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The prediction for the smoothed monthly mean sunspot numbers (hereafter SMSNs)
of solar cycle 23, which was given with a similar cycle method proposed by us at
the beginning time of cycle 23, is analyzed and verified in this paper. Using our
predicted maximum SMSN and the ascending length for solar cycle 24, and as-
suming their relative errors to be respectively 20% and £+ 7 months, solar cycles 2, 4,
8, 11, 17, 20 and 23 are selected to be the similar cycles to cycle 24. The selected
solar cycles are divided into two groups. The first group consists of all the selected
cycles; while the second group consists of only cycles 11, 17, 20 and 23. Two SMSN
time profiles then may be obtained, respectively, for the two similar cycle groups.
No significant difference is found between the two predicted time profiles. Consid-
ering the latest observed sunspot number so far available for cycle 23 and the pre-
dictions for the minimum SMSN of cycle 24, a date calibration is done for the ob-
tained time profiles, and thus, SMSNs for 127 months of cycle 24, from October
2007 to April 2018, are predicted.

solar cycle, sunspot numbers, prediction of cycle 24

A Wolf sunspot number, or the so-called relative sunspot number, is usually used as one of the solar
indices describing solar activity, which is made of the number of sunspots and the number of
sunspot groups[ll. The number is obviously lack of physical meanings compared, for examples,
with the solar flux at 2800 MHz, the total area of sunspots®? , and the group sunspot number3!. The
relative sunspot number has a historical record longer than 200 years, its time sequence reflects
clearly the periodicities of solar activity™!, and the number has close relations with the productiv-
ities of solar activities such as solar flares™ and coronal mass ejections’®™. So, the number is used
in the fields of solar physics, geophysics and space weather more frequently than other indices. The
Wolf number is often simply called sunspot number. However, in studies and predictions of
long-term variations of solar activities, the smoothed monthly mean sunspot number (hereafter
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SMSN) is always used. The extrema and phases of a solar cycle (i.e. sunspot cycle, or sometimes a
solar activity cycle) are determined by the SMSN, as an international tradition. Hence, SMSNs are
the main objects of solar cycle predictions.

Now we are in the tail of solar cycle 23. Predicting the SMSNs for cycle 24 should be one of our
tasks we are facing. In recent decades, progresses have been made in the methodology research for
solar cycle predictions. Most of the studies are focused on the prediction of the parameters of a
solar cycle, namely predicting amplitudes and times of the extrema of the next cycle®®. Brown™®
and Kunches™™ reviewed the predictions for solar cycles 21 and 22, respectively. Their results
showed that generally, methods using precursors produced the predictions better than those given
by methods using the statistical property of solar cycles. Thompson™ pointed out that the only
prediction methods, which have approval from most of the scientific community, are the “pre-
cursor” techniques. Li et ali2 compared 63 predictions of the maximum SMSN for cycle 22 and
48 predictions for cycle 23 and pointed out that precursor methods are superior, and inferred that
the peak SMSN of cycle 23 should be 162. A prediction of 119 for the maximum SMSN of cycle 23
was made in 1992 by Wang™2! using the cycle statistical method, which is very near 120.8, the
observed maximum SMSN of cycle 23 (relative error approximate 1.5%). Wang et al.2*! predicted
the maximum SMSN for cycle 24 to be in the range of 83—119, using again the similar cycle
method, and pointed out that in recent decades there has not been a method which was able to
produce reasonably good predictions for solar cycles 21, 22 and 23, and thus the solar cycle pre-
diction was still an open problem.

Compared with the prediction of solar cycle parameters, the prediction of SMSNs of indi-
vidual months for a cycle, in particular for the next cycle, would be of more use for the operation of
space technique, communications, etc. Wang and Han>¢) proposed a similar cycle method based
on the conception that, generally, we may find not only one but more cycles similar to a certain
solar cycle. The application of the method to cycle 23 results in very successful predictions of
SMSNSs (errors < 30%) for the 96 months from August 1996 to July 2004728 Several methods
have been used to make this kind of prediction and Li et al.*) proposed a method for the prediction
of SMSNs for the remainder of a progressing solar cycle. They found that cycle 2 is the similar
cycle of cycle 23.

Two purposes of this work are: (1) predicting the SMSNs of cycle 24, from 2007 to 2018; and (2)
trying to develop an applicable and feasible method for SMSN predictions of the next cycle.

1 Similar cycle method and verification of the prediction of SMSNs for
cycle 23
As mentioned above, the predicted quantity is the SMSN in a solar cycle prediction, which is in-
dicated by R; and defined by eq. (1):
111 i+5

=—| =(R_g+R.)+ > R: |, (1)

i 12| 2 i—6 i+6 j;s j
where R; is the observed monthly mean sunspot number for month i. In the following parts, we will
use R,,, Rny and T, toindicate the maximum SMSN, the minimum SMSN and the ascending

length, respectively, of a solar cycle. A combination of R..., R... T. and the feature of the
SMSN time profile of a solar cycle should be able to describe the outlook of the cycle.
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Our similar cycle prediction method is quite simple. It was firstly applied to the SMSN predic-
tion of cycle 23, and then to the peak time prediction and the solar flux prediction at 2800 MHz for
cycle 23. These predictions are successful?®2, The steps of the method include that (1) Primary

selection of similar cycles: according to the predicted values R, (pred), R, (pred)and T, (pred)

of the predicted solar cycle. Those cycles whose R.;,, R and T, arerespectively near R,

(pred), R, (pred) and T, (pred) are selected to be the primary similar cycles; (2) Final selection

of similar cycles: if there are some significant differences between the forms of the time profiles of
these primary similar cycles, the cycles whose time profiles show some common characteristics are
used as the final similar cycles; and (3) Predicting the SMSN: the average made of the SMSNs of

these final selected similar cycles for month i, A, is taken as the prediction of the SMSN for the

month i for the predicted cycle, as shown by eq. (2). The predicted AA is given by eq. (3):

1
AizﬁZn:Ri,n’ 2

3)

where N is the number of the similar cycles and n is the number of a similar cycle used.

The similar cycle method used here is basically facing two important problems, which are how
to find a few cycles similar to the predicted cycle to a certain degree, and whether the prediction
errors satisfy the needs of the users (e.g. errors < 30%). To resolve these problems, taking cycle 23
as an example, we compare the predictions for three different cases with the observed SMSNs of
cycle 23. In the first case cycles 1—22 are involved, the second case consists of cycles 9—22 and
the third one cycles 11—22, respectively. For each of the three cases, by using egs. (2) and (3), we

obtain three time sequences, which are A, A+AA and A—AA. Then we compare them with

the observed SMSN time sequence, R,, of cycle 23. The comparisons for the three cases are given
in Figures 1—3, respectively.
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Figure 1 Comparison of the SMSN time profile made of cycles 1 to 22 for A (solid line), A +AA (dashed line) and
A — AA (dashed and dotted line) with the observed SMSNSs (circle line) of cycle 23.
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Figure 2 The same as in Figure 1, except for using cycles 9 to 22.
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Figure 3 The same as in Figure 1, except for using cycles 11 to 22.

From Figures 1—3, we can have the following points: (1) Figure 1 shows that time profiles A
and R, are well consistent with each other for the ascending phase, but not for the peak and de-

scending phases; (2) Figure 2 shows that the consistency of A and R; for the ascending phase is
not as good as shown in Figure 1, but the consistency is improved for the peak phase; (3) Figure 3
shows that the time profiles of A and R; are consistent with each other quite well for the de-
scending phase, but not for the other parts; (4) the relative standard errors show a gradual decrease
from Figure 1 to Figure 3; (5) the maximum value of A changes gradually from the value lower

than that of R, to higher than that of R, from Figure 1 to Figure 3; and (6) Figures 1—3 show an

obvious change from a single peak to the double-peak like structure of the predicted profile, which
is more similar to the one of the observed cycle 23. The facts mentioned above reveal that for a
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certain solar cycle (for example, cycle 23) it is possible to find some cycles similar to the certain
one in some aspects and the A time profile calculated from these selected similar cycles (see eq.

(2)) can be used as a predicted time profile for the certain cycle.
In the same way as discussed above, 7 solar cycles including cycles 8, 9, 11, 17, 18, 20 and 21

are selected as the similar cycles to solar cycle 23. Thus, the calculated A and AA can be used
as the predictions of R, and the error for cycle 238 respectively. In Figure 4, the predicted
SMSNs for cycle 23 are compared with the observed ones.
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Figure 4 Comparisonof A and +A with R, for cycle 23.

Clearly, this is a very successful prediction and it is worth trying to apply this method to the
prediction of SMSNs for cycle 24.

2 Prediction of SMSNs for solar cycle 24 by the similar cycle method

Considering the predictions of the parameters for cycle 242422 \ve take the predicted parameters
for cycle 24 to be R, (pred)=7.0£3.6, R,,, (pred)=125+25, and T, (pred) = 3.6 +0.6 years.
Then cycles 2, 4, 8, 11, 17, 20 and 23 are selected to be the similar cycles of cycle 24. Some pa-
rameters of these 7 similar cycles and of cycle 24 are given in Table 1.

It has been known that the sunspot number records after 1849 are of more reliability’23. We di-
vide the seven similar cycles listed in Table 1 into two groups. The first group comprises only the

Table 1 Main parameters of solar cycle 24 and the cycles similar to cycle 24

CyC|e NO. §i,min Ta (years) ﬁi,ma\x

2 11.2 3.2 115.8

4 9.5 3.4 141.2

8 7.3 3.3 146.9

11 5.2 34 140.5

17 34 3.6 119.2

20 9.6 4.0 110.6

23 8.0 40" 120.8
24" 7.0°£6 3.6*+0.6 125" +25

Remark: *— predicted.
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four similar cycles, cycles 11, 17, 20 and 23, and the second group comprise all the seven similar
cycles. Then, by using eq. (2) we predict the SMSNs of cycle 24 for the two similar cycle groups
and show them in Figure 5, where the abscissa represents the time in months, while the ordinate the
SMSN. It can be found that there is no significant difference for the two predicted curves in Figure 5.
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Figure 5 The predicted time profile for cycle 24 using similar cycles 11, 17,20 and 23 (A (4), solid) and using similar cycles 2,

4,8,11,17,20 and 23 (A(7), dashed).

The final step for the present prediction is to make a date calibration for the curves in Figure 5.
The following facts that (1) the start time of cycle 24 was predicted in May 2007; (2) the start time
of cycle 24 was estimated by an intonation panel to be in March £ 6 months 2008 and (3) the re-
cently observed data show that there were 21 spotless days in September 2007, 28 spotless days in
October, and 24 spotless days in November are considered. Then, the date, October + 5 months
2007, iis taken as the start time of solar cycle 24. Actually, in this paper A (4) +AA (4) is used as the

final predictions of SMSNs for cycle 24 and shown in Figure 6, as well as listed in Tables 2 and 3.
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Figure 6 The predicted time profile with errors of SMSN for solar cycle 24.
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Table 2 Predicted values of SMSNs for solar cycle 24 (January —June)

Year Jan Feb Mar Apr May Jun
2007

2008 7.9+2.4 8.5+2.3 9.242.2 10.1+2.5 11.143 11.9+43.3
2009 25.9+7.5 29.2+7.9 322184 35.148.6 38.2£7.9 42.2+7.6
2010 68.1+6.8 70.5£7.4 73.1£7.6 76.9£7.9 81.949.4 87+10.8
2011 109.8+16.3 113.1+15.4 116.6+14.1 118.8+12.8 119.4+12.4 119.2+11.9
2012 112.8+3.5 111.5+2.8 110.5+2.4 108.7£2.4 106.9£3.3 105.2+3.7
2013 106+4.6 105.545.4 104.746.3 105.1+6.7 104.846.4 102.8+7.2
2014 80.8+11.3 78+10.7 75.1+£10.1 71.4+9.5 68.1+9.9 66.5+10.1
2015 58.5+9.0 57.5+10.1 56+11.8 54.9+13 54+13.0 52.3£12.7
2016 39+13.0 36.2+11.5 34.2+10.5 32.749.9 31.149.6 29.84£9.6
2017 23.0+8.0 23.048.3 22.848.1 22.318.4 21.848.7 20.1+8.4
2018 15.045.3 14.4+5.2 13.445.0 13.1+4.2

Table 3 Predicted values of SMSNs for solar cycle 24 (July —December)

Year Jul Aug Sep Oct Nov Dec
2007 6.612.4 6.912.6 7.32.5
2008 12.9+3.5 14.6+3.6 16.5+4.0 18.5+4.5 20.845.5 2316.7
2009 47.748.5 52.41+8.9 56.619.0 60.4+8.7 63.3£7.5 65.846.7
2010 90.4+10.7 92.9+11 96.2+12.1 99.3£12.9 102.4+14.5 106.2+16.1
2011 118.3+10.9 117.5+10.1 117.148.7 116.246.2 115.1+4.5 114.2+4
2012 104.4+4.1 104.8+£3.7 104.4+3.6 103.8£3.4 104.6+£3.2 105.4+3.8
2013 100.449.7 97.4+10.7 94.6+10.4 92.4+10.5 89+11.0 84.5+11.5
2014 65.7£9.4 64.5+8.2 63.6+7.2 62.246.9 60.7+£7.0 59.6+7.9
2015 49.8+12.7 47.3£12.6 45+13.1 43.6+13.7 42.5+14.1 41.1+13.8
2016 28.849.7 27.749.5 26.3+8.9 24.748.0 23.917.6 234478
2017 20.518.0 19.9+7.8 19.1+7.7 18.2+7.1 16.9+6.4 15.646.0

3 Conclusions and discussion

Predictions for SMSNs of solar cycle 24 are quite spread. For examples, Wang et al.* predicted
the maximum SMSN to be of 125 for cycle 24, Duhau?! predicted the maximum to be 87, Li et
al. = predicted that the peak of cycle 24 would be 189.9 or 136 and 137 or 80, Du & Dul®®! gave the
prediction of 114.8, Du®? gave the prediction of 150.3, etc. The international panel (see
http://www.sec.noaa.gov/solar cycle/sc24/statemetn_01.html) estimated that cycle 24 would start

in March + 6 months 2008 and supported 140 + 20 or 90 + 10 for the R, of cycle 24. Fur-

thermore, Li et al.’2& carefully compared the predictions produced by various methods and dis-
cussed a prediction obtained from a combination of several methods. Recently the evolution of the
sunspot activity level in the descending phase of solar cycle was studied, and the road along which
the level evolves was given?Z. Kane® listed 43 predictions of the peak SMSN for cycle 24, which
cover a broad range from 50 to 200. It seems to be very necessary to develop an applicable and
reasonably good method for predicting the SMSNs of the next cycle. The following results may be
deduced from our work:

(1) 127 SMSNSs are predicted for cycle 24 in this paper. The prediction covering most parts of
cycle 24 from its beginning on is produced simultaneously, with an average time length of about 5
years in advance, by our similar cycle method. The prediction made by using this method does not
have the error integration problem, and so, its errors do not increase with time in advance. The error
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depends on the conditions for selecting similar cycles and the number of the similar cycles. This
kind of study may be of some significance in developing an effective method for solar activity
prediction of all the individual months of a cycle, and hence for the space weather.

(2) Both curves given in Figure 5 show that cycle 24 will have a broad peak phase, even a second
peak should appear in the first half of the descending phase of cycle 24.

(3) This work predicts that solar cycle 24 will have its maximum SMSN of 119.5 + 12.4, and its
ascending length of 44+5 months, and begin in the range from May 2007 to March 2008. The date
calibration is an important step in this prediction, and should affect the accuracy of the phase pre-
diction to some extent.

The authors greatly thank the Space Environment Prediction Center of CSSAR and Solar Activity Prediction Center of NAOC for
kind support to this work.

Bary R J, Loughhead R E. Sunspots. New York: John Wiley and Sons, 1964. 237—242
2 Zhan LS, Guo L, Zhao H J, et al. The shape of sunspot cycles described by monthly sunspot areas. Sol Phys, 2005, 232:
143—158[DOI]
Hoyt D V, Schatten K H. Group sunspot numbers: A new activity reconstruction. Sol Phys, 1998, 179: 189—219[DOI]
Wang J L, Fan Y H, Lin B S, et al. A prediction of the smoothed monthly sunspot numbers for the ascending phase of solar
cycle 21 (in Chinese). Publ Beijing Astron Obs, 1975, 5: 47—55
Smith H J, Smith E P. Solar Flares. New York: Macmillan Co, 1963. 70—74
Webb D F. The heliospheric manifestations and geoeffectiveness of solar mass ejections. In: Hruska J, Shea M A, Smart D F,
et al., eds. Solar-Terrestrial Predictions, 1V(2). Boulder: NOAA/ERL, 1993. 71—78
7 Wang J L. Study of solar activities in solar-terrestrial systematology (I): Study of gradual solar activities (in Chinese). Prog
Geophys, 1994, 9(3): 1—11
8 Lantos P. Solar cycle prediction: Combining precursor methods with McNish and Lincoln technique. Sol Phys, 2006, 236(2):
399—413[DOI]
9 Brown G M. Long term solar activity predictions. In: Simon P A, Heckman G, Shea M A, eds. Solar-Terrestrial Predictions.
Boulder: NOAA/AFGL, 1986. 1—7
10 Kunches J M. A retrospective look at the predictions for sunspot cycle 22. In: Hruska J, Shea M A, Smart D F, et al., eds.
Solar-Terrestrial Predictions, 1V(2). Boulder: NOAA/ERL, 1993, 198—202
11 Thompson R J. A technique for predicting the amplitude of the solar cycles. Sol Phys, 1993, 148(2): 383—388[DOI]
12 LiKJ, YunH S, Gu X M. On long-term predictions of the maximum sunspot numbers of solar cycle 21 to 23. Astron As-
trophys, 2001, 368: 285—291
13 Wang J L. A prediction of solar activities in the later phase of solar cycle 22 and in solar cycle 23 (in Chinese). Acta As-
trophys Sin, 1992, 12(4): 369—373
14 WangJL, GongJC, Liu S Q, et al. The prediction of maximum amplitude of solar cycles and the maximum amplitude of
solar cycle 24. Chin J Astron Astronphys, 2002, 2(6): 557 —562
15 WangJL, Han Y B. Forecast of smoothed monthly mean sunspot numbers for solar cycle 23 (in Chinese). Astrophys. Report:
Publ Beijing Astron Obs, 1997, 1(Suppl): 76—80
16 WangJL, Han'Y B. “Similar cycle” method and a discussion of predicted monthly sunspot numbers for solar cycle 23 (in
Chinese). J Chin Space Sci, 2000, 20(3): 278—281
17 WangJL,HanY B, GongJC, etal. An applicable method for long-term solar cycle predictions, in solar-terrestrial magnetic
activity and space environment. In: Wang H N, Xu R L, eds. COSPAR Colloquia Series 14. Oxford: Pergamon Press, 2002.
397—399
18 WangJL,GonglJC, LiuSQ,etal. Verification of a similar cycle prediction for the ascending and peak phases of solar cycle
23. Chin J Astron Astrophys, 2002, 2(5): 396 —398
19 LiKJ, Zhan LS, Wang J X, et al. A method for the prediction of relative sunspot number for the remainder of a progressing

WANG JiaLong et al. Sci China Ser G-Phys Mech Astron | Dec. 2008 | vol. 51 | no. 12| 1938-1946 1945


http://dx.doi.org/10.1007/s11207-005-2370-1
http://dx.doi.org/10.1023/A:1005007527816
http://dx.doi.org/10.1007/s11207-006-0022-8
http://dx.doi.org/10.1007/BF00645097

20
21

22

23

24
25

26

27

28

29

30

cycle with application to cycle 23. Astron Astrophys, 2002, 392(1): 301—307[DOI]

Wang J L, Gong J C, Tong J Z, et al. Has the maximum of solar cycle 23 appeared? Chin Sci Bull, 2001, 46(19): 1603 — 1605
Miao J, Liu S Q, Xue B S, et al. Primary research on prediction method of 10.7 cm solar radio flux (in Chinese). J Chin Space
Sci, 2003,23(1): 50—54

Miao J, Wang J L, Liu S Q, et al. Predicting the beginning time of solar cycle 24 by similar cycle method (in Chinese). Chin
J Space Sci, 2007, 27(6): 448 —452

Usoskin | G, Mursula K. Long-term solar cycle evolution: Review of recent developments. Sol Phys, 2003, 218: 319—343
[Do1]

Duhau S. An early prediction of maximum sunspot number in solar cycle 24. Sol Phys, 2003, 213(1): 203—212[DOI]

Li K J, Gao P X, Su T W. Estimating the size and timing of the maximum amplitude of solar cycle 24. Chin J Astron As-
trophys, 2005, 5(5): 539—545[DOI]

DuZL,DuS Y. The relationship between the amplitude and descending time of a solar activity cycle. Sol Phys, 2006, 238(2):
431—437[DOI]

Du Z L. Relationship between solar maximum amplitude and Max-Max cycle length. Astron J, 2006, 132(4): 1485—1489
[Do1]

Li K J, QiuJ, Xiang F Y, et al. A method to evaluate the level of solar activity at the remainder of a progressing solar cycle.
New Astron, 2005, 10: 209—218[DOI]

Wang J L. Evaluation of the level of sunspot activity in solar cycles (I): Evaluation in the descending phase. Chin J Astron
Atrophy, 2006, 6(3): 354—362[DOI]

Kane R P. A preliminary estimate of the size of the coming solar cycle 24, based on Ohl’s precursor method. Sol Phys, 2007,
243:205—217[DOI]

1946 WANG JiaLong et al. Sci China Ser G-Phys Mech Astron | Dec. 2008 | vol. 51 | no. 12 | 1938-1946


http://dx.doi.org/10.1051/0004-6361:20020616
http://dx.doi.org/10.1023/B:SOLA.0000013049.27106.07
http://dx.doi.org/10.1023/A:1023260916825
http://dx.doi.org/10.1088/1009-9271/5/5/011
http://dx.doi.org/10.1007/s11207-006-0175-5
http://dx.doi.org/10.1086/506474
http://dx.doi.org/10.1016/j.newast.2004.10.003
http://dx.doi.org/10.1088/1009-9271/6/3/11
http://dx.doi.org/10.1007/s11207-007-0475-4

