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Abstract. An examination of the maximum yearly values the Gleissberg cycle 0£80 years) prevailed. but in the latter
of the conventional sunspot numidRrof all cycles revealed half, periodicities were different (3-year cycle was predomi-
fluctuations of various intervals in the high periodicity re- nant) and the matching was not good. In particular, the points
gion (exceeding 11 years), namely 2 cycles (Hale, 22 years)for the recent cycles 21, 22 seemed to deviate considerably
3 cycles (TRC, three-cycle) and longer intervals. The 2-cyclefrom the constructed series, thus introducing unreliability in
spacings had the smallest amplitudes. According to the G-Qpredictions for the future by using extrapolation of periodic-
(Gnevyshev-Ohl) rule (Gnevyshev and Ohl, 1948), the evenities.

numbered series of the maxima of annual mean Wolf sunspok
numbersRzare followed by higher amplitude odd-numbered
series. Kopecky (1950) generalized this relation to annua
mean Wolf humbers corresponding to equivalent phases o
the adjacent even-odd 11-year cycles. Therefore, we would
call it the G-O-K rule. For the data of 28 cycles (cyeld to
cycle 23), it was found that four pairs-@9%) from the four- 1 |ntroduction
teen even-odd pairs showed failure of the G-O-K rule. In the

remaining ten pairs, the magnitudes of the odd cycles wererhe predictions of the strength of a solar cycle are needed
well-correlated with the magnitudes of the preceding evenor many purposes, (satellite drag, operation of power grids
cycles, butitwas impossible to tell whether it would be a nor- on Earth and satellite communication systems etc.). Predic-
mal pair following the G-O-K rule or a possible case of fail- tjons are made using different methods. Many are based on
ure. A much stronger sequence was the three-cycle sequenggund physical principles, some are based on statistical anal-
(TRC, low, high, higher). The 2-cycle oscillations were em- yses (including extrapolation of periodicities) and in some,
bedded into the TRC until the G-O-K rule failures occurred association Of Successive Cyc|es is exp|ored (notab'y, even-
as in cycle 23. The patterns of cycle 17 (low), 18 (high), 19 odd cycles). Among these, one is based on what is known as
(higher); 20 (low), 21 (high), 22 (higher) were noticed and the G-O (Gnevyshev-Ohl) rule (Gnevyshev and Ohl, 1948),
used by Ahluwalia (1995, 1998) to predict a low value for \yhich states that the even-numbered International Sunspot
cycle 23, which was accurate. However, in the earlier datayymber series 11-year cycles have been followed by higher
the preceding sequence (14, 15, 16) was rather uncertain, anghplitude odd-numbered series (Komitov and Bonev, 2001).
before that for seven cycles (cycles 8-14), there were no TRCGrhe G-O rule was based on a statistical relationship between
sequences at all. During the twelve cycle$to 7, therewere  the annual mean Wolf sunspot numbers summed up over ad-
only three isolated TRC sequences (one doubtful). jacent even- and following odd-numbered 11-year cycles, re-
In view of this chequered history of TRC, it is doubtful spectively. Kopecky (1950) generalized this relation to an-
whether the present TRC pattern (cycles 17—23) would pernual mean Wolf numbers corresponding to equivalent phases
sist in the near future. Spectral analysis showed that in thexf the adjacent even-odd 11-year cycles. The physical as-
first half (cycles—4 to 9), larger periodicities (reminiscent of sumption of the G-O rule (henceforth termed as the G-O-K
rule) is that the fundamental cycle of the Sun is the 22-year
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1995). Javaraiah (2003) and later Javaraiah, Bertello and Ulthree-cycle periodicity exists, it will certainly complicate the
rich (2005) found that the solar equatorial rotation rate duringoperation of the G-O-K rule.
the odd-numbered sunspot cycles was well correlated with Both the even-odd effect and the three-cycle periodicity
the equatorial rotation rate of the preceding even-numberedhave been criticized by many co-workers, the even-odd ef-
sunspot cycles, indicating that a 22-year cycle in the equatofect by Joselyn et al. (1997), Komitov (1997), Komitov and
rial rotation rate begins in an even-numbered cycle and end8onev (2001), Duhau (2003), Hathaway and Wilson, (2004),
in the following odd-numbered cycle. On the other hand, Komitov (2007), and probably many others. For the 3-
the latitudinal gradient of the solar rotation during the even-cycle periodicity suggested by Ahluwalia (1998), Wilson and
numbered cycles was found to be well correlated with that ofHathaway (1999) claimed that there were errors in the data
the preceding odd-numbered cycles, indicating that a 22-yeansed and on further examination of the longer sunspot record,
cycle in the latitudinal gradient begins in an odd-numberedit did not support the existence of the 3-cycle periodicity.
cycle and ends in the following even-numbered cycle. ThusKane (2001a) came to a similar conclusion. Hathaway and
the the beginning phase of a 22-year cycle in the latitudi-Wilson (2004) also discounted the 3-cycle periodicity.
nal gradient is different by about 18@elative to the begin-  In the present paper, we re-examine the sunspot data and
ning of a 22-year magnetic cycle. However, Javaraiah (2005}he operation of the G-O-K rule and other periodicities, and
pointed out that it is not always possible to make a predictionattempt a prediction for cycle 24 based on the observed value
for the odd cycle, because occasionally the G-O-K rule isof cycle 23 and using the average patterns of the even-odd
violated. In a later paper, Javaraiah (2007) indicated that theycle effects and the 3-cycle periodicity scheme. However,
values of sunspot areas at certain solar latitude belts are wellve also emphasize that while such predictions can be made
correlated with sunspot maxima of the next cyle. However,in principle, the correlations are small, standard errors are
this does not involve the G-O-K effect as such, as a distinc4arge, and the predictions are unreliable.
tion is not made between even-odd and odd-even cycles.

Earlier, Komitov and Bonev (2001) had made a detailed
analysis which revealed some specific discrepancies. FoP Data
sunspot number data for 1749-1986 (end of cycle 21), they
found that the G-O-K rule was valid for nine Hale cycles The data used are for the conventional sunspot nuniRers
(even-odd pairs) but was violated twice, for 11-year cycles 4-The sunspot values have been available since the last 300
5 and 8-9. Since by 2001, it was obvious that cycle 23years (since about 1700; Waldmeier, 1961), but the quality
would be a low one (it turned out to have a maximum yearly of the data is considered “poor” during 1700-1748, “ques-
value 119.5), the pair of even-odd cycles 22—23 would betionable” during 1749-1817, “good” during 1818-1847, and
violating the G-O-K rule, as the maximum yearly value for “reliable” from 1848 onwards (McKinnon, 1987). A sunspot
cycle 22 was 157.8. They attempted to examine the condieycle (~11 years) is defined as one sunspot minimum to the
tions for such violations by using a much longer data seriesnext. (The interval 1755-1765 is designated as Cycle 1).
namely the Schove series (Schove, 1955, 1983), a set of réFhe sources and records of older sunspot data were exam
constructed 11-year cycle characteristics providing the estiined critically by Hoyt and Schatten (1998a, b), who pro-
mates for the years of minima and maxima and for the am-duced a new series of Group sunspot numRer which we
plitudes of the 11-year cycles since BC 642. They concludedoropose to use. Th&g data differ from theRzdata before
that the violations (an even cycle followed by a weaker 0odd1882. The differences would have implications for the vari-
cycle) occurred mostly when the even cycles were very pow-ous published results obtained by usRg Hoyt and Schat-
erful (maximum value exceeding 125 and decay times 6-yeaten (1997) had earlier re-examined the topics related to cli-
or more), however, with the exception of the even-odd pair 18mate. Kane (2002) examined other topics and found that all
(even, 151.5)-19 (odd, 189.9). Meanwhile, Ahluwalia et results for the recent decades (1850 onwards) remained unal
al. (1996) and Ahluwalia (1998) had discovered a three-cycleered. The correlations betwe®g andRzfor successive 50-
quasi-periodicity in the magnetized solar wind from the po- year intervals were: +0.68 for 1700-1750; +0.88 for 1751—
lar coronal holes. They developed a forecast procedure an@i800; +0.97 for 1801-1850; +0.97 for 1851—-1900; +0.99 for
predicted that cycle 23 would be moderate, with a maximum1901-1950 and +0.99 for 1951-1990. (Ken Schatten informs
of 132+~30 in early 2000. In spite of the strong criticisms us in private communication that, concerning Group numbers
from some solar astronomers, e.g. Wilson and HathawayRg, the funding for this project was not continued; so he
(1999) who were predicting a very strong cycle 23200, and Doug Hoyt have not updated the group numbers beyond
Wilson, 1998, and other references in Obridko; Oraevsky1995). Figure 1 displays the annual valuefRaf(full lines)
and Allen, 1994), the Ahluwalia et al. (1996) and Ahluwalia andR¢ (crosses) for (a) 1700-1800, (b) 1800-1900, and (c)
(1998) prediction came true (observed valug20). Later, 1900-1995. The intervals (in years) referRa As can be
Ahluwalia (2003) reported the use of geomagnatidndex  seen, th&kzvalues are larger than thR; values, much more
data for computing the rise time of a solar cycle and con-so in the earlier years indicating tharis overestimated, as
firmed the validity of his prediction for cycle 23. Thus, if a already mentioned by Hoyt and Schatten (1997, 1998a, b).
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Table 1. Maximum yearly values dRzand R for cycles—4 to 23, their years of occurrence, and the deviation (Y& @fvalues from the
Rzvalues (last column).

Cycle Year of maximum Spacing (years) Maximum values Dev. %
Rz Rg Rz Rg Rz Rg (RzRg)/Rz

—4 1705 1705 58 6 89.7
-3 1717 1719 12 14 63 34 46.0
-2 1727 1730 10 11 122 85 30.3
-1 1738 1739 11 9 111 56 495
0 1750 1749 12 10 83 65 21.7
1 1761 1761 11 12 86 74 14.0
2 1769 1769 8 8 106 102 3.8
3 1778 1779 9 10 154 80 48.1
4 1787 1787 9 8 132 86 34.8
5 1804 1801 17 14 48 50 —4.2

6 1816 1816 12 15 46 31 32.6
7 1830 1830 14 14 71 64 9.9
8 1837 1837 7 7 138 110 20.3
9 1848 1848 11 11 125 86 31.2
10 1860 1860 12 12 96 86 10.4
11 1870 1870 10 10 139 96 30.9
12 1883 1884 13 14 64 62 3.1
13 1893 1894 10 10 85 88 -35
14 1905 1907 12 13 64 61 4.7
15 1917 1917 12 10 104 110 -5.8
16 1928 1928 11 11 78 82 -5.1
17 1937 1937 9 9 114 121 —6.1
18 1947 1947 10 10 152 145 4.6
19 1957 1958 10 11 190 175 7.9
20 1968 1970 11 12 106 109 —-2.8
21 1979 1979 11 9 155 155 0.0
22 1989 1990 10 11 158 145 8.2
23 2000 120

3 Comparison ofRzand Rg data However, values for even-odd pairsZ)—(—1), 4-5, 8-9 and

22-23 are negative, indicating a failure of the G-O-K rule (in
Table 1 gives the maximum yearly valuesRand R for  agreement with Komitov and Bonev, 2001). From the four-
cycles—4 to 23, their years of occurrence, and the deviationteen pairs, ten support G-O-K rule while four do not support.
(%) of R values from theRzvalues (last column). As can Thus, the failure rate is29%, even qualitatively. Regarding
be seen, the deviations are considerable in the earlier datguantities, the values in the fifth column have a large range,
and only from~1750 onwards, the matching is reasonally —64 to +63%, and the mean value is 19% with a standard de-
good. viation of 30%. If the negative values are ignored, the range
is 4 to 63% and the mean value is 37% with a standard devi-
ation of 16%. The results faR¢ in the right half of Table 2
are similar to those foRz (For Rg, the values for cycle
—4 are very small (only 6) and the percentage ratio with cyle
—3 was abnormally large and these are omitted from further
analysis).

4 The G-O-K rule results

Table 2 illustrates the G-O-K rule. In the left half, succes-
sive even(e)-odd(o) cycles (columns 1 and 3) and tR&je)

and RZ0) values (columns 2 and 4) are given and the per-
centage excess of the value of the odd cycle over the value of Figure 2a shows the plots &2max) of even cycles (ab-
the preceding even cycleRf{0)-RZe))/RZe)] is indicated scissa) versuBZmax) of odd cycles (ordinate) (values in the
(fifth column). (In the right half, similar values are given left half of Table 2). The full line is a 49ine, implying equal

for Rg). As can be seen in the fifth column, many values values for even and odd cycles. Points below this line indi-
are positive, indicating that the odd cycle values are largercate failure of the G-O rule and are shown as open circles
than the even cycle values, conforming with the G-O-K rule. (four points, for even cycles2, 4, 8, 22, same as reported
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Table 2. The G-O effect for even-odd pairs. In the left half, successive even(e)-odd(o) cycles (columns 1 and 3) &«ehairdRZ0)
values (columns 2 and 4) are given and the percentage excess of the value of the odd cycle over the value of the preceding even cycle
[(R40)-R4e))R4e)] is indicated (fifth column). In the right half, similar values are givenRgy.

Col.1 2 3 4 5 6 7 8 9 10
Even Odd [R40)R4e)]/R4e) Even Odd Rg(0)-Rg(e)] IRg(e)
cycle RZe) cycle RZo) Percentage cycle Rg(e) cycle Rg(0) Percentage
—4 58 -3 63 8.6 —4 6 -3 34 467.7
-2 122 -1 111 -9.0 -2 85 -1 56 -34.1
0 83 1 86 3.6 0 65 1 74 13.8
2 106 3 154 45.3 2 102 3 80 —21.6
4 132 5 48 —63.6 4 86 5 50 —41.9
6 46 7 71 54.3 6 31 7 64 106.5
8 138 9 125 —-9.4 8 110 9 86 -21.8
10 96 11 139 44.8 10 86 11 96 11.6
12 64 13 85 32.8 12 62 13 88 41.9
14 64 15 104 62.5 14 61 15 110 80.3
16 78 17 114 46.2 16 82 17 121 47.6
18 152 19 190 25.0 18 145 19 175 20.7
20 106 21 155 46.2 20 109 21 156 43.1
22 158 23 120 —-24.1 22 149 23
Mean 18.8 Mean 20.5
Std.dev. 29.5 Std. Dev. 36.2

by Komitov and Bonev, 2001). Points above the line (shownare four circles but only three (cycles?, 4, 8) are common

as dots) are when G-O rule proved correct. Using all theto the Rzplot of Fig. 2a. In theRg plot, there is an addi-
pairs upto the even-odd pair cycles 20-21 (circles as weltional circle for the odd-even pair cycles 2-3 (value 102/80,
as dots), the correlation was only +053.18 (significant at  a failure of the G-O-K rule), while this pair was 106/154 in
a 20 level but low, due to the open circles).The regressionthe Rzplot (a success of G-O-K rule). Since cycle 2 was in
equation (shown as the dashed line A in Fig. 2a) was: the early part of the data whd&eand R differed consider-
ably, we are not sure which values are correct. However, the
point for the even-odd pair cycle 22—-23, marked as a circle

Using the valueRZmax)(even)=158 for even cycle 22 in the in Fig. 2a, is abs.ent.in Fig. 2b, because Hoyt and Schatten
right side of Eq. (1), the predicté®i{max)(odd) for cycle 23 (private communication) could not calculate tRg values

was 152:59. The observed value of 120 was certainly in this for 2000 (no data) wheRZmax) of cycle 23 occurred.
range, but considering that the correlation was only +0.53 [N Fig. 2b, using all the pairs upto the even-odd pair cy-
and the standard error of the predictBdmax)(odd) was cles 20-21 (circles as well as dots), the correlation was only
very large (£59), this scheme is unsatisfactory, because oft0-61+0.16 (significantata 2 level butlow, due to the open
the use of the points when the G-O-K rule failed. If the fail- f:lrcl_es). The regression equation (shown as the dashed line A
ure points (circles) were excluded from the analysis (arbi-n Fig. 2b) was:

trarily, no justification), the correlation for only the dots was
very high (+0.94:-0.03) and the regression equation (shown
as the dashed line B in Fig. 2a) was:

Rzmax)(odd)=(49.2+32.0)+(0.65+0.31)RaAmax)(even) (1)

R (max) (odd)=(28.64-29.6)+(0.794-0.33) R (max)(even)3)

Using the valueR; (max)(even)=149 for even cycle 22 (value
RZmax) (0dd)=(8.0+14.9)+(1.27+0.17)R{max)(even)2) in Table 2, right half) in the right side of Eg. (3), the predicted
Rg(max)(odd) for cycle 23 was 14658. (Hoyt and Schat-
Using the valueRZmax)(even)=158 for even cycle 22 in ten have not calculated the; (max) value for cycle 23, but
the right side of Eq. (2), the predict&{max)(odd) for cy- it should be almost the same as Rxmax)). The observed
cle 23 was 22231. The observed value of 120 was certainly valueRZmax)=120. was certainly in this range, but consid-
much below this prediction and caused a lot of embarrassering that the correlation was only +0.61 and the standard
ment to the co-workers believing in the G-O-K rule. Thus, error of the predictedRZmax)(odd) was very larget{(58),
this methodology is grossly unreliable. this scheme is unsatisfactory, because of the use of the points
Figure 2b shows similar plots faR; (values in the right when the G-O-K rule failed. If the failure points (circles)
half of Table 2, omitting the pair cycle{4)—(3)). Here, there  were excluded from the analysis (arbitrarily, no justification),
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the correlation for the dots only was very high (+Gt9203)
and the regression equation (shown as the dashed line B ir
Fig. 2b) was:

Rg(max (odd)=(27.8415.3)+(1.03+0.18) R (max)(even)4)

Using the valueR; (max)(even)=149 for even cycle 22 in the 91 sl | @ 5
right side of Eq. (4), the predicteRl; (max)(odd) for cycle 23 A j
was 18131. The observed value of 120 was certainly well =N P YA
below this prediction, again indicating that this methodology e
is unreliable.

Komitov and Bonev (2001) mention that the failures (even
cycle followed by a weaker odd cycle) occur when the even
cycles are very strondRdmax) values exceeding 125). This DALTON. e
seems to be generally true for the four failures in Fig. 2a, ' (KON
namely even cycles-2 (Rdmax) 122), 4 (132), 8 (138) and °]
23 (158). However, there is also an exception, namely, cy- e
cle 18 (152) which was followed by a stronger cycle 19 (190) Fa £ 25 %, %
and conformed to the G-O-K rule. If the B max) values
for cycles—4 to 23, as given in Table 1, are subjected to au-
tocorrelation with lags, a lag of one cycle (value of one cycle ‘ R
correlated with the value of the next cycle) results in a corre- f O
lation of only +0.37-0.20, indicating that sunspot numbers | " @k ©| .
of successive cycles are poorly correlated, and a significant ! s "T“ [ bt
prediction of the next cycle from values of the present cycle ;e R ER ‘\‘ | Y
is not possible. Incidentally, better correlations are obtained fry Y o) 00
if sunspot numbers at different solar latitudes (not whole disk e o
but specific narrow solar latitude belts) are correlated with
RZmax) of the next cycle and thus, a prediction potential ex-Fig. 1. Plots of annual values &z(full lines) andRs (crosses) for

ists (Kane and Trivedi, 1980; Javaraiah, 2007; Kane, 2007a)(@) 1700-1800.(b) 1800-1900(c) 1900-1995, cycle numbers in
rectangles, cycle spacings (in years,R3 in circles.

5 Prediction for cycle 24 based on the G-O-K rule

Equations (1-4) could be used (if at all) for estimating 6 Three-cycle periodicity (TRC)

Rg(max)(odd) whenRg(max)(even) values are available.

Hence, the analysis ended with cycle 22. However, sincel he failure of the G-O-K rule could be partly due to inter-
Rg(max)(odd) for cycle 23 are available, these could be usederence by a three-cycle periodicity. Such a periodicity has
for estimating the amplitude of cycle 24 if a reverse regres-Peen detected earlier in sunspot number series. Kane (1977)
sion equation is available, nameR; (max)(even) on the left ~ reported peaks at 22 years (Hale cycle), 33 years (three-cycle,
side andR¢(max)(odd) on the right side. Such a regression TRC) and 79 years (Gleissberg, 1939). Rigozo et al. (2005)
equation can be obtained by using values in Table 3. Thdeported similar results. In an updated analysis, Kane (2006)

correlation was insignificant, +0.3®.23 and the regression reported peaks at 21, 27-39 and 94 years. (Kane, 2006,
equation was: also pointed out that these peaks are not stationary. If the

data are divided into three equal portions 0100 years

RZmax (even=(74.6+29.4)+(0.26£0.25RAmax)(0dd) (5)  gach, the peaks in the three samples differ considerably from
Using the valuer;(max)(odd)=120 for odd cycle 23 in the each other, notably in the high periodicity region exceeding
right side of Eq. (4), the predicteRg(max)(even) for cy- 11 years). However, the TRC invited attention only when
cle 24 is 106-42. The large error is unsatisfactory. Ahluwalia et al. (1996) and Ahluwalia (1998) noticed that

Another way of obtaining this estimate was calculating in geomagnetic disturbance inddy,, the minimum values
the differenceRZe)-RZ0) of Table 3 and calculate its mean A,(min) in cycle 17 and cycle 20 were very low, while the
and standard error. It was8+36. Adding this to the A,(min) values for cycle 18 and 19 were higher than those
value 120 for cycle 23, the prediction for cycle 24 would for cycle 17 and thed ,(min) values for cycles 21 and 22
be 112£36, roughly the same as 1842. It may be noted were higher than those for cycle 20. Thus, sequences of
that the standard errors are large because of the low correlgtow, high, higher; low high, higher) values were noticed,
tion +0.30£0.23, and hence the prediction is in a larger rangeindicating a three-cycle periodicity. Ahluwalia (2003) had
~60-150, which is not at all satisfactory. found a good correlation betweet), and sunspot numbers
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Fig. 2. (a)Plots ofRZmax) of even cycles (abscissa) verftgmax) of odd cycles (ordinate).The full line is a“4bne, implying equal

values for even and odd cycles. Points above the line (shown by dots) are when G-O rule proved correct. Points below (shown by circles)
indicate G-O rule failures. The dashed regression line A is for all the points (dots and circles). The dashed regression line B is for all the

dots only (i.e. excluding the circleq) Similar plots forR g (max).

Table 3. The G-O effect for odd-even pairs. Successive odd(0)- .What happened to the G-O-K rule during cy(.:les 17-23?
even(e) cycles (colums 1 and 3) and theio) andR4e) values Figure 3 shows th&RZmax) values for successive cyples.
(colums 2 and 4) are given and the percentage excess of the valud®c values are not shown as the results were predominantly

of the odd cycle over the value of the preceding even cy&d@—  the same during the early part, cycled to —1). The fol-
RZe))R4e)] is indicated (fifth column). lowing may be noted in Fig. 3a:
Col1 5 3 4 5 1. The major fluctuations oIR_z(max) seem to have int_er-
Odd Even [RZe)RA0)] /R0) vals_ of several cycles (Gleissberg cycles, more so in the
cycle RZA0) cycle  Rze) earlier data), not much from cycle to cycle. Hence, the
G-O-K rule (successive ups and downs in even-odd cy-
-3 63 —2 122 93.7 cles) should be rather small. The positive G-O-K rule
_11 18161 g 1%’2 _ggg results are marked by thick Iine_s. The negative rule re-
3 154 4 132 _14:3 sults (failures) are marked by circled crosses.
> 48 6 46 —4.2 2. The TRCs (two consecutive increases) are seen often,
; 17215 180 1;’2 _gg'g more so in recent cycles. These sequences are labeled
11 139 12 64 _54:0 as TRC, with the initial low value indicated by a big dot.
13 85 14 64 _oa7 These sequences include some positive G-O-K events.
i? 1(1)3 ig 17:2 _2353'03 The G-O-K rule is for even-odd pairs, not for odd-even pairs.
19 190 20 106 _44.'2 Cycle 17 was odd and the G-O-K rule had no prediction for
21 155 29 158 19 the next even cycle 18. But the TRC pattern (cycle 17 low,
Mean 24 cycle 18 high, cycle 19 higher), fitted well with the G-O-K
Std. Error 36.1 rule for the even-odd pair 18-19. In the pair 19-20, cycle 20

was low but the G-O-K rule had nothing to reveal, as itwas an
odd-even pair. But the TRC pattern (cycle 20 low, cycle 21
high, cycle 22 higher) fitted well with the G-O-K rule for

and since thet ,(min) for the beginning of cycle 23 was low, the even-odd pair 20-21. For the odd-even pair 21-22, the
he predicted a low value of sunspot maximum for cycle 23,G-O-K rule had nothing to reveal, so cycle 22 could be any-

which came true (value for cycle 23 was lower than that of thing. The problem came when the next TRC pattern predic-
cycle 22), in spite of strong criticism from some astronomerstion would be (cycle 23 low, cycle 24 high, cycle 25 higher).

who had predicted a strong cycle 23. The even-odd pair 22-CYcle 23 turned out to be low, thus adhering to the TRC pat-
23 thus violated the G-O-K rule. tern, but this violated the G-O-K rule for the even-odd pair

22-23. Thus, the TRC and G-O-K rules are not invariably
contradictory. They would be contradictory once in a while,
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Table 4. R{max) values for 3-cycle sequences.

) / g R ‘J P { »‘i‘ / .
o =1 i LLaN e " Rzmax) Differences
; ' = Cyces 1 2 3 1 2 3
/\/W/ N 234 106 154 132 0 48 26
50 ‘ 5.6.7 48 46 71 0 -2 23
. 8,9,10 138 126 96 0 —-12 —42
i o INOI A / | 11,12,13 139 64 85 0 -75 -54
B L / / \ s / 141516 64 104 78 0 40 14
1435 ; ot LY ‘ 17,18,19 114 152 190 O 38 76
200 (A / 20,21,22 106 155 158 O 49 52
00l TRC.e~ _ TRSS TR, _TRC_A4"° Mean 102 114 116 0 12 14
) / e / Mpe Std. Dev. 26 37 38 0 36 35
s RR 1
X X X X 3 3 %
CORR 0,95 CORR 0,63 Figure 3d shows the running average over two cycles so
_ N —lo A 2N that the G-O-K effects are nearly eliminated. Some TRCs
o [Ee /et T it B are now clearly seen, some isolated and some continuous.

PR TR R R T Their amplitudes are larger than the amplitudes of the Hale
SUNSPOT CYCLE cycles in Fig. 3c and hence in Fig. 3a, the Hale cycles look
as tiny waves embedded in TRCs.

Fig. 3. (a)Plot of RAmax) for cycles—4 to 23. The even-odd pairs
which obeyed the G-O rule are marked by thick lines and those dis-
obeying the G-O rule are marked by circled crosses. The 3-cycle/ Prediction for cycle 24 based on TRC
sequences TRC are labeled, their starting points indicated by big
dots, (b) Plot of R{max) series (thin line) and the running mean The TRC waves were strong for cycles 17-23 but weak for
over three consecutive cycles (long-term trend, superposed thickarlier periods. An average would be a good guide as to what
line), (c) Residues when the 3-cycle running mean is subtracted, expect in the future. Table 4 shows R&max) for 3-cycle
from the RAmax) series. Thick lines and crosses indicate even-Sequences starting at cycle 2, and the differences between the

odd pairs obeying and disobeying G-O ru(d) 2-cycle running . . )
means, bringing out the TRC sequences prominee)Original starting cycle and the next two cycles. Their means and stan

RzZmax) series (full line) and the series reconstructed from spectrapard deV|at|on-s are given at the bottom. As can be seen, the
components (crossegJ) original series and the reconstructed se- §econd and third cycles have values 12 and 14 abovg the start-
ries, separately for the first half (crosses) and the second half (bid"d cycle, but the standard errors are very larg85. Since
dots). cycle 23 was 120, cycle 24 would be 1826 and cycle 25
would be 134:35. These estimates are higher than those ob-
tained by the G-O-K rule, but the errors are so large that any-

probably after every 6-7 cycles, and then, the G-O-K rulething between 60 and 170 is possible, not at all a meaningful
failed and the TRC pattern prevailed. prediction.

Figure 3b shows th&kRdmax) series as in Fig. 2a but

with a superimposed plot of three-cycle averages (thick

line), roughly representing a long-term trend. If this 8 Multiple periodicities: spectral analysis

trend is subtracted from the origin®Zmax) series, the

residues should bring out significant short-term cycle-to-If more than one periodicity exists, a visual inspection can

cycle changes. These residues are shown in Fig. 3¢ (data fgive misleading indications. A better way is to under-

cycles 22 and 23 are lost). The positive G-O-K rule resultstake a spectral analysis. Using MEM (Maximum Entropy

are shown by thick lines and the negative G-O-K rule resultsMethod, Burg, 1967; Ulrych and Bishop, 1975) in conjunc-

(failures) are shown by circled crosses. In the latter half oftion with MRA (Multiple Regression Analysis MRA, Bev-

the data, there is a good sequence of Hale cycles 11-21 (alteington, 1969) as outlined in Kane and Trivedi (1982), the se-

nate high and low cycles), but the magnitudes are small (noteies in Table 1 were subjected to spectral analysis. The results

the expanded ordinate scale). As mentioned earlier, these irare given in Table 5. For the whole series (28 data points,

creases vary in a large range (short and long thick lines) angycles —4 to 23), the reconstruction (crosses) is shown in

predictions would have large uncertainties. Fig. 3e along with the original series (full lines). In the early
part, the matching is good, but for the later portion (cycles 13
onwards), the fitis not good. The periodicities observed were
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Table 5. Periodicities (in solar cycles) and their amplitudes (units of sunspot number) with standard errors, for the whole Re(riesx)f
(cycles—4 to 22), and for the first half (cycles4 to 9) and second half (cycles 10-22).

Whole series, correlation 0.42 First half, correlation 0.95 Second half, correlation 0.63
Periodicity Amplitude Std.  Periodicity Amplitude Std.  Periodicity Amplitude Std.
(cycles) (sunspot No.)  Error (cycles) (sunspot No.)  Error (cycles) (sunspot No.)  Error

2.17 13.2 10.5

2.49 8.4 10.5 271 9.2 4.3

3.75 13.8 10.1 3.72 25.3 11.7
5.14 19.7 10.2 4.88 40.7 4.3

7.96 18.9 10.4

9.91 19.2 4.4 10.38 37.0 12.2

2.17 cycles (almost the Hale cycle of 22 years), 2.49 cy-the Hale cycle effect is almost negligible and the value of the
cles (~28 years), 3.75 cycles41 years), 5.14 cycles-65 results, based on odd-even differences, should be considered
years) and 7.96 cycles-87 years, probably the Gleissberg unreliable.

cycle). (Note that there is no 33-year periodicity). However,

the standard errors are large and the correlation between the

original and the reconstructed series is only 0.42. So, ther® Long time-scale variations

could be considerable errors in these numbers. )
In the results presented so far, the correlations have been

In this methodology, there is a basic assumption that thdow, in the range 0.3-0.6, mostly insignificant, and this re-
periodicities are stationary throughout the series. To checlsulted in large standard errors in the regression coefficients
whether this is really so, the spectral analysis was done semnd more so in the predictions, rendering the predictions un-
arately for the first half (14 data points, cycled to 9) and  reliable. The general problem for all the predictions based
second half (13 data points, cycles 9 to 22, cycle 23 left outon the observed data series (solar, geomagnetic etc.), comes
to check prediction) . The results are given in Table 5. Also,from the fact that they do not take into account the long time-
in Fig. 3f, the original series (full line) and the reconstructed scale variations of solar activity and the corresponding super-
series are shown (crosses for the first half and dots for theentennial and super-millennial oscillations like the 200-210
second half). As can be seen, in the first half, the matching igyear and 2200-2400 year modulations. The latter are very
very good, with a correlation of 0.95. There is no periodic- well detectable in historical records (Schove’s series and
ity corresponding to the Hale cycle (2.0 cycles22 years). “cosmogenic” isotope data sets). In this regard, it may be
There is a periodicity of 2.71 cycles-B0 years), which is  pointed out that the current epoch is located at a very special
almost 3 cycles but not quite, and is barely significant. Buttiming in terms of long time-scale dynamics in solar activ-
a very significant periodicity is at 4.88 cycles%4 years). ity. Itis at the initial increasing phase of the 2200-2400 year
(This is seen as two waves of5 cycles each in Fig. 3f left (Halstadtzeit) solar cycle. Moreover, the period AD 1940—
half). There is also a periodicity of 9.9 cycles{10 years, 2000 is very peculiar, not only in the present Halstadtzeit
earlier reported by Komitov and Kaftan, 2003 also). Thus, acycle, but also for the 1ast8000 years as was pointed out by
clear, unique Gleissberg cycle 680 years is not seen. In  Solanki et al. (2004). The solar activity for this epoch was
the second half, the matching is reasonably good but the endxtremely high compared to the typical range of variability.
points (cycles 21, 22) have a mismatch. The correlation iSOn this basis, all predictions based on the observed data for
only 0.63, so prediction for cycle 23 by extrapolating period- the last 70-80 te~300 years, are affected by this situation.
icities would not be justified and hence, was not attemptedThey depend very much on the types of data used and the
There are only two significant periodicities, 3.72 cycled( methods of analysis and the prediction varies from a very
years) and 10.38 cycles-(10 years). Thus again, a clear, low cycle 24 Rdmax)50-60) (Badalyan, 2000; Obridko and
unigue Gleissberg cycle ef80 years as mentioned in Gleiss- Sykora, 2005; Archibald, 2006, etc.) to a very powerful
berg (1939) is not seen. While this appeared reasonable at tremne RZmax)~150) (Dikpati et al., 2006; Du, 2006, etc.).
time of that publication, the cycles since then have indicatedThe scenarios based on the observed data are in serious con-
longer period fluctuations for the more recent cycles (Hath-tradiction. On the contrary, predictions based on indirect
away and Wilson, 2004). How reliable these results are, is‘historical” data are in agreement for the forthcoming super-
anybody’s guess, but they certainly show that the sunspot sezentennial solar minimum during the 21st century (Komitov
ries is not homogeneous and hence, results obtained from orend Bonev, 2001; Komitov and Kaftan, 2003, 2004; Solanki
interval may not be valid for another interval. In particular, et al., 2004; Bonev et al., 2004; Ogurtsov, 2005) and it is
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independent from what types of historical data (14C, 10Be
or Schove series data) or methods have been used. Komi-
tov and Kaftan’s studies are based on multiple periodicity. In
this study, as well as in the other ones (Komitov and Bonev,
2001), it has been pointed out that Bonev, Penev and Selo
(2004) and Komitov (2007) found that there is an amplitude
modulation in shorter solar cycles coming from longer ones.
As a result, many of the short time scale solar activity oscil-
lations could have been affected in the la&00-350 years.
Therefore, a simple extrapolation, especially of short cycles
(less than~100 years) during the present transient epoch of
the 2200-2400 year cycle for solar activity prediction, is a
risky procedure. On the other hand, the risk is not so large
when longer cycles (bi-centennial) or more duration are used.
During the present epoch-@AD 2000-2050), a transition
from the initial active to the “quiet” phase (“plateau”) of the
2200-2400 year cycle should occur. For cycles 19-23, the
RZmax) were~201, 111, 165, 159, 122. A downtrend is
not exactly obvious, but for the next few cycles, the values

are expected to be less than the value 122 for cycle 23. SomeZ2.

workers have expressed the following opinions: 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) mentions that solar activ-
ity is in a declining episode, which started about 1993. A
very similar prediction has been made more recently by Clil-
verd (2005) based on the modeling of low-frequency solar
oscillations. He says that the peak sunspot prediction for cy-
cle 24 will be significantly smaller than for cycle 23, and
peak sunspot numbers are predicted to~E+27. How-
ever, the model also predicts a recovery during the middle
of the century to more typical solar activity cycles with peak
sunspot numbers of120.

10 Conclusions and discussion

An examination of thd&Rqmax) values of all cycles revealed
fluctuations of various intervals in the high periodicity region
(exceeding 11 years), namely 2 cycles (Hale 22 year), 3 cy-
cles (TRC, three-cycle) and longer intervals. The following
was noted:

1. Among these, the 2-cycle intervals had the smallest am-
plitudes. According to the G-O-K (Gnevyshev-Ohl and
Kopecky) rule (Gnevyshev and Ohl, 1948; Kopecky,
1950), the even-numbered International Sunspot Num-
ber series 11-year cycles have been followed by higher
amplitude odd-numbered ones. However, as pointed
out earlier by Komitov and Bonev (2001), there were
some failures of this rule. We found that for the data
of 28 cycles, from cycle-4 (maximum in 1705) to cy-
cle 23 (maximum in 2000), from the fourteen even-odd
pairs 4, —3), (-2, —1), (0,1), (2,3) to (22, 23), four
pairs showed failure of the G-O-K rule (odd cycles were
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weaker than the preceding even cycles). Thus, the fail-
ure rate was-29%. In the remaining ten pairs, the mag-
nitudes of the odd cycles were well-correlated with the
magnitudes of the preceding even cycles, and a good
prediction potential existed; provided one could tell
(impossible) whether it would be a normal pair obeying
the G-O-K rule or a possible failure case, notably like
the recent odd cycle 23 which had a magnitude of only
120, much smaller than the magnitude of the preceding
even cycle 22 which had a magnitude of 158. (The low
value of cycle 23 has proved to be a concern for many
prediction schemes; see the review by Kane, 2001b).
Nevertheless, using the regression equations for the G-
O-K rule, the known value for cycle 23 could be utlised
for predictions for cycle 24. The estimate was HI@

and 112-36 (by a slightly different approach). Since
the correlations are poor, the errors are large, rendering
the predictions not very meaningful.

The three-cycle sequence was much stronger (TRC,
low, high, higher), and the 2-cycle oscillations were
embedded into the TRC until the G-O-K rule failures,
like cycle 23, occurred. The possibility of a three-cycle
periodicity had been indicated earlier in spectral analy-
ses (Kane, 1977, 2006; Rigozo et al., 2005); but it was
Ahluwalia et al. (1996) and Ahluwalia (1998) who no-
ticed it in the geomagnetic disturbance index and in

the suspot maxima. The values,(min) in cycle 17
and cycle 20 were very low, while tha,(min) val-

ues for cycles 18 and 19 were higher than those for
cycle 17 and thed ,(min) values for cycles 21 and 22
were higher than those for cycle 20. This was seenin the
sunspot numbers also, and since thgmin) for the be-
ginning of cycle 23 was low, Ahluwalia et al. (1996) and
Ahluwalia (1998) predicted a low value of sunspot max-
imum for cycle 23, which came true (value for cycle 23
was lower than that of cycle 22). Ahluwalia et al. (1996)
and Ahluwalia (1998) were very fortunate, firstly, by de-
tecting the 17 (low), 18 (high), 19 (higher); 20 (low),
21 (high), 22 (higher) patterns, secondly, by predict-
ing that cycle 23 would be low, and thirdly, by getting
this confirmed by observation. When we examined the
earlier data, the immediately preceding sequence was
rather uncertain, namely, 14 (low), 15 (high), but 16
(not higher). Before that for seven cycles (cycles 8-
14), there were no TRC sequences at all. Also, still fur-
ther back, during the twelve cycles to 7, there were
only three isolated sequences, namely, cycle 6 (low), 7
(high), 8 (higher), cycle 1 (low), 2 (high), 3 (higher),
and cycle—4 (low), —3 (high), —2 (higher) (last one
not reliable). Using the observed value 120 for cycle 23
as a start of a new TRC sequence, a prediction could
be made for the next two cycles. The prediction for cy-
cle 24 was 13236 and for cycle 25, it was 13435.
Again, the correlations were small, errors are large, and
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the prediction cannot be considered satisfactory. How-Physics in recent years, the problem of guessing the nature of
ever, the more than two dozen predictions made for cy-the variations of solar activity is still not reliable for studies
cle 24 by several methods (see the list in Kane, 2007b)and predictions based on relatively short instrumental data
have similar large errors. Thus, all these predictions areseries, while the situation with solar “historical” data sets is
equally unsatisfactory. Incidentally, if the physical basis much better.

is ignored and only statistics are considered, the average

for the 23 cycles works out to 1##41, again not very  AcknowledgementsThis work was partially supported by FNDCT,
different from all other predictions, with a large error. Brazil under contract FINEP-537/CT.
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