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Abstract—The study of a reliable series of sunspot observations has allowed formulation of a scenario for the
sustainable development of solar cyclicity over the past ~190 years. This scenario predicts a change in the level
of sunspot activity in epochs of increased or lowered solar activity with selected transition periods, which gives
three different modes of the total magnetic field generation of the Sun with a duration of approximately five
cycles. Since January 2020, the 25th solar cycle has begun with the expected average magnitude according to
the development of the first 3 years and the Gnevyshev-Ol’ rule. Therefore, an attempt has been made to
study the observational characteristics of a family of average solar cycles in different epochs of solar activity,
i.e., the 13th, 15th, and 25th epochs of lowered solar activity, the 10th and 20th epochs of increased solar
activity, and the 17th and 23rd transitional periods between the epochs.
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1. INTRODUCTION

Cycles of solar activity (SA), the most remarkable
feature of the Sun, are regular, almost periodic,
changes in all known solar indices. They characterize
the entire complex of phenomena on the Sun. The
study of the characteristics, the course of develop-
ment, the distinctive properties of individual solar
cycles (SCs), and the rules of their alternation will
allow one to approach the construction of a model of
solar cyclicity and identify the main physical SA pat-
terns over time, thus approaching the long-term pre-
diction of subsequent solar cycles. The correct solu-
tion of these problems requires reliable observational
material and knowledge of the conditions and limits of
applicability of the reconstructed series of observa-
tions. Regular observations of sunspots began to be
performed by several observatories in Europe since
1849, when the 11-year periodicity of SA was finally
revealed. These studies determined a reliable series of
sunspot numbers (1849—2023) from the middle of the
9th to the 25th SC. In addition, R. Wolf restored the
average monthly values of this index up to 1749 (num-
bered series) and the average annual values up to
1700 according to fragmentary data from individual
European observers. The authors (Ishkov and Shibaev,
2006; Shibaev and Ishkov, 2012) compared the reliable
and reconstructed series and verified their consis-
tency. The spectral characteristics of the reliable and
restored series, as well as the corresponding parts of
the entire numbered series of relative sunspots, differ
significantly and almost all artifacts and differences
are concentrated in the restored part of the numbered

series. This conclusion shows that for the practical
study of the influence of SA on various natural and
technological processes and the identification of real
patterns of solar cycling, it is possible to use only the
reliable series, whose basic structure is stable over the
entire range of action. At the same time, the statistics
of reliable SCs can conditionally include cycles 8 and
9, which are adjacent to reliable cycles and do not con-
tradict the main SC characteristics of the reliable
series (Shibaev and Ishkov, 2012), thereby increasing
the statistics to 18 cycles of SA (~190 years).

The main result of studying the reliable series of the
relative numbers of sunspots is the identified scenario
of the sustainable development of solar cyclicity. This
scenario provides three consecutive intervals of
changes in the level of sunspot-forming activity and
includes epochs of increased and lowered SA with
clearly distinguished transition periods. The models of
sunspot-forming activity in this scenario require three
different modes of generation of a total magnetic field
(MF), which can be determined by the minimum
background values of the poloidal component in the
phase of the minimum SC according to observations
of the general MF of the Wilcox Solar Observatory
(WSO) in Stanford, United States [http://wso.stan-
ford.edu]. The duration of each epoch (about five
cycles) is 130—140 years, which include a full cycle of
implementation of all three modes and two transi-
tional SCs (before the beginning of the epoch of low-
ered SA and between epochs).

The smoothed areas of sunspot groups (averaged
for the corresponding epoch) clearly show the funda-
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Fig. 1. The epochs of increased and lowered SA in the areas of sunspots smoothed over epochs (ordinate axis). The upper bold
line is for the epochs of increased SA (SCs 18—22) with the addition of two transition cycles (SCs 17 and 23). The lower bold line
is for the epoch of lowered SA (SCs 12—16). The bold gray line is for past SC 24. The dotted lines reflect the spread of values for
the corresponding epochs. The abscissa axis shows the months after the minimum point. The drawing was adapted from

http://users.telenet.be/j.janssens/SC24web/SC24.html.

mental difference in the sunspot formation processes
in different epochs of the solar system (Fig. 1). The
curve for SC 24 is constructed separately and clearly
attributes this cycle to the epoch of lowered SA. The
mode of lowered SA leads to the formation of a
sequence of low and medium SCs, whereas the mode
of increased SA contributes to the appearance of a
sequence of high and medium SCs. Within the
epochs, all observational patterns and rules of the
sequence of SC development are preserved. The
development of the past SC 24 and the initial stage of
SC 25 confirm that the solar activity has entered the
second reliable epoch of lowered SA, i.e., the next five
SCs should be of low and medium magnitude. The
current SC 25 began in January 2020 and, in the
course of development for three years, falls into the
family of medium-sized SCs according to the Gnevy-
shev-Ol’ rule. This rule for reliable SCs was violated
only during the transition from the epoch of increased
to the epoch of lowered SA when the even SC 22 of
increased SA became higher than the odd transitional
SC 23 (Ishkov, 2012). Therefore, it becomes relevant
to study the characteristics of the entire observational
set of average SCs of various epochs of SA, i.e., low-
ered (13, 15, and 25), increased (10 and 20), and tran-
sitional (17 and 23) solar cycles.
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2. THE GENERAL CHARACTERISTICS
OF MEDIUM-SIZED SOLAR CYCLES

The solar cycles that are characterized by the max-
imum values of the monthly smoothed relative num-
bers of sunspots in the range of W:Zax = (80—140) =5
in the classical V1 system and W:ax = (140-200) £ 10
in the V2 system introduced since July 2015 (Clette
and Lefevre, 2016) are considered as the cycles with
average values (Fig. 2). In this work, the classical ver-
sion V1 is used. Table 1 presents the main characteris-
tics of all reliable SCs of the average value for the SA
epochs with two cycles for each epoch. Since the sta-
tistical data of the reliable number of solar cycles are
still very small, we can only talk about the trend in the
observed changes in the data. Whether this trend will
turn into a true scenario of solar cycling, will depend on
the further accumulation of observation statistics of SC.
However, at the moment, its use has allowed us to give
a correct forecast for the development and characteris-
tics of SC 24, the initial stage of development of SC 25,
and subsequent SCs of the 21st century.

The features of the development of SCs according
to duration were considered in (Ishkov, 2020). The
author has shown that all reliable SCs are divided into
two classes. The first class is SCs, the duration of
which exceeds 11.25 years (135 months) and, from the
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Fig. 2. Solar cycles of average magnitude. Thin lines are the average monthly values of the relative numbers of sunspots; thick lines
are smoothed over the year. The upper row is for the epoch of lowered solar activity; the middle row is for the epoch of increased
solar activity; the lower row is for the cycles of transition periods. The step of 0.5 years after the minimum point is on the abscissa
axis. The drawing was adapted from http://www.solen.info/solar/cycles1_to_present.html.

sample of the medium-sized cycles, includes cycles 10
and 13 of the 19th century, 15 and 20 of the 20th cen-
tury, and 23 and 25 (with a high probability) of the
21st century. The family of medium-sized SCs accord-
ing to belonging to the SA epochs was distributed as fol-
lows:

— SC 13 and, most likely, 25 to the epochs of low-
ered SA;

— SCs 10 and 20 to the epochs of increased SA;

— SC 23 of the transition period to the epoch of
lowered SA.

The second class with a duration of <11 years from
the family of cycles of average magnitude includes:
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— SC 15, whose duration was 10.1 years of the first
epoch of lowered SA;

— transitional SC 17 from the epoch of lowered to
the epoch of increased SA with a duration of 10.5 years.

It should be noted that the durations of all cycles of
the 20th century, excluding SC 20, were 10.5 years or
less. The reason for this phenomenon is still unknown
but this fact must be taken into account when con-
structing a model of solar cyclicity.

The main feature of SCs 20 and 10, which fell into
the epochs of increased SA of the first class, is a pro-
longed descending phase of decline and a short corre-
sponding phase of the minimum (19 and 20 months).
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Table 1. The general evolutionary characteristics of all reliable SCs of medium magnitude over SA epochs

N T, w' Ty T, W, TyT Tyl Ty T1, T2, Niess
10 1855 12 3.2 186002 | 186702 | 97.9 4.2 7.2 11.4 3.2 2.8 402
20 1964 10 9.6 196809 | 1976 06 | 110.6 4.1 7.8 11.9 3.2 5.75 269
13 1890 03 5.0 1894 01 | 190102 | 87.9 3.6 8.25 12.1 4.9 6.4 937
15 1913 08 1.5 1917 08 | 1923 07 | 105.4 4.0 6.1 10.1 4.9 4.9 526
25 2020 01 1.3 1.9

17 193309 34 193704 | 194401 | 119.2 3.6 6.9 10.5 4.5 2.75 262
23 1996 06 8.0 2000 04 | 2008 12 | 120.7 3.8 8.9 12.7 3.3 5.7 821
z 5.1 107 4.0 7.5 11.4 4.0 4.6 429

Ty, year and month of the beginning of the cycle; W:l, the minimum value of the Wolf number; Ty, year and month of the maximum

cycle; T, year and month of the end of the cycle; W,T,[ , the maximum value of the Wolf number; TYT, the duration of the growth branch
in years; TYJ/, duration of the decline branch in years; le, duration of the minimum phase of the growth branch; T2y, the duration
of the minimum phase of the decline branch; N, the number of spotless days on the decline branch of the past SC and the growth
branch of the current SC. The characteristics of the epoch of increased and lowered SA are in italics and bold, respectively; the data

for SCs of transitional periods are in the regular font.

The minimum phase here refers to the time interval
when the smoothed values of the relative numbers of
sunspots remain within W* < 30. The minimum phase
is common for the current SC and subsequent SC;
however, we refer the minimum point to the com-
pleted SC. In this paper, we distinguish and specify the
time intervals of the minimum phase from the begin-
ning of the cycle to the point W* = 30 (the phase of the
minimum of the growth branch) and the subsequent
phase of the minimum after the maximum of the cycle
from the point W* = 30 and to the end of the cycle (the

phase of the minimum of the decline branch).

A comparison of the evolutionary changes in vari-
ous cycles in the phases of the minimum (Fig. 3)
allowed us to distinguish two groups of SCs according
to the rate of decline with characteristic times of (13 +
10/—3) and (39 + 0/—5) months. The first group from
our sample included SCs 10, 17, 20, and 23. The sec-
ond group included SCs 13 and 15 from the first epoch
of the lowered SA. The main feature of SCs 20 and 10
is the prolonged phase of decline before the beginning
of the minimum phase and the short phase of the min-
imum (19 and 20 months). The rule of the short phase
of the minimum of the decline branch remains even
for long-duration SC 20. The transitional SCs to the
epochs of lowered SA and strictly cycles of lowered SA
belong to the long-duration cycles precisely because of
the prolonged phase of the minimum of the decline
branch. The average interval of the minimum phase
duration for these cycles is 41—47 months, but SC 13
was extremely prolonged (57 months).

In comparison with the other reliable data, the
medium-sized SC values of the epochs of lowered SA
have the following general qualitative and quantitative
characteristics (Ishkov, 2013):

— lower average initial values of W:]m (2.9 years) but
various duration (12.7 years for SC 23 and 10.1 years for
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SC 15); the longest of them (SCs 20 and 23) started
with the large values of -

— the duration of cycles
11.4 = 1.3 years;

— the duration of the growth branches on average
is approximately the same (4 + 0.5/—0.4 years);

on average is

— the duration of the decline branches on average
is also about the same (7.1 + 1.2/—1.0 years);

— the duration of the minimum phase of the growth
branch on average is also quite close (4.0 = 0.9 years);

— the duration of the minimum phase of the
decline branch on average has a larger spread (4.6 =
1.8 years);

— the number of spotless days around the minimum
phase of the decline branch is 429 + 508/—160 days;
especially the large spread is for the transitional SCs 17
and 23, i.e., the number of spotless days before the
epoch of the increased SA is three times less than that
before the epoch of lowered SA.

In SCs 13 and 15 of the epoch of lowered SA, the
almost equal number of sunspot groups with areas of
Sp = 1000 mph (52 and 50) and giant sunspot groups
with areas of Sp > 2500 mph (4 and 3) were observed.
There were 75 and 3 these sunspot groups, respec-
tively, in SC 20 of the epoch of increased SA. These
sunspot groups appeared more often (80 and 8,
respectively) in the cycles of the transition period of
SC 17 (from the lower to increased SA) but dropped
significantly (30 and 1, respectively) in SC 23 (from
the increased to lowered SA).

The prolonged minimum phases are those
between cycles (56—60 months) and, especially,
before low cycles, and in two cases out of three (23—
24 and 14—15 months).
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Fig. 3. The distribution of the duration of the phases of the minimum of reliable SCs. The left bold curve is for cycles of the epochs
of increased SA, two transitional (SCs 11 and 23) and SC 16 from the first epoch of lowered SA. The right bold curve for the cycles
of the epochs of lowered SA. The bold gray curve is for SC 24. The months after the minimum point is on the abscissa axis. The
drawing was adapted from http://users.telenet.be/j.janssens/SC24web/SC24.html#SC2425minimum.

3. DEVELOPMENT
OF CURRENT CYCLE 25 OF SA

The second cycle of the modern epoch of lowered
SA, current SC 25, began in January 2020 with the
lowest values of the Wolf number in the entire history
of reliable SCs, thereby limiting the duration of the
past SC 24 to 11 years (132 months). The pace of its
development on March 2023 (38 months) is more
consistent with the initial period of the development of
the medium-sized SCs (Fig. 4). According to the sta-
tistics of reliable SCs (10—24) within the SA epochs,
the observational rules and patterns of the SC devel-
opment were steadily fulfilled. This also applies to the
Gnevyshev-Ol’ rule, which predicts that the current
SC must be higher than the past low SC 24. Since the
beginning of the current cycle, we have been able to
use modern methods to study various characteristics
of SCs of the epochs of lowered SA (SCs 13, 15, and
25) and compare them with the similar cycles in the
epochs of both increased SA (SCs 10 and 20) and tran-
sition periods (SC 17 and 23), thus obtaining a com-
plete set of reliable medium-sized SCs with different
background values of the total magnetic field of the
Sun. This makes it possible to have a sound basis for a
deeper study of their development and characteristics
for a complete forecast of the characteristics of the SA
epochs in the future. During the period under review
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of the current cycle, SA passed the semi-phase of the
minimum (almost 2 years), which is a record for a
medium-sized SC and is slightly inferior only to the
past low SC 24; SA now entered the growth phase.
There was practically no asymmetry of sunspot-form-
ing activity after the appearance of the first sunspot
groups with the order of polarity of the current SC
(August 2017) until the formal beginning of the cycle.
However, with the beginning of significant sunspot-
forming activity (October 2020), the active regions of
the southern hemisphere began to prevail (17 vs. 3 on
December 20, 2020). More sunspot groups have
appeared in the northern hemisphere since November
2022 (see [https://sidc.be/images/wnosuf.png]).

The first large sunspot groups (Sp max ~1000 mph)
appeared on the visible disk of the Sun in the southern
hemisphere a year after the start of the current SC at
the end of November 2020. The first signs of its
appearance and localization on the back side of the
Sun came from the GONG helioseismological service
network on November 14, which made it possible to
predict its exit to the visible disk of the Sun on
November 23. The sunspot group was a simple bipo-
lar magnetic configuration with low flare activity
(only 10 X-ray flares of class C). By the end of Febru-
ary 2023, more than 500 sunspot groups had already
been observed on the visible disk of the Sun.
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Fig. 4. The development of the current SC 25 in the SC family of the first epoch of lowered SA. The months after the minimum
point is on the abscissa axis. The drawing was adapted from http://www.solen.info/solar/images/comparison_similar_cycles.png.

At the end of February 2023, there werel0 X-ray
flares of class X (X2.2); 15 flares of class M = 5; and
106 of class M1—M4.9, which is 115% of flares in
SC24. One proton event caused an increase in
ground-based neutron monitors (November 28, 2021)
and at least 60 solar filament ejections. Thus, all indi-
cators of the solar activity indicate that the current SC
exceeds the past low SC 24 but is significantly inferior
to the cycles of the average value of the epochs of
increased CA and the transitional cycles 17 and 23
between the epochs. Figure 5 shows the number of
solar flare events of X-ray C and M + X classes, which
indicates that the flare activity in the first 3 years of the
current 25th cycle even exceeds the corresponding val-
ues of transitional SC 23. The smoothed daily coronal
mass ejection values are slightly lower than those in
SC 24 (2.76 vs 3.16). The absolute values during the
last few months are comparable to the maximum of
the previous SC (about six/day).

Regular observations of solar cosmic rays, solar
proton events (SPE), for all the time (since 1969) to
date allowed us to study only two full solar cycles of
average magnitude, i.e., SC 20 of the epoch of
increased SA and SC 23 in the transition between the
epochs of increased to lowered SA, and the initial
period of SC 25 of the epoch of lowered SA. We com-
pared the initial periods of the development of all three
medium magnitude cycles under conditions of elevated
(SC 20), lower (SC 25), and variable (SC 23) back-
ground values of the total magnetic field of the Sun,
which affect the appearance of active regions, i.e.,
generators of powerful flare events and SPE. This study
showed that the generation of solar cosmic rays in cur-
rent SC 25 sets a record for the number of minor SPEs.
At least 19 SPEs occurred on August 2022, with particle

GEOMAGNETISM AND AERONOMY  Vol. 63 No.7

fluxes at a maximum of 21 cm~2c¢~!cp~! (GO). The first
SPE of the current SC occurred on November 29, 2020
(6.5 pfu), and the first and so far the only GLE event
occurred on October 28, 2021 (1.8 years after the min-
imum). Thus, the current SC 25 sets a record for the
number of minor SPEs in the entire history of SPE
observations, which indicated the preservation of the
facilitated proton yield in small flare events, as was
observed in low SC 24, which is the first SC of the sec-
ond epoch of lowered SA (Bazillevska et al., 2020).

Twenty-five magnetic storms were registered in
the geomagnetic field, two of which were large (G3)
and one was moderate (G2). The number of geoef-
fective (with an area of 1% of the visible disk or more
and |B| = 1 Gs) coronal holes remains lower.

4. CONCLUSIONS

The working SC scenario for a reliable series of
observations of the Sun gives reason to believe that the
epochs of lowered and increased SA (AT ~ 50—55 years,
5 SCs) are interspersed with transition periods (AT ~
17 years, ~1.5 SCs), when the total magnetic field of
the Sun changes the mode of sunspot-forming activity.
This indicates that the solar dynamo operates in two
modes, which is reflected in the power and manifesta-
tions of all active phenomena in the Sun.

No fundamental differences were found in the phys-
ical and statistical characteristics of the average SCs
depending on the epochs of SA. The level of the back-
ground values of the total MF determines the height of
the SC and the average cycles of the epochs of lowered
SA, which is a possible analog of high cycles of epochs
of increased SA when no low cycles are observed in a
significant number of observations of sunspots.
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Fig. 5. The number of X-ray solar flares (the left ordinate axis) of class C (gray) and class M + X (black) in SCs 23—25 and the
Wolf numbers (the right ordinate axis). The drawing was adapted from https://www.spaceweatherlive.com/en/solar-activity/

solar-cycle.html.

The development of the current SC 25 confirms
the observed continuing shortage of solar active phe-
nomena compared to the SC of epochs of increased
SA, which results in a significant decrease in the num-
ber of large solar proton events and strong sporadic
and recurrent geomagnetic and ionospheric distur-
bances because in the last case, the geoefficiency of
reliable coronal holes has not been restored.
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