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latter. It has been shown that the mean-field dynamo is undoubtedly the main mechanism that generates solar
activity and the 11-year cycle. However, the magnetic flux generated in the dynamo, although it is the genetic
basis of solar activity, still does not allow us to unambiguously connect the characteristics of the magnetic
field with other indices of solar activity, including the best known indicator, the number of sunspots. Magnetic

fields of active regions and spots are formed from the mean magnetic flux. Its most important properties are
the threshold nature and the preservation of the full flux. This is why a completely reliable long-term SSN
forecast is possible after the occurrence of an equatorial wave approximately 18 months before the maximum.
The processes in leptocline play a decisive role in this case.

1. Introduction

According to the generally accepted theory, the fields of local
regions arise from the poloidal magnetic field. A proxy for the latter
can be the field in the polar regions that is measured directly by mag-
netographs. It is true that these measurements are not very accurate,
since the field at the pole is mainly perpendicular to the line of sight
and, therefore, magnetographs give a large error. However, until now,
the available data showed a high correlation between the magnitude of
the polar field and the number of sunspots (Wang and Sheeley, 2009;
Petrovay, 2020; Biswas et al., 2023).

This view relies on the idea that there is a single mechanism of
solar activity generation and that once the poloidal field is formed, the
sunspot cycle is completely predetermined. This is not always the case.
It is not clear to what extent the solar dynamo is determined by stochas-
tic or deterministic processes (Mininni et al., 2002). Furthermore,
existing dynamo models deal with mean-field dynamos. Therefore, the
output of any theory is the field structure, not the sunspot number that
should be predicted. As a result, attempts to rely on dynamo models
have yielded contradictory results (Biswas et al., 2023; Bushby and
Tobias, 2007; Kitiashvili and Kosovichev, 2008, 2011; Kitiashvili, 2016;
Dikpati et al., 2006; Dikpati and Gilman, 2006; Choudhuri et al., 2007;
Upton and Hathaway, 2018; Jiang et al., 2018, 2023; Bhowmik and
Nandy, 2018; Labonville et al., 2019; Guo et al., 2021; Bhowmik et al.,

2023). For a detailed review of these publications, see Nandy (2021).
In this regard, the current cycle is indicative. According to polar field
data, one would expect the cycle to be almost the same as Cycle 24 or
slightly higher (Nandy, 2021).

In May 2023, the smoothed SSN number reached 123.9 and contin-
ued to rise steadily. Cycle 25 promised to be at least 10% higher than
Cycle 24 (Obridko et al., 2023b,a) as the arrow in Fig. 1 shows, but this
forecast also turned out to be underestimated. A strong increase in ac-
tivity in the second half of 2024 changed the course of the cycle and the
smoothed value for March 2024 was 141.3. Currently, according to the
ROB forecast service (https://sidc.be/SILSO/forecasts), the maximum
is expected in October 2024, and its height will be about 160.

2. Cyclic variation of the magnetic field at all latitudes

To understand the nature of the anomalous cycle, we must first look
at the cyclic variation of solar activity at all latitudes.

This rather complex supersynoptic map of the magnetic field (Fig.
2) allows us to identify the manifestations of the following processes.
We see an area where the flow migrates to the poles from about —35°
and +35° in the southern and northern hemispheres, respectively. This
phenomenon, commonly called Rush-to-the-Poles (RTP), is mainly as-
sociated with large-scale magnetic fields. For example, in 2020 (when a
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Fig. 1. Relationship between the polar field measured in 47 and the height
of the upcoming sunspot cycle. For cycle 25, two values are shown - the one
predicted based on the polar field (thin arrow) and the one actually achieved
in October 2024 (thick red arrow)
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Fig. 2. The magnetic time-latitude (“butterfly”) diagram for the radial compo-
nent of the line-of-sight magnetic field from the SOHO and SDO data; picture
is taken from Rozelot et al. (2025). Red line is added by us to show the region
where the polar field is measured.

forecast of the polar field for Cycle 25 was issued), we see a long bright
band (i.e. a long-lived, slightly changing field of positive polarity) near
the north pole, which comes to the pole from the mid-latitudes. At
the same time, a gray band of negative polarity appears in the mid-
latitudes, which begins to drift toward the pole and reaches it only in
2024. After the RTP reaches the pole, it replaces the previous wave of
activity, leading to a reversal of the magnetic field. At the same time, a
third band of intermittent color appears (mostly black as at the pole).
This wave drifts toward the equator and reaches it only by 2025. The
wave appears as a standard Maunder butterfly diagram and is primarily
associated with the local magnetic fields of active regions. Both the
pole and the equatorial waves appear almost simultaneously and have
opposite dominant polarities of the magnetic field. However, the point
is that at certain times the map shows two Rush-to-the-Poles waves with
opposite magnetic field polarities. When one of them almost reaches
the pole, the other one just appears at mid-latitudes. At these times,
the map contains three areas of the field polarity which are opposite in
a given zone to the neighboring one. In the southern hemisphere the
picture is identical up to the change of sign.

The simultaneous presence of two Rush-to-the-Poles events with
opposite magnetic-field polarities on the Sun has attracted the attention
of experts. In particular, McIntosh et al. (2014, 2019, 2020, 2021)
introduced the concept of a cycle terminator as the moment when two
activity waves depart from the latitude of 55°, one propagating equa-
torward and the other poleward. Obridko et al. (2023b,a) expanded
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Fig. 3. Polar field measured (http://wso.stanford.edu/Polar.html) - magenta
line and sunspot number - black line.

this concept. According to their proposal, it includes the simultaneous
propagation of all three coexisting activity waves (two poleward and
one drifting equatorward). This lasts for about a year. This time interval
is called the “overlap phase”. This overlap phase can be quantitatively
described in terms of the 5th zonal harmonic of the magnetic field.

Using the Hilbert transform, McIntosh et al. (2020) calculated termi-
nator times over 140 years with an accuracy of 0.01 years. In particular,
after 1978, the terminators occurred at 1978.00, 1988.25, 1998.25,
and 2011.08. The data are quite close to the times of our overlapping
phases. McIntosh et al. (2020) proposed using the time between two
successive terminators as a predictor of the solar cycle amplitude and
expected Cycle 25 to be very high. However, this idea requires that
the terminators were determined with very high accuracy, which is
generally quite difficult.

3. What is meant by the polar field?

Why did the forecast of the height of Cycle 25 based on the polar
field data not work? An important point here is that the data available
from the WSO website (http://wso.stanford.edu/Polar.html) are not
exactly the polar field (of course, there are other obvious limitations).

The Sun’s Polar Field strength is measured in the polemost 3’
apertures at WSO each day. The polemost aperture measures the line-
of-sight field between about 55° and the poles. In this case, the longitu-
dinal component is measured directly, i.e. at these latitudes it is close to
the meridional one. Even if we assume that the field on the photosphere
is radial, then at these latitudes it is multiplied by the cosine of the
latitude, which is < 0.57. In Fig. 2, the lower limit of the summation
interval is shown with the red line. It is evident that the field structure
here is far from simple. Both waves traveling to the pole contribute to it,
and the contribution of the field near the lower boundary is dominant.

Fig. 3 shows the polar field based on data from http://wso.stanford.
edu/Polar.html (magenta line) and the smoothed sunspot number SSN
based on data from https://sidc.be/SILSO/datafiles. It is evident that
the SSN maxima correspond fairly well to the reversals of the polar
magnetic field. At the same time, the SSN minima correlate poorly with
the dates of the polar field maxima. For example, in 1994 and 2004 the
lead of the latter is quite significant. Moreover, the date and magnitude
of the polar field extremum are very uncertain. It is understandable
since, as can be seen in Fig. 2, this extremum is the sum of three waves
of different polarity and different dependence on time and latitude.

This means that one should not focus on the polar field. The model
must include a scheme for converting the mean field into spots and
take into account that this occurs somewhat differently in the two
hemispheres and, probably, directly under the photosphere.
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Fig. 4. Supersynoptic map of the large-scale radial magnetic field recon-
structed from the odd zonal harmonics / = 1, 3, 5 smoothed over three
Carrington rotations (upper panel) and from the odd zonal harmonics / = 5,
7, 9 smoothed over three Carrington rotations (lower panel) The map is taken
from Obridko et al. (2023b) and reconstructed, magnetic field is given in G.

4. Equatorward wave

Another point is that the poleward waves are not directly related to
the equatorward wave, which generates spots. The latter starts at much
lower latitudes (40°-50°), although its sign coincides with one of the
polar waves.

In fact, the polar and equatorial waves that arise in a common
physical process are also not directly related. Moreover, they genet-
ically consist of objects of different spatial structure. This is shown
in the figure from Obridko et al. (2023b) (Fig. 4, lower panel). In
order to ascertain the role of these waves, we have expanded the solar
magnetic field into spherical harmonics. Data on the field longitudinal
component obtained at the John Wilcox Observatory are available
at the WEB site http://wso.stanford.edu/forms/prsyn.html. They are
presented in the form of synoptic maps for each Carrington rotation
based on individual observations for each day. The map is a table of
the longitudinal magnetic field values taken at every five degrees of
longitude at 30 points in equal steps of sine latitude from +14.5/15 to
—-14.5/15.

These data are used to calculate the coefficients of the multipole
expansion under the assumption of a potential field (for more details,
see Obridko et al., 2023b). Then, the supersynoptic map is recalculated
for the entire observation interval.

The upper panel in Fig. 4 represents a supersynoptic map of the
large-scale radial magnetic field reconstructed from three first odd
zonal harmonics (! = 1, 3, 5) smoothed over three Carrington rota-
tions. The map shows two waves directed poleward. However, the
waves propagating towards the equator are less clearly pronounced,;
only some of their traces are visible on the plot. The lower panel
shows for comparison the supersynoptic map of the large-scale radial
magnetic field reconstructed only from three odd zonal harmonics (/
=5, 7, 9), also smoothed over three Carrington rotations. The map
differs significantly from the previous one. No Rush-to-the-Poles effect
is present, but the drift towards the equator is clearly pronounced. In
summary, we can say that shortly before the inversion of the polar
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magnetic field on the photosphere, both large- and relatively small-
scale magnetic fields appear almost simultaneously. However, once
appearing, the fields begin to behave differently. The unipolar large-
scale component propagates, creating the Rush-to-the-Pole effect. As a
result, one can see that two rush-to-the-pole waves of opposite polarity
propagate simultaneously on the solar surface. In contrast, the local
magnetic fields are bipolar features that propagate to the equator.

To clarify the cyclic variation of the equatorial wave, we plotted
the magnetic field averaged over a rotation for several latitudes sepa-
rately for the northern hemispheres (Fig. 5). No additional assumptions
were made. We used direct observations of the longitudinal field, as
given on the Web site http://wso.stanford.edu/forms/Prsyn.html. The
lower panel shows the total sunspot numbers in two hemispheres. Our
analysis here is performed based on WSO data, and comparison with
different magnetic field datasets such as NSO, HMI being obviously im-
portant (c.f. e.g. Riley et al., 2013) however, requires separate research.
The SOHO/HMI and SOHO/MDI data cover a very short time interval
and were obtained with a significantly higher spatial resolution.

On the topmost (near-polar) line, the magnetic field extrema are
in antiphase with sunspot numbers as should be the case according to
the basic dynamo model. The magnetic field extrema, both positive and
negative, strictly correspond to the sunspot minima and the dates of the
reversals are close to the moments of the sunspot maxima. But starting
from the latitude of 50°, the situation changes. Now, the extrema
correspond to the sunspot numbers. A wave independent of the polar
zone and going to the equator has emerged.

Since the sunspot number does not depend on the sign of the
mean field, we had to make a comparison with the time and latitude
variations in the mean-field absolute value. This comparison is shown
in Fig. 6. Here, one can readily see a secular decline in the near-polar
magnetic field.

The maximum of the mean field in the period from 2004 to 2008,
which should have corresponded to the prolonged decline phase of
Cycle 23, is scarcely noticeable. Many observers noted the unusual
character and long duration of this phase. At mid-latitudes, however,
this feature disappears. The maximum at these latitudes and directly at
the equator agrees with the secondary maximum of sunspot numbers.
Note that even directly at the equatorial latitudes the mean magnetic
field does not fully correspond to the sunspot curve. Transformation of
the magnetic field into a sunspot is not straightforward and requires
additional conditions.

5. Discussion

The mean field and the sunspots are closely related but not iden-
tical phenomena. The general idea is that the mean-field dynamo
creates a mean-field toroidal flow, which, by means of some additional
mechanism, disintegrates into separate tubes.

The mean magnetic flux forms magnetic fields of active regions and
spots. We emphasize that this is not part of the dynamo process, and
no new total flux is generated. This is a fairly complex process, the
initial impulse of which is an increase in the magnetic field to a certain
threshold value. At this value, the heat influx from below becomes
weaker, and thermodynamic processes begin to act. If the region of
the increased field is large enough compared to the horizontal optical
thickness at the photosphere level, a dark feature (a sunspot) appears.

Helioseismic studies have shown that the most significant changes
in the solar cycle occur in the Near-Surface Shear Layer (NSSL), which
occupies about 5% of the solar radius at the top of the convection zone.
The shear of velocity can transform part of the poloidal magnetic field
into a toroidal one, and, in addition to the global dynamo operating
in the main part of the convection zone, e.g. Pipin et al. (2023), the
magneto-rotational instability may play a certain role (Vasil et al.,
2024).

Even more complex is the variation in the radial gradient d logw
/d log r with latitude, depth, and formation time of sunspots and active
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Fig. 6. Comparison in the mean-field absolute value and sunspot number.

regions in the leptocline — a shallow and sharp rotational shear layer
at a depth of about 8 Mm (Rozelot et al., 2025; Kosovichev et al., 2025).

Below the leptocline, the negative gradient increases during an
activity cycle in regions of strong magnetic field drifting towards the
equator and decreases at high latitudes. In the leptocline, the variations
are less pronounced and have a more complex structure similar to
extended overlapping cycles of torsional oscillations. In particular,
the rotational gradient is stronger not only during the maximum but
also during the minimum of solar activity, when there are no strong
magnetic fields on the solar surface.

In general, we can say that the mean-field dynamo is, undoubtedly,
the main mechanism generating the solar activity and the 11-year
cycle. However, the magnetic flux generated by the dynamo, being
genetically the basis of solar activity, still does not allow us to conclude
that there is an unambiguous connection between the characteristics
of the magnetic field and other indices of solar activity, including
the best-known index - the sunspot number. Therefore, a completely
reliable long-term SSN forecast is possible only after the equatorial

wave appears approximately 18 months before the maximum (note that
this point was mentioned by Kleeorin et al. (2024)).

As a result of a complex combination of several interacting pro-
cesses, Kleeorin et al. (2024) issued a reliable forecast for Cycle 25,
which has not yet been completed. They created a dynamo model of the
Sun that can reliably reproduce the properties of the mean field. The
magnetic fields of active regions and spots are formed from the mean
magnetic flux based on the NEMPI mechanism (e.g. Brandenburg et al.,
2016, negative effective magnetic pressure effect). Its most important
properties are the threshold nature and the conservation of the full flux.
To predict solar activity over a short time interval, two approaches
to the numerical solution of the problem are combined: the nonlinear
mean-field dynamo equation and an artificial neural network.

We note that the shape of solar cycle in form of polar- and equa-
torward propagating activity wave looks to some extent similar to the
form of stellar butterfly diagram suggested by Berdyugina and Henry
(2007) for HR 1099.
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