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A B S T R A C T 

We explore the links between the averaged sunspot numbers (SSN) and a modulus summary curve (MSC) of two largest 
eigenvectors of the solar background magnetic field (SBMF) derived from principal component analysis. MSC has rather close 
correspondence with the whole set of SSN revealing close cycle timings, duration, and maxima times for the cycles 12–24, 6, 7, 
and −4, −3, while for a few cycles in the mid-18th and mid-19th centuries there are discrepancies in the maximum amplitudes, 
durations, and times of the maxima. Possible reasons of these discrepancies related to uncertainties in the SSN observations in 

the 18th–19th centuries, in MSC definition and the different solar activity entities they represent: toroidal (SSN) and poloidal 
(MSC) magnetic fields, are discussed. Wavelet and Fourier spectral analysis of SSN and MSC series reveal within 95 per cent 
confidence levels the same prominent period of 10.7 yr, whereas SSN series show a period of 101 yr and MSC of 342 yr close to 

or abo v e 95 per cent red-noise level. The correlation coefficients between SSN and MSC series vary from 0.25 for the whole SSN 

data set (from 1700), to 0.56 for the data sets from 1860, to 0.67 for the data sets from 1900 when all SSN restorations agree. 
These SSN and MSC data sets are confirmed to be closely but not identically related representing the solar activity in different 
entities of solar dynamo. Use of the summary curve and MSC of eigenvectors of SBMF can provide additional information to 

SSN for better understanding of solar activity. 

Key words: dynamo – methods: data analysis – methods: statistical – Sun: interior – Sun: magnetic fields – Sun: sunspots. 
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 I N T RO D U C T I O N  

olar activity is a fundamental process of generation radiation, 
nergetic particles and waves affecting the Earth and other planets, 
he climate, and human life. The points how sunspot activity varies 
n time and how it is linked to magnetic activity are very important
ssues investigated by many researchers. For the past two centuries, 
 solar cycle was defined through sunspot numbers and this solar
ctivity index was also used for prediction of the future solar
ctivity while testing mechanisms of the solar dynamo providing 
onversion and transport of solar magnetic fields from the solar 
nterior to its surface. The dynamo models operate with poloidal 
nd toroidal magnetic fields (Parker 1955 ), with the first one being
he solar background magnetic field (SBMF), and the second one 
eing the magnetic field of magnetic loops in activ e re gions, which
re embedded into the solar surface, whose roots look like sunspots.

Sunspots were actively studied across various cultures and geogra- 
hies of the Earth from visual observations before the invention of a
elescope and from telescopic monitoring of the Sun after; although, 
hese observations were affected by observational gaps and unquan- 
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ified uncertainties (Schwabe 1843 ; Wolf 1850a ; Hoyt & Schatten
998b ; Soon & Yaskell 2003 ; Arlt 2008 ; Kane 2008 ; Arlt 2009 ;
gurtsov 2013 ; Clette et al. 2014 ; Arlt et al. 2016 ; Zito 2016 ; Chatzis-

ergos et al. 2017 ; Hayakawa et al. 2017 ; Tamazawa et al. 2017 ;
illamo, Usoskin & Ko valtso v 2017 ; Neuh ̈auser, Arlt & Richter

018 ; Mu ̃ noz-Jaramillo & Vaquero 2019 ; Arlt & Vaquero 2020 ;
arrasco, Gallego & Vaquero 2020 ; Simpson 2020 ; Carrasco et al.
021 ; Hayakawa et al. 2021 ; Vokhmyanin, Arlt & Zolotova 2021 ). 
For the past 400 yr and even longer than 1000 yr, if Chinese

bservations are included, sunspots were observed with different 
evel of regularity. In the middle of 19th century, a few experienced
bserv ers disco v ered that dark spots on the sun, sunspots, appear
ather periodically with maxima and minima occurring within every 
1 yr (Schwabe 1843 ; Wolf 1850a , b ). Based on this periodicity,
he first index of solar activity was expressed with monthly sunspot
umbers, or Wolf’s number W, averaged from many observatories 
Wolf 1850a , b ). For nearly 300 yr relative Solar sunspot number
SSN) are still used ( http:// www.sidc.be/ silso/ home ) as the solar
ctivity index. 

In addition to SSN, the group sunspot number (GSN) were 
ntroduced Hoyt & Schatten ( 1998a , b ), in order to repair a deficiency
n observing small sunspots making this index, the resulting GSN, 
ompatible with the SSN. Other authors tried to identify the solar
ctivity nature with underlying solar magnetism giving the full cycle 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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or every 22 yr because the leading magnetic polarity of sunspots is
hown to change every 11 yr (Hathaway, Wilson & Reichmann 2002 ;
athaway 2015 ), (see also Livingston, Penn & Svalgaard 2012 ;
ago vitsyn, Pevtso v & Livingston 2012 ) and managed to reduce
oise levels in the standardized sunspot numbers by accounting for
maller and more sporadic individual spots (see e.g. Hathaway 2013 ;
arrasco et al. 2018 ). 
Svalgaard & Schatten ( 2016 , 2017b ) revisited the issue and

rought up-to-date the Group Number series (Hoyt & Schatten
998b ). Svalgaard & Schatten ( 2017b ) compared four reconstruc-
ions of the number of sunspot groups (‘active regions’) restored by
ifferent authors with different methods for the period since AD 1900
here the solar data are of sufficient quality. Despite severe criticism
f the research by Svalgaard & Schatten ( 2016 , 2017b ) on the pro-
edural grounds (e.g. Lockwood, Owens & Barnard 2016 ), this criti-
ism was successfully dismounted (Svalgaard & Schatten 2017c ). In
 act, it w as shown that all these reconstructions agree with each other
ithin a few per cent, if using the data since 1900 when the underlying

unspot data are plentiful and of good quality (Cliver 2016 ). 
There are also a few other indices of solar activity besides SSN,

.g. Sunspot Areas (SSA), radio flux F10.7, total solar irradiance TSI,
adio intensity FI, etc. which show very good agreement with each
ther for the periods of time when they are available (Hathaway
015 ). F or e xample, Chatzistergos et al. ( 2017 ), using a daisy
hain process with backbone (BB) observers, calibrated probability
istribution functions (PDF) and concluded the solar activity to be
ather moderate in 18th–19th centuries while increased in the 20th
entury. Willamo et al. ( 2017 ) using the singular spectrum analysis
id a new reconstruction of sunspot numbers marking the centennial
ariability of solar activity and the modern grand maximum occurring
n the second half of the 20th century. 

Usoskin et al. ( 2021 ) applied a Monte Carlo method to find the
engths and strengths of cycles outside grand minima, which were
greeable with those derived from the direct sunspot observations af-
er 1750. The authors reported that only grand solar minima (GSMs)
nd maxima of solar activity can be confidently detected while
eported noticeable shifts of sunspot maxima in some individual
olar cycles in 17th–18th centuries. 

Recently, Zharkova, Shepherd & Zharkov ( 2012 ) and Zharkova
t al. ( 2015 ) suggested to use an additional proxy of solar activity
eigenvectors of the SBMF obtained from the Wilcox Solar Obser-
 atory (WSO) lo w resolution synoptic magnetic maps. By applying
he principal component analysis (PCA) to the synoptic magnetic
ata for cycles 21–23 (Zharkova et al. 2012 ) and recently for 21–24
Zharkova & Shepherd 2022 ) the key eigenvalues and eigenvectors
ere identified representing magnetic waves of the solar surface. 
The first pair of eigenvectors covered by the largest amount of the
agnetic data by variance, or principal components (PCs), reflects

he primary waves of solar magnetic dynamo produced by the dipole
agnetic sources (Zharkova et al. 2015 ). The temporal features of

he summary curve of these two PCs show a close resemblance to
he sunspot index of solar activity (Zharkova et al. 2015 ; Zharkova &
hepherd 2022 ). This similarity occurs despite the eigenvectors, EV,
nd sunspot index (SSN) representing very different entities of solar
ctivity: poloidal magnetic field (EV) and toroidal magnetic field
SSN). This similarity allowed the authors (Zharkova et al. 2015 ) to
uggest the summary curve of the two PCs as a new, or additional,
olar activity proxy. 

The advantage of using the summary curve as solar activity proxy
s the usage of real EVs of the poloidal magnetic field oscillations,
erived from the magnetic field measurements and the fact that they
re expressed by mathematical formulae as a function of time. This
NRAS 521, 6247–6265 (2023) 
roxy introduces an extra-parameter, a leading polarity of SBMF
Zharkova et al. 2015 ), which is shown to be in antiphase with
he magnetic polarity of leading sunspots (Zharkov, Gavryuse v a &
harkova 2008 ). 
The summary curve, calculated backward 1200 and forward to

200, reveals the very distinct variations of 11 yr cycle amplitudes
n every 350–400 yr, or grand solar cycles (GSCs). These GSCs are
eparated by the GSMs when the 11 yr cycle amplitudes become
ery small, similar to those reported for Maunder, Wolf, Oort, and
ther GSMs. The summary curve has also shown the modern GSM
o occur in the cycles 25–27, or in 2020–2053 (Zharkova et al. 2015 ;
harkova 2020 ). 
The timings of GSMs are defined by the interference (so-called

eating, or summation of cosines, effect) of two magnetic dynamo
aves with close but not equal frequencies defined by slightly
ifferent frequencies of the oscillations of two magnetic waves
enerated in different layers of solar interior (Zharkova et al. 2015 ).
hese different frequencies can be caused either by occurrence of

wo layers with slightly different velocities of meridional circulation
n Zhao et al. ( 2013 ) and Zharkova et al. ( 2015 ), or by interference of
he dynamo waves generated at the bottom of the Solar Conv ectiv e
one (SCZ) with natural oscillations of the solar interior. 
It was also shown that these variations of the summary curve of

BMF are also linked to some volcanic e vents, which sho w some
ifferent patterns before and after 1860 when a strong geomagnetic
erk was reported (Newitt & Dawson 1984 ; Newitt et al. 2002 ). The
ummary curve of SBMF is shown to correlate very closely (correla-
ion coefficient 0.84) with the frequencies of volcanic eruptions after
860, while being weakly (0.23) correlated before 1860 (Vasilie v a &
harkov a 2022 ; Vasilie v a & Zharkov a, in preparation). The volcanic
ruption frequencies with high correlation coefficient are shown to be
aximal during the maxima of solar cycles with the magnetic fields

f southern polarity, which is expected during the next solar cycle
6 (2031–2042). The weak correlation, if the early sunspot data are
ncluded, is in line with the findings about large uncertainties with the
unspot index restoration in the 18th and mid-19th centuries ( SS16 ;
valgaard 2017 ). 
The reduction of solar magnetic field and solar activity in cycles

5–27 was also predicted recently by the other researchers comparing
he zonal harmonics of SBMF (Kitiashvili 2020 ; Obridko et al.
021 ) derived from the same WSO synoptic maps of magnetic
eld used by Zharkova et al. ( 2015 ). In addition, the other re-
onstructions of sunspot cycles showed using singular spectral
nalysis (Courtillot, Lopes & Le Mou ̈el 2021 ) prediction of lower
unspot numbers in cycle 25 or using Bayesian approach fitting the
ater cycles from 1850 towards the modern times the occurrence
f the modern GSM in cycles 25–27 (Velasco Herrera, Soon &
egates 2021 ), similar to that predicted by Zharkova et al. ( 2015 ).
lthough, the later Bayesian fit of the whole series of sunspot

ycles including those in 17th century ( Velasco Herrera et al. 20 22 )
eveals a good correspondence of the model cycles to the sunspot
ycles while not matching the cycle durations or times of their
axima. 
These findings raise significant interest to a comparison of the

unspot activity indices with the index derived from eigenvectors
f SBMF (Zharkova et al. 2015 ). The overview of solar activity
ndices defined by sunspots and uncertainties in their definition are
resented in Section 2 , including recent restoration of the sunspot
ndex with Bayesian method while a comparison of the summary
urv e of eigenv ectors deriv ed from the SBMF synoptic maps with
he sunspot index described in Section 3 and the conclusions are
rawn in Section 4 . 



Comparison of solar activity proxies 6249 

2
S

M  

o  

c
D

2

O
d
t
(  

w  

o
D
i
t
(
n
K

a  

s  

t  

t  

a  

s
I  

t
F  

fi
m

 

v
o
s
W
A
(
c
s  

(

S
H
S
d
q

2

2

A  

b  

a
T  

c
e  

t

b  

W
W  

N
 

e
o
1  

c  

(  

a  

w  

2  

G  

d  

t
 

2  

t  

h  

u  

b  

b  

f  

o
b  

‘
 

o  

a  

f  

w  

−  

c  

t  

u
w

c  

s  

t  

s  

t  

b

I
B  

S  

1  

d
u

 

a

m

(

i  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/4/6247/7109272 by guest on 20 April 2023
 SOLAR  AC TIVITY  INDICES:  AV ERAG ED  

UNSPOT  N U M B E R S  

ost of our knowledge about sunspots in the 18th century relies
n sunspot drawings by J.C. Staudach (digitised by Arlt 2008 ). The
urrent averaged sunspot numbers are provided by SILSO World 
ata Center ( 2021 ) from 1730 until present. 

.1 Historical sunspot data: collection and problems 

bservations of sunspots were carried out since 17th century in 
ifferent countries without any systematic approach to generalize 
he observations loosing the interest towards the end of the century 
see Fig. 1 , top plot) believing that the appearances of sunspots
ere accidental. From the middle of the 18th century, the number of
bservations has increased by a number of observers (Wolf 1877 ; 
reyer 1903 ; Svalgaard 2017 ). Information about solar activity 

n the period 1749–1799 is based primarily on data from only 
wo observers: Christian Horrebow and Johann Caspar Staudacher 
Hoyt & Schatten 1998b ) while the reconstructions of sunspot 
umbers during these years diverge significantly (Hathaway 2015 ; 
aroff et al. 2019 ). 
Then based on the records of daily observations between 1826 

nd 1843, Schwabe ( 1843 ) disco v ered a frequency of occurrence of
unspots with a cycle to be ∼10 yr. Later Rudolf Wolff redefined
he duration of a solar cycle finding the maximum number of spots
o be repeated every 11.1 yr (W olf 1852 ). W olf ( 1877 ) introduced
 system of Wolf sunspot numbers (WSN), where the number of
unspots per day was determined by the main (preferred) observer. 
f the main observer was unable to count, then the definition from
he secondary or tertiary observer with different weights was used. 
or each observer the indi vidual observ ations are used to compute,
rst, monthly averages, then yearly averages from the averages of all 
onths, if in this year at least one observation is carried out. 
A primary observer was selected based on length of the obser-

ational series (as long as possible) and on the perceived ‘quality’ 
f sunspot observations, e.g. suitable telescope, regularity of ob- 
ervations, and a lack of detected problems. From 1849 to 1893, 
olf himself was the main observer, then the others were used: 
lfred Wolfer (Zurich) from 1894 to 1926, William Otto Brunner 

Zurich) 1926–1944, and Max Waldmeier (Arosa) 1945–1979. In the 
urrent times, the International Sunspot Number has been provided 
ince 1981 by the Royal Observatory of Belgium with Sergio Cortesi
Locarno) as the main observer. 

Wolf expanded the records 100 yr back, using Johann Kaspar 
taudacher (Nuremberg) as the main observer from 1749 to 1787, 
onore Flogerga (Vivier) from 1788 to 1825, and Samuel Heinrich 
chwabe (Dessau) from 1826 to 1847. The scientists made very 
etailed sketches of the structure of sunspots, which are not lower 
uality in detail to even the best images taken with modern telescopes. 

.2 Recent restorations of the sunspot data 

.2.1 General comments 

 significant step in improving the sunspot series was made in 1998
y Hoyt & Schatten ( 1998a , b ; HS98 thereafter) who published
 revised sunspot series with sunspot groups (GSN) from 1610. 
he GSN series of Hoyt & Schatten ( 1998b ) is found to be more
onsistent and homogeneous with Schwabe’s data throughout the 
ntire studied period as found by Leussu et al. ( 2013 ), whereas
he WSN records decreased by roughly 20 per cent around 1848 
ecause of the change of the primary observer from Schwabe to
olf. Although, the GSN reconstruction becomes very similar to 
SN before the 1.25 correction factor was applied (Hoyt, Schatten &
esme-Ribes 1994 ). 
Clette et al. ( 2014 ) reported about a noticeable trend found and

liminated in the solar activity index derived from the observations 
f the Locarno Observatory, which was a reference observatory after 
980. Also, Clette et al. ( 2014 ) derived the three-peak shape (so-
alled �-type distribution) of the original GSN by Hoyt & Schatten
 1998a , b ) for sunspot Cycle −1 with the peaks in 1736, 1739,
nd 1741. Later a modified single peak shape for this solar cycle
as suggested by a number of authors (see, e.g. Usoskin et al.
004 ; Vaquero 2007 ; Vaquero, Gallego & Trigo 2007 ; Vaquero &
allego 2014 ) after more historical records of sunspot counts were
isco v ered. Although, the deri v ation by Clette et al. ( 2014 ) indicated
hat the real shape of cycles in early years is not yet confirmed. 

Then an almost 400 yr history of sunspot activity from 1610 to the
000s was revised by joint efforts of researchers (Svalgaard & Schat-
en 2016 , 2017a , b ). Svalgaard & Schatten ( 2016 ; SS16 hereafter)
as recounted the groups (and spots) for the present analysis and they
se that recount as the base against which to normalize the counts
y other observers. In order to bridge the gap with a poor overlap
etween the Schwabe and Staudach BBs and by examining the data
or the decades surrounding the year 1800 when the change of the lead
bserver happened, SS16 concluded that the group counts reported 
y these observers during that interval can fall into two categories:
low count’ observers and ‘high count’ observers. 

It was found ( SS16 ) that o v erall, Wolf undercounted the number
f groups by ≈25 per cent, while the counts of sunspots by these
uthors agree closely with Wolf’s one. Although, the results by SS16
or cycle −10 do not agree with that by Hoyt & Schatten ( 1998b ),
hereas Lockwood, Owens & Barnard ( 2014 ) found that the shape
10 was similar to that of Hoyt & Schatten ( 1998b ). The authors also

oncluded that solar activity in the 20th century was not much higher
han that in the 18th century ( SS16 ; Svalgaard 2017 ), whereas the
ncertainties in sunspot restoration in the 18th and mid-19 centuries 
ere much higher than after 1900. 
Recent data revision of potential periods of sunspot maxima and 

 ycle durations deriv ed from the carbon 14 C isotopes in the trees is
hown the shifts in 18th century of some maxima of sunspot numbers
o the early years (Usoskin et al. 2021 ). This highlights the fact that
unspot indices in the first 15 cycles are based on unreliable data or
he data with many wrong attributes not known then to the person
uilding the sunspot index. 

Since July 2015, the SILSO International Data Center (Sunspot 
ndex and Long-term Solar Observations) at the Royal Observatory of 
elgium maintains a ne w, re vised series of relative sunspot numbers
SN (Version 2.0), which was considered to be fairly reliable since
750 (Leussu et al. 2013 ; Clette et al. 2014 ; SS16 ). This solar activity
ata associated with averaged sunspot numbers SSN (V2) will be 
sed here for a further comparison (see Fig. 1 bottom plot). 
The main advantages of the corrected version SSN Version 2.0 are

s follows: 

(i) the usage as basis of observational series of Alfred Wolfer 
aking them comparable with modern sunspot definitions; 
(ii) the usage after 1947 of the weights introduced by Waldmeier 

 1961 ) in accordance with a size of the sunspots; 
(iii) the elimination of a noticeable trend in the solar activity 

nde x deriv ed from the observations of the Locarno Observatory,
 reference observatory since 1980 (Clette et al. 2014 ). 
MNRAS 521, 6247–6265 (2023) 
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M

Figure 1. Top plot: The number N of observations per year used to reconstruct the averaged sunspot numbers. Bottom plot: The averaged sunspot numbers 
reconstructed from 1600 until the present time (SILSO World Data Center 2021 ). 
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The available observations of sunspots for given periods are
ummarized in Fig. 1 , bottom plot (Vasilje v a & Pishkalo 2021 ).
he maximum number of sunspots was observed in the 19th cycle

285.0) and the minimum number of sunspots was observed in the
ixth cycle (81.2). The shortest and longest cycles were respectively
he second and fourth cycles with the duration of 9.0 and 13.58 yr
Vasilje v a & Pishkalo 2021 ). 

.2.2 Wavelet analysis of the avera g ed sunspot numbers SSN 

n order to detect the main periods in given series, we use a wavelet
nalysis with Morlet mother wavelet �( η) utilizing the main steps
escribed in the summary of the Program in of Atmospheric and
ceanic Sciences, University of Colorado, of the usage of wavelets

n Astrophysical applications (Torrence & Compo 1998 ). The Morlet
avelet analysis was applied to detect the frequencies (or periods) of

veraged sunspot numbers as it is the most suitable mother wavelet to
etect multiple periods in a temporal series (see section 3 in Torrence
 Compo 1998 ). The results of Morlet wavelet analysis are plotted
ig. 2 with the original series of sunspot numbers presented in the top

eft plot, the wavelet spectrum in the bottom left plot, the colour bar
f wavelet po wer sho wn in the top right plot and the global wavelet
solid black line) and Fourier (indigo line) spectra (see sections 5 and
, respectively, in Torrence & Compo 1998 ) presented in the bottom
ight plot. 

Since we use the finite-length temporal series, the errors occurring
t the beginning and end of the wavelet power spectrum are controlled
NRAS 521, 6247–6265 (2023) 
ith the COI indicating the edge effects in the wavelet spectrum (see
ection 3g in Torrence & Compo 1998 ); COI is marked with the black
ashed line in the wavelet spectrum in Fig. 2 , bottom left plot. The
eriods detected by the wavelet analysis are verified by the global
smoothed) wavelet spectrum defined by formula (16) in section 5a
f Torrence & Compo ( 1998 ), presented in Fig. 2 , bottom right plot,
y the solid black line. The black dashed line in the global wavelet
pectrum shows the 95 per cent confidence interval of the wavelet
pectrum as discussed below. The detected peaks in the wavelet
pectrum, linked by convolution theorem to the Fourier transform
see formula (4) and Section 3h in Torrence & Compo ( 1998 )], are
lso verified by the Fourier spectrum shown by the indigo line in the
ame Fig. 2 , bottom right plot. 

In order to e v aluate the significance le vel of the detected wavelet
esults, we assume that the background spectrum of the wavelet as
 red-noise spectrum with the increasing power when its frequency
ecreases. Since the Morlet wavelet is a series of bandpass filters of
 time-series, we used Monte Carlo simulations to produce the red-
oise local wavelet spectrum as described in section 3 of Torrence &
ompo ( 1998 ). In this case, if the peak of a wavelet spectrum is

ignificantly abo v e this red-noise background spectrum, then this
eak can be considered statistically significant with 95 per cent of
onfidence. The definition states (see section 4c in Torrence & Compo
998 ) ’a significance at 5 per cent level is equi v alent to the 95 per cent
onfidence level and implies a test against a given background level.
t the same time, the definition of the 95 per cent confidence interval
efines the range of confidence about the gi ven v alue’. Then for a

art/stad1001_f1.eps
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Figure 2. Left top plot: The averaged sunspot numbers SSN versus time in 1700–2020 including purely defined cycles. Left bottom plot: Wavelet spectrum 

with periods ( Y -axis) derived from sunspot numbers with the black dashed line showing the cone of influence (COI) (see the text for details). Right top plot: The 
power bar for the wavelet spectrum. Right bottom plot: The global wavelet spectrum plotted by the solid black line, the black dashed line shows the 95 per cent 
confidence interval for the wav elet spectrum. F ourier spectrum is marked by the indigo line. The red-noise of the wavelet spectrum at the 95 per cent confidence 
le vel sho wn by the red dotted line. F or details see the te xt in Section 2.2.2 . 
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iven background spectrum by using formula (18) in Torrence & 

ompo ( 1998 ) and defining the confidence for � 

2 to be 95 per cent
t is possible to construct the contours of 95 per cent confidence level
nd then 95 per cent confidence interval. 

This introduction explains the various curves obtained with 
avelet analysis presented in Fig. 2 . The 95 per cent confidence

nterval of the global wavelet spectrum is marked by the black dashed
ine in Fig. 2 , right plot, the dashed red line denotes the red noise of
he wavelet spectrum within the confidence interval of 95 per cent. 
ote that the power of the red noise grows with a reduction of

requency, e.g. with the growth of a period of oscillations. The 
eaks of the global wavelet spectra abo v e the confidence level of
5 per cent (marked by the black dashed line) are considered to be 
ignificant. 

The wavelet spectrum of temporal series of the averaged sunspot 
umber reveals the powerful significant peak at 10.7 yr (correspond- 
ng to an 11 yr cycle) detected well abo v e the required 95 per cent
onfidence level. There are also indications in the global wavelet 
pectrum of two larger periods: 60.6 and 101 yr. The first period
f 60.6 yr appears as a bump well below the black dashed line
defining the 95 per cent confidence level) and much lower than 
he red dotted line defining the red noise at 95 per cent confidence
nterval. The second period of 101 yr associated with Gleissberg’s 
entennial cycle is detected as the peak well above the black dashed
ine pointing to the 95 per cent confidence level while at the edge
f the red noise at 95 per cent confidence interval. The Fourier
pectrum shows peak at 100 yr, a wide-but-low bump in the Fourier
pectrum for the period of 60 yr, some smaller peak at about 2.5–
 yr and a sharp but not high increase at the period of 21.4 yr
hat can be related to the biennial cycle and double 11 yr cycle.
heir occurrences were suggested to be treated as stochastic noise 

Cameron & Sch ̈ussler 2013 , 2019 ), although these could be real
eaks. Further investigation of this point is discussed in Section 
.1.3 . 
Hence, a wavelet spectrum of the sunspot numbers clearly detects 

 period of 10.7 yr while has some indication of larger periods of 60.6
nd 101 yr. The absence in the wavelet spectra of a double period
21.4 yr) of the single period of 10.7 yr, signs of which are seen only
n Fourier spectrum, is fully understood in terms that the sunspot
umbers are scalar magnitudes, which do not have magnetic polarity 
ndicated in their numbers, thus, they do not have the criteria to distin-
uish the periods of 21.4 yr associated with varying magnetic polarity
f leading sunspots. Hence, for the scalar sunspot numbers only 
he 10.7 yr period is detectable. The two larger periods of 60.6 and
01 yr are detected below or at the edge of the 95 per cent confidence
nterval of the red noise. These periods appear to be less confidently
etected because of a short length (320 yr) of the whole sunspot data
et, so that they would require further investigation as suggested by
e Mou ̈el, Lopes & Courtillot ( 2017 ) and Cameron & Sch ̈ussler
 2019 ). 
MNRAS 521, 6247–6265 (2023) 
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Figure 3. A comparison of the PMOD reconstruction with Bayesian approach (orange line) ( VH21 ) with the sunspot reconstruction (green line) ( VH22 ). 
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.3 Discrepancies with fitting the averaged sunspot numbers 

.3.1 Bayesian fitting of sunspot numbers 

here are two reconstructions VH21 and VH22 of the solar cycles
epresented by sunspots produced by the same group of authors
Velasco Herrera et al. 2021 , 2022 ), which reveal slightly different
emporal patterns. Velasco Herrera et al. ( 2021 ; VH21 hereafter) ex-
lored for restoration of averaged sunspot numbers from 1850 using
he capacity of the Bayesian inference for Least-Squares Support-
ector Machines (LS-SVM) regression to forecast the expected
umber of sunspots for the future cycles until 2100. In the later paper
Velasco Herrera et al . 2022 ), the authors extended their model for a
escription of the whole set of solar activity indices defined by GSN
eries (Hoyt & Schatten 1998b ) in cycles 1–25 and made the predic-
ion to the cycle-10 (early 17th century). Their fitting really depends
n, which part of the sunspot data the Bayesian approach was focused
n, as shown in Fig. 3 by the green curve (VH21) and yellow curves
VH22). 

If the Bayesian model was fitted to the cycles from 1850 until
resent (VH21), it restores the sunspot cycles correctly and shows
he modern GSM to occur in cycles 25–27. Ho we ver, If the
ayesian model was fitted by the whole series of sunspot cycles

VH22), then the solar activity cycles 25–27 are not significantly
educed and the cycles are shifted forwards in time after 2050
s shown in Fig. 3 by comparing the green (VH21) and yellow
urves (VH22). Although, the orange curve VH22 shows a good
tting of Maunder minimum and most of the cycles between 1800
nd 1950 while struggling to fit some very early cycles when
here were little observations and the later solar cycles in 21st 
entury. 

Hence, in addition to the general problems with building the
veraged sunspot numbers listed in the previous section, there are
emaining problems affecting the sunspot index if fitted by the
ayesian methods. Bayesian fitting centred either to 18th–19th
entury data or towards 20th–21st century data produced the arrays,
hich do not exactly coincide in the intermediate points. This

orrelates with the recent data revision of sunspot maxima and
ycle durations with carbon 14 isotope data showing in the years
n 18th century some shifts of the maxima dates to the dates where
riginally were minima. These discrepancies could be caused by the
roblems with the sunspot identification appeared from the early data
s described below. 
NRAS 521, 6247–6265 (2023) 
.3.2 Estimated uncertainties of sunspot fitting 

he known problems with the establishing sunspots times and
ocations as well as deriving the solar activity index in early years: 

(i) Une xperienced dra wings by some observ ers in early years. 
(ii) Poor observations by some observers leafing to the difficulties

o build a BB. 
(iii) It is unknown if the number of sunspots in groups changes

 v er time. 
(iv) Accounting for years with less than 20 observation days per

ear that brings large errors. 
(v) The impossibility of determining the weighting factor for the

eriods with a single observer. 
(vi) There were different calendars (Julian versus Gregorian) used

ntil mid- or late 18th century in different countries where the dates
laced on drawings did not indicate which calendar had been used. 

(vii) In a few key countries there were different starts of a New
ear (April in Britain, September in Russia, etc.) used meaning that
nless recorded, the year on the sunspot drawings also would not
orrespondent to the accepted calendar year. 

Although the items 1–5 were actively discussed numerous times in
he most papers cited abo v e e xploring v arious solar acti vity indices,
he items 6 and 7 were a v oided from this attention while they can
ontribute with the major errors in defining solar cycles maxima and
urations. 
The problems with early cycles in 18th century are likely caused

y the absence or scarceness of the observations (see Fig. 1 ),
hich cannot be repaired unless more historical data are found.
urthermore, in the 18th century many countries were moving from
ulian calendar to Gregorian one in very different times (see the
able https://en.wik ipedia.org/wik i/List of adopt ion dat es of t he G
egorian calendar by country ). These calendar mo v es happened in
ifferent years in different countries and not al w ays w as the calendar
ndicated in the drawings used for the sunspot index definition.
herefore, reliability of the sunspot data in these years is rather
uestionable. 
To complicate the matters the different countries had different

tarts of their years. In Britain a New Year Day was March 25th until
t was changed to the January 1st in 1751, the Gregorian Calendar
as adopted in 1752 with 11 d being ‘lost’ in September of that year.
ence 1750 was only 40 weeks in duration and 1752 just o v er 50
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eeks. This meant that, e.g. the drawings made in January–March 
750 by the old calendar without marking the calendar used and a
ear start, actually belonged to the next year 1751 and so on. The
imilar discrepancies could occur with the drawing carried in the 
ountry where the year start was September or the other months. 
hese objective problems led to some very strange solar cycles 
erived for the 18th century, when the cycle lengths were either 
 or 8 yr while other cycles lasted for 15 yr. 
These discrepancies raise more questions to the quality of solar 

ctivity index defined by the sunspot data used currently by many 
estorations as the sunspot cycles in 18th–19th centuries. None the 
ess, a use of this familiar sunspot indices, either Wolf numbers 

SN or sunspot numbers SSN, are well accepted by the solar-
errestrial community, despite any discrepancies and difficulties they 
xperience with the replication of these solar activity (SA) indices. 
e fully appreciate tremendous efforts of the solar community to this

opic, which helped researchers to understand the nature and need 
f solar activity indices and to impro v e their accuracy in the modern
ays as far as it is feasible with a sunspot proxy. 
Ho we ver, for the sake of diversity, it is worth to look at some other

ossibilities to define solar activity, like Bayesian models shown here 
VH21 and VH22) or to use PCA index recently suggested (Zharkova 
t al. 2015 ; Zharkova & Shepherd 2022 ) for a comparison with the
ccepted index of solar activity with the averaged sunspot numbers. 

 SOLAR  AC TIVITY  I N D E X  F RO M  T H E  

I G E N V E C TO R S  O F  SBMF  

.1 Pair of eigenvectors, or principal components 

.1.1 Two PCs and their summary curve 

he dynamo mechanism, which go v erns solar activity, operates with 
oloidal and toroidal magnetic fields (Parker 1955 ), with the first
ne being the SBMF, and the second one being the field of magnetic
oops in active regions, which are embedded into the solar surface, 
hose roots are seen as sunspots. The interaction between these two 
agnetic fields defines the variations of solar activity seen through 

he appearance or disappearance of sunspots and active regions. 
The two PCs, or eigenvectors, of the SBMF are calculated by 

pplying the PCA to the Wilcox Solar Observatory low resolu- 
ion full disk synoptic magnetic maps for cycles 21–23 (1976.4–
006.0) (Zharkova et al. 2012 ) and cycles 21–24 (1976.4–2021.5) 
Zharkova & Shepherd 2022 ). The authors identified numerous 
igen values and eigen v ectors of own magnetic wav es of the Sun
een on the solar surface, which came in pairs. The four significant
airs co v ering the majority [ > 95 per cent of the data by variance
Zharkova et al. 2012 ; Zharkova & Shepherd 2022 )]. 

The first pair, or two PCs, reflects the primary waves of the solar
agnetic dynamo produced by dipole magnetic sources (Zharkova 

t al. 2015 ). These tw o w a ves are found tra veling slightly off-phase
rom one hemisphere to another and their interaction define the solar
ctivity in each hemisphere and as a whole (Zharkova et al. 2012 ).
hepherd, Zharkov & Zharkova ( 2014 ) and Zharkova et al. ( 2015 )
sed the symbolic regression analysis (Schmidt & Lipson 2009 ) of
hese two magnetic waves and obtained the analytical expressions 
or the magnetic (dynamo) waves incorporated into the ensemble 
f waves present in the SBMF attributed to the poloidal field of
he Sun (Popo va, Zharko va & Zharkov 2013 ). These mathematical
quations were used to make predictions in time by 1000 yr both
orw ard and backw ard, from the current epoch and to use them for
 comparison with the magnetic waves supposedly produced by the 
olar dynamo acting in two layers with slightly different meridional 
irculation velocities (Zharkova et al. 2015 ). 

The SBMF is shown to be in antiphase with the leading polarity
f magnetic field in sunspots (Stix 1976 ; Zharkov et al. 2008 ), thus,
efining the locations and timing of sunspot appearances on the 
olar surface and their migration towards the solar equator or poles
Zharkov et al. 2008 ). Therefore, in order to bring the detected
rends in the SBMF closer to the currently used index of solar
ctivity, averaged sunspot numbers, the summary component of the 
w o PCs w as calculated. The modulus summary curve (MSC) was
ound to correlate closely with averaged sunspot numbers (Shepherd 
t al. 2014 ; Zharkova et al. 2015 ; Zharkova & Shepherd 2022 ) that
uggested the summary curve of these two PCs can be used as a new
roxy of solar activity, in addition to the current solar activity index
f the averaged sunspot numbers. 
Using the derived formulae, the summary curve was calculated 

ackward to 1200 and forward to 3200 (Zharkova et al. 2015 ) as
hown in Fig. 4 , top plot rev ealing v ery distinct variations of the cycle
mplitudes in every 350–400 yr, or grand solar cycles (Zharkova 
t al. 2018b ). These grand solar cycles are separated by GSMs, when
he amplitudes of 11 yr cycles become very small, similar to those
eported in Maunder, Wolf and Oort and other GSMs (Zharkova et al.
018a , b ). 
The current grand solar cycle (GSC) shown in Fig. 4 , bottom plot

tarted during Maunder Minimum and is predicted to continue until 
he modern GSM (2020–2053) as pointed by Zharkova et al. ( 2015 ).
he recent research of the same SBMF data of WSO (Kitiashvili
020 ; Obridko et al. 2021 ) also found that the SBMF is reducing
owards cycles 25–27, similar to the predictions by Zharkova et al.
 2015 ) for the summary curve of two largest eigenvectors of SBMF 

The summary curve is shown to represent a clear physical process
dynamo waves of solar poloidal field generated by the dipole 
agnetic sources in two layers of solar interior (Zharkova et al. 2015 ).
he timings of the GSMs were interpreted as the interference of two
agnetic dynamo waves generated in different layers with close but 

ot equal frequencies that are defined by slightly (by about 1 m s −1 )
ifferent velocities of the meridional circulation in two layers where 
hese waves were generated (so-called beating ef fect; Zharkov a et al.
015 ). The calculation of the summary curve forward in time until
200 has shown the further three grand solar cycles separated by
SMs with the first GSM to occur in cycles 25–27, or in 2020–
053 and other one in 2375–2415 (Zharkova et al. 2015 ; Zharkova
020 ). 

.1.2 Modulus summary curve and the sunspot index 

he modulus of the summary curve (MSC) of these two PCs
gnores the sign of magnetic field (positive for northern polarity 
nd ne gativ e for southern one) and reflects the curv e to the positiv e
umbers only. This makes MSC similar to sunspots and allows to
ompare for the same times with averaged sunspot numbers. This 
omparison shows a remarkable resemblance of MSC to the sunspot 
ndex of solar activity for cycles 21–23 (Shepherd et al. 2014 ;
harkova et al. 2015 ), and recently, for cycles 21–24 (Zharkova &
hepherd 2022 ). Embracing the similarity between MSC and 
veraged sunspot numbers, the MSC can be normalized for each 
ycle by the averaged sunspot numbers indicated by the left Y -axis
n fig. 9 of Zharkova & Shepherd ( 2022 ). The modulus curve, in
eneral, follows the averaged sunspot numbers for all the the cycles
evealing a significant reduction of solar activity from cycle 21 
MNRAS 521, 6247–6265 (2023) 
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Figure 4. Top plot: The summary curve of two PCs (in arbitrary units) versus time calculated for 2000 yr (1200–3200) (Zharkova et al. 2015 ). Bottom plot: 
The summary curve (in arbitrary units) versus time from 1600 till 2100 yr taken from the top plot representing the current grand solar cycle including Maunder 
minimum (1645–1710) before it and modern GSM (2020–2053) after. 
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maximum about 300 sunspots), through cycle 22 (230), 23 (165)
o cycle 24 (108) (Zharkova & Shepherd 2022 ) that fits reasonably
o the maximum numbers reported for cycles 21–24 (SILSO World
ata Center 2021 ): 21–233, 22–213, 23–180, and 24–116. 
These two curves, MSC and SSN, represent, in fact, different
agnetic components of solar dynamo waves: poloidal for the
SC and toroidal for averaged sunspot numbers. The reasonable

imilarity of these two curves allowed authors (Zharkova et al.
015 ) to suggest this summary curve of PCs, or eigenvectors of
BMF, as a new solar activity proxy. The advantage of using

he solar index from the summary curve instead of the averaged
unspot numbers is a presence of extra-parameter, a leading polarity
f the SBMF, and the ability to do long-term prediction of this 
ndex. 

Therefore, the MSC pro v es that the eigenv ectors of SBMF can be
onsidered as complementary solar activity index, in addition to the
xisting one of the averaged sunspot numbers.This new index adds
he additional parameter to this proxy – a dominant polarity of the
BMF for each cycle, which has the polarity opposite to the leading
olarity of sunspots (Stix 1976 ; Zharkov et al. 2008 ). 
NRAS 521, 6247–6265 (2023) 

t  
.1.3 Wavelet analysis of the MSC 

sing the same methodology of the wavelet analysis described in
etails in Section 2.2.2 , let us apply the wavelet transform to the
SC for 1000 yr (1200–2200) taken from our paper (Zharkova et al.

015 ) and plot the results in Fig. 5 . Here, is a brief summary of the
resented results. The original MSC is plotted in Fig. 5 , top left plot,
he obtained wavelet spectrum – in the bottom left plot, the colour
ar of the wavelet power is shown in the top right plot. The global
avelet spectrum (solid black line) and Fourier spectrum (Indigo

ine) are presented in Fig. 5 , bottom right plot. 
The black dashed line in the wavelet spectrum (bottom left plot)
arks the COI defining parts of the spectrum where the boarder

ffects of a wavelet analysis become essential and, thus, excluded
rom the further investigation. The black dashed line in the global
avelet spectrum (bottom right plot) defines the 95 per cent confi-
ence interval of the detected periods. The 95 per cent confidence
evel of the global wavelet spectrum is marked in Fig. 5 , the right
ottom image, by the dashed red lines denoting the red-noise of the
avelet spectrum calculated with Monte Carlo approach. Note that

he power of the red noise grows with a reduction of frequency, e.g.

art/stad1001_f4.eps
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Figure 5. Left top plot: The MSC of SBMF in 1200–2200 (a courtesy of Zharkova et al. 2015 ). Left bottom plot: Wavelet spectrum derived from the MSC with 
the black dashed line showing the COI (see the text for details). Right top plot: The power bar for the wavelet spectrum shown in the bottom left plot. Right 
bottom plot: The global wavelet spectrum plotted by the solid black line, the black dashed line shows the 95 per cent confidence interval for the global wavelet 
spectrum. Fourier spectrum is marked by the indigo line. The red-noise of the wavelet spectrum at the 95 per cent confidence level is shown by the red dotted 
line (see the Section 3.1.3 for details). 
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ith the growth of a period of oscillations. The peaks of the global
av elet spectra abo v e the red noise at the confidence level of 95
er cent (red dotted line) are considered to be significant. 

It can be seen that the wavelet spectrum of the MSC reveals the
ignificant well-distinguished peak at 10.7 yr and another strong 
eak at the 342 yr, both appearing well within the 95 per cent
onfidence interval of the global wavelet spectrum (black dashed 
ine) and abo v e the 95 per cent confidence level of the red noise.
he two similar significant periods of 10.7 and 342 yr appear also in
ourier spectrum. The first period of 10.7 yr has the same duration
s the one found for the sunspot cycles reported in Section 2.2.2
or the averaged sunspot numbers. This is a good confirmation 
hat the MSC oscillations occur with the same period as those of
unspot numbers, as one would expect from the action of dynamo 
echanism in poloidal and toroidal magnetic fields generating these 
aves. 
There are also some additional periods: a small hump in the global

avelet spectrum at the period of 242 yr at the edge of 95 per cent
onfidence level for red noise, two insignificant maxima in the global 
avelet spectrum at the edge of 95 per cent confidence level for the
lobal wavelet spectrum (black dotted line), and Fourier peaks at 
0.6, 39 yr and 5.35 or lesser years. The periods besides 60.6 yr are
ot seen in sunspot numbers, which duration is limited by 320 yr.
hese additional periods can be real or they can be a statistical
oise produced by the dynamo wave interference (Cameron & 

ch ̈ussler 2013 , 2019 ) that requires further investigation for each
ase separately. 

F or e xample, this wav elet spectrum of the MSC of the two PCs,
r eigenv ectors, rev eals the absence of a period of 101 yr in the
avelet of MSC, while it was seen in the wavelet spectrum of the

veraged sunspot number in Fig. 2 . This absence of the centennial
eriod in the MSC can be understood from the fact that the two PCs,
r magnetic waves with largest eigenvectors, are shown produced 
y dipole magnetic field (Zharkova et al. 2015 ), which is mainly
esponsible for the basic solar activity cycle of about 11 yr. In order
o obtain oscillations of centennial (Gleissberg) cycle of 80–101 yr, 
e need to add the magnetic waves generated by quadruple magnetic

ources (Popova et al. 2018 ; Zharkova & Shepherd 2022 ), or the next
air of eigenvectors, which are not included yet into the summary
urve presented in Fig. 4 . 

There is also a larger period of 342 yr detected with the wavelet
nalysis with the sufficient confidence well abo v e the red noise and
5 per cent confidence interval in the global wavelet spectrum as
hown in Fig. 5 , bottom right plot. This larger period corresponds
o a period of the grand solar cycle recorded during the selected
000 yr (1200–2200) of the MSC that has need reported earlier
rom the eigenvectors of the SBMF (Zharkova et al. 2015 ). During
his 1000 yr duration presented in this wavelet plot there were only
MNRAS 521, 6247–6265 (2023) 
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Figure 6. Comparison of the MSC (green line) (Zharkova et al. 2015 ) with the averaged sunspot numbers W (SSN) (red line) (SILSO World Data Center 2021 ). 
Numbers indicate the cycle numbers in SSN. 
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hree grand solar cycles and three GSMs: Wolf minimum, Maunder
inimum, and modern GSM (2020–2053). Hence, we can conclude

hat the wavelet analysis detected the real period of 342 yr of the
rand solar cycles for the oscillation of amplitudes of 10.7 yr MSC
ycles, similar to the sunspot cycles. 
NRAS 521, 6247–6265 (2023) 

(  
.2 Comparing the MSC and averaged sunspot numbers 

.2.1 Direct comparison of the MSC and SSN curves 

ere in Fig. 6 , we present a comparison of the MSC (green line)
Zharkova et al. 2015 ) with the averaged sunspot numbers (red
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ine), from https:// wwwbis.sidc.be/silso/ (SILSO World Data Center 
021 ). 
Based on some similarity of the modulus summary MSC and 

unspot SSN curves in cycles 21–24 one can conclude that the solar
ctivity in these cycles is systematically decreasing with a cycle 
umber (Zharkova et al. 2015 ; Zharkova & Shepherd 2022 ) because
f the shift in phase of the two magnetic waves in these PCs, shown
n the summary curves in figs 2 and 3 in Zharkova et al. ( 2015 ) and
n Fig. 4 here, which for the MSC is shown in Fig. 5 (top left plot).
he phase difference between the tw o w aves is increasing in time

or cycles 25–27, approaching nearly the antiphase status in cycle 
6 (see fig. 2 in Zharkova et al. ( 2015 ) and Figs 4 (top plot) and 5
upper left plot). 

This magnetic wave separation into the opposite phases will 
efinitely lead to a reduction of the magnetic wave amplitudes in 
1 yr cycles, e.g. the reduction of a magnetic flux of the SBMF and
he significant reduction of magnetic loops on the surface, whose 
oots appear as sunspots. This process led to the reduction or even
bsence of noticeable magnetic activity on the solar surface occurred 
n the 17th century during the Maunder Minimum (MM; Sp ̈orer 
889 ; Eddy 1976 ; Ribes & Nesme-Ribes 1993 ), prior the current
rand cycle. The similar process is also expected to be observed in
ycles 25–27 (Zharkova et al. 2015 ) forming the modern GSM. 

Hence, after the previous GSM during MM in the following 350 yr
f the current grand solar cycle (GSC), considered here and shown in
ig. 4 , bottom plot one can observe is a rather reasonable agreement
etween the MSC and SSN as in the average duration (10.7 yr) and
he ratios of maximum amplitudes for cycles 12–24 as shown in 
he bottom and middle rows of the plots in Fig. 6 . Although, the

aximum amplitudes for cycles of the MSC curve systematically 
xceeding the SSN maximum magnitudes from cycle 12 to cycle 
7 that is similar to the reconstructions reported by Solanki et al.
 2004 ); Chatzistergos et al. ( 2017 ). While for earlier cycles from −4
o 5 the MSC maximal amplitudes are systematically lower than the 
veraged sunspot numbers. 

We derive from the comparison of the MSC and SSN curves that
he major discrepancies occur in the periods of 1730–1780 in the 
8th century and in the period of 1830–1870 in the 19th century. In
he 18th century some cycles in SSN had durations of 7 or 8 yr while
thers lasted for 15 yr while the MSC curve shows the appearance
f an additional cycle between cycles 5 and cycle 6 (which in SSN
as of 15 yr duration), a shifted duration for cycle 5, close durations
etween the MSC and SSN curves for cycles 1 and 4 with triple
axima in cycle 1. Also, there are MSC cycles slightly shifted

orward compared to SSN in cycles −2 to 0 and close resemblance
f MSC with SSN for cycles −3 to −4 occurring after the end of
aunder minimum. 
More complicated relations with the MSC, or eigenvectors, defined 

rom the SBMF appear for three cycles 8–10, cycles −2 to 1 and for
ycles 4–6 and possibly 7. Cycles −2 and −3 in the MSC curve
ave shown three-peak shapes, similar to those reported by Clette 
t al. ( 2014 ) from the reconstruction by Hoyt & Schatten ( 1998b ).
efinitely, cycles 3–5 in the MSC curve, with a duration about 11 yr

ach, have two maxima shapes. These were followed by cycles 6 and
 which have reduced first maxima and much larger the second ones
hile from cycles 8 onwards in the MSC curve is returning to cycles
ith single maximum shapes. 
In the MSC, cycles 8–11 (Fig. 6 , middle plot) are shifted forward

rom the SSN curve, slightly for cycle 11, more for cycle 10 and
y a half of a cycle length for cycles 9 and 8, so that the maxima
n cycle 8 and 9 in MSC occur during the minima in SSN. These
re followed by correct durations for cycles 7 and 6. The duration
f cycles 7 and 8 in the MSC curve resembles the duration of those
or the sunspot curve, although the MSC cycles are slightly shifted
orward in time compared with SSN. In cycles 8–10 the minima and
axima in sunspot index were overlapped the with the maxima and
inima of the MSC cycles. 
Then from cycle 11 the MSC curve shifts ahead the sunspot cycle

y a year or by year and half and then follows the cycle durations
f sunspot cycles being though higher in amplitudes. Note that the
veraged duration of all cycles in the MSC curve is the same 10.7 yr
ike in the sunspot curve SSN as the wavelet and Fourier analysis
onfirmed in Sections 2.2.2 and 3.1.3 . 

.2.2 Comparing different restorations of the sunspot indices 
efore 1900 

he plots for a few reconstructions of solar activity, or sunspot
ndex, are shown in Fig. 7 , demonstrating the locations of cycles
nd maximal magnitudes of sunspot activity according to different 
uthors. A comparison of the solar activity cycles and newly found
axima of solar activity derived from the updated data of sunspots by

ifferent authors are shown in Fig. 7 . The legend beneath the image
nd coloured arrows presents the maxima in restorations obtained 
y different authors: red arrows by Beer, Tobias & Weiss ( 1998 ),
rey arrows by Maunder ( 1922 ), green arrows by Waldmeier ( 1961 ),
range arrows by Scho v e ( 1983 ), blue arrows by Velasco Herrera
t al. ( 2022 ), and mustard arrows by Usoskin et al. ( 2021 ). 

It can be seen that for some restorations of the sunspot index the
iscrepancy in the times of maxima of sunspot numbers between 
he different data including our curve MSC reached 5–6 yr (see also
iscussion in Kane 2008 ; Velasco Herrera et al. 2022 ). Some sunspot
ycles considered to last only 7 or 8 yr while the others had a duration
f 15 yr while the MSC curve shows more coherent cycle durations
lose to the averaged time of 10.7 yr with two, or sometimes three,
axima. The MSC maxima in the 18th–19th centuries are shown to

e closer to those derived by Beer et al. ( 1998 ) or Velasco Herrera
t al. ( 2022 ). 

Furthermore, there was a very interesting development made in 
he recent data revision associated with the new sunspot activity 
estoration derived from the abundances of the isotope 14 C in the
rees (Usoskin et al. 2021 ). The authors reported the shifts of the

aximal magnitudes of sunspot numbers in the 18th century to the
ears where originally there were minima of sunspots (see Fig. 7 ).
hese shifts of the SSN maxima make them close to the maxima of

he MSC reported by us from PCA (Zharkova et al. 2015 ) for this
eriod for cycles from −2 to 0, and for cycles 8–11 as shown in
ig. 6 , top and middle plots. 

.2.3 Statistical analysis of the MSC and SSN curves with SPSS 

he rigorous statistical analysis was carried out of the correlation 
etween the MSC and SSN curves using the SPSS package, v28
see Fig. 8 ) presenting the scatter plots of Spearman correlation for
ifferent periods of observations of the averaged sunspot numbers 
rom 1750 until present times associated with different accuracy of 
estoration as discussed in Section 2.3 . In each scatter plot we plot
he best correlation curve found with the linear fit (magenta line),
how the two lines showing the 95 per cent confidence interval. For
ll the cases the correlation is significant at the 0.01 level. 

First of all, the correlation coefficient between SSN and MSC 

s strongly dependent on the data accuracy. In the early years of
bservations from 1750 until 1900 when the problems with a number
MNRAS 521, 6247–6265 (2023) 
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Figure 7. A comparison of the restoration of sunspot numbers N in 1700–1900 versus time done by different authors derived from sunspots with the MSC. The 
colour arrows on the top indicate the maxima derived by the relevant restoration from radioisotopes or Bayesian approach (see the legend beneath the plot). 
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f observations were present ( SS16 ; Svalgaard 2017 ) like with the
dentification of the key observers or problems with various calendar
ating issues or potential effects of geomagnetic jerk (Newitt &
awson 1984 ; Newitt et al. 2002 ). 
As result, if the whole early data are included, the correlation

oefficient between SSN and MSC data is rather low (0.25). Then,
f the sunspot and MSC data started from 1860, the correlation
ecomes more than twice higher (0.56) and, if the SSN and MSC
ata considered from 1900 when all the SSN restorations agree, it
pproaches the coefficient of 0.67. This is an indication that, similar
o the SSN index, the summary curve of the two largest eigenvectors
f SBMF co v ering 39 per cent of the magnetic data by variance, or
7 per cent by standard deviation, can be an additional proxy of solar
ctivity that is discussed in Section 3.3.2 . 

Secondly, in order to demonstrate these correlations, the scatter
lots are presented in Fig. 8 for each data set starting in 1750, 1860,
nd 1900 until the present times. We fit the linear and quadratic
urves to the scatter plots to find a better data fitting, showing that
uadratic approach gives a slightly better fit, follo wing � 

2 v alues. It
s evident that the data scatter for the whole SSN data set (Fig. 8 ,
op plot) is pretty large following the problems with the observations
n the 18th century shown in Fig. 1 , bottom plot. The sunspot data
ncertainties at that time are likely to reduce the correlation between
he SSN and MSC curves to 0.25. 

If the data are taken 110 yr after 1750, from 1860 till present time.
Fig. 8 , middle plot), the data scattering becomes much smaller and
NRAS 521, 6247–6265 (2023) 
he correlation coefficient is increased from 0.25 to 0.56. If one takes
he most clean sunspot data after 1900 (Fig. 8 , bottom plot) when
he most sunspot restorations agree one with another, the correlation
oefficient increases to 0.67 that is pretty reasonable for the entities
roduced by the different magnetic fields: poloidal for MSC and
oroidal for SSN. 

.2.4 Forced fitting of the MSC to the SSN cycles 

et us make an attempt to fit as close as possible the parameters
f observed averaged sunspot numbers SSN (SILSO World Data
enter 2021 ). the parameters of the eigenvectors used in the MSC.
he fitting was carried out using Hamiltonian regression approach
y optimize a few key parameters to the MSC curve to fit thee
SN curv e, like c ycle periods, time of minima between cycles and
aximal amplitudes, or cycle po wers, v arying in time. The fitting

f the updated MSC to the existing SSN is shown in Fig. 9 for 11 yr
ycles from 1750 until present. 

This fitting is found to have essential limitations depending on
he part, which we want to fit to the MSC from the sunspot index.
his problem is similar to the problems found in Bayesian approach

eported by VH21 and VH22 shown in Fig. 3 . Namely, if we
ttempt to fit the MSC curve to the averaged sunspot numbers
SN for all the cycles of SSN including those from 1750 to
860, the MSC curve fits rather closely the cycle durations and
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Figure 8. The scatter plots of the correlation between the averaged sunspot number SSN and MSC calculated with SPCC v28 software for different years of 
observations with different level of errors (see the text for details) for the observation times: from 1700 until present, Spearman correlation 0.25 (top plot), from 

1860 till present, Spearman correlation 0. 56 (middle plot) and from 1900 till present, Spearman correlation 0.67 (bottom plot). In all cases the correlation is 
significant at the p ≤ 0.01 level. The linear fittings of correlation curve are shown by the magenta lines; the two lines abo v e and below the fitting lines show the 
95 per cent confidence intervals. 
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Figure 9. Fitting with the regression approach of the MSC (Shepherd et al. 2014 ; Zharkova et al. 2015 ) to the amplitudes of the averaged sunspot numbers. 
The sunspot numbers (SILSO World Data Center 2021 ) are plotted by the blue lines, the MSC curve presented by the red lines. 
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he times of maxima. Ho we ver, it fails for fit the exact magnitudes
f maxima of 11 yr cycles in MSCs and does not show the correct
ates and cycle magnitudes for Maunder minimum or the modern
SM. 
While, if we leave the parameters of the eigenvectors of the

BMF as they are derived from the PCA and Hamiltonian approach
Zharkova et al. 2015 ), the timings of the both GSMs become correct,
hile the amplitudes or positions of the individual cycles do not fit

o the maximum amplitudes in man y c ycles and some positions of
hese maxima in sunspot cycles in SSN seen in the early years. This
utcome makes us think that besides the uncertainties in timing of
ome early observations in 18th–mid-19th centuries cannot be the
nly reason for the discrepancies. The errors are not only coming
rom a poor co v erage of sunspot detection in the early years but
hould also have more systematic reasons for discrepancies coming
rom the different entities, which these two curves represent: toroidal
agnetic field for SSN and poloidal magnetic field for MSC. 
Keeping in mind that the summary curve represents the two princi-

al eigenvectors of the SBMF while the SSN series represents some
ort of toroidal field but not exactly the magnetic field as they include
umbers of sunspots but not their areas, which are proportional to
agnetic fields. This difference between the properties of the series

f SSN and MSC can explain the difference in the amplitudes of
ycles −2 to 4 in the time interval closer to Maunder minimum
here the amplitudes of poloidal field, or MSC, are much lower than

hat of SSN and for cycles 9–17 where the poloidal magnetic field,
r MSC, magnitudes were much higher. 
In addition to any observational restrictions of deriving the SSN

urve discussed in Section 2.3.2 , these differences between the MSC
nd SSN cycles could also indicate a real difference between the
eatures produced on the solar surface by poloidal and toroidal
agnetic fields during these periods. These differences can be linked

o some specific interaction of two magnetic fields in the solar
ynamo model as discussed later in Section 3.3.3 . 

.3 Possible reasons for discrepancies between SSN cycles and 

SC 

here could be a few reasons of the different appearances of SSN
nd MSC: a poor co v erage of the observations during early years,
ncertainties with times of observations in the 19th century related to
NRAS 521, 6247–6265 (2023) 
alendar migration as discussed in Section 3.3.1 , some uncertainties
n reproducing SSN with only two eigenvectors (and MSC) generated
nly by dipole magnetic sources discussed in Section 3.3.2 and the
eal differences expected between representation on the solar surface
f different solar magnetic entities: toroidal and poloidal magnetic
elds as discussed in Section 3.3.3 . 

.3.1 Uncertainties in the early observations of SSN 

his discrepancies between SSN and MSC representations in the
8th–19th centuries demonstrated by the shifts of the MSC cycle
axima by 5–6 yr form SSN can be explained by a lack of

bservations in the period of 1720–1760 (see Fig. 1 , bottom plot)
nd/or by unreliable dating of the observations in other periods of
he 19th century, especially in 1830–1860. The latter can be caused
y variable migration times from the Julian to Gregorian calendars in
ifferent countries and by the other problems discussed in Sections
.1 and 2.3.2 . 
The contribution to these problems can be mixed not only with

he physical absence of observations but also with a big misun-
erstanding in the dating accurately of sunspot drawings because
f the calendar change from Julian to Gregorian at different times
n different countries, or with the varying starts of New Years in
ifferent countries that could also make a complete mess in shifting
he dates assigned for the sunspots by more than a year. 

This is partially verified by the recent restorations of SSN from
he other than sunspot definitions, e.g. from the isotope abundances
Usoskin et al. 2021 ) and Bayesian approach (Velasco Herrera et al.
021 , 2022 ) shown in Fig. 7 , where some early maxima were shifted
loser to the MSC positions. Although there is no other way to
ro v e the real position of sunspots in 18th–19th centuries unless new
rustworthy sources of sunspot drawings are found. 

.3.2 Representation of solar activity with MSC of two principal 
omponents 

here is also a possibility of some uncertainty in the detected
wo eigenvalues and vectors of the observed SBMF used for
CA (Zhark ova et al. 2012 ; Zhark ova et al. 2015 ), which are the
bservational facts dependent on the accuracy of a magnetic field
etection and their representation by series of periodic functions.
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he accuracy of representation of the two eigenvectors by the series
ith five cosine functions was e v aluated earlier to be not lower that
7 per cent (Shepherd et al. 2014 ; Zharkova et al. 2015 ). 
The Scree’s plot of the eigenvalues from the PCA [see fig. 1 in

hark ova et al. ( 2012 ); Zhark ova & Shepherd ( 2022 )] show that the
igenvalues remain the same after the extra cycle 24 is added to the
CA. The eigenvectors, indeed, come in pairs, with the first pair of
Cs co v ering 39 per cent of the magnetic data by variance of SBMF

n cycles 21–23, or 67 per cent by standard deviation (SD). These two
igenvectors, PCs, are used to build the summary curve and MSC.
his meant that these two PCs, by default, can be responsible only

or 67 per cent of the whole SBMF data by SD. 
The most recent investigation of the eigenvectors of SBMF from 

ycles 21–24 (Zharkova & Shepherd 2022 ) has also confirmed that 
he addition to the data of the extra solar cycle 24 did not change
he eigenvalues and eigenvectors for the first four pair, or eight 
igenv ectors, co v ering 95 per cent of the data by SD. Hence, in
rder to have a higher correlation between SSN and MSC, the other
hree pairs of eigenvectors, or magnetic waves, created by quadruple, 
extuple, and octuple magnetic sources are required (Zharkova & 

hepherd 2022 ). This is a reassuring finding, which strengthens the 
CA case for using the eigenvectors of poloidal field as a proxy of
olar activity, in addition to the existing solar activity index defined 
y the averaged sunspot numbers. 
If in the future we manage to add to the summary curve the

ext pair of eigenvectors, assigned to quadruple magnetic sources 
Popova et al. 2018 ), the summary curve will have four eigenvectors
nd can co v er more than 77 per cent of the observational data
y SD (Zharkova & Shepherd 2022 ). Therefore, the MSC index 
erived from the WSO magnetic field observations provide valuable 
nformation for theoreticians about the poloidal field waves detected 
n the solar surface, which can be directly compared with the model
imulations. 

.3.3 Links to the waves of solar dynamo 

nother reason of the differences between SSN and MSC can 
e defined by different physical entities represented by the MSC, 
epresenting poloidal magnetic field, and by sunspot index SSN 

epresenting toroidal field. The question is whether these two 
agnetic fields in the dynamo models, poloidal, and toroidal, 

ave the similar or different appearances. Otherwise, the MSC 

nd SSN curve differences can reflect the real differences between 
he generated toroidal (sunspots) and poloidal (SBMF) magnetic 
elds. 
Since the observations of SBMF has shown us tw o w aves formed

n two layers, we can use these waves to derive the parameters of
olar interior and dynamo model parameters required to construct the 
olutions of the dynamo equations (Zharkova et al. 2015 ) resembling 
he tw o w av es deriv ed from the two eigenvectors. There are a number
f dynamo models considering simulations of the dynamo waves in 
wo different layers (Parker 1993 ; Dikpati, Gilman & Ulrich 2010 ;
elucz, Dikpati & Forg ́acs-Dajka 2015 ; Bekki & Yok o yama 2017 ;
ipin & Kosovichev 2018 ), which can be used to account for the
bserved magnetic waves. 
We use Parker’s two layers dynamo model with meridional 

irculation (Park er 1993 ), lik e in our previous simulations of poloidal
nd toroidal magnetic fields of the Sun and the dynamo parameters 
erived from fitting this mode to the eigenvectors, or magnetic 
av es, deriv ed with PCA (see Fig. 6 , top plot in Zharkova et al.
015 ). The simulations revealed rather close resemblance of the 
imulated temporal magnetic wave variations for the poloidal field 
o the two eigenvectors and their summary curve derived from the
wo PCs for 2000 yr shown in Fig. 4 taken from Zharkova et al.
 2015 ). 

For the goal of this paper, we present in Fig. 10 , top and bottom
lots the poloidal and toroidal magnetic fields respectively, simulated 
ith this dynamo model (Zharkova et al. 2015 ) for 2000 yr including

he current grand solar cycle (GSC), lasting from MM until the
odern GSM. Note that this is not the only double dynamo model,
hich can be used to interpret the observational eigenvectors derived 

rom SBMF as per references abo v e. But we used it to demonstrate
hat solar activity is formed by these waves, generated by dipole

agnetic sources, as minimum, and/ or by other waves, generated 
y quadruple, sextuple, and octuple magnetic sources. 
These plots visibly demonstrate that the appearance of poloidal and 

oroidal magnetic fields are, in fact, rather different. The amplitudes 
f poloidal magnetic field in the current grand solar cycle (GSC;
685–2043) varies very significantly with time of the GSC, whereas 
he amplitudes of toroidal field are much less changeable during the
SC decreasing only towards GSMs. This means that the difference 

n amplitude of magnetic field in cycles between the SSN and MSC
s real and defined by the different solar dynamo actions in different
ntities. 

In addition to the temporal variations of poloidal magnetic field 
Zharkova et al. 2015 ), we can also simulate the butterfly diagrams
or the previous grand solar cycle including the Maunder minimum 

MM; Fig. 11 , top plot). It shows that the simulations off sunspots
ere rather sparse during 1645–1700) while appearing in the years 
700, 1710, and 1720 that fits rather closely the sunspots measured
or the MM as shown in Fig. 11 , top plot (Sp ̈orer 1889 ; Eddy 1976 ;
ibes & Nesme-Ribes 1993 ). 
The model of the butterfly diagram for the current and the next

rand solar cycles including the modern GSM (see Fig. 11 , bottom
lot) reveals the absence of sunspots in the butterfly diagram only
uring cycle 26, while there are some remaining magnetic activity 
bserved during cycles 25 and 27. This indicates that the modern
SM (2020–2053) will be shorter, and the solar activity (magnetic 
eld) will slightly higher than during MM. 
This correspondence of the simulated and observed sunspots 

uring Maunder minimum reassure us that the dynamo model pa- 
ameters selected from a comparison with the observ ed eigenv ectors
ork well, meaning that our understanding of the deriv ed curv es and

heir role in solar activity is close to reality. These simulations pro v e
hat undoubtedly, the appearances of solar activity represented by 
unspots, SSN, and by SBMF, MSC, are meant to be different in the
mplitude maxima and shapes at different phases of the grand solar
ycles. 

 C O N C L U S I O N S  

n the current paper, we attempted to establish a link between the
olar activity index defined by averaged sunspot numbers, SSN, and 
 proposed proxy – a summary curve of the eigenvectors, or MSC,
erived with PCA from the observed SBMF. 
Tremendous work has been done by numerous researchers to setup 

he current solar activity index – the averaged sunspot numbers 
SILSO World Data Center 2021 ). Schwabe ( 1843 ) disco v ered a
requency of occurrence of spots with a cycle to be ∼10 yr, which was
ater redefined to 11.1 yr (Wolf 1852 ), when systematic observations
f sunspots were organized and the concept of a daily ‘relative’
unspot number was introduced. 
MNRAS 521, 6247–6265 (2023) 
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Figure 10. The simulated poloidal (top plot) and toroidal (bottom plot) magnetic fields generated by the solar dynamo for 1000 yr co v ering the modern grand 
solar cycle in the centre. 
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The sunspot series was revised in 1998 by Hoyt & Schatten ( 1998a ,
 ) producing a revised sunspot series with sunspot groups (GSN).
ater the international team of researchers reconstructed again an
lmost 400 yr history of sunspot activity from 1610 to the 2000s
Svalgaard & Schatten 2016 , 2017a , b ). They discovered that the
bservations of sunspots in different periods were not consistent that
estricted reliability of the built sunspot numbers in the 18th century
nd in the first half of 19th century. 

Recently the SILSO International Data Center (Sunspot Index
nd Long-term Solar Observations) at the Royal Observatory of
elgium revised the sunspot series with a correction of the last
0 yr of observations (Clette et al. 2014 , 2015 ) and considered all
he restorations to be slightly different from 1750 until 1900 while
ecoming rather agreeable after 1900 (Leussu et al. 2013 ; Clette et al.
014 ; SS16 ). 
NRAS 521, 6247–6265 (2023) 

e  
Zharkova et al. ( 2015 ) suggested to use eigenvectors of SBMF
erived with PCA from the synoptic magnetic maps obtained by
ilcox Solar Observatory for three (21–23) (Zharkova et al. 2012 ),or

our cycles 21–24 (Zharkova & Shepherd 2022 ) and derived the first
ight significant eigenvectors covering the majority of the magnetic
ata by variance. 
The summary curve of the two PCs assigned to the magnetic

aves generated by dipole magnetic sources, was suggested to be an
dditional solar activity index, whose modulus curve is shown linked
o the averaged sunspot numbers (Shepherd et al. 2014 ; Zharkova
t al. 2015 ). This summary curve of tw o PCs w as suggested as a new
roxy of solar activity as it reflects the complementary entity of solar
ctivity – poloidal magnetic field. 

The summary curve calculated backward to 1200 and forward by
200 yr revealed very distinct variations of the cycle amplitudes in
very 350–400 yr, or grand solar cycles (Zharkova et al. 2015 ). These
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Figure 11. Top plot: The butterfly diagrams derived from the observations of Maunder minimum (top plot) (the dots are taken from Sp ̈orer 1889 ; Ribes & 

Nesme-Ribes 1993 ) o v erlaid with the butterfly diagram (light blue and yello w colours sho w the opposite leading polarities of toroidal field) simulated with the 
two layers dynamo model with meridional circulation using the dynamo parameters derived from the two eigenvectors (Zharkova et al. 2015 ). Bottom plot: The 
butterfly diagram simulated using the same dynamo model (red and navy colours show the opposite leading polarities of toroidal field) for the current and next 
grand solar cycles in years 1800–2200 including the modern GSM (2020–2053) between them (Zharkova et al. 2015 ). 
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rand solar cycles are separated by GSMs, when the amplitudes of 11
r cycles become very small, similar to those reported in Maunder, 
olf, Oort, and other GSMs. It turned out that there is a steady

ecrease of the cycle amplitudes from cycles 21–24 entering into the 
odern GSM (2020–2053). 
Recently, solar activity indices were restored with Bayesian 
odels and used to predict solar activity for next few solar cycles

VH21) as well as extending their model for a description of the
hole set of sunspot index d including Maunder minimum (Velasco 
errera et al. 2022 ). The Bayesian fitting have shown some problems

or the full SSN data set, which either fitting the Maunder minimum
ut missing the modern GSM in cycles 25–27 (Zharkova et al. 2015 )
r fitting the modern GSM with Bayesian restoration if the sunspot
ata taken after 1900. This highlights importance of estimation of the 
ata uncertainties in SSN in the early observation in the 18th–19th 
enturies. 

In the current paper, a direct comparison was made between MSC
nd the whole data set of sunspot cycle indices SSN since 1700, by
pplying wavelet and Fourier spectral analysis of both data sets and
y performing correlation analysis with the SPSS for the periods 
rom 1700, 1860, and 1900 until present. 

We established that both series have a rather close correspondence 
f the timings, duration, and maxima times in cycles from 12 to 24,
, 7, and −4, −3. Although, the distribution of sunspot cycles in
he 18th century when some SSN cycles had durations of 7 or 8 yr
hile others lasted for 15 yr while the MSC curv e rev eals pretty

e gular c ycles. Some MSC c ycles show double maxima (cycles 1–4)
r triple maxima ( �-type) distributions in cycles 0 and 1 and cycles
1 and −2 before MSC and SSN come into Maunder minimum. The
SC cycles closer to 1700–1750 reveal smaller maximal magnitudes 

cycles −3 to 0 and 1–4) than the amplitudes of sunspot index, while
ycles −2 to 0 have reversed maxima with minima in SSN and MSC
urves. 

The wavelet and Fourier spectra of SSN and MSC series reveal
he most prominent periods to be the same one of 10.7 yr within
5 per cent confidence interv al, while SSN series sho ws confidently
MNRAS 521, 6247–6265 (2023) 
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n additional period of 101 yr and MSC series a period of 342 yr.
hese periods are detected well abo v e the red noise level clearly

ndicated in the spectral analysis. There is also a weak indication at
he border of the 95 per cent confidence level of the period of 60.6 yr
n both sunspots and MSC, and of some other periods occurring
elow this confidence level. The absence of centennial period of
01 yr in the MSC is explained by the absence of the second
air of eigenvectors in the MSC, reflecting quadruple magnetic
aves, which are shown to contribute to centennial oscillations

Gleisberg c ycle; Popo va et al. 2018 ). While the absence of period
f 342 yr in sunspot data can be explained by a short time-scale
f SSN of 320 yr, which cannot detect, by default, a larger period
f 342 yr. 
Correlation analysis between the SSN and MSC series using

oth Pearson (for normal distributions) and Spearman correlation
for other distributions) with SPSS package established that the
orrelation coef ficients v ary from 0.25 for the whole SSN data set
from 1700 till present), to 0.56 from the data sets from 1860 and
.67 for the data sets from 1900 when all the restorations of the SSN
re agreed. This confirms that the SSN and MSC data sets are closely
elated as they should be representing the solar activity in different
ntities of the action of solar dynamo, toroidal (SSN), and poloidal
MSC) magnetic fields. 

Therefore, the discrepancies occurring between the data sets can be
artially explained by (i) poor, or lack of, sunspot observations or (ii)
 difference of the magnetic field entities (poloidal for MSC versus
oroidal for SSN magnetic field). The first reason can include the
bsence of observations, a mixture with the dates of sunspot drawings
nduced by changes from Julian to Gregorian calendars made at
ifferent times in different countries or even by a mix in the year
umber because of different starts of New Years in some counties. It is
ather difficult to know, which of these reasons contribute; although,
ecent e v aluation of solar cycle maxima times from the carbon 14
sotopes lent some support to the MSC times of maxima in early
bservations by shifting some cycle maxima in the directions of
SC maxima. 
The second reason is well understood in terms that the MSC is

roduced by poloidal magnetic field of the Sun while the averaged
unspot numbers are loosely associated with toroidal magnetic field,
hough this link is rather distant via the number of sunspots in groups.
he appearance differences in toroidal and poloidal fields i for a given
rand solar cycle are clearly demonstrated in the simulations carried
or the two layer dynamo model with meridional circulations, which
uccessfully explained the observed summary curve for the current
rand solar cycle, butterfly diagrams for the Maunder minimum and
redicted the periods of sunspot activity in butterfly diagrams for the
odern GSM. 
Of course, the PCA and mathematical description of eigenvectors

an introduce some errors into the predicted eigenvectors and their
ummary curve, which is suggested as am additional proxy for
he solar activity inde x. Howev er, the most recent investigation of
igenvectors of SBMF from cycles 21–24 (Zharkova & Shepherd
022 ) has revealed that the addition of the magnetic field data
rom the extra solar cycle 24 did not change the eigenvalues and
igenvectors, at least, for the first four pairs, or eight eigenvectors.
his is reassuring finding, which helps to consider the eigenvectors of
oloidal field, or their MSC, as a proxy of solar activity, in addition to
he existing solar index defined by averaged sunspot numbers SSN. 

A usage of these two indices, averaged sunspot numbers SSN
nd MSC of eigenvectors, which now become also available as an
upplementary array for 2000 yr, can pour a light into the solar
cti vity long-term e volution from two dif ferent perspecti ves: toroidal
NRAS 521, 6247–6265 (2023) 
agnetic field of sunspots and poloidal magnetic field of SBMF.
his second proxy of solar activity would be a very useful addition,

n general, and timely addition, specifically, as the index capable
o explain long-term solar activity including GSMs caused by the
agnetic wave interference. 
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Sol. Phys. , 296, 59 
hatzistergos T., Usoskin I. G., Ko valtso v G. A., Krivo va N. A., Solanki S.

K., 2017, A&A , 602, A69 
lette F., Svalgaard L., Vaquero J. M., Cliver E. W., 2014, Space Sci. Rev. ,

186, 35 
lette F., Svalgaard L., Vaquero J. M., Cliver E. W., 2015, The Solar Activity

Cycle, Space Sciences Series of ISSI, Vol. 53. Springer Science + Business
Media, New York, p. 35 

liver E. W., 2016, Sol. Phys. , 291, 2891 
ourtillot V., Lopes F., Le Mou ̈el J. L., 2021, Sol. Phys. , 296, 21 
ikpati M., Gilman P. A., Ulrich R. K., 2010, ApJ , 722, 774 
reyer J. L. E., 1903, Observatory, 26, 461 
ddy J. A., 1976, Science , 192, 1189 
athaway D. H., 2013, Sol. Phys. , 286, 347 
athaway D. H., 2015, Living Rev. Sol. Phys. , 12, 4 
athaway D. H., Wilson R. M., Reichmann E. J., 2002, Sol. Phys. , 211, 357 
ayaka wa H., Tamaza wa H., Ebihara Y., Miyahara H., Kawamura A. D.,

Aoyama T., Isobe H., 2017, PASJ , 69, 65 
ayaka wa H., K uroyanagi C., Carrasco V. M. S., Uneme S., Besser B. P.,

S ̂ oma M., Imada S., 2021, ApJ , 909, 166 
oyt D. V., Schatten K. H., 1998a, Sol. Phys. , 179, 189 
oyt D. V., Schatten K. H., 1998b, Sol. Phys. , 181, 491 
oyt D. V., Schatten K. H., Nesme-Ribes E., 1994, Geophys. Res. Lett. , 21,

2067 

http://dx.doi.org/10.1007/s11207-007-9113-4
http://dx.doi.org/10.1007/s11207-008-9306-5
http://dx.doi.org/10.1007/s41116-020-0023-y
http://dx.doi.org/10.1051/0004-6361/201629000
http://dx.doi.org/10.1023/A:1005026001784
http://dx.doi.org/10.3847/1538-4357/835/1/9
http://dx.doi.org/10.1088/0004-637X/806/2/169
http://dx.doi.org/10.1051/0004-6361/201321713
http://dx.doi.org/10.1051/0004-6361/201935290
http://dx.doi.org/10.1007/s11207-018-1328-z
http://dx.doi.org/10.1093/mnras/staa1633
http://dx.doi.org/10.1007/s11207-021-01809-1
http://dx.doi.org/10.1051/0004-6361/201630045
http://dx.doi.org/10.1007/s11214-014-0074-2
http://dx.doi.org/10.1007/s11207-016-0929-7
http://dx.doi.org/10.1007/s11207-020-01760-7
http://dx.doi.org/10.1088/0004-637X/722/1/774
http://dx.doi.org/10.1126/science.192.4245.1189
http://dx.doi.org/10.1007/s11207-013-0291-y
http://dx.doi.org/10.1007/lrsp-2015-4
http://dx.doi.org/10.1023/A:1022425402664
http://dx.doi.org/10.1093/pasj/psx045
http://dx.doi.org/10.3847/1538-4357/abd949
http://dx.doi.org/10.1023/A:1005007527816
http://dx.doi.org/10.1023/A:1005056326158
http://dx.doi.org/10.1029/94GL01698


Comparison of solar activity proxies 6265 

K
K  

K
L
L
L
L  

L
M
M
N
N
N
N
O  

O
P
P
P
P
P  

R
S

S
S  

S
S
S
S  

S  

S  

 

S
S
S

S
S
S
T  

T
U  

U  

V
V
V  

V
V
V  

V  

V
W

W
W
W
W
W
Z  

Z
Z
Z
Z
Z  

Z  

Z  

 

Z

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/4/6247/7109272 by gues
ane R. P., 2008, Sol. Phys. , 248, 203 
aroff C., Jørgensen C. S., Senthamizh Pavai V., Arlt R., 2019, Sol. Phys. ,

294, 78 
itiashvili I. N., 2020, ApJ , 890, 36 
e Mou ̈el J.-L., Lopes F., Courtillot V., 2017, Sol. Phys. , 292, 43 
eussu R., Usoskin I. G., Arlt R., Mursula K., 2013, A&A , 559, A28 
ivingston W., Penn M. J., Svalgaard L., 2012, ApJ , 757, L8 
ockwood M., Owens M. J., Barnard L., 2014, J. Geophys. Res. (Space

Phys.) , 119, 5183 
ockwood M., Owens M. J., Barnard L., 2016, Sol. Phys. , 291, 2843 
aunder E. W., 1922, J. Brit. Astron. Assoc., 32, 140 
u ̃ noz-Jaramillo A., Vaquero J. M., 2019, Nat. Astron. , 3, 205 
agovitsyn Y. A., Pevtsov A. A., Livingston W. C., 2012, ApJ , 758, L20 
euh ̈auser R., Arlt R., Richter S., 2018, Astron. Nachr. , 339, 219 
ewitt L. R., Dawson E., 1984, Geophys. J. , 78, 277 
ewitt L., Mandea M., McKee L., Orgeval J.-J., 2002, EOS Trans. , 83, 381 
bridk o V. N., Sok oloff D. D., Pipin V. V., Shibalvaa A. S., Livshits I. M.,

2021, MNRAS , 504, 4990 
gurtsov M. G., 2013, Geomagn. Aeronomy , 53, 663 
arker E. N., 1955, ApJ , 122, 293 
arker E. N., 1993, ApJ , 408, 707 
ipin V. V., Kosovichev A. G., 2018, ApJ , 854, 67 
opova E., Zharkova V., Zharkov S., 2013, Ann. Geophys. , 31, 2023 
opo va E., Zharko va V., Shepherd S., Zharkov S., 2018, J. Atmos. Sol.-Terr.

Phys. , 176, 61 
ibes J. C., Nesme-Ribes E., 1993, A&A, 276, 549 
ILSO World Data Center, 2021, WDC-SILCO. Royal Observatory of 

Belgium, Brussels, available at ht tps://wwwbis.sidc.be/silso/dat afiles 
chmidt M., Lipson H., 2009, Science , 324, 81 
cho v e D. J., 1983, Sunspot Cycles, Hutchinson Ross Publishing Co.,

Stroudsburg, PA, 410 
chwabe M., 1843, Astron. Nachr. , 20, 283 
hepherd S. J., Zharkov S. I., Zharkova V. V., 2014, ApJ , 795, 46 
impson J., 2020, J. Brit. Astron. Assoc., 130, 15 
olanki S. K., Usoskin I. G., Kromer B., Sch ̈ussler M., Beer J., 2004, Nature ,

431, 1084 
oon W . W .-H., Yaskell S. H., 2003, The Maunder Minimum and the Variable

Sun-Earth Connection. World Scientific Publishing Co. Pte. Ltd. 
p ̈orer G. F. W., 1889, Ueber die periodicit ̈at er sonnenflecken seit dem jahre

1618: vornehmlich in bezug auf die heliographische breite derselben, 
und nachweis einer erheblichen st ̈orung dieser periodicit ̈at w ̈ahrend eines
langen zeitraumes.... Vol. 53. Blochmann, Germany 

tix M., 1976, A&A, 47, 243 
valgaard L., 2017, Sol. Phys. , 292, 4 
valgaard L., Schatten K. H., 2016, Sol. Phys. , 291, 2653 
valgaard L., Schatten K. H., 2017a, preprint ( arXiv:1704.07061 ) 
valgaard L., Schatten K. H., 2017b, preprint ( arXiv:1705.02024 ) 
valgaard L., Schatten K. H., 2017c, preprint ( arXiv:1706.01154 ) 
amaza wa H., Ka wamura A. D., Hayaka wa H., Tsukamoto A., Isobe H.,

Ebihara Y., 2017, PASJ , 69, 22 
orrence C., Compo G. P., 1998, Bull. Am. Meteor. Soc. , 79, 61 
soskin I. G., Mursula K., Solanki S., Sch ̈ussler M., Alanko K., 2004, A&A ,

413, 745 
soskin I. G., Solanki S. K., Kri vov a N. A., Hofer B., Ko valtso v G. A.,

Wacker L., Brehm N., Kromer B., 2021, A&A , 649, A141 
aquero J. M., 2007, Adv. Space Res. , 40, 929 
aquero J. M., Gallego M. C., 2014, Adv. Space Res. , 53, 1162 
aquero J. M., Gallego M. C., Trigo R. M., 2007, Adv. Space Res. , 40,

1895 
asilie v a I., Zharkova V., 2022, preprint ( arXiv:2203.03637 ) 
asilje v a I. E., Pishkalo M. I., 2021, Kinemat. Phys. Celest. Bodies , 37, 200 
elasco Herrera V. M., Soon W., Legates D. R., 2021, Adv. Space Res. , 68,

1485 
elasco Herrera V. M., Soon W., Hoyt D. V., Murakzy J., 2022, Sol. Phys. ,

297, 8 
okhmyanin M., Arlt R., Zolotova N., 2021, Sol. Phys. , 296, 4 
aldmeier M., 1961, The sunspot-activity in the years 1610–1960. 

Schulthess, Zurich 
illamo T., Usoskin I. G., Ko valtso v G. A., 2017, A&A , 601, A109 
olf R., 1850a, Astron. Mitt. Eidgen&ouml;ss. Sternwarte Zur., 1, 3 
olf R., 1850b, Astron. Mitt. Eidgen&ouml;ss. Sternwarte Zur., 1, 15 
olf M., 1852, MNRAS , 13, 29 
olf R., 1877, Geschichte der astronomie. R. Oldenbourg, Munchen 

hao J., Bogart R. S., Kosovichev A. G., Duvall T. L., Jr, Hartlep T., 2013,
ApJ , 774, L29 

harkov S., Gavryuse v a E., Zharkova V., 2008, Sol. Phys. , 248, 339 
harkova V., 2020, Temperature, 7, 217 
harkova V. V., Shepherd S. J., 2022, MNRAS , 512, 5085 
harkova V. V., Shepherd S. J., Zharkov S. I., 2012, MNRAS , 424, 2943 
harkova V . V ., Shepherd S. J., Popo va E., Zharko v S. I., 2015, Nat. Sci.

Rep. , 5, 15689 
harkova V. V., Shepherd S. J., Popova E., Zharkov S. I., 2018a, J. Atmos.

Sol. -Terr. Phys. , 176, 72 
harkova V. V., Shepherd S. J., Popova E., Zharkov S. I., 2018b, in Foullon

C., Malandraki O. E., eds, Proc. IAU Symp. 335, Space Weather of the
Heliosphere: Processes and Forecasts, p. 211 

ito R. R., 2016, Sociol. Anthropol., 4, 953 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 521, 6247–6265 (2023) 

t on 20 April 2023

http://dx.doi.org/10.1007/s11207-008-9125-8
http://dx.doi.org/10.1007/s11207-019-1466-y
http://dx.doi.org/10.3847/1538-4357/ab64e7
http://dx.doi.org/10.1007/s11207-017-1067-6
http://dx.doi.org/10.1051/0004-6361/201322373
http://dx.doi.org/10.1088/2041-8205/757/1/L8
http://dx.doi.org/10.1002/2014JA019972
http://dx.doi.org/10.1007/s11207-016-0967-1
http://dx.doi.org/10.1038/s41550-018-0638-2
http://dx.doi.org/10.1088/2041-8205/758/1/L20
http://dx.doi.org/10.1002/asna.201813481
http://dx.doi.org/10.1111/j.1365-246X.1984.tb06484.x
http://dx.doi.org/10.1029/2002EO000276
http://dx.doi.org/10.1093/mnras/stab1062
http://dx.doi.org/10.1134/S0016793213050137
http://dx.doi.org/10.1086/146087
http://dx.doi.org/10.1086/172631
http://dx.doi.org/10.3847/1538-4357/aaa759
http://dx.doi.org/10.5194/angeo-31-2023-2013
http://dx.doi.org/10.1016/j.jastp.2017.05.006
https://wwwbis.sidc.be/silso/datafiles
http://dx.doi.org/10.1126/science.1165893
http://dx.doi.org/10.1002/asna.18430201706
http://dx.doi.org/10.1088/0004-637X/795/1/46
http://dx.doi.org/10.1038/nature02995
http://dx.doi.org/10.1007/s11207-016-1023-x
http://dx.doi.org/10.1007/s11207-015-0815-8
http://arxiv.org/abs/1704.07061
http://arxiv.org/abs/1705.02024
http://arxiv.org/abs/1706.01154
http://dx.doi.org/10.1093/pasj/psw132
http://dx.doi.org/10.1175/1520-0477(1998)0792.0.CO;2
http://dx.doi.org/10.1051/0004-6361:20031533
http://dx.doi.org/10.1051/0004-6361/202140711
http://dx.doi.org/10.1016/j.asr.2007.01.087
http://dx.doi.org/10.1016/j.asr.2014.01.015
http://dx.doi.org/10.1016/j.asr.2007.02.097
http://arxiv.org/abs/2203.03637
http://dx.doi.org/10.3103/S0884591321040073
http://dx.doi.org/10.1016/j.asr.2021.03.023
http://dx.doi.org/10.1007/s11207-021-01926-x
http://dx.doi.org/10.1007/s11207-020-01752-7
http://dx.doi.org/10.1051/0004-6361/201629839
http://dx.doi.org/10.1093/mnras/13.1.29
http://dx.doi.org/10.1088/2041-8205/774/2/L29
http://dx.doi.org/10.1007/s11207-007-9109-0
http://dx.doi.org/10.1093/mnras/stac781
http://dx.doi.org/10.1111/j.1365-2966.2012.21436.x
http://dx.doi.org/10.1038/srep15689
http://dx.doi.org/10.1016/j.jastp.2017.09.019

	1 INTRODUCTION
	2 SOLAR ACTIVITY INDICES: AVERAGED SUNSPOT NUMBERS
	3 SOLAR ACTIVITY INDEX FROM THE EIGENVECTORS OF SBMF
	4 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT
	REFERENCES

