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Abstract Three series (1876 —1986, 18861996, and 1896 —2006) of 111 annual values of
sunspot number R, in each were subjected to spectral analysis to detect periodicities by the
maximum entropy method (MEM), and the periodicities so obtained were used in a multiple
regression analysis (MRA) to estimate the amplitudes and phases. All series showed roughly
similar spectra with many periodicities (24 or more), but most of these were insignificant.
The significant periodicities (far exceeding 20') were near 5, 8§ — 12, 18, and 37 years. Using
the amplitudes and phases of these, we obtained reconstructed series, which showed good
correlations (+ 0.7 and more) with the original series. When extrapolated further in time, the
reconstructed series indicated R,(max) in the ranges 80— 101 (mean 92) for cycle 24 during
years 2011 -2014, 112—-127 (mean 119) for cycle 25 during years 2022 -2023, 115-120
(mean 118) for cycle 26 during years 2032—-2034, and 100- 113 (mean 109) for cycle 27
during 2043 —2045.

Keywords Sunspots - Periodicities - Predictions - Solar cycle

1. Introduction

For many purposes (e.g., satellite drags), predictions of the strength of a solar (sunspot) cy-
cle are needed. Predictions are made by using different methods. Some are based on sound
physical principles, some are precursor methods, and some are statistical, including spec-
tral analysis and predictions by an extrapolation of the significant periodicities. Many ear-
lier workers have reported results of spectral analysis of sunspot numbers (Kimura, 1913;
Turner, 1913; Ramanuja Rao, 1973; Cole, 1973; Currie, 1973; Cohen and Lintz, 1974;
Radoski, Fougere, and Zawalick, 1975; Kane, 1977). By locating such periodicities and
extrapolating them further, predictions have been attempted (e.g., DeMeyer, 1981; Kane
and Trivedi, 1985; Rangarajan, 1998). Kane (1999) used the maximum entropy method
(MEM), reported results of spectral analysis of annual values of sunspot numbers R,,
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and used the significant periodicities for predicting R,(max) = 140 £ 9 for cycle 23 and
R,(max) = 109 £ 9 for cycle 24. Since then, data for 10 more years (1996 -2006) are
available and the predictions can be updated. In this communication, updated estimates of
R,(max) are reported for cycle 24 and estimates are given for further cycles 25, 26, and 27.

2. Data and Methodology of Spectral Analysis

Data used are the conventional sunspot numbers R,. The sunspot values are available for
the past 300 years (from about 1700; Waldmeier, 1961), but the quality of the data is con-
sidered as “poor” during 1700 - 1748, “questionable” during 1749 - 1817, “good” during
1818 —-1847, and “reliable” from 1848 onward (McKinnon, 1987). A sunspot cycle (~ 11
years) is defined as from one sunspot minimum to the next. (The interval 1755-1765 is
designated as Cycle 1.) However, Kane (1999) noticed that when the series for 1748 — 1996
was divided into three intervals of 83 years each, the spectral characteristics differed from
one interval to the next, sometimes considerably, notably the high periodicities exceeding
30 years. Later, Kane (2006) showed that the 128-data-point series 1745—1872 and 1873 —
2000 for the annual sunspot numbers R, showed significant periodicities of 8.4 (8.2), 9.9
(9.6), 11.7 (10.6), 15.0 (12.6), and 59.0 (36.1) years (with numbers in parentheses for the
latter series 1873 —2000), some with trivial differences but others with substantial ones.
Hence, for prediction purposes, the more recent the data used, the better. However, estimat-
ing reliable periodicities needs sufficient data length. As a compromise, it was decided to
use 111 values of the most recent data of annual R,, obtained from the NOAA Web site
ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SUNSPOT_NUMBERS. Three series were ana-
lyzed, namely the annual values of R, for 1876 —1986, 1886 — 1996, and 1896 —2006.

To obtain quantitative estimates of the spectral characteristics, the series were subjected
to spectral analysis by the maximum entropy method (Burg, 1967; Ulrych and Bishop,
1975), which locates peaks much more accurately than the conventional BT (Blackman
and Tukey, 1958) method. However, the amplitude (power) estimates in MEM are not very
reliable (Kane, 1977, 1979; Kane and Trivedi, 1982). Hence, MEM was used only for de-
tecting all the possible peaks 7} (k =1 to n), using the length of the prediction error filter
(LPEF) as 60% of the data length. These 7} were then used in the expression

f() = Ao+ [accos@mt/T) + by sinQ@mt/T)] + E (1)
= Ao+ Y _recosQrt/Ti+¢i) + E, 2

where f(z) is the observed series and E is the error factor. A multiple regression analy-
sis (MRA; Bevington, 1969) was then carried out to estimate Ay, ay, by, and their standard
errors (by a least-square fit). From these, amplitudes r; and their standard error o} (com-
mon for all r; in this methodology, which assumes white noise) were calculated. Any ry
exceeding 20 is significant at a 95% (a priori) confidence level.

The usefulness of this methodology has been tested earlier by using artificial samples as
inputs (Kane, 1977, 1979; Kane and Trivedi, 1982). The amplitudes are revealed with very
good accuracy, but phases may not come out very accurate. If all periodicities are consid-
ered, earlier (used) data show a good fit (with correlations exceeding +0.95), but future data
show unsatisfactory results (with correlations ~ 4 0.6). If only very significant periodicities
are chosen, the fits to earlier data are not very good (correlation ~ + 0.8), but further data
show good matching (correlations exceeding + 0.8). Thus, a compromise is needed while
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choosing the periodicities to consider for further extrapolation. Proper choice of the LPEF is
also a problem. Very small LPEF detects only the most prominent periodicity but it may not
be useful. For example, a low LPEF shows only the 11-year periodicity in sunspot numbers,
but the prediction will then be the same value for all cycles, which is obviously meaning-
less. If the next prominent periodicities are also considered one by one, the cycle-to-cycle
variation is revealed. Here again, a compromise is needed, as very high LPEF gives spuri-
ous peaks and/or peak-splitting (Ulrych and Bishop, 1975). We have chosen LPEF = 60%
as a compromise. Also, as already mentioned, phases may not come out right (the year of
sunspot maximum could be off by 12 months or more), but the amplitudes (as examined
for artificial samples) come out with uncertainties of less than 5% (Kane, 1977, 1979; Kane
and Trivedi, 1982). In a recent paper (Kane, 2006), several artificial samples are studied and
compared with other methods, and MEM turns out to be better than other methods examined
by Rigozo et al. (2005).

Table 1 lists the periodicities detected by MEM and their amplitudes with standard errors.
obtained by MRA. The following may be noted:

(1) There are too many periodicities revealed (~ 25). If year-to-year variations of R, are
large, the spectra show many high harmonics (low periodicities). Some of these may be
genuine. Kane (2005) reported periodicities in the QBO (quasi-biennial oscillations, 2 —
3 years) and QTO (quasi-triennial oscillations, 34 years) in individual sunspot cycles
18 —23. However, most of these are of small amplitudes (3 —4 sunspot units), which are
insignificant (standard error o = 2 sunspot units, 20 = 4 sunspot units) as compared to
the amplitudes of some higher periodicities (40 or more sunspot units) and are not likely
to contribute much to the predictions.

(2) However, even in the significant amplitudes (far larger than 2o, indicated in bold in
Table 1), the one near 11 years (strongest as expected) is not unique but shows doublets
or triplets in the range 8 — 13 years. This is because, though the average cycle length is
~ 11 years (twelve cycles 12—-23 in 130 years), the lengths of individual cycles may
differ from 11 years by £0.5 years or even more. Such splitting has been observed
before and commented upon by many workers (Cole, 1973; Currie, 1973; Cohen and
Lintz, 1974; Radoski, Fougere, and Zawalick, 1975; Kane, 1977).

(3) There are higher periodicities in the range 17 —20 years, and one near 37 years (which
could be the 33-year periodicity indicated by Ahluwalia, 1998).

To reconstruct the series, Equation (2) can be used. The value of the (constant) A is
given in Table 1 for each of the three series, and the amplitudes “r” and phases “¢” are
also given. First, the reconstruction was made by using all the periodicities. However, the
correlation of the reconstructed and original series was not good (less than 0.5). Hence, the
periodicities of lowest amplitudes were eliminated one by one and it was noticed that the
correlations rose above + 0.7 only when the highly significant periodicities (marked in bold
in Table 1) were considered. The reconstructed series were then extrapolated further and the
sunspot maxima were noted for future cycles. Figure 1 shows the plots (for 1876 —-2054,
179 years) of the original series with the reconstructed series superposed, for 1876 —1986
in (a), for 1886—1996 in (b), and for 1896 —2006 in (c). As can be seen, the phases can be
in error by about a year, but the amplitudes should be reliable, as found by using artificial
samples as inputs (Kane, 1977, 1979, 2006; Kane and Trivedi, 1982). The results are given
in Table 2.

As can be seen from Table 2, the hindsight predictions for cycles 22 and 23 (for which
observed values are already available) were largely underestimates (with predicted values
more than 30% lower than the observed values, i.e., unsatisfactory predictions). Hence, the

@ Springer



R.P. Kane

490

8 T— 6°¢ 1T IW°LE 9T 1— 'y 811 I LE 870 e 09 €0°LE

e 6'¢ Y 99'61 LT1— 'y 94 1761 17°0 §T €6 S€°0C

(4% ! 6°¢ €11 86°T1 90°1— §T 08 €8°LI

6570 6°¢ LvS oL Ly'1—- (44 T'1r LyCl 920°¢ v'C €€l 69°CI

8y 0— 6°¢ |4 £€8°8 00°0 (44 €6v S01 wLo— v'c L'vy 79°01
STI— 6°¢ el 96°L 6L 1— (44 $91 LE°6 SI°T— v'c 9°61 LS°6
S0'e— 8'¢ €1 §s'9 08°1— (44 9Vl 6T°8 10 Ve 88 SI'8
08°0 6'¢ A4 LSS €1'0— (44 I'e 869 €0°0— ¥ Le LY'L
ST0— 0y S0t €S 60 1— £y 8¢ ¥9°S wc— ¥ e LY'9
67’ 1— 6'¢ 6°S €8y L8°0— (4 88 €T°S 0s'1 ¥ 0¢ eL’S
€Tl 6'¢ 01 197 w91 (34 s S8y 65 1— v'c 'L 9T°s
19°0 6'¢ L1 (24 86'1— (34 'y oSy Iye— ¥ L'y v6't
Sv'l— 8'¢ ¥e 98'¢ L0CT— (24 6'C (44 09°0— €T 90 8TV
¥6'1— 6'¢ 0¢ e L1 (94 L1 98°¢ Wl €T L'e 88°¢
9T 1— 6'¢ e 9C’e 98°C (94 [ ge 98'1— €T L'e e
wC 6'¢ 6'1 LT'E 81°0 (44 6'¢ €Ce 060 ¥'C 0¢ £€Ce
¥6°0 6'¢ 60 86'C LET— (94 6'C Sr'e S9C— YT 'l 80°¢
€C0— 6'¢ 0c 8L'C $9°0— (4% €1 96'C 09°C— ¥'C 90 6T
90T~ 6'¢ €1 wC €9°C— (44 'l 6L°C L6°0 ¥ 6'1 6L°C
11— 6'¢ ST 6v'C 8¢€'C (44 60 9T ¥S°0 ¥ 91 T
€6'1— 6'¢ ¥l 9¢'C 1°0 (34 9C Ly'c 080 €T 6'1 9'C
99°C 6'¢ 0¢ 1€°C L6'1 (44 I'1 ¥'e 10°1 ¥ I'e 0€'C
6L'1 6'¢ 60 we 98°0— (24 ¥'e €T 60°0 ¥ L1 yoe
98°C— (1874 0¢ e 290 (24 L'e (44 87'0— €T 9C (44
60— 6'¢ 6'1 €0'C 8L°0— (24 0c e 68°0— ¥ 9¢ w'c

L'e L'6S Oy 'suop 6C c6S Oy "suop L1 8'1S Oy 'suop

(syun 2y) (s1eak) (syun 2y) (s1eak) (sun 2y) (s1eak)

(suerper) 40 10119 4 dury pourad (suerper) 10 10119 4 dury porrad (suerper) 40 10119 4 dury pouad
¢ oseyq PIS %09 44d'1 900C—9681 ¢ oseyq PIS %09 d4d'1 9661 —9881 ¢ oseyq ‘PIS %09 44d'1 9861 —9L81

"VIIN £q paure)qo ‘suerper ur saseyd pue ‘sIoiId pIepuels yim sapmidure 1oy pue A £q p1o2Iop sendIposd | J[qeL,

pringer

aQs



Solar Cycle Predictions Based on Extrapolation of Spectral Components 491

Figure 1 Plot of the annual 200 F---- Rz 1876 - 1986 " (@ Correlation + 0.90
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Table 2 Results of extrapolation of periodicities detected by MEM — MRA combination.

Cycles 22 23 24 25 26 27
12-21 1876 - 1986 Predicted 69 74 94 112 118 113
Rz (max) (P)
Year 1991 2001 2014 2023 2034 2045
Observed 158 120
Rz (max) (O)
(O-P)/0 56% 38%
13-22 1886 -1996 Predicted 94 80 117 115 100
Rz (max) (P)
Year 2000 2011 2022 2033 2044
Observed 120
Rz (max) (O)
(0O-P)/O 22%
14-23 1896 —2006 Predicted 101 127 120 113
R;(max) (P)
Year 2011 2022 2032 2043
Average (P) 92 119 118 109

further predictions for cycles 24, 25, 26, and 27 could also be underestimates. In general, this
methodology is expected to yield underestimates for the following reason. The periodicities
are smooth estimates of the regular part of the R, series and would naturally be conservative,
with much lesser weight for the extreme values. This is obvious from the fact that whereas
the original series of the annual values of R, had a range 0—190 (0—160 if cycle 19, the
largest cycle on record, is omitted), the reconstructed series had a range 0 — 155. Thus, max-
imum values in the reconstructed series were lower by about 5—35 units. If this number is
added to the predictions of cycles 24 —27 as given in Table 2, the predictions would increase
from the present 90— 120 to 95—155. However, this is all speculation and only indicates
the inadequacy of this method, which cannot predict sunspots above ~ 155. The data length
considered (111 values for each of 1876 — 1986, values shifted by 10, 1886 —1996, and val-
ues shifted by 20, 1896 —2006) does not seem to make much difference, in contrast to the
significant differences between the 128-point series 1745 —1872 and 1873 —2000 discussed
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in Kane (2006). The predictions for the future are almost the same: 80— 101 (mean 92) for
cycle 24, 112-127 (mean 119) for cycle 25, 115-120 (mean 118) for cycle 26, and 100 -
113 (mean 109) for cycle 27, within a standard error of ~ £ 10. The years of occurrence are
similar, within &1 year.

3. Conclusions and Discussion

The series of annual values of sunspot number R, were subjected to spectral analysis to de-
tect periodicities by the maximum entropy method (Burg, 1967; Ulrych and Bishop, 1975),
and the periodicities so obtained were used in a multiple regression analysis (Bevington,
1969) to estimate the amplitudes and phases. Three series (each of 111 annual values of R,)
were analyzed, namely, 1876—1986, 1886—1996, and 1896—2006. All showed roughly
similar spectra with many periodicities (24 or more), but most of these were insignificant.
The significant periodicities (far exceeding 20) were near 5, 8—12, 18, and 37 years. By
using the amplitudes and phases of these significant periodicities, reconstructed series were
obtained, which showed good correlations (4 0.7 or more) with the original series. When ex-
trapolated further in time, the reconstructed series indicated R,(max) in the ranges 80— 101
(mean 92) for cycle 24 during years 2011-2014, 112—127 (mean 119) for cycle 25 dur-
ing years 2022 -2023, 115-120 (mean 118) for cycle 26 during years 2032—-2034, and
100-113 (mean 109) for cycle 27 during years 2043 —2045.

For cycle 24, many predictions have been made by different methods and these are in a
very wide range: 70— 190 (see the detailed list with references in Kane, 2007). Among these,
some based on extrapolation of spectral components are Clilverd et al. (2006), R,(max) =
42 + 34; Echer et al. (2004), R,(max) = 116 = 13; Gholipour et al. (2005), R,(max) = 145;
and Nordemann et al. (2007), R,(max) = ~ 100, in a very wide range of 42— 145. Ours is
R,(max) = (80—101) £ 10 (i.e., ~ 92 % 10), which falls in the middle of that range.

For cycle 25, Hathaway and Wilson (2004) predict 70 & 30, and Du (2006) predicts
103 4 22. Schatten and Tobiska (2003) claim that solar activity will decrease after cycle 24
and will be heading for a Maunder Minimum in the next few decades. Duhau (2003) suggests
that solar activity may be in a declining episode that started about 1993. Clilverd (2005)
concludes that after a very small value for cycle 24 (~45 £ 27), a recovery is expected
during the middle of the century to more typical solar activity cycles with peak sunspot
numbers of ~ 120. Our sequence of mean 92 for cycle 24, mean 119 for cycle 25, mean
118 for cycle 26, and mean 109 for cycle 27 does not indicate any unambiguous downward
trend.
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