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Abstract. Prediction of solar activity strength for solar cy-
cles 23 and 24 is performed on the basis of extrapolation of
sunspot number spectral components. Sunspot number data
during 1933–1996 periods (solar cycles 17–22) are searched
for periodicities by iterative regression. The periods signifi-
cant at the 95% confidence level were used in a sum of sine
series to reconstruct sunspot series, to predict the strength
of solar cycles 23 and 24. The maximum peak of solar cy-
cles is adequately predicted (cycle 21: 158±13.2 against an
observed peak of 155.4; cycle 22: 178±13.2 against 157.6
observed). Solar cycle 23 was predicted to have a peak in
2000 with maximum amplitude of 125±13.2, in good agree-
ment with the 119.6 observed. The minimum of solar cycle
23 is predicted to occur around 2007–2008. For solar cycle
24, the maximum is predicted to occur in 2012 (115±13.2)
or 2013 (117±13.2) and this shall be a very weak solar cycle.

Key words. Solar physics, astrophysics and astronomy (in-
struments and techniques; general or miscellaneous; photo-
sphere and chromosphere)

1 Introduction

The most dramatic, easily observable and long-term recorded
aspect of solar activity are the dark regions on the solar disk
– sunspots, which have been observed telescopically since
1610. Their number per time interval may, in one way or
another, represent an index of the general solar magnetic ac-
tivity (Eddy, 1976, 1977; Hoyt and Schatten, 1997, 1998a,
b). The number of sunspots shows time variations in a dis-
tinctly cyclic fashion. Quantitatively, they are measured by
the Wolf (or Zurich) Sunspot Number, Rz, which is widely
used in solar and solar-terrestrial physics, as a proxy for the
general state of solar activity. Rz is more reliable after 1850,

Correspondence to:E. Echer
(eecher@dge.inpe.br)

when daily averages are more frequently available (Hoyt and
Schatten, 1998a, b).

When the solar cycle is in its maximum phase, there are
important terrestrial consequences, such as the higher solar
emission of extreme-ultraviolet and ultraviolet flux, which
can modulate the middle and upper terrestrial atmosphere,
and total solar irradiance, which could have effects on terres-
trial climate (Hoyt and Schatten, 1997), as well as the coronal
mass ejection and interplanetary shock rates, responsible by
geomagnetic activity storms and auroras (Webb and Howard,
1994). There is also a high probability for the occurrence
of large solar flares, with associated energetic solar particles
causing phenomena such as communications disturbances,
failures in electronic solid state components, etc. (Siscoe,
2000). The strength of these events depends on the size of
solar cycle activity, which is extremely variable. These facts
justify the scientific and practical importance of predicting
the solar cycle strength.

Ideally, one should be able to predict future solar activity
using a realistic model of the solar dynamo, but this model
does not yet exist. Two approaches are generally used to pre-
dict solar activity (after Layden et al., 1991; see also Conway,
1998):

1. Purely numeric methods. These methods are based on
the search of multiple periodicities and amplitudes able
to reproduce past solar cycles. Their main advantage is
that any future solar cycle can be predicted, independent
of how far in the future it occurs. The drawback is that
no physical information is used. The prediction sup-
poses that an important part of the phenomena is really
periodic and that most important periodicities have been
already observed in data. Another advantage is that this
method can also be used, with the same restriction, to
reconstruct past solar activity before the measurements
were recorded (e.g. Rigozo et al., 2001; Echer et al.,
2004).
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Table 1. Results of solar cycle 23 peak prediction by several authors using different techniques.

Prediction Max #23 Prediction Max #23

Schatten and Pesnell (1993) 170±25 Schatten et al. (1996) 138±30
Schatten and Sofia (1996) 130±30 Thompson (1996) 164
Bounar et al. (1997) 158±18 Jain (1997) 166.2
Kane (1997) 170±13 Li (1997) 149.3±20
Tsirulnik et al. (1997) 220 Hathaway et al. (1999) 146±20
Kane (1999) 140±9 Mendoza and Raḿırez (1999) 140±32
Ahluwalla (2000) 131.5±33 Ramesh (2000) 126±26
Loskutov et al. (2001) 122 This work 125±13.2

Observed 119.6

2. Precursor techniques: These techniques are statistical
in nature and are usually based on correlating any so-
lar/geophysical parameter from earlier in the solar cycle
to sunspot numbers at solar maximum or some other
point later in the cycle. Precursor methods are consid-
ered to be the more successful techniques and have been
widely employed (Ohl, 1966; Kane, 1978; Layden et al.,
1991), although they have failed in predicting the so-
lar cycle 23 maximum (Kane, 2001; see Table 1 in this
paper). In the present work, an iterative regression is
applied in sunspot number annual averages, in order to
obtain the most significant periodicities, which are used
in a reconstruction and a prediction of solar activity for
cycles 23 and 24.

2 Sunspot data and spectral analysis methods

2.1 Sunspot data

The annual averages of the sunspot number were used in this
work. The sunspot number time series was obtained from the
Sunspot Index Data Center in Brussels, Belgium.

2.2 Spectral analysis

The iterative regression method is an iterative least-square fit
and it was described in its general form by Wolberg (1967)
and Rigozo and Nordemann (1998). It may be applied to
the fit of any function to experimental or observational data,
without need of previous linearization. To keep processing
times to a minimum, the number of parameters and variables
cannot be too high but there is no such practical limit for the
number of data points. It is applied in this work to search-
ing for periodicities in a time series, with the use, for ev-
ery period searched, of a unique sine function with three un-
known parameters, a0=amplitude, a1=angular frequency, and
a2=phase and only one variable, t=time. The values for the
three unknown parameters are determined one at a time by
iteration on the original time series with the specific condi-
tion of restricting the angular frequency to a narrow domain

around its expected value. The starting point of the method
is the definition of a so-called conditional function:

F = Y − a0sin (a1t + a2) , (1)

whereY is the observed signal/value. ClearlyF is the differ-
ence between the observed value and the fitted function.

This method has the ability to detect a periodic signal even
if only part of the full cycle is sampled. It also gives estima-
tives of the error for every frequency, amplitude and phase
calculated. Based on these advantages, it was selected and
applied to the sunspot number annual averages and the most
significant periods at 2σ were chosen for the reconstruction
of the sunspot number. A sum of sine waves is calculated,
using the parameters’ fit by the ARIST method, according to
Eq. (2):

f (t) =

n∑
1

rn sin(wnt + φn). (2)

More details regarding the ARIST method can be found
in Rigozo and Nordemann (1998). A comparison among
ARIST and other spectral methods will be published else-
where.

3 Results and discussion

Since the Wolf Sunspot number is more reliable after 1850
(Hoyt and Schatten, 1998a, b), only sunspot data after this
date are used in this work. Long periods could be important
in describing the future solar activity (Kane, 2002). How-
ever, it was observed in several spectral analyses that changes
in the spectrum can occur due to the sample selection (Her-
man and Goldberg, 1978; Kane, 1999). Considering these
two points, several sample lengths were tested in order to
choose the ones that best predicted the sunspot series in the
reconstruction and that gave the most accurate sunspot max-
imum values.

Figure 1 shows the sunspot series during 1850–2000. The
amplitude of sunspot cycles was lower during the 19th cen-
tury than the 20th, especially after 1940. This strong differ-
ence in amplitude could influence a prediction of near future
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Fig. 1. Sunspot number time series in the period 1850–2000.

Fig. 2. Reconstructed/forecasted (dotted lines) and original (continuous line) sunspot number series. The continuous line in 1996 divides the
reconstructed and predicted series.
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solar activity. Kane (1999) has shown that spectral charac-
teristics are different for earlier (until 1914) and more recent
sunspot data. In the present study the period 1933–1996 (so-
lar cycle minima 17–22) was chosen to obtain the reconstruc-
tion, after testing shorter and longer periods. Data sample
lengths shorter than the chosen one, for instance, 1951–1990,
have an absence of long periods, resulting in short period sine
waves in the reconstruction. Longer sample reconstructions,
such as, for instance, 1901–1990, 1926–1980 and 1850–1990
underestimate several sunspot cycle maximum.

Using the ARIST method, the main periodicities of the
1933–1996 sunspot series were determined. The periods sig-
nificant at the 95% confidence level are: 8.5, 10.5 and 31.1
years. The 10.5 years is the solar cycle period, while the
8.5 years could be associated with it, because the solar cy-
cle lengths are known to vary between 9–13 years (Hoyt and
Schatten, 1997). The period of 31.1 years has been found
elsewhere in sunspot number spectral analysis (Clúa de Gon-
zalez et al., 1993). A possibility is that this period of 31 years
is the solar origin of the 35 years Brückner climatic period-
icity (Raspopov et al., 2000).

Using Eq. (2) and the periodicities identified, a correlation
analysis between the reconstructed and original data was per-
formed, giving a high correlation coefficient of r=0.91, im-
plying a common variance (r2) of about 80%.

In Fig. 2 the reconstructed series (dotted line) and the orig-
inal series are shown. The sunspot series was extrapolated
until 2020 to predict solar cycles 23 and 24. Some negative
Rz values that were obtained by sine wave calculation were
arbitrarily set to zero because they do not have physical sig-
nificance. The correspondence is reasonable, especially in
terms of sunspot cycle maximum amplitudes. Thus, in gen-
eral, the reconstruction seems to be adequate to describe so-
lar cycle behavior, including long-term periods, and it is able
to fit adequately solar maximum values.

The error in the Rz predicted value is calculated by the
error theory as the square root of the sum of each periodicity
square error:

σt =

√
σ 2

1 + σ 2
2 + ... + σ 2

n . (3)

The amplitude and error of each periodicity are: 8.5 y
(29.5±8.7); 10.5 y (65.6±4.2); 31.1 y (18.1 y±9.0). This
gives an error for the reconstruction of 13.2. This estimated
error is of the same order as obtained in other similar recon-
structions, for instance, Kane (1999) found errors of around
10.0.

It is seen in Fig. 2 that solar cycles 23 and 24 are pre-
dicted to be smaller than solar cycles 21 and 22. Predic-
tions for solar cycle 21–23 were in general agreement with
observed maximum peaks: #21: 158±13.2 (1981) against
155.4 (1979) observed; #22: 178±13.2 (1990) against
157.6 (1989) observed; #23: 125±13.2 (2000) against 119.6
(2000) observed. The prediction for solar maximum 24 is
117±13.2 in year 2013, but the predicted value for 2012 is
very close (115±13.2). This could mean that solar cycle 24

would have a flat solar maximum, instead of a single peak as
solar cycle 23.

Kane (2001) revised the performance of several predic-
tions and, of the 20 predictions; only 8 were in interval
122±20 (arbitrarily chosen by him). Table 1 shows various
predictions found in the literature as compared to observed
values along with the results of this study.

It is seen that the results of this work are in closer agree-
ment with solar cycle 23 maximum amplitude than most
of the methods, which have predicted higher solar activ-
ity. A panel convened by NASA and NOAA (Joselyn et al.,
1997) reached a consensus of predicted sunspot maximum
of 160±30, which is much higher than the one actually ob-
served in 2000.

Errors that have been observed in this prediction scheme
seem to be due to the limitation of the method itself and also
because part of the nature (nonlinear features) of the time se-
ries is not very well described by the model. It is important
to comment that, although the solar cycle is asymmetric (e.g.
fast rise and slow decline), the approximation of sine waves
describes quite well the general behavior of solar activity.
Also, the fact that by using different intervals the prediction
could be different is a drawback of the method, but its accu-
racy in predicting solar maximum peak does not seem to be
worse than that of other methods (Kane, 2002).

Wilson (1992) and Cliver et al. (1996) analyzed the peak
patterns of Rz since 1860 and they arrived at the conclusion
that even cycles should have lower peaks than the preceding
odd solar cycle. If this trend continues in the future, then so-
lar cycle 24 would be lower than 23, a result that is in agree-
ment with the present work prediction.

4 Conclusions

Reconstruction and prediction of sunspot number series was
done using an iterative regression analysis. Periodicities sig-
nificant at the 95% confidence level have been selected in or-
der to reconstruct the sunspot series during 1933–1996, with
a correlation coefficient of r=0.91. Solar maximum peaks are
adequately predicted, and prediction for solar cycle 23 were
125±13.2 (against an observed peak of 119.6) and for solar
cycle 24 of 115±13.2 occurring in 2012 or 117±13.2 oc-
curring in 2013. Thus, the solar cycle 24 is predicted to be
weaker than the last cycles.
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