24th cycle. We conclude that the maximum smoothed number of sunspots in the 25th cycle Wmax (25),
most likely, should be equal to 185 £ 18 units in the new system, which corresponds to the average power
of the solar cycle, with the fulfillment of the Gnievyshev-Olya rule. With such parameters of this cycle,
there are signs of approaching the deep minimum of the age cycle in the middle of the 21st century. there
is no This does not exclude the fact that this deep age minimum can occur suddenly and sharply
immediately after the 25th day of the cycle, as it was, for example, in the Dalton minimum.

Key words: Sun, solar activity, number of sunspots, amplitude forecast of the 25th cycle,
Gnievyshev-Olya rule, minimum of the age cycle.

LONG-TERM VARIATIONS OF MAGNETIC ACTIVITY OF THE SUN
DURING THE HOLOCENE

Valery Krivodubskij — D. Sc., Senior Research Fellow

The main law of the evolution of the Earth's climate is the cyclical nature of global changes
in the latter. One of the possible explanations for the cyclical nature of global climate changes is
provided by the astrophysical model of fluctuations in the insolation of the Earth's surface by
solar radiation. Modern climate change is mainly associated with variations in the magnetic
activity of the Sun, one of the main proxies of which are sunspots. The decrease in the number of
sunspots coincides with the epochs of cooling on the Earth, while during the maximum number
of sunspots warming is observed. The paper reviews cosmogenic reconstructions of long-term
variations in the Sun's magnetic activity (large minima and large maxima) during the Holocene
(last 12,000 years). The accidental appearance of large minima and maxima can to some extent
be reproduced by modern models of a turbulent dynamo with a stochastic drive.

An important key to studying the impact of solar activity variations on the Earth's climate is
the Maunder minimum (late 17th century), during which extremely little sunspots were observed.
Applying the method of analysis of rare events to these observations led researchers to conclude
that the appearance of sunspots at the Maunder minimum was characterized by a weak
amplitude of 22 years. The concept of continuity of magnetic cycles at this time is also confirmed
by measurements of cosmogenic radionuclides in natural terrestrial archives. Therefore, today it
is believed that during the Maunder minimum, the cyclic magnetic activity of the Sun did not
stop, although the amplitude of the cycles was quite low.

In the at2dynamo model, this may be due to the fact that the magnitude of the magnetic induction
of the toroidal field excited by radial differential rotation in the SCZ at this time did not reach
the threshold value required for lifting magnetic power tubes on the solar surface (nonlinear
dynamo mode).

A scenario for explaining the north-south asymmetry of magnetic activity during the Maunder
minimum is proposed. A key role in the proposed scenario is played by the special nature of the
internal rotation of the Sun, revealed as a result of helioseismological experiments.

The modern grand maximum of solar activity, which began in the 1940s, has ceased after solar
cycle 23, and activity of the Sun seems to be returning to its normal moderate level.

Key words: global climate changes of the Earth, sunspot cycles, magnetic fields of the Sun,
cosmogenic proxies of solar activity, Maunder minimum, modern grand maximum, solar
dynamo.

Science now has at its disposal reliable facts that the Earth's climate has repeatedly
undergone radical global changes over different periods of time. The main regularity of the
evolution of the Earth's climate is the cyclical nature of its global changes. The most important
element of the climate that affects its other characteristics, primarily the temperature, is the
radiant energy of the Sun. One of the possible explanations for the cyclicality of global climate



changes is provided by an astrophysical model of fluctuations in the irradiation of the Earth's
surface by solar radiation.

Modern climate changes are mainly associated with variations in the magnetic activity of
the Sun, one of the main indices of which is sunspots. The decrease in the number of sunspots
coincides with epochs of cooling on Earth, while during the maximum number of sunspots there
is warming. This paper provides an overview of cosmogenic reconstructions of long-term
changes in the Sun's magnetic activity (Grand minima and Grand maxima) during the Holocene
(last 12,000 years).

Grand minima

Let's start by considering the Grand minima — periods of significant decrease in solar
magnetic activity. An important key to studying the impact of variations in solar activity on the
Earth's climate is the Maunder minimum (at the end of the 17th century) (Fig. 1), during which
exceptionally few sunspots, carriers of a powerful global magnetic field, were observed.
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Fig. 1. Variations in the activity of the Sun (mean annual Wolff numbers) during 1600—
2000 according to observed sunspot data. A sharp weakening of solar activity in the
periods 1645 —-1715 and 1795 -1823 is commonly called the Maunder minimum and the
Dalton minimum. The increase in activity in 1940-2000 is the modern high maximum
[https://uk wikipedia.org/wiki/Solar activity]

The global magnetic field of the Sun determines the distribution of the interplanetary
magnetic field in the heliosphere and affects the formation of the Earth's magnetic field.
Together, they play the role of a protective shield against the penetration of galactic and solar
cosmic rays into the Earth's atmosphere. The general movement of the plasma of the solar wind
outwards from the Sun tries to "push™ galactic cosmic rays (GCR) out of the solar system back
into interstellar space, where they came from. As a result, there is an inverse correlation between
the intensity of the GCR and the power of the solar corpuscular radiation (solar activity). The
weaker the magnetic fields of the sunspots, the higher the intensity of cosmic radiation near the
Earth. The main markers (proxies) indicating the intensity of galactic cosmic rays are
cosmogenic radionuclides beryllium °Be and carbon '*C. Both radionuclides are formed in a
very similar way in the Earth's atmosphere as a result of nuclear reactions of galactic cosmic ray
particles with atmospheric nitrogen and oxygen [Masarik J., Beer J. An updated simulation of
particle fluxes and cosmogenic nuclide production in the Earth’s atmosphere// Journ. Geophys
Res-Atmos. — 2009. — V.114. — D11103]. The increase in cosmic radiation leads to an increase in
the number of radionuclides °Be and C in the Earth's atmosphere, since the rate of nuclear
reactions of the formation of these radionuclides is directly related to the intensity of the GCR
flow (which is modulated by magnetic fields in the heliosphere). In this regard, measurements of
variations in the number of radionuclides provide a unique opportunity to reconstruct the history
of cosmic radiation (galactic cosmic rays) over many millennia, which in turn reproduces
variations in solar magnetic activity in the past. Therefore, measurements of radionuclides stored
in terrestrial reservoirs (beryllium °Be in polar ice cores from Greenland and Antarctica, and
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carbon *C in the form of CO; in annual tree rings) (Fig. 2) provide a unique opportunity to
reconstruct the history of cosmic radiation (galactic cosmic rays) over many millennia, which in
turn reproduces variations in solar magnetic activity in the past [Steinhilber F. et al. 9,400 years
of cosmic radiation and solar activity from ice cores and tree rings// Proceedings of the National
Academy of Sciences. — 2012. — V.109, No 16. — P.5967-5971].

In other words, the reconstruction of variations in the concentration of cosmogenic
radionuclides indirectly reflects the variations of the protective helio-geomagnetic shield,
which regulates the penetration of GCR into the Earth's atmosphere. Changes in the intensity of
global magnetism cause variations in solar radiation, on which the insolation (and temperature)
of the Earth's surface depends. Within the framework of the astrophysical model, the latter
causes climate changes.

Cosmic rays

Production

System effects

Fig. 2. Accumulation of radionuclides in terrestrial reservoirs: carbon C in the form of
COz in annual tree rings and beryllium °Be in polar ice cores from Greenland and
Antarctica

Measurements of variations in the content of cosmogenic radionuclides in the earth's
archives led researchers to the conclusion that during the Maunder minimum, the cyclic
magnetic activity of the Sun did not stop (Fig. 3), although the amplitude of the cycles was
quite low.

Applying the method of rare event analysis to the observations of the sunspots led the
researchers to the conclusion that the appearance of sunspots during the Maunder minimum is
inherent in a weak 22-year cycle in amplitude. In the o Q2 dynamo model, this may be due to the
fact that the magnitude of the magnetic induction of the toroidal field, excited by the radial
differential rotation in the solar convection zone (SCZ), at that time did not reach the threshold
value necessary for the floating of magnetic power tubes to the solar surface (non-linear dynamo
mode).

Using the data of *C measurements in the growth rings of tree trunks, the authors
[Usoskin I.G. et al. Astron. Astrophys. 2007] carried out a quantitative reconstruction of solar
magnetic activity over the past 11,000 years, based on which a list of 27 Grand minima was
compiled. Grand minima of magnetic activity, a racy representative of which is the Maunder
minimum, are typical solar phenomena. The average duration of these minima is 70 years, but
the distribution in length is bimodal. As a rule, minima are either short (30-90 years) in duration,
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similar to the Maunder minimum, or quite long (>100 years), similar to the Sporer minimum. The
total duration of the grand minima is about 1900 years, indicating that the Sun at its current
evolutionary stage spends ~17% of its time in a quiescent state corresponding to grand minima.
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Fig. 3. Long-term variations of the Sun's magnetic activity during 1420-2000 based on
data from observations of sunspots and isotopes of beryllium. The lower curve is the Wolf
number (relative number of sunspots), which characterizes the intensity of spot formation.
The upper curve is the concentration of the radionuclide beryllium °Be (relative units) in
the polar ice cores, which serves as a marker of the intensity of the global magnetic field of
the Sun. [F. Steinhilber, J.A. Abreu, J. Beer et al.// Proceed. of the National Academy of
Sciences. — 2012. — V.109, No 16. — P.5967-5971]

The occurrence of Grand minima indicates that they do not appear periodically, but rather
as a result of a chaotic process within clusters of magnetic activity manifestations separated by
2000-2500 years. Most researchers believe that the occurrence of Grand minima is a purely
random process, for which the probability of Grand minimum occurring at any point in time is
constant. Usoskin 1. et al. in paper [Grand minima and maxima of solar activity: new
observational constraints// Astron. Astrophys. — 2007. — V.471. — P.301-309] conducted a
statistical analysis of the time of occurrence of Grand minima and concluded that their
appearance is not the result of long-term cyclical changes, but is determined by stochastic
processes. This means that an event can be random, but its probability is heterogeneous in time
and depends on previous history. Such behavior can be interpreted as self-organized processes
related to the accumulation and release of energy. The observed feature may be an artifact of
small statistics (only 27 Grand minima), which makes this result only indicative, which requires
further investigation in the future [Usoskin I.G. Living Reviews in Solar Physics. 2013; Moss D. at al.
Solar Phys. 2008; Usoskin I.G. et al. Solar Phys. 2009].

North-south asymmetry of solar activity during the Maunder minimum

A very important feature of solar activity during the Maunder minimum was its strong
north-south asymmetry, when sunspots were observed mainly only in the southern
hemisphere of the Sun [Sokoloff D.D., E. Nesme-Ribes. Astron. Astrophys.1994]. We proposed
a scenario to explain the north-south asymmetry of magnetic activity (the number of observed
sunspots) during the Maunder minimum. A key role in the proposed scenario is played by the
special nature of the internal rotation of the Sun, revealed as a result of helioseismological
experiments. According to the data of helioseismology [Howe R. Solar interior rotation and its
variation// Living Rev. Sol. Phys. — 2009. — V.6 (1). — P. 1-75], the SCZ is naturally divided into

12



polar and equatorial domains with opposite signs of the radial gradient angular velocity
parameter 0Q/or. In view of this, different regimes of differential rotation must obviously have a
certain influence on the processes of magnetic excitation in the specified areas of the Sun. Fig. 4
shows the structure of the poloidal magnetic field excited within the framework of the
aQ dynamo, which we built on the basis of physical characteristics taken from M. Stix's solar
convection zone model [Stix M. The Sun: An Introduction — 2nd ed. — Berlin: Springer-Verlag. —
2002].

The north-south asymmetry of the distribution of the surface (background) magnetic field
(left hemisphere) is clearly visible, caused by the exit of the lines of force of the deep poloidal
field to the solar surface: in the northern hemisphere there are three latitudinal zones with
interspersed signs of magnetic polarity, while in the southern hemisphere there are only two
zones with opposite signs of polarity, since the directions of the lines of force of the dipole and
quadrupole coincide here at mid-latitudes. Differential rotation, acting on the indicated
harmonics of the poloidal field, excites dipole and quadrupole harmonics of the toroidal field,
respectively.

The dominant harmonics of each type play a specific role in the magnetic cycle scenario.
For a longer period of time, the cycles are usually ruled by the dipole, which is responsible for
the north-south ratio of the signs of the magnetic poles of the global field, which is described
by Hale's law [Hale G.E., Nicholson S.B. The low of Sun-spot polarity// Astrophys. Journ. — 1925.
—V.62. — P.270-300].
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Fig. 4. The structure of the global poloidal field (dipole and quadrupole modes) excited by
the aQ2-dynamo mechanism in the SCZ in the vicinity of the tachocline section near the
epoch of the maximum activity of the 23rd cycle. Right hemisphere: magnetic field lines
of dipole (6*<40°, 0Q/or >0, dynamo section 1) and quadrupole (6*>50°, 0Q/or <0,
dynamo section 2), A1, A2 — meridional extent of generation areas. Left hemisphere:
latitudinal zones with positive (+) and negative (—) magnetic polarity of the surface
(background) field, which correspond to deep magnetic structures

However, when approaching the moment of sign change (reversal) of polar magnetism,
favorable conditions are created for the excitation of a quadrupole against the background of a
fading dipole. The quadrupole dynamo-harmonic of the toroidal field gives rise to a small
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number of bipolar groups of spots with the "wrong polarity" of spots. We believe that during the
Maunder minimum, the quadrupole dynamo-harmonic of the toroidal field prevailed, which led
to an increase in the number of sunspots in the southern hemisphere of the Sun.

Grand maxima

Let's move on to the consideration of Grand maxima. The last decades have been a period
of very active Sun, with an unprecedentedly high level of solar activity in the last few centuries
covered by direct solar observations. The number of sunspots increased rapidly between 1900
and 1940, with the average number of sunspots more than doubling, and remained at this high
level until recently [Usoskin I.G. A history of solar activity over Millennia// Living Reviews in
Solar Physics. — 2013. — V.10. — P.1-94]. The average number of sunspot groups for 1750-1900
was 35 £ 9, while in 1950-2000 it was at a high of 75 + 3. Therefore, the current episode of the
active Sun, which began in the 1940s, can be considered as a Grand maximum of SA (Fig. 5).

However, after a very weak solar minimum in 2008-2009, we can confidently say that
solar activity is returning to its normal moderate level or perhaps even to a low activity stage
[Usoskin I.G. Living Reviews in Solar Physics. 2013]. And thus, the episode of high solar
activity known as the modern Grand maximum appears to have ended. Although researchers
generally perceive the current episode of active Sun as a special phenomenon, and the question
of whether such a high solar activity is typical or something extraordinary is a matter of debate.
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Fig. 5. Temporal cyclic variations of solar activity (smoothed annual average Wolff
numbers) for 1900-2012. The increase in solar activity from 1940 to 2000 (shaded part of
the figure) is commonly called the modern Grand maximum [https://uk
wikipedia.org/wiki/Solar cyclicity]

The question of how often episodes of high maxima occur and how strong they are cannot
be studied with a 400-year series of direct observations. Therefore, quantitative analysis is only
possible using long-term cosmogenic radioisotope records. As a result of the analysis of the solar
activity series reconstructed from the data of °Be and C [S.K.Solanki et al. Nature. 2004]
measurements, it was established that the previous similar burst of activity occurred
approximately 8 millennia ago. Based on this, it was concluded that the current burst of activity
is a very rare event [Usoskin I.G. A history of solar activity over Millennia// Living Reviews in
Solar Physics. — 2013. — V.10. — P.1-94]. In connection with this, the search for slightly smaller
amplitude bursts of activity becomes relevant. In paper [Usoskin I.G. Living Reviews in Solar
Physics. 2013] a list of bursts of activity determined using the data of cosmogenic measurements
of 4C for the last 11,400 years, when the number of sunspot groups in 50 years consistently

14



exceeded 50, was considered. A total of 19 such Grand maxima were identified with a total
duration of about 1030 years, which indicates about the Sun being in a heightened active state
for about 10% of the time.

Statistical analysis of the time of occurrence of Grand maxima shows that they do not
follow long-term cyclical variations, but, like Grand minima, are determined by stochastic
processes. Most of the reconstructed major maxima (about 75%) were not longer than 50 years,
and only four major maxima (including the present one) were longer than 70 years [Barnard L.
et al. Predicting space climate change// Geophys. Res. Lett. — 2011. — V.38. — L16103.— 6 p.]. This
indicates that the probability of the continuation of the current episode of the active Sun is low
[S.K.Solanki et al. Nature. 2004; J.A.Abreu et al. Geophys. Res. Lett. 2008]. Although, as noted
in paper [Usoskin I.G. Living Reviews in Solar Physics. 2013] this is not a forecast of future
solar activity, but only a statistical estimate.

Fig. 6 shows the long-term cyclic variations of the Sun's magnetic activity during
the last millennium, determined by measurements of the *C radionuclide concentration in the
annual growth rings of tree trunks.
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Fig. 6. Long-term cyclical variations of the &-concentration of the radionuclide *C (in
relative units per mille based on measurements in annual tree rings), which serves as a marker of
the intensity of the global magnetic field of the Sun during the period 900—2000 [https://uk
wikipedia.org/wiki/Solar cyclicity]

Conclusions

Thus, studies of several decades proved that during the last post-glacial period in the
Earth's history (the Holocene lasting ~ 11.7 thousand years), the Sun spent about 70% of its time
in a normal state characterized by average solar activity.

However, about 15-20% of the time the Sun experiences a Grand minimum, while ~10%
of the time is occupied by periods of Grand maxima.

Features of the long-term observed unusual changes in the time of the magnetic activity of
the Sun serve as a challenge for the developers of theoretical models of the solar dynamo.

The random appearance of Grand minima and Grand maxima can to some extent be
reproduced by modern models of turbulent dynamo with stochastic drive, but some problems still
remain and await their solution in the future.

JTIOBI'OTPUBAJI BAPIAIIII MATHITHOI AKTUBHOCTI COHIIA
BIIPOJOBXK I'OJIOLUEHY
Baunepiii KpuBonyo6cbkuii — 1-p is.-mar. HayK, CTapiInii HAYKOBUI CIIiBpOOiTHUK

OcHO6HOI0 3aKOHOMIPHICIIO e8OMIOYIL Kimamy 3emai € YukaiuHicmb 2100aNbHUX 3MIH OCTAHHBLOZO.

Oone i3 MONCIUBUX NOACHEHb YUKITYHOCME 2N00ANbHUX 3MIH KIIMAmy HA0Ae acmpo@izuyHa Mooeilb
KOIUBAHb ONPOMIHEHH NoeepxHi 3emiai cousunoro padiayicto. CywacHi 3miHU Kiimamy noe s3aui
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nepesaxcHo 3 eapiayisimu macHimuoi akmuenocmi CoHyYs, OOHUM 3 OCHOGHUX [HOEKCI 5KOI € COHAYMI
nasamu. 3MeHwenHs KilbKOCMI COHAYHUX NISAM 30i2a€mbCA 3 enoxamu noxXoai00amnts Ha 3emii, mooi AK nio
4ac MAaKCUMANbHOL KITbKOCMI NAAM CROCMmepieacmvbCcs Nomeniinus. Y cmammi 3pobneno 02asa0
KOCMO2CEHHUX PEKOHCMPYKYILL 00820MPUsanux 3min maenimnoi akmusrocmi Conyst (6enuxi MiHimMymu ma
genuKki maxcumymu) npomseom 2onoyeny (ocmaunni 12 000 pokig). Bunaodkosa nosiea eeiuxux
MIHIMYMIB | MAKCUMYMIB NEBHOI MIPOIO Modce Oymu 8I0mMEopeHa CYYacHUMU MOOeIsIMU MYpOYIeHMHOZ0
OUHAMO 3i CMOXACMUYHUM NPUBOOOM.

Baoicnueum karouem 00 6uuenHs niugy eapiayiti COHSIUHOI akMueHOCMI Ha Kuimam 3emai € MIHIMyM
Maynoepa (nanpuxinyi XVII cm.), nio uac sxo2o0 cnocmepieanocsi GUHAMKOBO MANO COHSAHUHUX WJISAM.
3acmocysarns memooy aHanizy pioKiCHUX ROOill 00 YUX cnocmepexdceHb NPUBeso O0CIiOHUKIE 00 BUCHOBKY,
WO Nosigi COHAUHUX NJAM Ni0 vac MiHimymy Maynoepa npumamantull claOKuil 3a amMniimyoo 22-piyHuil
yukn. Kownyenyia 6OesnepepsHocmi MAacHIMHUX YUukiie )y yel 4ac nNiOmMEepoICyEMuCs MAKO’C
BUMIDIOBAHHAMU KOCMO2EHHUX PAOIOHYKNIOi6 Y NPpUpOOHUX 3emHux apxieax. Tomy Huui nputinamo
esaxcamu, wo nio uac miHimymy Maynoepa yukniuna maeuwimua axmuseHicms Conys He NPUnUHANACA,
Xoua amnaimyod yuxiie 6yia 00cums HU3bKOIo.

Y mooeni aQ-ounamo ye modce b6ymu nog ’sa3ano 3 mum, wo MAeHimHa iHOYKYisi MOpoioaibHO20 Nojs,
30y0xcenoeo padianvrum ougepenyitinum ovepmannsm y CK3, y yeti wac He 00cseana nopo2o8oco 3HAYEHHS,
HeoOXIOH020 ONid CNIUBAHHS MASHIMHUX CUIOBUX MPYOOK HA COHAYHY HOBEPXHIO (HeMHIUHUL pedcum
ouHamo).

3anpononosano cyenapiii NOSICHeHHs NIGHIYHO-NIBOCHHOI acUMempii MAeHIMHOI aKMUEHOCMI Nio 4ac
Minimymy Maynoepa. Kuouogy poav y 3anponoHosanomy cyeuapii gidiepae 0cooOausuil pesitcum
8HYMpiuHb020 0bepmanns CoHYs, GUABLEHUIL Y Pe3YIbMami 2eai0CeticMOA02IYHUX eKCePUMEHMIS.

Cyuacnuii senuxuu maxcumym axmusnocmi Conys, sxuii nowascs 6 1940-x pp., npununuecs nicis 23-
20 cousaunoz2o yuxny, i axmugHicms COHYs, 30A€EMbCA, HOBEPMAEMBCA 00 CBO20 HOPMANLHOZO
NOMIPpHO20 DIBHA.

KarouoBi cjioBa: rino0anbHi 3MiHM KTiMaTy 3eMJli, IUKIM COHSYHUX IUIAM, MarHitHi mosst CoHIld,
KOCMOTE€HHI MapKepH COHSYHOI aKTHBHOCTI, MiHIMyM MayHzepa, Cy4acHWUl BHCOKHH MaKCHMYM,
COHSIYHE TUHAMO.
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