −500± 50 −1000± 70 −104
± 500 −700± 50

Meridional circulation (region of positive latitude) −0.1± 0.05 −0.5± 0.05 −0.2± 0.05 −0.1± 0.05
Meridional circulation (region of negative latitude)−0.3± 0.05 −0.1± 0.05 −0.2± 0.05 −0.1± 0.05

the numbers and locations of magnetic sources in the solar
interior.

5 Discussion and conclusions

In the current paper, we made an attempt to reconstruct qual-
itatively with a simple Parker’s model of the two layer dy-
namo the basic features in the latitudinal distributions of so-
lar background magnetic field (SBMF) (associated with so-
lar poloidal field) in cycles 21–23 derived with the Principal
Component Analysis (PCA). The observational curves de-
scribed in Sect.2 were presenting big puzzles for their asso-
ciation with the actions of the solar dynamo. For the first time
we have interpreted these curves with the two layers Parker’s
models and showed the conditions, under which the simplest
dynamo theory is able to explain these observational results.

It was shown that the PCs (see Fig.1) derived from SBMF
latitudinal structure are likely to reflect different conditions
of the dynamo generation in latitude and depth, which can be
reasonably reproduced only by using different magnitudes of
the dynamo number and of the meridional circulation chang-
ing in different hemispheres of the same cycle and also from
cycle to cycle. Our goal was to derive the dynamo properties
of the pairs of waves of poloidal magnetic field which closely
resemble those obtained with PCA in Fig.1 for the whole set
of cycles 21–23 and for each cycle separately.

Based on the general properties of the observations, one
can suggest that the observable pairs of SBMF components
can be the result of the dynamo action with the intensity and
parity being different in depth. This allowed us to replace the
two-dimensional model with the two one-dimensional ones,
with the amplitude of the dynamo assumed different in depth.
In the proposed dynamo model we consider the two layers
where the poloidal magnetic field can be generated by the
solar dynamo machine: the inner layer located at the bot-
tom of the SCZ and the outer layer located at the very top of
the SCZ. The meridional circulation has opposite direction in
these layers (Hathaway, 2005). Furthermore, according to the
results ofPopova(2009), the model meridional circulation

(which is about 10−1 model unit) correspondst the flow of
10−2 grad/day for the range of the obtained dynamo numbers
that is quite a reasonable assumption (Hathaway, 2005). Be-
tween the layers there is a boundary region where the merid-
ional flows are practically zero, which is the boundary of the
layers separation imposing the lack of interference between
the layers.

We suggest that in different cycles the amplitudes of the
α-effect,Rα, and of the differential rotation,Rω, can be dif-
ferent in these two layers as it was shown earlier (Popova et
al., 2010). Since these parameters define the dynamo num-
ber (D =Rα Rω), we used the different dynamo numbersD

in the two layers and in the opposite hemispheres, in order
to find the best fitting of the simulations to those waves de-
rived with PCA (see Fig.1). In the Table1 we present the
parameters in our models used for fitting the PC components
for each cycle and for the whole dataset with the estimated
set of errors reflecting the accuracy, with which changing the
model parameters leads to smooth changes of the latitudinal
profile of magnetic field.

Strictly speaking, the fit of the theory to the PCs found
from the observations is not the fully mathematically-defined
fit of each observational point allowing to estimate standard
deviations and confidence intervals. It is more like a “face-
fit”, which matches the three basic criteria of the PCs de-
rived from the magnetic field observation on the solar sur-
face: the amplitudes in the opposite hemispheres, the num-
ber of equator-crossings and the phase shifts between the
two curves. The more advanced dynamo model allowing us
a one-to-one fit of the theory to observations is yet to be
developed.

However, with the “face-fit” we can roughly estimate the
errors of the fit by choosing the limits defining the error
bars. If the theoretical waves fit reasonably well the observed
curves in all three parameters (ratio of amplitudes in the
opposite hemispheres, number of zeros and the phase shift
between the curves) as discussed above we consider the fit
to be within the error bar limits, while outside these lim-
its the curves do not resemble the observational PCs in any
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of three parameters, or deviate from the PCs in at least two
parameters.

The poloidal magnetic field is considered to be generated
by the two kinds of magnetic sources, producing the two
types of symmetry: the dipolar and quadruple ones. One can
naturally assume that the PCA pair of the curves for the all
the set derived for 3 cycles are the waves of the poloidal mag-
netic field produced from the inner and outer layers of the
SCZ by the combined action of the two dynamo sources,
which can also have different parameters in the opposite
hemisphere and different cycles. Perhaps, these variations are
caused by the geometry of plasma flows in the convection
zone, which can vary from cycle to cycle.

We are fully aware that the model used in the current study
is a very simple one, which, nonetheless, allows us to test our
understanding of the physical processes responsible for the
magnetic field generation during solar activity cycles that can
lead to some essential modifications of more sophisticated
models, which simulate the solar activity in much more detail
(for example, seeDikpati et al., 2006and review of different
modelsBrandenburg and Subramanian, 2005). However, this
simplified approach allows us to derive basic properties of
the waves generated in the whole set of cycles 21–23 and to
establish how these properties can change in each separate
cycle.

The reproduction of the pair of SBMF component with the
largest eigenvalues derived for the total set for all cycles 21–
23 required to model these two waves of the poloidal mag-
netic field produced by a dipolar structure with a low dynamo
number (−700) as indicated in Sect.4.2. This includes the fit
of amplitude ratios in the opposite hemispheres and the num-
bers of zeros, as well as the phase shift between the observed
pair of waves, which is approximately equal 7◦ in the middle
latitudes and the model shift of about 8◦. This pair of waves
is considered to emulate the classic dynamo with the dipole
magnetic source, which is considered to be responsible for
regeneration of the poloidal and toroidal magnetic fields of
the Sun (Parker, 1955).

However, the conditions of the magnetic field generation
fitting the derived PCs in SBMF are found to change sig-
nificantly from cycle 21 to cycle 23 including the changes
in the dynamo numbers and the meridional circulation pa-
rameters in the layers and in the hemispheres as discussed in
Sects.4.3–4.5. The best fits of the simulated poloidal mag-
netic field waves to PCs shown in Fig.1 for separate cycles
allowed us to establish the following parity rules: for cycle 21
the quadruple magnetic field sources are found located in
both layers, for cycle 22 – quadruple sources are located only
in the outer layer and the dipole ones in the inner layer and
for cycle 23 – quadruple magnetic sources in the inner layer
and the dipole magnetic sources in the outer one.

Although, nothing can be said about the timing of the ap-
pearance of the quadruple sources in cycles, since for the
analysis the whole dataset was considered for the duration
of each cycle (10–11 yr) not separating the phases of cycles.

This means that the quadruple sources can be, in fact, present
only during the short period of a few years in the growth
phase of the poloidal magnetic field and disappear at later
times previously reported by Krivodubskij (2005) andNandy
et al.(2011).

The simulations fitting the observed PC curves (see Fig.1)
clearly show that with an increase of the cycle number there
is the increase of the dynamo numberD, which comprises
of the amplitudes of the differential rotation and theα-effect,
and in the number of the poloidal magnetic field zeros. This
is reproduced by the variations of the dynamo number from
D =−104 for cycle 23 where the 8(9) zero numbers are
present in PCA (model) toD =−700 for cycle 21 where only
3 zeros are present. In addition, for all the three cycles the
poloidal magnetic field waves are found to have an increas-
ing phase shift in the negative latitudes approaching nearly
an anti-phase in the positive latitudes. In general, a range of
the derived dynamo numbers and the meridional circulation
is quite realistic for solar physics according results ofPopova
(2009), Popova et al.(2008), Tuominen et al.(1983), Komm
et al.(1993), Zhao and Kosovichev(2004) andBrandenburg
and Subramanian(2005).

It has to be noted that, in order to change the parameters
of solar cycle (amplitude, period, and phase), alternative ap-
proaches can be also used. For example, Munoz-Jaramillo
et al. (2011) show by using more sophisticated kinematic
dynamo simulations involving the coupling of magnetic
quenching with variable turbulent diffusivity allowed the au-
thors to reproduce some realistic parameters of the recent
solar cycles (e.g. a prolonged solar minimum of cycle 24).
In our study the turbulent diffusivity is included in dynamo-
number and can change in combination with the amplitudes
of theα-effect and differential rotation the profile of the wave
in each layer. Thus, such the phenomenon as a difference in
the poloidal field amplitude maxima in opposite hemispheres
during the cycle must be related to the asymmetry in the
value of some physical parameters.

In addition, there is an interesting observation derived
from the simulations with meridional circulation. The in-
crease of an amplitude of the meridional circulation In the
upper layer leads to an increase of the magnetic field am-
plitude and decrease of its amplitude in the inner layer.
This tendency is also valid for the toroidal field. This find-
ing correlates rather well with the 2-D simulation results by
Munoz-Jaramillo et al.(2009) showing that in the shallow
area (> 0.71R⊙) the larger value of the amplitude of the
meridional circulation corresponds to the larger amplitude
of the magnetic field while the tendency is opposite in the
deeper area (< 0.64R⊙). However, unlikeMunoz-Jaramillo
et al.(2009), in our models, in order to reproduce the ampli-
tudes of significantly asymmetric PCs derived from the ob-
servational data, in each hemisphere different amplitudes of
the meridional circulation are used.

Therefore, the first quantitative interpretation of the
pairs of magnetic field waves derived with PCA from the
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observations of SBMF observed on the solar surface un-
covered very important effects of the conditions required to
generate the similar waves from the Parker’s two-layer dy-
namo model. These include different parity rules (dipole-
quadruple), different dynamo numbers and meridional cir-
culation speeds in the two layers for different cycles and
even for different hemispheres within the same cycle. This
indicates that the conditions of the magnetic field genera-
tion by the dynamo mechanism are likely to be changed sig-
nificantly from cycle 21 to cycle 23 including the dynamo
numbers at different depths (or layers) that was anticipated
(Charbonneau, 2005) and the meridional circulation param-
eters in the layers and in the hemispheres (Hathaway, 1996).
These conditions for generation of SBMF, in turn, can sig-
nificantly affect the generation of the toroidal magnetic field
appearing on the solar surface as sunspots, which numbers
define the solar activity that will be a scope of a forthcoming
paper.
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