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Abstract. Recently, using Greenwich data (1879-1976) and SINOMA data (1977-2002) on sunspot groups we found a
big or a moderate drop in the solar equatorial rotation rat@ccurred after every four solar cycles suggesting the existence of
“double Hale cycle (DHC)” and “Gleissberg cycle (GC)"AnWe also found the existence of “Hale cycle (HC)” and GC in the
latitude gradient of the rotatiol (Javaraiah 2003). Using these results here we made forecasts for the following: (i) epochs
of the forthcoming big and moderate dropsAn(ii) the epoch of maximuniB| during the current GC oB; (iii) the strengths

of DHCs and HCs of sunspot activity which follow the big and the moderate drops (iw) violation of the Gnevyshev &

Ohl rule during the current HC 11 which consists of cycles 22 and 23; and (v) deduced the near complete absence of sunspt
activity during the deep Maunder minimum.
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1. Introduction or lengths (PERs) of the sunspot cycles. We have taken

. . L . values ofRsym, Hsum and PER for cycles 1-21 from the pa
Study of variations in solar activity is not only important for

X ) g er by Wilson (1988). For cycles 22 and 23 we determin
understanding the physical process inside the Sun, but also ’fﬁ%'m from the average monthly values which were taken fr

vides information on variations of_ the sglar-terrestrlal enV|ro_ ie websitehttp: //science.nasa.gov/ssl/pad/solar/
ment. A vast amount of research is carried out in the worldwi Ceenwich.htm. In Table 1 and Fig. 1, it can be seen that tt

to understand the underlying mechanism of the 11 yr Sunspot~ e was violated by the 11-yr cycles pair 4, 5 (HC 2) a
cycle and to predict its amplitude well in advance. A wide qukely to be violated by the cycles pair 22, 23 (HC 11).
riety of statistical methods have been proposed to predict the ] o ] ]
amplitudes of 11 yr sunspot cycles (e.g., see Li et al. 2001; BY using the G-O rule, it is possible to predict tReum
Kane 2001). of an odd number cycle from that of its preceding even nu

It is well known that a 11 yr sunspot cycle represengered cycle with areasonable accuracy (e.g., see Wilson 19

half of a Hale's 22-yr magnetic cycle. A number of statistical® the best of our knowledge, so far no reliable methods |
ilable to predict the strengths of even numbered activity

studies of solar activity also suggested a physical relationsﬁ]iﬁ"1 . . i
between neighboring 11 yr activity cycles. The well knowﬁles and the variations of activity on time scales longer tha
Gnevyshev-Ohl rule or G-O rule (Gnevyshev & Ohl 1948}1—yr cycle.
states that the sum of sunspot numbers over an odd-numberednteractions of the Sun’s fierential rotation and mag-
sunspot cycle exceeds that of its preceding even-numberedrostic field play a basic role in generation of all solar acti
cle. However, some pairs of the even and the odd numbeityd(Babcock 1961). However, role of theffirential rotation
cycles violate this rule. Recently, Komitov & Boney (2001)n cyclic variation of activity is not yet clear. The ftiren-
found that violation of the G—O rule could be not randorial rotation can be determined accurately by fitting a lar
phenomena but occurring under special conditions, the maet of the data on sunspot or sunspot groups to the stani
factor being the very high maximum of the even-numbered dgrm: w(¢) = A + Bsir? ¢, wherew(¢) is the solar sidereal
cle. Figure 1 shows the variation of the monthly Wolf numangular velocity at latitude, the codficients A and B rep-
ber during 1749-2002. In Table 1 we give tRgym Hsum resent the equatorial rotation rate and the latitudinal gradi
andDgm, Viz., the sums of the monthly averaged sunspots owefr the rotation, respectively. Recently, we studied cycle-i
the durations of sunspot cycle, “double sunspot cycle” or H&/cle modulations imrA and B using Greenwich data (1879-
and DHC, respectively. In this table we also give the duratioh876) and SOORNOAA data (1977—2002) on sunspot grouy
(Javaraiah 2003). We found, besides the known big drof i
* e-mail:jj@iiap.ernet.in from cycle 13 to cycle 14, the existence of a moderate di
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Fig. 1. Monthly-averaged (dotted curve) and smoothed (contin-
uous curve) international sunspot numbers during 1749-2002
(ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA /SUNSPOT_NUMBERS).

The Waldmeier cycle number is marked near the top of each peak.

from cycle 17 to cycle 18 and a big drop from cycle 21 to cy-
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cle 22 as that of the one from cycle 13 to cycle 14 (see Fig. 2a). (C)A

Also, in the paper by Pulkkinen & Tuominen (1998) we no-
ticed that the value oA (CarringtoriSpdrer data) in cycle 10 is
considerably lower than those in cycles 11, 12 and 13. This low
value suggests that a big or a moderate drop might have € o oxi103 L |
occurred from cycle 9 to cycle 10. Hence, we concluded that a*

big or a moderate drop iA is occurring after every four cycles
suggesting the existence of “44-yr” cycles or DHCsAnThe

gap between the aforesaid two big drops suggests the existence
of a “90-yr” cycle or GC inA. We also found the existence of a
“90-yr” cycle in Bfrom cycle 14 to cycle 22, with maximu(B|
during cycle 17 (see Fig. 2b). Using these results in the present

Iet.ter we made forecgsts for the strengths of the long-term Vi3, 2. cycle-to-cycle variations oA, B andRsym (Note: cycle 23 is
ations in SUnSpOt aCt|V|ty.

not yet complete.)
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2. Big drops in A and strengths of “double Hale

cycles” in sunspot activity moderate drops iA several decades ahead, and hence can pre-

dict the strengths of DHCs of sunspot activity which follow big
Using Table 1 and Fig. 2a one can see that the big drop irand moderate drops iA. So, theDs,m of the current DHC 6
from cycle 13 to cycle 14 was followed by DHC 4 whd3g,, Which consists of the cycles 22, 23, 24 and 25, and follows
is considerably lower than those of both DHC 3 and DHC Hje big drop inA from cycle 21 to 22, is expected to be less
the moderate drop i from cycle 17 to cycle 18 was fol- than that of DHC 5. We can predict a moderate drop from
lowed by DHC 5 whosé®g,m is considerably larger than thatcycle 25 to cycle 26. This will be followed by DHC 7 which
of DHC 4. TheDgymof DHC 2 is relatively lower than those ofconsists of the cycles 26, 27, 28 and 29 and whdgg, is ex-
both DHC 1 and DHC 3. So, a big drop and a modern drob inpected to be relatively larger than that of DHC 6. Obviously,
might have occurred from cycle 5 to cycle 6 and from cycle 1 tbe aforementioned patterns in activity variation constitute the
cycle 2, respectively. Thus, using the epochs of the big and thiell known GCs of sunspot activity.

moderate drops in the cycle-to-cycle modulationfo§hown In the empirical rule, suggested above, size of a drof in
in Fig. 2a and the pattern of modulation in the strengths of tiethe predictor of the strength of the DHC which follows the
DHCs given in Table 1, one can predict the epochs of big adtbp. However, if we assume that a change in activity leads to
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Table 1. Values of cycle length (PER, in monthsRm (sum of the drop from cycle 13 to cycle 14. Hence, tbhgm of DHC 6
monthly means of Wolf numbersiisym and Dsym. is expected to be also about 9.1% less than that of DHC
i.e.,~35477.

Cycle PER Rum HC  Hem DHC  Dam Interestingly,%g:gi ~ %ﬁ:gg. Hence, we may

1 135 56472 havepgundZRes ~ femdLEie?, which also leads to the afore
2 109 6438.7 said estimated value &, of DHC 6.

1 13845.8 In Fig. 2 it can be seen that over a time-scale of the ori

3 111 7407.1 of 100 years or more, i.e., substantially longer than a GC,

1 273591 tivity and A are strongly increased and decreased with tin

4 163 10100.6 135133 respectively. The GCs or DHCs seem to be superposed

this relatively strong variation on a time scale of substantia

5 lar sal2qg longer than a GC. There exists about 60% anticorrelation
6 153 28205 . -
3 7588.6 tweenA and amount of activity. However, the correlation b
7 127  4768.1 tweenA a_nd activity seems no_t_negative throughogt a GC.
2 237121 fact, we find about 92% possitive and 66% negative corre
8 116  7813.2 tions betweer and activity within DHC 4 and DHC 5, re-
4 161235 spectively. Within DHC 5 the variation iAis insignificant and
9 149  8310.3 ambiguous. The slope of the variation Anwithin DHC 4 is
10 135  6549.7 relatively very small compared to the size of a big drop or t
5 140%6.1 slope of the relatively strong decreasediover a time scale of
11 141 7506.4 longer than the length of a GC. So, it seems not possible to
3 24190.0  the small variations irA within the DHCs 4 and 5 to derive &
12 134 45982 statistical measure of significance of modulations in streng
6 10133.9 . - . .
13 143 55357 of DHCs in a_ctlwty. F_or this purpose the available data (nu
14 138 44591 ber of drops inA) are inadequate.
7 9778.9
15 120 5319.8 . .
4 219792 3. Strengths of “Hale cycles” in sunspot activity
16 122 49569 In Table 1 one can also see that within DHC 4 of activity, whit
8 12200.3 . .
17 125  7243.4 followed the big drop imA from cycle 13 to cycle 14, thElgym
18 122 9087.4 of the “preceding” HC 7 is considerably less than that of t|
9 205565 “following” HC 8. This is opposite in DHC 5 which followed
19 126 11469.1 the moderate drop iA from cycle 17 to cycle 18, i.e., tHégym
5 38986.2 of HC 9 is larger than that of HC 10. This property exists in t
20 140 8438.2 earlier DHCs also, including even DHC 1 during which HC
10 18429.7 violated the G-O rule. Thus, thidsym of the current HC 11
21 123 99915 (cycles pair 22, 23) is expected to be considerably less t
22 124 9424.7 " that of HC 12 (cycles pair 24, 25) and thig,m of HC 13 (cy-

cles pair 26, 27) is expected to be considerably larger than |
of HC 14 (cycles pair 28, 29).
2 indicates the incompleteness of the present cycle 23. The strength of a HC in a particular DHC seems to be |
lated to the closest HC of the adjacent DHC in such way tl

the weak and the strong HCs of the DHC are close to the wi

a variation in rotation, then it implies a weak DHC is followeddC of the preceding DHC and the strong HC of the folloy
by a moderate drop iA and a strong DHC is followed by a biging DHC, respectively. Thus, the weak HC 10 in DHC 5 lea
drop inA. In this scenario, the strength of a DHC is a predictde a predicted weak HC 11 in DHC 6.
of the size of a drop i\. However, it seems a drop hoccurs SinceDgym of DHC 6 ~ 35477 (estimated in see Sect. 2
in the beginning cycle of a DHC and then seems to be persistidg,m of HC 11 is expected to be less thaé x35477,i.e.,less
during a few more cycles. Hence, the size of adrofginay be than~17 738. SincéRsym Of cycle 22= 9425 (from Table 1),
a plausible predictor of the strength of the DHC during whicthe Rsym of cycle 23 is expected to be less tha8313. Thus,
the drop occurs rather than the strength of the preceding DM@ predict violation of the G—O rule during the current HC 1
is a predictor of the size of a drop & The G-0 rule relates only strength of an even cycle to tl
The big drop £0.017 microrad¥) in A from cycle 13 to of its following odd cycle. A relationship between the streng
cycle 14 is about 0.58%. THeg,, of DHC 4 which followed of an odd cycle to that of its following even cycle is not know
the big drop inA from cycle 13 to cycle 14 is about 9.1% lesso far. It is worthwhile to note here that a big or a moder:
than that of DHC 3. The big drop<0.016 microrads') in A drop in A seems to be always taking place from an odd cys
from cycle 21 to cycle 22 is about 0.55% and almost equal to its following even cycle. Between the odd and even cyc

23 69  5886.3
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Yearly Averaged Sunspot Numbers 1610-2000 followed by a DHC whos®s.nmis about 9% less than that of its

preceding DHC (see Sect. 2). Recently, Vaquero et al. (2002)
showed that during the deep Maunder minimum (1666—1700)
the solar rotation rate near the equator was about 5% lower than
during the modern time. Hence, the expected big drop in
near the beginning of the Maunder minimum might be about
10 times larger than a big drop during the modern time. This
0 - - implies that theDg,m, of the DHC which began at the beginning
1600 1650 1700 1750 1800 1850 1900 1950 2000 e N

DATE of the Maunder minimum might be about 90% lower than that
Fig.3. Yearly-averaged Wolf sunspot numbers 1610—200%f its prePeding PHC] and a_lso to that of a DHC dl.”ing th?
(http://science.msfc.nasa.gov/ssl/pad/solar/sunspots. ~modern time. This is in consistent with the observational evi-
htm). dence of the near complete absence of activity during the deep
Maunder minimum.

200

100~

Sunspot Number

during which a big drop irA is occurring, always the former _
seems stronger than the latter. Hence, cycle 29 is expecte@-t@ondusmns

be _stronggr than cycle 30. Bgtv_veen the_ odd and even CyCLIFsang the results in Javaraiah (2003), here we have made the
during which a moderate drop is occurring, the former and_following predictions: (i) TheDsum of the current DHC 6 in

the Iatte_zr seem to be altern_ati_v el_y w_eaker or stronger dur'ggnspot activity which follows the big drop #from cycle 21
alternative moderate drops A indicating relatively stronger to cycle 22 is expected to be less than that of the DHC 5.

cycle 25 than cycle 26. The Dgm of the DHC 7 which will follow a moderate drop
in A from cycle 25 to cycle 26 is expected to be larger than
4. Gleissberg cycle in B that of DHC 6; (ii) within DHC 6 theHsun of the preceding
. . . HC 11 is expected to be less than that of the following HC 12,
In Fig. 2 one can see that there exists a conS|de_rabIe alfithin DHC 7 theHsum of the preceding HC 13 is expected to
c_orrelatlc_)n ((_:orr._C(ﬁ. = —054) bereerA a”?' B. Th's an- pe larger than that of the following HC 14; (iii) HC 11 is most
ticorrelation implies that larger latitude gradient in the rthfker violate the G-O rule; (iv) cycles 25 and 29 are expected
tion is associated with faster equatorial rotation rate and Viﬁ?be relatively stronger than cycles 26 and 30, respectively:

versa. The GC irB from cycle 14 to cycle 22 seems to be ir\(v) it seems the present GC Bfis started during cycle 22, ex-

phase with the G(_: of sunspot activity Which_ponsists of DHCp‘)"ected to have maximuiB| during cycle 25 and ends during
and DHC 5. So, it seems the present G(Biis started from

| dtoh ) duri | d cycles 29-30; and (vi) the beginning of the Maunder minimum
cycle 22'_ expected o have maximyB) during cycle 25 an might have followed a big drop i\ which might be about
ends during cycles 29-30.

10 times larger than a big drop during the modern time and
related to the near complete absence of activity during the deep
5. Absence of activity during the deep Maunder Maunder minimum.
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