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ABSTRACT

Traditionally, the solar activity cycle is thought as an interplay of the main dipole component of the solar poloidal

magnetic field and the toroidal magnetic field. However, the real picture as presented in the extended solar–cycle

models is much more complicated. Here, we develop the concept of the extended solar cycle clarifying what zonal

harmonics are responsible for the equatorward and polarward propagating features in the surface activity tracers. We

arrive at a conclusion that the zonal harmonics with l = 5 play a crucial role in separating the phenomena of both

types, which are associated with the odd zonal harmonics. Another objective of our analysis is the role of even zonal

harmonics, which prove to be rather associated with the North-South asymmetry of the solar activity than with its

11-year solar periodicity.
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1 INTRODUCTION

The basic modern concept of origin of the solar magnetic
field is based on the dynamo theory, which seems to be a
fairly developed area of physics. The concept sounds as fol-
lows. The initial poloidal magnetic field being affected by dif-
ferential rotation produces a toroidal magnetic field, which,
in turn, being affected by the meridional circulation and/or
Babcock-Leighton mechanism, restores the poloidal magnetic
field near the poles. At the time of the magnetic field rever-
sal, the equatorial magnetic field becomes minimum, while
the polar one becomes maximum. This is how the 11-year
cycle of magnetic energy variation arises. The link between
two successive cycles is due to the fact that the restored polar
magnetic field, which is the origin of the following cycle, has
the sign opposite to the field sign in the previous cycle. As a
result, the sign of the toroidal magnetic field in the n-th cycle
is opposite to that in the (n− 1)-th cycle, which is reflected
in the Hale polarity law. So, the real physical period of the
solar activity cycle is not 11, but 22 years.

This clear and straightforward scheme has to incorporate
two effects, which somehow complicate it and modify the re-
lation between the cycles. First of all, the concept of solar
activity has to include the “Extended Solar Cycle". The term
appeared in literature in 1988 (Altrock 1988; Wilson et al.
1988), although during that decade, observational evidence
appeared indicating that the magnetic activity of one cy-
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cle overlapped for some period of time (often up to several
years) with that of the previous cycle (Leroy & Noens 1983).
As observed on the surface, the extended solar cycle starts
during the sunspot maximum at high latitudes and consists
of a relatively short polarward branch (described as "rush to
the poles") and a long equatorward branch, which continues
through the solar minimum and the following sunspot cycle
(Kosovichev et al. 2021), see also McIntosh et al. (2021) for
review.

The culmination of many years of painstaking observa-
tions, cataloging, and individual publications by a number
of prominent observers of that time was the idea of the ex-
tended cycle as a pattern formed by a host of observables
in latitude and time. Some of those observables are easily
associated with magnetism in nature, prominences and fila-
ments (e.g. Bocchino 1933; Hansen & Hansen 1975; McIntosh
1992; Tlatov et al. 2016) and ephemeral active regions (e.g.
Harvey & Martin 1973), as well as the gross features in the
Sun’s green-line corona (e.g. Altrock 1997), while the oth-
ers, like the zonal patterns of the torsional oscillation (e.g.
Howard & Labonte 1980; Snodgrass & Wilson 1987; Wilson
1994), still need explanation. It is also interesting to note
papers that refer to the long baseline of geomagnetic data
consistent with the signs of temporally overlapping activity
cycles on the Sun (Mayaud 1975; Legrand & Simon 1981).

McIntosh et al. (2020) applied (discrete) Hilbert trans-
forms to more than 270–year series of monthly sunspot num-
bers to identify the so-called "termination" events that mark
the end of the previous 11-yr sunspot cycle, the enhance-
ment/acceleration of the present cycle, and the end of the
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2 V. Obridko et al.

22-yr magnetic activity cycle. In fact, we will show below that
sometimes three cycles may take place on the Sun simulta-
neously instead of one. The cycles overlap at the equatorial,
middle and high latitudes (see Sec. 3).

One more effect to be incorporated in the dynamo concept
is the North-South Asymmetry of solar activity as a whole
and the corresponding magnetic field asymmetry, in particu-
lar. Although the North-South Asymmetry of solar activity
has been known for a long time, the attempts to separate the-
oretical modeling of the northern and southern hemispheres
and to estimate the difference between them appeared only
10–20 yr ago. Among the possible mechanisms responsible for
differences in the activity characteristics between the north-
ern and southern hemispheres, different authors mentioned
the stochastic effect of the convection Hoyng et al. (1994),
the counter effect of the generated magnetic field on mat-
ter flows, which is described by nonlinear dynamo equations
(Weiss 2010), and, simply, the existence of a primary relic
field (Boyer & Levy 1984; Mordvinov 2007). The latter, how-
ever, is difficult to reconcile with a strong variability of the
asymmetry both in sign and in absolute value on short and
long timescales. Belucz et al. (2013) show that an α − Ω–
type solar dynamo normally operates independently in two
hemispheres –– if the dynamo dies in one hemisphere due to
subcritical dynamo number, the dynamo in the other hemi-
sphere operates without being much affected. Of particular
interest are the studies that describe the counter effect of
the magnetic field on the differential rotation characteristics
(Sokoloff & Nesme-Ribes 1994; Tobias 1997). This negative
correlation is confirmed in general in a number of publica-
tions (Hathaway & Wilson 1990; Kambry & Nishikawa 1990;
Obridko & Shelting 2000a,b, 2016). These results impose ad-
ditional restrictions on the problem of the asymmetry model-
ing on the basis of the dynamo mechanism. A detailed review
of the mechanisms of interaction of hemispheres both from
the experimental and from the theoretical points of view is
given in Norton et al. (2014).

Many authors have investigated the asymmetry using
various indices of solar activity, such as the indices of
sunspot activity, solar flares, filaments, prominences, ra-
dio and gamma bursts, coronal radiation, and solar mag-
netic field. The state of the art of the problem is dis-
cussed by Vizoso & Ballester (1990); Carbonell et al. (1993,
2007); Li et al. (2002); Maris et al. (2002); Temmer et al.
(2006); Sýkora & Rybák (2010), as well as in our papers
Badalyan et al. (2005, 2008); Badalyan & Obridko (2011).
Badalyan (2011) considered such a manifestation of the
North-South Asymmetry as the asymmetry of the monthly
mean sunspot latitudes (i.e., the sunspot production centers)
in the northern and southern hemispheres, and its relation-
ship with the commonly analyzed asymmetry of total sunspot
areas. The behavior of these parameters suggests a disbalance
between the two solar hemispheres, which is most clearly pro-
nounced in the epochs of the cycle minimum.

Badalyan & Obridko (2017) demonstrated that the asym-
metry sign provides information on the behavior of the asym-
metry. In particular, it displays quasi-periodic variation with
a period of 12 yr and quasi-biennial oscillations of the asym-
metry itself. The statistics of the so-called monochrome inter-
vals (long periods of positive or negative asymmetry) are con-
sidered and it is shown that the distribution of these intervals
is described by the random distribution law. This means that

the dynamo mechanisms governing the cyclic variation of so-
lar activity must involve random processes. At the same time,
the asymmetry modulus has completely different statistical
properties and is probably associated with processes that de-
termine the amplitude of the cycle. One can reliably isolate an
11-yr cycle in the behavior of the asymmetry absolute value
shifted by half a period with respect to the Wolf numbers.
It is shown that the asymmetry modulus has a significant
prognostic value: the higher the maximum of the asymmetry
modulus, the lower the following Wolf number maximum.

Both effects (extended cycle and asymmetry) are intrinsi-
cally associated with the relation between various magnetic
field components, which, in turn, depend on the spatial scales,
latitudes, and longitudes. In particular, the overlapping of
cycles is connected with the odd zonal harmonics, while the
asymmetry involves even harmonics. Having a reliable long-
term database of the solar magnetic field we can apply the
above analysis and obtain the above scales, as well as their
temporal evolution. We describe below the database and the
tools to extract the mentioned scales (Sect. 2).

2 DATABASE, BASIC EQUATIONS, AND

CALCULATION METHOD

The main data series used for analysiswere obtained at
the John Wilcox Stanford Observatory (WSO). These series
start May 1976 (Carrington Rotation 1641) and continue till
the present (http://wso.stanford.edu/forms/prsyn.html). We
have decomposed the surface field observed at WSO into its
harmonic components and presented the time evolution of the
mode coefficients for the past four sunspot cycles. We have
been working with the WSO synoptic maps of the light-of-
sight photospheric magnetic field component converted into a
sum of associated Legendre polynomials Pml (Obridko et al.
2020).

All components of the magnetic field at any point of a
spherical layer from the photosphere to the so-called source
surface can be calculated under potential approximation from
the line-of-sight field observations. The source surface is by
definition a spherical surface, where all field lines are radial.
It is suggested to lie at a distance of Rs = 2, 5Ro from the
center of the Sun.

The equations for calculating the magnetic field compo-
nents are written as follows:

Br =
∑

l,n,m

Pm
l (cos θ)(gml cosmφ+ hm

l sinmφ)× (1)

×((l + 1)(R0/R)l+1 − l(R/Rs)
l+1cl),

Bθ = −
∑

l,n,m

∂Pm
l (cos θ)

∂θ
(gml cosmφ+ hm

l sinmφ)× (2)

((R0/R)l+2 + (R/Rs)
l−1cl),

Bφ = −
∑

l,n,m

m

sin θ
Pm
l (cos θ)(hm

l cosmφ− gml sinmφ)× (3)

×((R0/R)l+2 + (R/Rs)
l−1cl).

Here, 0 ≤ m, l < N (usually, N ≤ 9), cl = −(R0/Rs)
l+2, Pm

l

are the Legendre polynomials, and gml , hm
l are the harmonic

coefficients. The latter was calculated by ourselves from WSO
Stanford data. To find the harmonic coefficients, gml and hm

l ,
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The Extended Solar Cycle and Asimmetry of the Large-Scale Magnetic Field 3

and thus, to fully determine the solution, we had to use the
following boundary conditions. By the lower boundary condi-
tion we usually adopted the synoptic map, constructed from
observations of the line-of-sight field component in the photo-
sphere (r < Rphot). The upper boundary is the source surface,
where all field lines are radial.

In further calculations, one can follow two different ways:
to proceed from orthogonality of the Legendre polynomi-
als (Hoeksema & Scherrer 1986), or to use the least-squares
method (Kharshiladze & Ivanov 1994). The former method
provides a straightforward physical interpretation of the co-
efficients and directly relates them to various current and
field systems in the solar atmosphere. The advantage of this
method is that every coefficient is calculated independently,
and the ultimate number of terms in the sums of Equations
(1) and (2) can be increased without re-calculating the for-
merly calculated coefficients. The least-squares method pro-
vides a much better approximation of the photospheric field
in the case, when the number of measured points in the syn-
optic map is large enough. The method is more convenient
for computer calculations, than the former one, and it can be
readily modified for different metrics. On the other hand, in
case of changing the order of the system, or the form of data,
the representation requires re-calculation of all coefficients.

It is not obvious that the best approximation achieved in
the photosphere, will be valid at other levels, e.g. at the
source surface. Of course, both methods yield strictly coincid-
ing results at N tending to infinity; however at any finite N
(in Hoeksema & Scherrer 1986; Kharshiladze & Ivanov 1994,
N ≤ 9), the similarity of the obtained results is not convinc-
ing and should be verified.

3 ODD AXISYMMETRIC HARMONICS AND

OVERLAPPING PHASE

Now, following Obridko & Yermakov (1989) (see also
Obridko & Shelting (1992)), we can calculate the mean
square radial component of the magnetic field on the sphere
of radius R. Using the orthogonality of polynomials, we can
perform integration over a spherical surface analytically and
obtain the result in closed form. As an illustration, we give
formulas for two boundary surfaces, i.e. the photosphere
i(Br)|R0

and the source surface i(Br)|Rs
.

i(Br)|R0
=

∑

lm

(l + 1 + lζ2l+1)2

2l + 1
(g2lm + h2

lm), (4)

i(Br)|Rs
=

∑

lm

(2l + 1)ζ2l+4(g2lm + h2
lm), (5)

where ζ = R0/Rs. This means that the contribution of the
lth mode to the mean magnetic field contains an l-dependent
coefficient. In these formulas, i(Br)|R0

and i(Br)|Rs
are the

mean square radial components of the magnetic field in the
photosphere and at the source surface, respectively. In our
calculations, the radius of the source surface Rs = 2.5R0

and, thus, ζ = 0.4.
Specifying l and m in the above equations, we can calculate

the square of the mean magnetic field connected with contri-
bution of a certain component. Fig. 1 upper panel illustrates
the time dependence of the first odd axisymmetric harmonics

up to l = 7. The bottom graph shows the time variation of
sunspot numbers; the top graph is the polar field given after
http://wso.stanford.edu/Polar.html).

The representation in the form i(Br)|R0
and i(Br)|Rs

is
convenient, since it characterizes the energy of the contribu-
tion of various components of the magnetic field. However,
when calculating the structure, it is necessary to use the am-
plitudes harmonics. These amplitudes for odd zonal harmon-
ics are shown in the bottom panel of Figure 1 and for even
harmonics in Figure 4. All values along the y-axis are given
in units of G.

Fig. 1 confirms that the harmonics with l = 1 and l = 3
behave directly as expected from the solar dynamo theory,
i.e. they follow the evolution of the polar magnetic field and
are in antiphase with the sunspot number variation, which is
believed to be related to the evolution of the toroidal mag-
netic field. On the contrary, the harmonics l = 5 behave quite
differently and become maximum just at the beginning of the
minimum of the polar magnetic field (Obridko et al. (2021)).

The evolution of the l = 5 mode becomes clear when com-
pared with the time-latitudinal diagram of the large-scale so-
lar magnetic field (Fig. 2, upper panel). This map is con-
structed using the Kitt Peak observation data obtained with
a good ground–based resolution. Long-term plots of the solar
field are generally called ‘supersynoptic’ maps rather than
‘synoptic’ maps, which generally refer to single Carrington
Rotations.

This quite a complicated supersynoptic map of the mag-
netic field makes it possible to identify manifestations of the
following processes. We see there a region where the flux mi-
grates polewards from about −35o and +35o in the southern
and northern hemispheres, respectively. This phenomenon
usually called Rush-to-the-Poles (RTP) is mainly associated
with large-scale magnetic fields. One of such waves is marked
with a horizontal arrow in the vicinity of 1999 on the upper
panel in Fig. 2. Near this date (1999) we see a yellow band
(that is, the positive polarity of the magnetic field), which
came to the pole from the middle latitudes. At the same
time, a blue band (that is, of negative polarity) has already
appeared in the middle latitudes, which will drift towards the
pole and reach it only in 2010. And at the same time, there is
already a third band of intermittent color, but predominantly
yellow (that is, the same as on the pole). This wave is associ-
ated with local fields and is drifting towards the equator and
will reach it by 2005. After RTP reaches the pole, it replaces
the previous activity wave, which results in the reversal of
the magnetic field.

Of course, the map contains also the well-known wave prop-
agating from the middle latitudes to the equator. The wave
manifests itself in the form of a standard Maunder butterfly
diagram and is mainly associated with local magnetic fields
of active regions. Both the poleward and the equatorward
waves appear almost simultaneously and have opposite dom-
inant polarities of the magnetic field.

The point, however, is that in certain time intervals, the
map reveals two Rush-to-the-Poles waves with opposite mag-
netic field polarities. As one of them nearly reaches the pole,
the other just appears at mid latitudes. In these time inter-
vals, the map contains three regions of magnetic field polari-
ties opposite in a given zone with respect to the neighbouring
one.

We emphasize that the polar wave contains the regions

MNRAS 000, 000–000 (0000)



4 V. Obridko et al.

Figure 1. The upper panel shows the time dependence of squared
magnetic field connected with the first odd axisymmetric harmon-
ics up to l = 7 (Obridko et al. 2021). The lowest graph repre-
sents the time variation of sunspot numbers (SSN) with the cy-
cle numbers indicated; the top graph is the polar field given af-
ter http://wso.stanford.edu/Polar.html (evolution of the absolute
value of the polar magnetic field is shown). The lowest panel shows
amplitudes of zonal harmonics l = 1, 3, 5, 7, 9.

where the integral contributions of the magnetic fields of both
polarities are more or less equal in absolute value. This is
clearly visible on the map based on KItt Peak data. As for
the lower resolution WSO magnetograph data, the equator-
ward wave is less pronounced (see, e.g., the diagram presented
at http://wso.stanford.edu/gifs/all.gif – the smoothed solar
zonal field for 4 cycles, which we do not reproduce here). In
some cycles, the equatorward wave is almost unrecognizable.

In addition, it should be noted that the method of recon-

struction of the magnetic field from observation data contains
some debatable points, such as the field potentiality at the
photosphere surface, the drop of accuracy for the Gauss co-
efficients because of averaging of synoptic maps over a Car-
rington rotation, etc. In principle, the results based on WSO
and Kitt Peak data might have been substantially different;
however, fortunately we see from Fig. 2 that the results are in
a reasonable agreement in all substantial details taking into
account different resolution of observations.

Another less investigated phenomenon is that of thin strips
migrating from the solar equator to the poles (marked by a
vertical arrow on the map). The strips appear mainly in the
decay phase of the 11-year activity cycle. Their lifetime is
about 1–3 years. Vecchio et al. (2012); Ulrich & Tran (2013)
called them «Ripples». We shall discuss this phenomenon
later, in Sect. 4.

A simultaneous presence of two Rush-to-the-Poles events
with opposite magnetic field polarities on the Sun called
the attention of experts. In particular, McIntosh et al. (2014,
2019, 2020, 2021) introduced the concept of cycle termina-
tor as an instant when two activity waves depart from the
latitude of 55o, propagating one equatorwards and the other,
polewards. We extend this concept and discuss the propaga-
tion of three coexisting activity waves, which does not occur
instantly, but over a time interval of about a year. We pro-
pose to call this time interval ”the overlapping phase”. As seen
below, the overlapping phase can be quantitatively described
in terms of the 5th zonal magnetic field harmonics, which,
in this connection, can be referred to as the height of the
overlapping phase.

Let us now clarify the difference between the RTP and
equatorward wave. We expect that a four-cycle diagram of
the radial magnetic field plotted with odd harmonics calcu-
lated by Eq. (1) may be instructive here. Fig. 3 (upper panel)
shows a synoptic map obtained using three first odd zonal
harmonics (l = 1, 3, 5, m = 0). It is evident that all RTP
phenomena are present and the cycle overlapping is well pro-
nounced, while the equatorward wave is almost invisible.

Using the Hilbert transform, McIntosh et al. (2020) cal-
culated the terminator instants for 140 years with the ac-
curacy of 0.01 year. In particular, after 1978, the termi-
nators occurred in 1978.00, 1988.25, 1998.25, and 2011.08.
The data are quite close to our overlapping phase times.
McIntosh et al. (2020) propose to use the time between two
successive terminators as a prognostic index for the ampli-
tude of the solar cycle and expect that Cycle 25 will be very
high. However, the idea requires that the terminators be de-
termined with a very high accuracy.

Fig. 1 above shows a general decay of activity from cy-
cle to cycle accompanied by a decrease in the amplitude of
the l = 5 harmonics in the overlapping phase. Of course,
four cycles do not provide sufficient statistics for a reli-
able correlation analysis; however it looks plausible that
the following cycle would be rather low. Note that a reli-
able estimate of the amplitude of the l = 5 harmonic can
be based on magnetic field data for several solar rotations
or even for a single rotation. E.g., back in early 2011 we
could expect that Cycle 24 would be low. Similarly, we can
claim now with the same degree of confidence that there are
no reasons to believe that Cycle 25 may be stronger than
Cycle 24 (see https://www.swpc.noaa.gov/products/solar-
cycle-progression).

MNRAS 000, 000–000 (0000)



The Extended Solar Cycle and Asimmetry of the Large-Scale Magnetic Field 5

Figure 2. Magnetic data (the yellow elements correspond to the positive polarity; the blue ones correspond to the negative polarity).
The upper panel shows a supersynoptic map based on Kitt Peak data. The horizontal lines represent co-latitude θ in units of sin θ. The
horizontal arrow shows the beginning of RTP in 1999, while the vertical arrow shows the Ripples region in 2007. The vertical red lines
show the maxima of the fifth harmonic (cf. Fig. 1). The lower panel shows the supersynoptic map based the WSO data as a sum of zonal
(m = 0) harmonics with l = 1, 3, 5, 7, 9 calculated by Eq. (1).

In Fig. 3, the upper panel shows a synoptic map of the
large-scale radial magnetic field reconstructed from three first
odd zonal harmonics (l = 1, 3, 5) smoothed over three Car-
rington rotations. The map presents two poleward waves and
basically agrees with a similar map produced directly from
WSO observations (http://wso.stanford.edu/gifs/all.gif) of
the antisymmetric total magnetic flux. The waves propagat-
ing equatorwards, however, are less pronounced on the plot,
only some of their traces being visible. Perhaps, the reason is
that we did not include higher-order zonal harmonics in the
analysis or the waves were smoothed out. Still by directly in-
cluding higher-order harmonics in the analysis and removing
smoothing we do not restore the wave, but rather obtain a
much more noisy map. Removing the l = 5 harmonics, we, on
the contrary, obtain a map that does not reproduce any tem-
poral drift at all. For comparison, Fig. 3 (lower panel) shows
supersynoptic map of the radial magnetic field reconstructed
from only three odd zonal harmonics (l = 5, 7, 9) smoothed
over three Carrington rotations. The map substantially dif-
fers from the previous one, because no Rush-to-the-Poles are
visible, however the equatorward drift is well pronounced.

To sum up, we can say that short before the reversal of the
polar magnetic field, both large-scale and relatively small-
scale magnetic fields appear virtually simultaneously at the

photosphere surface. Having appeared almost simultaneously,
the fields then begin to behave in quite a different way. The
large-scale component, which is a unipolar entity, propagates
producing Rush-to-the-Pole effect. As a result, one can see
two opposite in polarity Rush-to-the-Pole waves propagate
simultaneously over the solar surface. In contrast, local mag-
netic fields are bipolar entities, which propagate equator-
wards. Formally, the separation of waves of both types is
quantified by harmonics with l = 5.

4 ASYMMETRY AND EVEN ZONAL

HARMONICS

Now, let us discuss another phenomenon to be included in
the initial oversimplified solar dynamo model, i.e. the North-
South asymmetry. In Sect. 1, we mentioned some papers deal-
ing with the study of the North-South asymmetry (NSA), but
all of them are devoted to the analysis of structural elements
associated with the local magnetic field data, i.e., with the
toroidal field. It is reasonable, however, to expect that the
asymmetry is a fundamental property, which is inherent of
the large-scale magnetic field and should somehow manifest
itself at different latitudes. In particular, the magnetic–field

MNRAS 000, 000–000 (0000)



6 V. Obridko et al.

Figure 3. Superynoptic map of the large-scale radial magnetic
field reconstructed from three first odd zonal harmonics (l =

1, 3, 5)smoothed over three Carrington rotations (upper panel) and
from three odd zonal harmonics (l = 5, 7, 9) smoothed over three
Carrington rotations (lower panel).

reversal times are expected to be specific in the northern and
southern solar hemispheres.

Thus, there are quite a lot of factors that can lead to
NSA of the solar magnetic field. There is no need to change
significantly the main scheme of the magnetic field genera-
tion. NSA can be caused by the asymmetry in the occur-
rence of various processes that participate in the dynamo
mechanisms. In particular, this can be the asymmetry in the
meridional circulation rate (e.g. Cameron & Schüssler 2012;
Belucz & Dikpati 2013; Shetye et al. 2015) or in the α-effect
(e.g. Belucz et al. 2013), the diffusion through the equator
at large depths or in the surface layer (Norton et al. 2014),
or various stochastic effects in the Babcock-Leighton model
(Hoyng et al. 1994; Goel & Choudhuri 2009; Dikpati et al.
2006, 2007; Olemskoy & Kitchatinov 2013; Olemskoy et al.
2013). With an appropriate choice of parameters, one will
be able to explain both the synchronization of cycles in the
two hemispheres and their divergence by up to two years in
phase and up to 40 percent in amplitude (Norton et al. 2014).
However, the question of the origin of small fluctuations in
the asymmetry sign remains open. What exactly causes the
asymmetry of the components of the generation mechanism
is not clear, and we hope that the present study may shed
some light on this issue.

Certain differences in the characteristics of differential ro-
tation in the northern and southern hemispheres have been
reported by many authors (e.g. Badalyan & Sýkora 2006;
Zhang et al. 2011; Rightmire-Upton et al. 2012; Li et al.
2013). Simplified dynamo models consider the arising toroidal
field as anti-symmetric in respect to the solar equator while
the observational data tell us that the anti-symmetry is far
to be perfect. Later on, the α-effect converts this not entirely
symmetric toroidal field into the new not entirely symmet-
ric poloidal field. We note again that since the parameter
α is rather small, the fluctuations may reach 20 percent of
the mean value (Sokoloff et al. 2012; Pipin et al. 2012). Thus,
the dependence of the α-effect on possible fluctuations and
characteristics of the asymmetry may be rather strong. The
violation of synchronism in the work of the hemispheres must
affect the generation of the poloidal field. Thus, the asymme-
try is not only the measure of imbalance of the hemispheres,
but, to a certain extent, an indication of the reduced efficiency
of generation of the magnetic field of the following cycle.

It is interesting to note that a long–lasting (about 70
yr) imbalance between the hemispheres was observed dur-
ing the Maunder minimum (Ribes & Nesme-Ribes 1993;
Sokoloff & Nesme-Ribes 1994; Sokoloff 2004). In fact, only
the southern hemisphere was active in that period. Con-
stant prevalence of activity in the southern hemisphere man-
ifested itself in very high values of the asymmetry ampli-
tude. This is consistent with the negative correlation between
the asymmetry amplitude and the level of sunspot activity
Badalyan & Obridko (2017).

While the above–discussed phenomenon of the overlapping
of cycles is associated with the behaviour of odd zonal har-
monics, the asymmetry of the large–scale magnetic field is
determined by even zonal harmonics (the behaviour of the
first 4 even zonal harmonics is shown in Fig. 4). It is inter-
esting that the amplitude of some of the even modes shown
in Fig. 4 are more affected by the solar cycle than others,
and that this varies from cycle to cycle. E.g. g2,0 is quiet in
the year 2000, whereas g6,0 is quiet in the year 2014. Com-
paring Fig. 4 with Fig. 1, we learn that the even modes are
more variable and, perhaps, more noisy than the odd ones.
The main 11-year cycle is quite poorly represented in even
modes. Perhaps, some periodicity can be recognized at the
middle frequencies; however a spectral analyses is required
to verify the expectation (see below). In any case, each of the
even harmonics behaves quite specifically. The amplitudes of
the even harmonics decay with l, but not as dramatically as
the odd ones.

Fig. 5 shows a supersynoptic map of the radial magnetic
field component produced from two basic even harmonics, l =
2 and l = 4, which looks quite different from the synoptic map
presented in Fig. 3. Strips about 2–3 years wide are visible,
but the polarward drift is not very clearly pronounced. If,
however, the drift is visible, the strip has the same width at
all latitudes, and the drift also lasts as long as 2–3 years,
while traces of longer periodicities are absent. As a result,
the sequence of strips with positive and negative polarity has
a 5-year periodicity, which holds at all latitudes.

The structure of the bands in Fig. 5 (upper panel) generally
resembles the Ripples structure, bands of the same sign drift
rapidly towards middle latitudes, and then the drift slows
down and the band shifts to a later time. The whole process
takes 2-3 years. However, the Ripples in Figure 2 are much
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Figure 4. Time behaviour of the first four even zonal harmonics.
The scales are different for each panel and quite a bit smaller than
lower panel of Fig. 1.

thinner. An attempt to improve the situation by including
higher harmonics (see Fig. 5, lower panel) did not improve,
but rather worsened the situation. The picture became even
more confusing. We have to admit that it is not possible to
completely describe the Ripples phenomenon based only on
zonal harmonics. This, however, is understandable, since lo-
cal fields, which are not described by zonal harmonics, appar-
ently play a significant role in the phenomenon of asymmetry.
However, the inclusion of harmonics with m 6= 0 in the anal-
ysis is a separate and not simple task, to which we intend to
devote a separate article.

Here, we investigate cyclic variations of even harmonics as
an asymmetry measure for the large-scale magnetic field. We
consider both the amplitudes of harmonics and their absolute
values.

In Fig. 6, we show wavelet planes for different zonal har-
monics, Morlet wavelet is exploited: the upper row represents
g20 (left) and g40 right, the lower row shows |g20| (left) and
|g40| (right). As expected, the wavelet planes for the harmonic
amplitudes show distinct 5–7 year periodicities, while on the
plots for absolute values, these periodicities vanish and only
the period of about 11 years remains. This is seen even more
clearly in Fig. 7 with wavelet spectra. The harmonic spectra
show mostly a 5 to 6-year periodicity and only hint at an 11-
year periodicity, while the absolute value spectra show mostly
an 11-year periodicity and only hint at a quasi–biennial os-
cillation.

Figure 5. Spersynoptic map of the radial magnetic field compo-
nent produced from two basic even harmonics with l = 2 and l = 4.
(upper panel) and with four even harmonics (2,4,6,8) - lower panel
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Figure 6. Wavelet planes for different zonal harmonics, Morlet
wavelet is exploited: upper row – g20 (left) and g40 (right), lower
row – |g20| (left) and |g40| (right).

MNRAS 000, 000–000 (0000)



8 V. Obridko et al.

0 5 10 15 20 25
0,0

0,1

0,2

0,3

0 5 10 15 20 25
0,0

0,1

0,2

0,3

0 5 10 15 20 25
0,0

0,1

0,2

0,3

0 5 10 15 20 25
0,0

0,1

0,2

0,3
 

S

 g20

 |g20|

 

 

 g40

 |g40|

S

a, years

 g60

 |g60|

 

a, years

 g80

 |g80|

Figure 7. Integral wavelet spectra for harmonics g20 (top,left) and
g40 (top, right); g60 (bottom, left) and g80 (bottom, right) black
stands for amplitude, red stands for the absolute value.
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Figure 8. Integral wavelet spectra for several odd zonal harmonics
and their absolute values.

It is instructive to compare Fig. 7 with Fig. 8, which shows
the wavelet spectra of several odd harmonics (to save space,
we do not give the corresponding wavelet planes, however
they look as expected). Here, the 11-year cycle dominates
the spectra of absolute values as it does for the sunspot data,
since both tracers do not depend on the polarity of the mag-
netic field. The signed data hint at a 22-year cycle; however,
a reliable analysis is impossible now, as the total length of
the available record is 45 years only.

5 CONCLUSION AND DISCUSSION

Summarizing the results obtained, we conclude that the ba-
sic dynamo paradigm reproduces the main 11-year activity
cycle reasonably well in terms of two first odd zonal harmon-
ics of the large-scale magnetic field. On the other hand, the
concept of extended cycle needs some clarification as con-
cerns the processes under discussion. During the overlapping
phase, three activity waves coexist on the solar surface. In
this phase lasting about a year (McIntosh et al. (2014, 2019,
2020, 2021) call it the cycle terminator), along with the polar

magnetic field of the previous cycle, a relatively short polar
branch (described as "rush to the poles") and a longer equa-
torward branch appear, the latter existing until the sunspot
minimum. As a result, each solar hemisphere contains three
activity waves with opposite polarities, which lead to the ap-
pearance and enhancement of the odd zonal harmonic with
l = 5. The maximum amplitude of this harmonic dramat-
ically decayed over the past four cycles similar to the cy-
cle amplitude recorded in sunspot numbers. A particularly
strong decline in the value of the g50 harmonic is observed
after 2000, and this led to a low 24th cycle. Of course, four
cycles are not enough to provide a convincing statistics; how-
ever it seems plausible that Cycle 25 will not be higher than
Cycle 24. Here, we disagree with McIntosh et al. (2014, 2019,
2020, 2021) who expect a very high Cycle 25. In any case, the
overlapping phase took place at the beginning of the 2021,
but the amplitude g50 remains more or less the same as in
Cycle 24.

The SOHO (1996-2010) and SDO (2010-2020) observation
data (Kosovichev et al. 2021; Getling & Kosovichev 2022)
show that that the development of a new extended solar cycle
begins at the latitude of about 60◦ at the base of the convec-
tion zone during the maximum of the previous cycle. Then,
the process of magnetic field migration to the Sun’s surface
is divided into two branches: a fast (1–2 years) migration to
the poles in the high–latitude zone and a slow migration to
the equator at middle and low latitudes for 10 years. The
subsurface rotational shear layer (leptocline) plays a key role
in the formation of the magnetic butterfly diagram. A self–
consistent MHD model of the solar dynamo developed in the
mean–field theory framework is in good qualitative and quan-
titative agreement with the helioseismic observations. The
model shows that the phenomenon of extended solar cycle is
due to the magnetic field quenching of the convective heat
flux and modulation of the meridional circulation induced
by the heat flux variations. The model explains why the po-
lar field at the solar minimum predicts the following sunspot
maximum and points to new possibilities for predicting so-
lar cycles from helioseismological data (e.g. Pipin et al. 2022;
Stejko et al. 2021; Brandenburg et al. 2023).

Another effect in the time variation of the large-scale mag-
netic field discussed above is not directly related to the 11-
year periodicity, but is associated with short-period struc-
tures propagating over all latitudes with a moderate poleward
drift. The alternation of the sign of the magnetic field with a
characteristic time of 2÷5 years can be seen both directly on
the synoptic map and in the results of the wavelet analysis.

However, when we neglect the sign of the magnetic field
and represent the data as an energy spectrum, the ampli-
tude of the 11-year cycle in the spectrum increases sharply,
and the high-frequency component becomes much less pro-
nounced. The results are consistent with those obtained by
Badalyan & Obridko (2017). It seems likely that short-term
variations both in local magnetic fields and in large-scale ones
are determined by the upper part of the convection zone or
by the leptocline.

Another point is the relation between the results obtained
in this work and the concepts of the solar dynamo theory.
The comparison depends substantially on the level of the dy-
namo model under consideration. Of course, our results look
quite unexpected within the framework of the original so-
lar dynamo models like Parker (1955); Babcock (1961) and
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Leighton (1969). In the traditional cartoons of the solar cy-
cle, it is represented in terms of the first dipole models of
the toroidal and poloidal magnetic fields and a mid-latitude
wave of activity propagating equatorward. In fact, we have a
superposition of active phenomena, some of which propagate
equatorwards and the others – polewards with the zonal mode
l = 5 separating both types of propagation. On the other
hand, the fact that the solar cycle is something more than
just the propagation of magnetic tracers towards the equator
has been known since long ago both from the analysis of ob-
servations and theoretically. A careful analysis of oversimpli-
fied models like Parker (1955) demonstrates that some trac-
ers of poleward propagation are hidden even in these models
(e.g. Kuzanyan & Sokoloff 1995). It seems quite reasonable
to argue that present-day models of the solar dynamo, which
introduce additional physical drivers of the solar cycle (such
as meridional circulation and/or the possible role of differ-
ent layers of the solar convection zone in the dynamo ac-
tivity), actually describe the poleward propagation, together
with a well pronounced propagation towards the equator and
thereby reflect the main features of the original dynamo mod-
els. Both types of propagation are clearly shown in the recent
paper by (e.g. Pipin et al. 2022, see Fig. 5 therein). Present-
ing our results, we are modelling them to be comparable with
the results of Pipin et al. (2022). In our opinion, the above
plots demonstrate a reasonable agreement between the ob-
servations and theory.

Of course we do not insist that that the models by
Pipin et al. (2022) are the only models compatible with the
available observations. A comparison of our results with other
dynamo models is desirable and could serve a tool for fitting
dynamo models to observations; however, this obviously re-
quires a separate study.

Note also that the important role of the zonal harmonics
l = 5 can be to a certain extent explained by simple quali-
tative arguments. Indeed, one fifth of the meridional size of
the hemisphere is about 20◦, which is reasonably close to the
width of solar activity wave in a given phase of the solar cycle.

This simple qualitative argument will perhaps make it pos-
sible to find out how general the above results are within the
framework of the stellar magnetic activity. Indeed, it is diffi-
cult to expect that data on stellar activity more or less similar
to those used in our study would be available in the foresee-
able future; however, an observational estimate of the width
of the stellar activity wave for a particular star looks like a
more realistic task.
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6 DATA AVAILABILITY STATEMENT.

The main data series used in the analysis were ob-
tained at the John Wilcox Stanford Observatory (WSO).
These data began in May 1976 (Carrington Rota-
tion 1641) and have been continued till the present
(http://wso.stanford.edu/forms/prsyn.html). The polar field
is given after http://wso.stanford.edu/Polar.html. In Fig. 2,
we have used part of the picture from https: //solar-
science.msfc.nasa.gov/images/magbfly.jpg.

The sunspot data were taken from https://www.sidc.be
/silso/datafiles
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