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The Schwabe frequency band of the sunspot record since 1700 has an average period of 11.06 yr
and contains four major cycles, with periods of 9.97, 10.66, 11.01 and 11.83yr. Analysis of the O—C residuals
of the timing of solar cycle minima reveals that the solar cycle length is modulated by a secular period of about
190yr and the Gleissberg period of about 86 yr.

Based on a simple harmonic model with these periods, we predict that the solar cycle length will in average
be longer during the 21st century. Cycle 24 may be about 12 yr long, while cycles 25 and 26 are estimated
to be about 9 and 11yr long. The following cycle is estimated to be 14 yr long. In all periods during the last
1000yr, when the solar cycle length has increased due to the 190yr cycle, a deep minimum of solar activity
has occurred. This is expected to re-occur in the first part of this century.

The coherent modulation of the solar cycle length over a period of 400 yr is a strong argument for an external
tidal forcing by the planets Venus, Earth, Jupiter and Saturn, as expressed in a spin-orbit coupling model.

In their study, Friis-Christensen and Lassen (1991) used

, , - ) a smoothed mean value for the SCL with the length of five
A possible relation between solar activity as manifested bygg|5, cycles weighted 1-2-2-2-1. In a follow-up paper, Re-

sunspots and the Earth's climate has been discussed mam,q| et al. (2001) concluded that the right cause-affiekce

times since William Herschel (1801) speculated on a poss"ordering, in the sense of Granger causality, is present be-

ble connection. In recent times Reid (1987) showed, baseq,cen the smoothed SCL and the cycle mean temperature
on data on globally averaged sea surface temperature (SSTAnomaly for the Northern Hemisphere land air temperature

that the solar irradiance may have varied in phase with the,, 16 20th century at the 99 % significance level. This sug:
80-90yr cycle represented by an envelope of the 11yr solagegts that there may exist a physical mechanism linking so-

activity cycle, called the Gleissberg cycle. _ lar activity to climate variations. However, at the turn of the
Friis-Christensen and Lassen (1991) investigated the rézentyry, a discrepancy between the SCL and NH land series

lation between the sunspot numbers and Northern Hem"developed (Thejll and Lassen, 2000; Thejll, 2009), because

sphere land temperature, and found similar variations, butha short cycle 22 was followed by a much longer cycle 23,
with the temperature variations leading the sunspot numbers,ithout sign of cooling.

They then discovered that using the solar cycle length (SCL) Recognizing that averaged temperature series fraferdi

as an indicator of solar activity in the sense that a shortelyn; meteorological stations of variable quality and changing
cycle means higher activity, they could much better corre-jo.aiions may contain errors and partially unknown phenomt

late with the NH"Iand tgmperature variations. It was also gna derived from the averaging procedure, Butler (1994) pro-
demonstrated (Frus—Chrlstensep and ITassen, 1991; Hoyt a”ﬂosed instead to use long series of high quality from sint
Schatten, 1993; Larssen and Friis-Christensen, 1995) that thgye giations. He showed that this improved the correlation

correlation between SCL and climate has probably been ifyhen ysed for temperature series for Armagh, which corre-
operation for centuries. A statistical study of 69 tree ring |gtag strongly with the NH land temperature.

sets, covering more than 594 yr, demonstrated that wider tree 5 -nipald (2008) was the first to realize that the length of

rings (better growth conditions) were associated with shorteg, previous sunspot cycle (PSCL) has a predictive power
sunspot cycles (Zhou and Butler, 1998).



for the temperature in the next sunspot cycle for certain lo-

cations, if the raw (unsmoothed) value for the SCL is used.

Based on the estimated longer SC23 than SC22, he predicteéearly average sunspot numbers were downloaded
cooling during SC24 for some selected locations. A systemfrom the Solar Influences Data Center (SIDC). The
atic study of the correlation for locations around the Northlength and time of solar cycles were downloaded
Atlantic was published by Solheim et al. (2012). They found from httpy/www.ngdc.noaa.ggstp'space-weathgr
that maximum correlation was obtained with an 8-12 yr lagsolar-datgsolar-indicefsunspot-numbefsycle-dat#able_

for locations around and in the North Atlantic, and found that cycle-dates_maximum-minimum.txt

a correlation with a lag of one solar cycle could explain 25to  For the analysis of the sunspot number time series | have
72 per cent of the temperature variance in that region. Thigised the Period04 analysis package (Lenz and Breger, 2005),
one cycle lag could therefore be used for forecasting the temdownloaded from the Period04 websitehdtp//www.astro.
perature in the next solar cycle. Based on SC23 being consid{nivie.ac.gdsrdsPeriod04. This program performs least
erably longer than SC22, they forecast a temperature declingquare fitting of a number of frequencies, where initial fre-
during SC24 for the sites investigated. quencies may be determined by Fourier transform (FT) or

In order to forecast the development of SCL for longer pe-given as input. Error analysis is done by an analytical for-
riods, it is necessary to investigate the long-term variabilitymula (Breger et al., 1999) assuming an ideal case, or with
of the SCLs. This was done for the first time by Fairbridge a least square error calculation. The largest of the obtained
and Hameed (1983), who found that the phaiedinces re- ~ €rrors is used.
peated after 16 sunspot cycles, or 178 yr, if they used minima The O-C technique for investigation of secular modulation
as the start time for a cycle. of the SCL is described in detail in Richards et al. (2009).

This was followed up by Richards et al. (2009), who usedWe follow their description and use the downloaded set of
median trace analyses of the SCL and power spectrum anaPCLs determined between the minima, and construct the O—
ysis of the O—C residuals (as explained in Eq. 1). They foundC residuals cycle by cycle using the formula:
that the solar cycle length is controlled by periods of 188
and 87 yr. They concluded that the length of the solar cycle(o_c)i = (t —to) = (Ni x Po), 1)
should increase gradually the nex#5 yr. They did not dis-
cuss the origin of their determined periods.

Regarding the 11 yr sunspot period, many scientists hav
noticed the bimodal structure of the distribution of solar cy-
cle length. According to analysis by Scafetta (2012), the
sunspot length probability distribution consists of three pe-
riods of about 9.98, 10.9 and 11.86 yr. The side periods ap-

pear to be closely related to the spring period of Jupiter andrpe solar cycle length variation with time since 1610 is
Saturn, which has a range between 9.5 and 10.5yr with &nhown in Fig. 1. We notice large variations in the 17th and
median length of 9.93yr, and the sidereal period of Jupiter) gih centuries, but with a generally shorter length from about
(about 11.86yr). Scafetta (2012) proposed that the centraj g0, The data set covers a total of 36 cycles, and the mean
cycle period is associated with a quasi 11yr solar dynamQength is 1106+ 1.5yr. In Fig. 2 we show the distribution of
cycle, which is forced by the two cyclical side attractors with {he SCL between solar minima. The median value is between
periods of 9.93 and 11.86 yr. He also suggested that the secy 7 and 11.0yr, but there are no observations in this range.
lar variations of the solar cycle amplitude and length are beairhjs clearly indicates a double or multiple bell distribution.
periods of the three solar cycle periods, and that it is possible The resulting periodogram of the sunspot numbers from
to describe the secular variations of the sunspot cycle withy 700_2010 is shown in Fig. 3. We find, as did Scafetta
these beat periods. . (2012), a dominating band with periods 10-12yr, where
Scafetta’s analysis covered the period 1755-2008 (solayye identify four peaksP; = 9.97+0.02, P, = 10.66+ 0.02,
cycles 1-23). In the following we will investigate the solar P3 = 11010+ 0.001 andP, = 11.83+ 0.02 yr. The errors are
cycles for the longer period 1700-2010, and we will also in- getermined by an analytical formula (Breger et al., 1999).
vestigate the O-C residuals all the way back to 1610 to searchrnere is also a triplet of periods in an 8.5 yr band, and a triplet
for period combinations or harmonics. Based on a simplearound 5.5yr. The latter is most likely higher harmonics of
harmonic model we will estimate the length of the next solaryee peaks in the 11 yr band.
cycles. Finally we will discuss if the modulation of the SCL  1he long period of 5% 0.6 yr is best explained as a 4th
may be contr_olled by the planets, as proposed by Scafetta,,;pharmonics oP, (5x 10.66=53.3), and the long period
(2012) and Wilson et al. (2008). of 100+ 15 yr may be related to the known Gleissberg period
of 87 yr.

wheret; is the end time of cycle nd\;, Py is the reference
geriod investigated, an@; = to + Nj x Po.


http://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-indices/sunspot-numbers/cycle-data/table_cycle-dates_maximum-minimum.txt
http://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-indices/sunspot-numbers/cycle-data/table_cycle-dates_maximum-minimum.txt
http://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-indices/sunspot-numbers/cycle-data/table_cycle-dates_maximum-minimum.txt
http://www.astro.univie.ac.at/ dsn/dsn/Period04/
http://www.astro.univie.ac.at/ dsn/dsn/Period04/

Solar Cycle length Periodogram of Sunspot Numbers 1700-2010
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The solar cycle length (SCL) from 1610 as downloaded
from the National Geophysical Data Center (NGDC). We observe
that the SCL was longer than the mean of 11.06 yr in most of the
19th century and shorter than the mean in most in the 20th century.
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Amplitude spectrum of the yearly average sunspot num-
bers 1700-2010.

O-C for Sunspot Cycle Minima P = 11.06 yrs
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The distribution of the solar cycle lengths in bins of 0.5yr ™' 0-C residua_lls for the length of the solar_ cy_cle compared
width. The distribution covers 36 cycles from 1610 to 2008. with the average period of 11.06yr. The curve is increasing for

SCL>11.06yr.

than the peak around 1700. A similar result was obtained by
Richards et al. (2009), who identified a Gleissberg period of
We use the average periét= 1106 yr as our reference pe- 865+125yr and a secular period of 1888 yr. In their anal-
riod and obtain the O—C residuals as shown in Fig. 4, whergysis they use SCLs based on both solar maxima and minima.
the O-C residuals are given as a function of the cycle no. |n Fig. 6 we show the O—C residuals with the strongest
As the starting point for cycle-13 we use 1610.8 with an  controlling period~ 190 yr and its subharmonic at440yr.
O-C=-0.95. The residuals give us a picture of the long- This dominant cycle is the reason for an increasing period
term trends in SCL. We observe that the residuals increasgngth in the 19th century and a decreasing length in the 20th
most of the time between SC4 and SC14 (1775-1900), becentury. We can therefore expect increasing SCLs in the 21st
cause the SCL is then nearly always longer than 11yr (se@entury.
also Fig. 1). Then we enter a period with shorter periods, and Adding the Gleissberg cycle and three of the harmonics
a warming Earth. The question is now if that will continue.  gjves the fit shown in Fig. 7, where we may also obtain an
To investigate what controls the length of the solar cycle,estimate of near future SCLs. Times of minima can be esti-
we calculate a periodogram of the residual O-C data stringmated from the following equation:
and get the amplitude spectrum shown in Fig. 5.
The spectrum consists of two dominating periods: £30  t.;, = 17555+ 11.06x N; + (O—C)est @)
and 856 + 2 yr. Periods shorter than 50 years are harmonics
of the two main periods. There is also a period of the orderwhere (O—CQ)g is the estimated O—C value determined with
440yr, which explains why the peak around 1900 is higherthe harmonic model as shown in Fig. 7 (red curve). For the



Periodogram of O-C residuals O-C for Sunspot Cycle Minima P = 11.06 yrs

:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII: EHH‘HH‘H‘“‘H"HH‘HH‘HH‘HH‘HHE

18 E 518

“E 190 416 g ¢ 1

14 F 14 gy 7°
() = 3 = .
T 12 =12 2F 172
= = E 4F 3.
s 10 =10 : ]
E : : 7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7
< 0.8 E 38 = 0.8 -15 -10 5 0 5 10 15 20 25 30

0.6 E = 0.6 Sunspot Cycle No

0.4 —; 04 O-C residuals for SCL minima, with a simulation based

0.2 J 02 on 6 harmonics with periods 440, 190, 86, 48, 43, and 38 yr.

III|IIII|IIII|II I|IIII|IIII|IIII|IIII|IIII|IIIIE

0.0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 ] )
based on a mathematical model (Salvador, 2013), which es-

timates the end of solar cycle 24 in 2018.
It has for some time been discussed if the solar cycle length
is controlled by an internal or external clock. Dicke (1978)
argued that the phase of the solar cycle appears to be cou-
. pled to an internal clock, because shorter cycles are usually
A mmm 9(? ‘fo‘r‘s‘u‘nfeo‘t‘C‘yflfa"\‘m?"mfF‘,T‘U}O‘Gf"rs‘ R followed by longer cycles, as if the Sun remembers the cor-
rect phase. Another view (Huyong, 1996) is that the memory
effect can be explained by mean field theory, which predicts
coherent changes in frequency and amplitude of a dynamo
0 wave. However, it is admitted by solar physicists that present
2 solar dynamo theories, although able to describe the peri-
odicities and the polarity reversal of solar activity well, are
not yet able to quantitatively explain the 11 and 22 yr cycles,
e e e b b s nor the other observed quasi-cycles (de Jager and Versteegh,
Sunspot Cycle No 2005). The remarkable resemblance between planetary tidal
forcing periods and observed solar quasi-periods is a strong
argument for a planetary tidal forcing on the solar activity.
Regarding the splitting of the 11 yr solar cycle band into
4 distinct peaks, the most remarkable is the strongest peak
P =11.010+0.001yr. A period so close to 11 Earth years
has a great chance to be related to the Earth’s orbit. Wilson
(2013) explains that the Venus—Earth—Sun periodic align-
ments create a tidal bulge, which for a period of 11.07 yr is
speeded up by Jupiter's movement, and the next 11.07 yr are
slowed down by the same. This is called the VEJ tidal-torque
We have shown that the solar cycle length since 1600 is coneoupling model, and explains both the average Schwabe and
trolled by stable oscillations, which provide an average cycleHales cycles. These tidal forces work to increase or decrease
length of 11.06 yr. The cycle length is modulated by 3 long the solar rotation rate in the convective layers where the solar
periods ofx~440,~ 190 and~ 86 yr, and some of their har- dynamo is situated (Wilson, 2013).
monics. If the dominating period ef190 yr is followed back Among the other three periods in the 11yr band, 9.97 yr
in time, itis found (Richards et al., 2009) that all known solar is close to the Jupiter—Saturn spring tide period of 9.93 yr,
deep minima during the last 1000 yr (the Oort, Wolf, Sporer,which is half of the Jupiter—Saturn heliocentric conjunc-
Maunder and Dalton minima) are close to the minimum or ontion period of 19.86 yr. It should be noticed that the spring
the rising branch of this oscillation. We can therefore expecttide period of Jupit¢Baturn varies between 9.5 and 10.5yr
another grand minimum during the first part of this century. (Scafetta, 2012). The period of 11.83yr is close to Jupiter’s
Looking more closely at the model simulations in Fig. 7, orbital period of 11.86 yr. Scafetta (2012) proposes that the
we estimate the length of SC2412 yr, SCL25v9yr, SCL26  solar cycle period: 11.0yr is generated by the two side at-
~11yr and SCL2% 14 yr. The forecast for the time of the tractors controlled by the two giant planets. We have found
next minimum (2020.9) can be compared with the forecastanother sunspot period at 10.66yr, which also may be a

Frequency (Cycles'1)

Amplitude spectrum of O—C residuals of the SCL mea-
sured between minima.

O-C (yrs)
o
HH‘HH‘\ HM\H‘HH‘\H

w
o

O-C residuals for SCL minima, with a simulation based
on the dominating periods of 190 and 440 yr.

next minimum after SC24, Eq. (2) gives 2020.9, since the
(O—C)stthen is close to zero.



dynamo period. Both these periods are strongly forced, sincé
they have higher harmonics of 5.5 and 5.25yr, and one sub-
harmonic of 21.3 yr. We have shown that the Schwabe frequency band of the
By our O—C analysis we find, as did Richards et al. (2009),sunspot record since 1700 has an average period of 11.06 yr
that the SCL is modulated by a secular period of $0r and contains four major cycles, with periods of 9.97, 10.66|
in addition to a period of 8& 2 yr, which most likely is the  11.01 and 11.83 yr. Analysis of the O-C residuals of the tim+
Gleissberg period. The long period is close to the Jose cycléng of solar cycle minima reveals that the solar cycle length is
of 178.7 yr, which is the period of recurrent pattern of the modulated by a secular period of about 190yr and a Gleiss-
movement of the Sun around the barycenter of the solar sysberg period of about 86yr. Our result is a confirmation of
tem (Jose, 1965). Fairbridge and Hameed (1985) found phasearlier phase studies by Fairbridge and Hameed (1983) and
coherence of solar cycle minima over two 176 yr cycles, orRichards et al. (2009).
16 Schwabe periods. Our 190 yr period is also close to a pe- Based on a simple harmonic model with these periods, we
riod of 208 yr, which is found in cosmic ray observations and predict that the solar cycle length will increase during the
in cosmogenic isotopes, and explained by tidal torque on thé&1st century. Cycle 24 may be about 12 yr long, while cycles
Sun by the planets (Abreu et al., 2012). 25 and 26 are estimated to be about 9 and 11yr long. The
However, a far better match with the 190 yr period is found following cycle 27 will be much longer. In all periods when
by introducing a so-called GeaffEct, which modulates the the solar cycle length has increased due to the 190yr cycle
tangential torque applied by the alignments of Venus andduring the last 1000 yr, a deep minimum of solar activity has
Earth to the Jupiter—Sun—Saturn system as explained by Wiloccurred. This is also to be expected in the early part of this.
son (2013). He shows that prograde and retrograde torque os- The coherent modulation of the solar cycle length over a
cillate in a quasi bidecadal period controlled by the 19.859 yrperiod of 400 yr is a strong argument for an external forcing
synodic period of Jupiter and Saturn. Figure 13 in Wilson by the planets Venus, Earth, Jupiter and Saturn, expressed in
(2013) shows the angel between the center of mass of théhe spin-orbit coupling model as proposed by Wilson (2013),
Jupiter, Sun and Saturn system and Ve¢Bagh from 1013 Excellent phase coherence with this model is a strong
to 2015. If we compare this with our Fig. 6, we find an excel- added argument for this interpretation.
lent match between periods and phases, indicating a strong
link between the modulation of the solar cycle length and
the torque &ect proposed by Wilson (2013). The modula- The author acknowledges the use of
tion period can be calculated as the beat period between thgHnspot numbers and times of minima from the Natlona_l Geoph_ys-
Hale-like period of 22.137 yr and the Jupiter-Saturn Synodic'cal Data Center. He alsq thanks the Vienna astroseismological
. . . group for the excellent Period04 program package, and two referees
period of 19.859 yr. The result is a beat period of 192.98 yr Or ith helpful advice for improving this publication,
193+ 2yr, when the orbital variations are included (Wilson,
2013). By also introducing the Geaftect to the VEJ-tidal  giteq by: N.-A. M&rner
torque model, he can also explain an 88.1yr Gleissberg Cyreviewed by: H. Yndestad and H. Jelbring
cle.
Finally, it may be instructive to compare our predictions
of the next solar cycle lengths with a prediction made by de
Jager and Duhau (2009), t.)ased. on the dynamo mOd?' that breau, J. A., Beer, J., Ferriz-Mas, A., McCracken, K. G., and
Const_ructed from the relationship between the polodial an Steinhilber, F.: Is there a planetary influence on solar activity?
torod_lal magnetic cycles. They conclude_ that the polar cycle  sqiron. Astrophys., 548, 9 pp., 2012.
24 will be similar to polar cycle 12, which means that the prchipald, D.: Solar cycle 24: Implications for the United
maxima of sunspot cycles 23 and 24 will be quite similar to  states, in: International Conference on Climate Chamgew
those of the cycle pair 11 and 12. They further conclude that davidarchibald.infl 2008.
a short Dalton minimum will occur, lasting a maximum of 3 Breger, M., Handler, G., Garrido, R, Audard, N., Zima, W., Papard,
cycles (SC24-26), whereafter a grand minimum will follow, M., Beichbuchner, F., Li, Zhi-ping, Jiang, Shi-yang, Liu, Zong-
starting with cycle 27. They predict the maximum sunspots i, Zhou, Ai-ying, Pikall, H., Stankov, A., Guzik, J. A., Sperl, M.,
of SC24 to be 6& 17 with a maximum at 2018+ 0.5, but Krzesinski, J., Ogloza, W., Pajdosz, G., Zola, S., Thomassen, T},
do not predict the length. Splheim, J.-E., Serkowitsch, E., Reegen, P., Rumpf, T., Schmal-
At the moment we are close to the solar maximum of \Vieser, A., and Montgomery, M. H.: 30frequencies for the delta

SC24. but have 7 more vears to the next minimum. accord- Scuti variable 4 Canum Venaticorum: results of the 1996 multi-
’ Y ’ site campaign, Astron. Astrophys., 349, 225-235, 1999.

ing to our forecast. During that period we will observe if the Butler, C. J.: Maximum and minimum temperatures at Armagh Ob-

cooling forecast for the North Atlantic region will take place, servatory, 1844-1992, and the length of the sunspot cycle, Sol.

and if this will also keep the global temperature in hiatus, as phys., 152, 35-42, 1994.

it has been since the start of SC23. de Jager, C. and Versteegh, J. M.: Do planetary motions drive solar
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