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Abstract. In present work we compared the measured and predicted amplitudes of the
24th solar cycle. The modified minimum–maximum method, belonging to the precursor
class of methods, was applied to the smoothed monthly sunspot number values (the “old”
data set, used before the change introduced on July 1st , 2015). The maximum of the
24th solar cycle occurred in April 2014 with an amplitude of R = 82 and this observed
value is very close to our mean predicted value R = 83. The maximum was significantly
weaker than in several previous cycles. Additionally, a curious solar activity minimum of
2008, between the solar cycles no. 23 and no. 24 was analysed, as well as the shape of the
maximum profile. The maximum of the 24th solar cycle had a double-peak, the second
one being higher than the first one. The obtained results represent a strong indication
that the minimum–maximum method is a reliable tool for the solar cycle prediction,
using data available already 3 years before the preceding minimum of solar activity.
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1.

Introduction

Solar variability can be divided into short-term and long-term variations.
The short-term variations include scales of less than 10 years, i.e. of about
the length of one solar activity cycle. Their inﬂuence is mostly described
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in terms of the space weather and space climate conditions in the solar
system. The long-term variations are eﬀective on time scales longer than
10 years and might have important inﬂuence on the Earth’s climate. The
forecast of solar activity on the scale of years and decades is very important
for planing future space missions, both manned and robotic, to the Moon
and Mars. Further, note that both the short-term and long-term variations
control the physical state of the Earth’s magnetosphere, inﬂuencing the
geomagnetic ﬁeld and is the best reﬂected in the geomagnetic observatory
data (Verbanac et al., 2015).
In addition to this practical, applied aspect, the reliability analysis of
solar cycle prediction methods can help to better understand characteristics
of the solar activity cycle. Thus, it could improve distinguishing between the
stochastic (random) and non-linear (chaotic) eﬀects besides the well-known
periodic (cyclic) pattern (Wilson, 1994; Letellier et al., 2006; Gilmore and
Letellier, 2007; Aguirre et al., 2008).
In the present paper we compare the observed and predicted characteristics of the 24th solar cycle. We focus on the amplitude of the maximum of
the 24th solar cycle.
The theoretical attempts for solar cycle prediction are based on various
treatments of the dynamo process. These studies can be divided into two
subgroups. Those investigations which analyze the earlier temporal variations of the cycles and extrapolate the observed regularities or trends can be
regarded as extrapolation methods. They should tacitly assume that an unspeciﬁed dynamo regime is persistent, therefore the successes or failures of
forecasts are indications for additional processes besides the dynamo mechanism. The other group of studies follows the precursor method. These are
based on some physical considerations about the succession of events, and
the precursors of highest predictive power may become important ingredients of the dynamo models.
In our previous paper (Brajša et al., 2009) a general overview of the relevant literature is given. In the meantime a rather huge number of papers
about the current topic was published. Here we only emphasize recent developments which were summarized by Hathaway (2009), Petrovay (2010) and
Pesnell (2012). We make now a short note on terminology and notation. In
this paper we use the International sunspot number (also called the relative
sunspot number or the Wolf number), denoted by R or ISSN. We use the
monthly smoothed values in present analysis. We note that on July 1st 2015
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a major change of the sunspot number data set was performed including
change of the relative sunspot number1 . In present analysis we use the “old”
sunspot number data set, which is also available at the SIDC web page in
the Archive section.
In this work we use one of the precursor methods, namely the modiﬁed
minimum–maximum method. The paper is organized as follows: in Section 2. we give a brief overview of the basic characteristics of the 24th solar
cycle, in Section 3. we describe the modiﬁed minimum–maximum method,
present its results, and ﬁnally in Section 4. we compare the real, observed
behavior with the predicted one.
2.

Basic Characteristics of the 24th Solar Cycle

Now, when the maximum of the 24th solar cycle has passed, we can summarize its main characteristics. The maximum was a double-peaked one (as
discussed by Kilcik and Ozguc, 2014), the ﬁrst peak having R1 = 66.9 in
February 2012 and the second peak being R2 = 81.9 in April 2014. We note
that these quantities are the monthly smoothed relative sunspot number values, the same parameter which we use throughout the whole paper. Thus,
we assume that the actual maximum had the amplitude R = 81.9 ≈ 82.
We will compare this measured result with the predicted values in next two
Sections of this paper.
In Figs. 1 and 2 we can follow the development of the 24th solar cycle2 .
The smoothed monthly sunspot numbers are plotted as a function of time
in months, relative to the minimum epoch which occurred in the last two
calendar months of the year 2008: Tmin = 2008.9; Rmin = 1.7. In Fig. 1
(Fig. 2) the curve representing the actual solar cycle is compared with similar curves for the previous 10 (20) solar cycles. From Fig. 1 we can see that
the solar activity minimum in 2008 was indeed broader and deeper than
most of the last 10 solar cycles, making the minimum between 23rd (the
maximum occurred in April 2000) and 24th solar cycles relatively curious.
It is however not completely unusual, which can be seen in Fig. 2. The cycles with minima below the current value, even with 0.0 in some cases, took
place in the beginning of the 19th century. Therefore, we can conclude that
the solar cycle no. 24 has some similarities with the cycles at the beginning
1
2

http://sidc.oma.be/silso/
http://www3.kis.uni-freiburg.de/~hw
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Figure 1: Monthly smoothed relative sunspot number for current (bold) and 10 previous
cycles (dotted lines). The last measured value for November 2014, which was available
after May 2015, is included.

of both the 19th and the 20th century in agreement with the Gleissberg cycle
with the period 90 – 100 years.
The period of the solar cycle, measured as the time span between the
maximum of the 23rd and the 24th solar cycles, is relatively long amounting
exactly to 14.0 years. We can summarize, that the minimum was rather low
and broad, the maximum modest and double-peaked (with the second peak
higher than the ﬁrst one) and that the length of the cycle is relatively long.
We note that some curious characteristics of the last solar minimum were
also reported by Tapping and Valdés (2011) who used 10.7 cm solar radio
ﬂux data.
3.

The Minimum–Maximum Method

The minimum–maximum method (e.g. Wilson, 1990a) is based on a linear
relationship between the smoothed monthly relative sunspot number in the
minimum (Rmin ) and in the maximum epoch (Rmax ) of solar cycles for
which data exist (SIDC-team, 1749–2015). In the present analysis we apply
138
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Figure 2: The same as in Fig. 1, but including data for the last 20 solar cycles.

a modiﬁed version of this method using not only the minimum activity
year, but years before and after the solar activity minimum. The correlation
coeﬃcient, CC, is investigated as a function of the time oﬀset in years. From
Fig. 3 it can be seen that there is a non-trivial maximum in the CC 3 years
before the minimum (after the minimum the CC sharply rises, as the cycle
moves toward the maximum). We obtain the following result for all solar
cycles 1–23 (Fig. 3):
Rmax = (45 ± 12) + (1.6 ± 0.3) · Rmin−3 ,

CC = 0.81

(1)

Rmax = (78 ± 14) + (5.9 ± 1.9) · Rmin ,

CC = 0.56

(2)

Rmax = (62 ± 16) + (2.8 ± 0.8) · Rmin+1 ,

CC = 0.62

(3)

Rmax = (49 ± 10) + (1.1 ± 0.1) · Rmin+2 ,

CC = 0.86

(4)

Rmax = (39 ± 7) + (0.8 ± 0.1) · Rmin+3 ,

CC = 0.93

(5)

Rmax = (22 ± 6) + (0.9 ± 0.1) · Rmin+4 ,

CC = 0.96

(6)

Now we consider the time of the last solar minimum that occurred in
November-December 2008, when the smoothed monthly relative sunspot
number had the same, lowest value of 1.7 in both months. Also, the corCent. Eur. Astrophys. Bull. 39 (2015) 1, 135–144
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Figure 3: The correlation coefficient of the minimum–maximum relationship with the
time offset in years. Solar cycles 1–23 were analyzed using smoothed monthly values of
the relative sunspot number.

responding mean value for the two months 3 years before (in 2005) and 4
successive years thereafter (2009-2012) were found. For those six cases, we
(min−3)
(min)
obtain the maximum of the 24th solar cycle Rmax
= 84 ± 14, Rmax =
(min+1)
(min+2)
(min+3)
88 ± 14, Rmax
= 84 ± 17, Rmax
= 80 ± 10, Rmax
= 90 ± 8 and
(min+4)
Rmax
= 76 ± 7.
Finally, we repeat this procedure excluding the solar cycle no. 19, since
it is well known that it was an unusual case, maybe even a real outlier
(Wilson, 1990b; Temmer et al., 2006):
Rmax = (49 ± 12) + (1.5 ± 0.3) · Rmin−3 ,

CC = 0.79

(7)

Rmax = (67 ± 11) + (6.9 ± 1.5) · Rmin ,

CC = 0.73

(8)

Rmax = (62 ± 14) + (2.6 ± 0.7) · Rmin+1 ,

CC = 0.65

(9)

Rmax = (52 ± 10) + (1.0 ± 0.2) · Rmin+2 ,

CC = 0.83

(10)

Rmax = (41 ± 7) + (0.8 ± 0.1) · Rmin+3 ,

CC = 0.92

(11)

Rmax = (22 ± 7) + (0.9 ± 0.1) · Rmin+4 ,

CC = 0.95

(12)

Similar as before, for the six cases, we obtain for the maximum of the 24th
(min−3)
(min)
(min+1)
solar cycle Rmax
= 85 ± 13, Rmax = 79 ± 11, Rmax
= 83 ± 15,
(min+4)
(min+3)
(min+2)
= 76 ± 8.
= 90 ± 8 and Rmax
= 81 ± 8, Rmax
Rmax
In summary, the minimum–maximum method gives a mean value of
140

Cent. Eur. Astrophys. Bull. 39 (2015) 1, 135–144

AN AMPLITUDE OF THE 24TH SOLAR CYCLE

Rmax = 83 ± 7 for the peak relative sunspot number for the 24th solar cycle.
Finally, we would like to emphasize the result obtained for the correlation
three years after the minimum. According to Hathaway et al. (1994) this
should be a fairly reliable forecast. For the present cycle this gives the largest
predicted value Rmax = 90 ± 8.
4.

Discussion and Conclusions

In Sect. 2. we presented results of the prediction of modiﬁed minimum–
maximum method. The mean value for all subcases, Rmax = 83 ± 7 is very
close and is consistent with the actual measured value Rmax = 82. Thus,
the minimum–maximum method is a rather useful prediction tool for the
forecast of the solar cycle activity maximum.
Now we make two comments on our results. First, the calculation using
data already 3 years before the minimum gives rather accurate prediction
of the subsequent maximum. This is in agreement with the largest correlation coeﬃcient of the minimum–maximum relationship (Fig. 3). Second,
the forecast based on data 3 years after the minimum gives the result which
has the largest diﬀerence to the measured value, at least for the 24th solar
cycle. This is in disagreement with the claim of Hathaway et al. (1994).
For predicting the amplitude of the 24th solar cycle maximum various
subtypes of the precursor method were used (Svalgaard et al., 2005; Dabas
et al., 2008; Obridko and Shelting, 2008; Ahluwalia and Ygbuhay, 2009;
Bhatt et al., 2009; Brajša et al., 2009; Tlatov, 2009a,b; Wang and Sheeley,
2009; Yoshida and Yamagishi, 2010; Kakad, 2011; Podladchikova and van
der Linden, 2011; Uzal et al., 2012). However, it should be noted that most of
those works overestimated the amplitude of the 24th solar cycle maximum.
On the other hand, Svalgaard et al. (2005), Yoshida and Yamagishi (2010),
Kakad (2011), and Uzal et al. (2012) predicted approximately correct the
modest amplitude of the last solar maximum, while Podladchikova and van
der Linden (2011) underestimated the measured maximum amplitude. We
emphasize that the prediction of Svalgaard et al. (2005) was based on the
correlation of the strength of the Sun’s axial magnetic dipole moment 3 years
before the activity minimum with the amplitude of the subsequent solar
maximum. It is interesting and probably not accidental that our method
(although diﬀerent from their) yields the highest correlation coeﬃcient and
the very good prediction (in agreement with the measured amplitude) when
Cent. Eur. Astrophys. Bull. 39 (2015) 1, 135–144
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also the data from 3 years before the minimum were used.
We can conclude that the minimum–maximum method, here presented
in a modiﬁed form, represents a rather reliable forecast tool for predicting
the amplitude of the subsequent solar maximum. The method makes the
prediction fairly well using data even 3 years before the preceding minimum.
Hence, in the moment when the minimum epoch is estimated well, or just
after the minimum has passed, the fairly reliable prediction of the next
maximum is possible.
Finally, it is still not fully clear what are the chaotic properties of solar
activity. In fact, the non-linear eﬀects, mostly neglected in the forecast procedures, would have very important implications for predictions. There are
many possibilities where these non-linear eﬀects could come from, e.g. in
considering the chaotic solar dynamo where non-linear diﬀerential equations
with higher order terms of speciﬁc physical quantities appear (Ossendrijver,
2003; Rüdiger and Hollerbach, 2004; Wilson, 1994; Gilmore and Letellier,
2007; Aguirre et al., 2008; Letellier et al., 2006). The method presented in
this work does not take into account the non-linear eﬀects; this should be
left for other methods.
In further work we plan to address some of the open questions, especially
repeating the whole analysis for the northern and the southern hemisphere
separately and using the alternative time series of sunspot number data. We
also plan to use some other methods like the Autoregressive moving average
model (ARMA), Damped random walk (DRW) model and apply the Hurst
analysis to the available data.
Acknowledgements
This work has received funding from the European Commission FP7 project
eHEROES (284461, 2012-2015). It was also partly funded by the project SOLARNET, which is an Integrated Infrastructure Initiative (I3) supported
by the European Commission’s FP7 Capacities Programme for the period
April 2013 - March 2017 under Grant Agreement number 312495. Also,
we acknowledge the ﬁnancial support by the Academy of Finland to the
ReSoLVE Centre of Excellence (project no. 272157). This work has been
supported in part by Croatian Science Foundation under the project 6212
Solar and Stellar Variability. We acknowledge use of the data provided by
the WDC-SILSO, Royal Observatory of Belgium, Brussels and would like
142

Cent. Eur. Astrophys. Bull. 39 (2015) 1, 135–144

AN AMPLITUDE OF THE 24TH SOLAR CYCLE

to thank Arnold O. Benz, Sergio Cortesi, Thomas K. Friedli, Željko Ivezić,
Andras Ludmany, Chelsea L. MacLeod, Judit Muraközy and Leif Svalgaard
for valuable comments and suggestions. Markus Roth acknowledges that
the research leading to these results has received funding from the European Research Council under the European Union’s Seventh Framework
Programme (FP/2007-2013) / ERC Grant Agreement n. 307117.
References
Aguirre, L. A., Letellier, C., and Maquet, J.: 2008, Solar Phys. 249, 103.
Ahluwalia, H. S. and Ygbuhay, R. C.: 2009, Advances in Space Research 44, 611.
Bhatt, N. J., Jain, R., and Aggarwal, M.: 2009, Solar Phys. 260, 225.
Brajša, R., Wöhl, H., Hanslmeier, A., Verbanac, G., Ruždjak, D., Cliver, E.,
Svalgaard, L., and Roth, M.: 2009, Astron. Astrophys. 496, 855.
Dabas, R. S., Sharma, K., Das, R. M., Pillai, K. G. M., Chopra, P., and Sethi,
N. K.: 2008, Solar Phys. 250, 171.
Gilmore, R. and Letellier, C.: 2007, The Symmetry of Chaos, Oxford University
Press.
Hathaway, D. H.: 2009, Space Sci. Rev. 144, 401.
Hathaway, D. H., Wilson, R. M., and Reichmann, E. J.: 1994, Solar Phys.
151, 177.
Kakad, B.: 2011, Solar Phys. 270, 393.
Kilcik, A. and Ozguc, A.: 2014, Solar Phys. 289, 1379.
Letellier, C., Aguirre, L. A., Maquet, J., and Gilmore, R.: 2006, Astron. Astrophys. 449, 379.
Obridko, V. N. and Shelting, B. D.: 2008, Solar Phys. 248, 191.
Ossendrijver, M.: 2003, Astron. Astrophys. Rev. 11, 287.
Pesnell, W. D.: 2012, Solar Phys. 281, 507.
Petrovay, K.: 2010, Living Reviews in Solar Physics 7, 6.
Podladchikova, T. and van der Linden, R.: 2011, Journal of Space Weather and
Space Climate 1, A1.
Rüdiger, G. and Hollerbach, R.: 2004, The Magnetic Universe: Geophysical and
Astrophysical Dynamo Theory, Wiley-VCH.
SIDC-team: 1749–2015, The International Sunspot Number.
Svalgaard, L., Cliver, E. W., and Kamide, Y.: 2005, Geophys. Res. Lett. 32, 1104.
Tapping, K. F. and Valdés, J. J.: 2011, Solar Phys. 272, 337.
Temmer, M., Rybák, J., Bendík, P., Veronig, A., Vogler, F., Otruba, W., Pötzi,
W., and Hanslmeier, A.: 2006, Astron. Astrophys. 447, 735.
Tlatov, A. G.: 2009a, Astrophys. Space Sci. 323, 221.
Tlatov, A. G.: 2009b, Solar Phys. 260, 465.
Cent. Eur. Astrophys. Bull. 39 (2015) 1, 135–144

143

R. BRAJŠA ET AL.

Uzal, L. C., Piacentini, R. D., and Verdes, P. F.: 2012, Solar Phys. 279, 551.
Verbanac, G., Mandea, M., Bandić, M., and Subašić, S.: 2015, Solid Earth 6, 775.
Wang, Y.-M. and Sheeley, N. R.: 2009, Astrophys. J., Lett. 694, L11.
Wilson, P. R.: 1994, Solar and Stellar Activity Cycles, Cambridge, MA: Cambridge University Press.
Wilson, R. M.: 1990a, Solar Phys. 125, 133.
Wilson, R. M.: 1990b, Solar Phys. 125, 143.
Yoshida, A. and Yamagishi, H.: 2010, Annales Geophysicae 28, 417.

144

Cent. Eur. Astrophys. Bull. 39 (2015) 1, 135–144

