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TECHNICAL PUBLICATION

PREDICTING THE SIZE OF SUNSPOT CYCLE 24 ON THE BASIS OF SINGLE-
AND BI-VARIATE GEOMAGNETIC PRECURSOR METHODS

1. INTRODUCTION

Attempts to accurately predict the strength of a sunspot cycle in advance, based on a variety
of methods and statistical techniques, have met with only limited success.! For example, cycle 23, the
current ongoing sunspot cycle, had a wide range of predictions2- for its size, from about 80 to 210.
It is now known to have measured 120.8, having peaked in April 2000. Even those based on dynamo-
related models have not always faired well. For example, using the strength of the polar fields near
sunspot minimum, Schatten et al.® estimated the size of cycle 21 (164.5) to be about 140 % 20, a fairly
good estimate, while Schatten and Hedin” estimated the size of cycle 22 (158.5) to be about 109 +20
and Schatten and Pesnell® estimated the size of cycle 23 (120.8) to be about 170+ 25, both rather
poor estimates. Of the various methods and techniques used to predict the size of an upcoming or
just starting sunspot cycle, those based on precursor geomagnetic information usually have provided
the best predictions.!-?

In this Technical Publication (TP), both single- and bi-variate fits, based on precursor geo-
magnetic indices in various combinations including with sunspot minimum amplitude, are examined
to estimate the expected size of cycle 24, the next sunspot cycle.



2. RESULTS

2.1 Cycle 23 Behavioral Characteristics

Figure 1 displays the general behavioral characteristics of cycle 23 through April 2008. Figure 1(a)
shows the variation of the 12-mo moving average (12-mma) of monthly mean sunspot number (R).
Its minimum (Rm) occurred in May 1996 (E(Rm)) and measured 8.0. While minimum amplitude
often is used to establish the onset of a sunspot cycle, a better determination is one based on several
parameters, such as the number of spotless days, the ratio of the number of new cycle to old cycle
spots, etc.10:11 For cycle 23, this would indicate a slightly later-occurring minimum, perhaps, about
August—October 1996. However, for the purpose of this TP, because of its simplicity, it is convenient
to use the occurrence of Rm as representing the onset of a sunspot cycle.

Cycle 23’s maximum amplitude (RM, 120.8) occurred in April 2000 at =47 mo, where ¢ is the
elapsed time in months from E(Rm), with a slightly smaller secondary peak (115.5) having occurred
in November 2001 at #=66 mo. Hence, on the basis of the 12-mma of R, cycle 23 can be described as
being double-peaked, as many previous sunspot cycles have been so described.

April 2008, presuming it does not represent E(Rm) for cycle 24 since March and April 2008
have 12-mma values of R that both measure 3.3, marks the 144th month since cycle 23’s E(Rm),
making cycle 23 the longest running sunspot cycle since cycle 9 (149 mo) and the 5th longest run-
ning cycle in the span of cycles 1-23. On the basis of the most reliably known sunspot cycles 12-22,
longer period cycles have minimum-to-minimum lengths, or periods, equal to about 139+ 7 mo (the
90% prediction interval), indicating that E(Rm) for cycle 24 should be most imminent;1213 i.e., there
1s only about a 5% chance that cycle 23 will have a period equal to or longer than 147 mo, indicating
E(Rm) for cycle 24 probably before July 2008; 12-mma values of R, also called ‘smoothed monthly
mean sunspot numbers, are readily available at <ftp:/ftp.ngdc.noaa.gov/STP/> 14

Figure 1(b) depicts the variation of the 12-mma of the 44 and 4A4(I) geomagnetic indices,
where the 44 index is the corrected 44 index; i.e., values prior to 1957 are increased by 3 nT to com-
pensate for repositioning of the magnetometers used in determining the value of the 44 index,15:16
and AA(]) is the interplanetary component of the 44 index, attributed to the occurrence of high-
speed streams in the solar wind due to the presence of coronal holes.!720 The 4A([) index, which is
the residual of the A4 index having removed the solar cycle-related component, is found to mimic
the overall A4 index. Both 44 and A A(]) indices had minimum values (15.8 and 8.3, respectively)
in October 1997 at =17 mo and maximum values (38.0 and 28.9, respectively) in August 2003
at =87 mo, with smaller secondary maximums (25.3 and 17.6, respectively) about April 2005 at
t=107 mo. The lowest recent values are 14.9 for the 44 index and 8.2 for the 4 A (/) index in July 2007
at t=134 mo. Because minimum values almost always have followed E(Rm), the lone exception being
cycle 14, AA and AA(I) current values are expected to slowly decrease in 2008 to values below the
July 2007 minimum values unless, of course, cycle 24 is kindred to cycle 14.
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Figure 1. Variation of 12-mma solar and geomagnetic values for cycle 23,
January 1996 through April 2008.



Figure 1(c) shows the variation of the 12-mma of the AP index and its behavior is found to
strongly mimic the behaviors of the 44 and 4 A(/) indices, having a minimum of 8.2 in October 1997,
primary maximum of 22.3 in August 2003, and a smaller secondary maximum of 15.1 in April 2005.
The lowest recent value is 7.4 in July 2007, although the overall recent trend appears downward, so
that a lower 4 Pm seems likely in 2008—2009.

Figure 1(d) displays the variation of the 12-mma of the disturbance index (D[), which is deduced
from the 4 P index. In particular, the disturbance index is the number of days when the daily ap index
1s 225 nT, summed over an entire month. The DI bears a strong resemblance, not only to the AP index,
but also to the A4 and AA(J) indices as well, having a minimum of 1.0 slightly earlier in April 1997,
a primary maximum of 9.8 in August 2003, and a smaller secondary maximum of 4.1 in April 2005.
Values of 0.5 have been recorded in July—August 2007 and December 2007-March 2008, this being the
lowest value observed to date. A slightly lower DIm might be expected, especially, if lower A4, AA(I)
and AP indices occur. Otherwise, 0.5 will be the value for DIm for cycle 24. (The DI index has proven
important for predicting the later-occurring RM using different methodologies.!-21-23)

Figure 1(e) depicts the variation of the 12-mma of the solar wind velocity in kms! (V). It
too is found to strongly mimic the behavior of 44, AA(I); AP; and DI. Indeed, linear correlation
analysis reveals close correlation, especially between V" and AA([), having a correlation coefficient
of r=0.931 for the interval January 1996-December 2006.24 For the interval 19642006, a slightly
weaker correlation is observed, due to poorer coverage in the determination of solar wind speeds
in earlier years. Here, solar wind speeds are based on the average minimum and maximum daily
solar wind speeds for each month, weighted according to the number of hours of daily observation,
using the Omni-merged 1-hr, 1 AU interplanetary data available at <http://cdaweb.gsfc.nasa.gov>.2>
A minimum solar wind speed of 376.4 kms~! was observed in October 1997, a primary maximum of
547.1 kms™! in August 2003, and a smaller secondary maximum of 472.3 kms! in April 2005. The
lowest ¥ since the secondary maximum measures 423.4 kms~! in April 2006. Higher 7 has been seen
since the April 2006 minimum, in contrast to the apparent movements of the A4, AA(I); AP; and DI
indices, which seem to be moving either flatly or slightly downward. However, because of the inferred
strong relationship existing between solar wind speed and the geomagnetic indices, it seems likely that
a lower solar wind speed minimum (¥m) will be seen sometime in 2008—2009.

2.2 Minimum and Maximum Values for Selected Solar and Geomagnetic
Parameters for Cycles 11-24

Table 1 gives minimum and maximum amplitudes for R, 44, AA(I), AP, and DI for cycles
11-24 (tentative values for cycle 24), as well as averages for the 36 mo prior to E(Rm) for aa, aa(l), ap,
and di, and it also gives the sum of di over an entire cycle (E(Rm) cycle nto E(Rm) cycle n+1). For the
most reliably determined cycles 12-23, the *1-sd intervals about the mean for Rm, AAm, and AA(I)m
are 6.1 +3.8, 14.6£3.6, and 7.0 £ 3.4, respectively, and the lowest observed values to date for cycle 24
for these parameters are 3.3, 14.9, and 8.2, respectively, all lying well within these intervals. For RM,
the 1-sd interval is 119.7+41.9. For AAM and AA(I)M, using cycles 11-22 since the maximum value
of these parameters might be related to the following cycle’s RM, the *1-sd intervals are 30.2+4.2 and
20.9 % 3.6, respectively. The maximum values (38.0 and 28.9, respectively) in cycle 23 are well outside-
high with respect to these intervals, being the largest ever recorded. For the averages <aa(—36)> and



Table 1. Selected solar and geomagnetic parametric values for cycles 11-24.

Cycle| Rm | RM | AAm | AAM |AA()m| AA(DM | APm | APM | DIm | DIM | <aa(-36)> | <aa(l)(-36)> | <ap(-36)> | <di(-36)> | di(sum)
1 | 521405 - 27.4 - 17.1 - - - - - - - - -
12 | 22| 746 9.7 |268@ | 32 |17.8@ - - - - 1.5 4.8 - - -
13 | 50| 879 | 136 |271% | 70 | 1748 - - - - 17.3 10.6 - - -
14 | 26| 64.2 89 | 222 24 | 154 - - - - 1.9 5.1 - - -
15 | 1.5]1054 | 11.2 | 274 48 | 175 - - - - 15.7 9.2 - - -
16 | 56| 781 | 124 | 320 51 |23.6 - - - - 19.3 12.0 - - -
17 | 34| 1192 | 162 | 295 8.3% | 22.7 72 | 180 | 07| 75 21.2 14.1 - - 488
18 | 7.7 |151.8 | 193 | 347 15 262 [102 |250 | 19 | 117 271 19.4 15.8 5.6 689
19 | 3412013 | 199 |327 128 | 215 [108 [236 | 18| 86 28.7 20.9 19.2 8.1 618
20 | 96| 1106 | 138 | 308 6.7 | 23.0 7.7 1198 | 08| 83 20.5 12.9 12.0 33 497
21 | 122 | 1645 | 17.2% | 346 36% | 248 |104% (232 | 18| 95 26.2 18.7 16.2 6.1 588
22 | 1231585 | 175 | 36.7 104 | 237 [10.0 |250 | 14102 25.0 17.8 15.6 49 613
23 | 801208 | 158 |38.0 83 |289 82 | 223 | 10| 98 24.4 16.9 14.4 5.2 454
245 | 33| - |<149 - <8.2 - | <74 - |<05| - 175 10.5 9.4 1.6 -

Notes: @ indicates that the value occurred prior to £(RM); the highest value post £(RM) measured 23.7 for AAM and 16.3 for AA(/)M.
& indicates that the value occurred prior to £(RM); the highest value post £(RM) measured 23.9 for AAM and 13.9 for AA(/)M.
% indicates that the value occurred near E(RM); the lowest value in the vicinity of £(Rm) measured 9.6.
* indicates that the value occurred post E(RM); the lowest value prior to £(RM) measured 6.8.
# indicates that the values occurred post £(RM); the lowest value prior to £(RM) measured 19.6 for AAm, 12.6 for AA(/)m and 10.8 for APm.
$ indicates that the values for cycle 24 are tentative, presuming E(Rm) in March 2008.

Legend: Rm = minimum value of the 12-mma of the monthly mean R.
RM = maximum value of the 12-mma of the monthly mean R.
AAm = minimum value of the 12-mma of the monthly mean aa index.
AAM = maximum value of the 12-mma of the monthly mean aa index.
AA(hm = minimum value of the 12-mma of the monthly mean aa(/) index.
AA(NM = maximum value of the 12-mma of the monthly mean aa(/) index.
APm = minimum value of the 12-mma of the monthly mean ap index.
APM = maximum value of the 12-mma of the monthly mean ap index.
Dim = minimum value of the 12-mma of the monthly mean D/ index.
DIM = maximum value of the 12-mma of the monthly mean DI/ index.

<aa(-36)> = average value of the aa index from 36 mo prior to E(Rm) to E(Rm).
<aa(/)(-36)>= average value of aa(/) from 36 mo prior to E(Rm) to E(Rm).
<ap(-36)> = average value of the ap index from 36 mo prior to E(Rm).
<di(-36)> = average value of di from 36 mo prior to E(Rm) to E(Rm).

di(sum) = sum of di for a particular cycle, from E(Rm) to succeeding cycle E(Rm).
E(Rm) = epoch of sunspot minimum amplitude.
E(RM) = epoch of sunspot maximum amplitude.

<aa(I)(-36)>, the £1-sd intervals about the means for cycles 12-23 are 20.7+ 5.8 and 13.5+ 5.4, respec-
tively. The values for cycle 24, presuming E(Rm) in March 2008, are 17.5 and 10.5, respectively, well
within the interval ranges.

For APm and DIm, the *1-sd intervals about the means using cycles 17-23 (AP and, conse-
quently, DI are directly known only from 1932, or from cycle 17 onwards) are 9.2+1.5and 1.3£ 0.5,
respectively. The lowest observed values to date for cycle 24 are 7.4 and 0.5, respectively, both val-
ues outside-low as compared to their respective *1-sd intervals about the means. For APM and
DIM, the £1-sd intervals about the means for cycles 17-22 are 22.4+2.9 and 9.3% 1.5, respectively.
The maximum values (22.3 and 9.8, respectively) in cycle 23 lie within these respective intervals. For
<ap(-36)> and <di(-36)>, the t1-sd intervals about the means for cycles 18-22 are 15.5£2.4 and
5.5% 1.6, respectively. The values for cycle 24, presuming E(Rm) in March 2008, are 9.4 and 1.6,
respectively, both well outside-low their respective interval ranges. For di(sum), the *1-sd interval



about the mean for cycles 17-22 1s 582.2+77.2. The di(sum) for cycle 23 is 454, which also is outside-
low as compared to the *1-sd interval about the mean.

It is important to note that some of the parametric values occur oddly with respect to E(Rm)
and E(RM). For example, cycles 12 and 13 had A4AM and AA(I)M prior to their respective E(RM)
dates, in contrast to all other cycles. For these cycles, alternate maximum values can be determined
post-E(RM) as indicated in the note below table 1. Similarly, for cycle 21, its 44m, AA(I)m, and
APm values occurred in 1980, near E(RM), in stark contrast to most of the other cycles, although
again, alternate minimum values can be determined in the vicinity of cycle minimum for cycle 21, as
so described in the note below table 1. Likewise, an alternate minimum value in the vicinity of cycle
minimum can be determined for 4A4(I)m for cycles 17 and 20, as so described in notes below table 1.
The values for cycle 24 are tentative and probably will fall below those given in table 1, especially for
AAm, AA()m, APm, and DIm. However, Rm likely will remain 3.3, given the recent surge in activity
in November 2008, which should increase 12-mma values of R for May 2008. (A possible maximum
in the 12-mma of the number of spotless days occurred in March 2008 and a minimum in the 12-mma
of the number of spot groups occurred in February 2008, both factors indicating the imminent onset
of cycle 24’s E(Rm), since they usually occur within a few months either side of E(Rm).)

Table 2 gives epochs of minimum and maximum for R, AA, AA(I), AP, and DI for
cycles 11-24 (month and year), presuming sunspot minimum for cycle 24 about March 2008. Alter-
nate epochs are noted in notes below table 2 for certain parameters (4A4m, AA(I)m, and A Pm for cycle
21, AA(I)m for cycles 17 and 20, and AAM and AA(I)M for cycles 12 and 13).

Table 2. Epochs of minimum and maximum solar and geomagnetic parametric
values for cycles 11-24.

Cycle | E(Rm) | E(RM) | E(AAm) | E(AAM) | E(AA()m) | E(AA()M) | E(APm) | E(APM) | E(DIm) | E(DIM)
11| 031867 | 081870 - 011873 - 011873 - - - -
12 | 121878 | 121883 | 011879 | 091882* | 091879 | 091882* - - - -
13 | 031890 | 011894 | 071890 | 071892 | 071890 | 07 1892* - - - -
14 | 011902 | 021906 | 091901 | 011911 | 121900 | 011911 - - - -
15 | 081913 | 081917 | 091913 | 121918 | 091913 | 121918 - - - -
16 | 081923 | 041928 | 101924 | 051930 | 101924 | 061930 - - - -
17 | 091933 | 041937 | 061934 | 101943 | 021937% | 101943 | 061934 | 101939 | 061934 | 101943
18 | 021944 | 051947 | 041945 | 121951 | 071945 | 011952 | 121944 | 121951 | 121944 | 111951
19 | 041954 | 031958 | 041955 | 061960 | 051955 | 091960 | 051955 | 061960 | 101954 | 051960
20 | 101964 | 111968 | 061965 | 091974 | 121969@ | 091974 | 051965 | 081974 | 061965 | 081974
21 | 061976 | 121979 | 041980% | 121982 | 0419805 | 121982 | 041980% | 111982 | 011977 | 111982
22 | 091986 | 071989 | 011987 | 091991 | 011987 | 091991 | 011987 | 091991 | 121986 | 091991
23 | 051996 | 042000 | 101997 | 082003 | 101997 | 082003 | 081997 | 082003 | 041997 | 082003

24 | (032008) - (07 2007) - (07 2007) - (07 2007) - (02 2008) -
Notes: * = The highest AAM and AA(/)M post E(RM) occurred 08 1886 and measured 23.7 and 16.3, respectively.
# =The highest AAM and AA(/)M post E(RM) occurred 06 1894 and measured 23.9 and 13.9, respectively.
$ =The lowest AAm and AA(/)m in the vicinity of £(Rm) occurred 01 1977 and measured 19.6 and 12.6, respectively.
&

= The lowest APm in the vicinity of £(Rm) occurred 12 1976 and measured 10.8.
° =The lowest AA(/)m in the vicinity of E(Rm) occured 06 1934 and measured 9.6.

@ =The lowest AA(/)m in the vicinity of E(Rm) occurred 05 1965 and measured 6.8.
Dates in parentheses are tentative, the dates of lowest value to date.

X



Table 3 gives the elapsed time in months of the epochs of minimum and maximum of the
geomagnetic parameters relative to E(Rm) for cycles 11-24, where ¢ is the elapsed time in months
relative to cycle n’s E(Rm), and ¢’ is the elapsed time in months relative to cycle n+ 1’s E(Rm) for the
epochs of maximum amplitude. For E(A4Am), on average, it usually follows E(Rm) by =7 mo, ranging
from —4 mo (cycle 14) to 17 mo (cycle 23). Concerning cycle 14, its ¢ could actually be longer, because
the same A Am value (8.9) was seen at = -5, -8, and —13 mo. For this TP, the last multiply-occurring
value in time has been used to mark the epochs of minimum and maximum. If no smaller 4 4m occurs
for cycle 24 (14.9), then ¢ for cycle 24 will be at least —8 mo, which is unlike all other cycles except
cycle 14.

Table 3. Elapsed time in months from E(Rm) for epochs of minimum and maximum
geomagnetic parametric values for cycles 11-24.

t t
Cycle | E(AAm) | E(AA()m | E(APm) | E(DIm) | E(AAM) | E(AA()M | E(APM) | E(DIM) | E(AAM) | E(AA()M) | (E(APM) | E(DIM)
11 - - - - 70 70 - - -7 -7 - -
12 1 9 - - 92 92 - - 43 43 - -
13 4 4 - - 51 51 - - 91 91 - -
14 4 13 - - 107 107 - - 31 31 - -
15 1 1 - - 64 64 - - 56 56 - -
16 14 14 - - 81 82 - - 40 -39 - -
17 9 9 9 9 121 121 73 121 4 4 52 4
18 14 17 10 10 94 95 94 93 28 27 28 29
19 12 13 13 6 74 77 74 73 52 49 52 53
20 8 7 7 8 119 119 118 118 21 21 22 22
21 7 7 6 7 78 78 77 77 45 45 46 46
22 4 4 4 3 60 60 60 60 56 56 56 56
23 17 17 15 11 87 87 87 87 | (-55) | (-55) (-55) | (-55)
24 (-8) (-8) (-8) 0) - - - - - - - -

Notes: Minimum values used are those in the vicinity of E(Rm).
Maximum values are those post E(RM).
Positive values mean that the values occurred after E(Rm).
Negative values mean that the values occurred before E(Rm).
t means epochs relative to E(Rm) for cycle n.
t” means epochs relative to E(Rm) for cycle n+1.
Values in parentheses are tentative, presuming E(Rm) for cycle 24 in March 2008 and that no lower minimum values will be seen.

Similarly, for E(AA(I)m), on average, it follows E(Rm) by =7 mo, ranging from —13 mo
(cycle 14) to 17 mo (cycles 18 and 23). If no smaller AA(I)m occurs for cycle 24 (8.2), then ¢ for cycle
24 will be at least —8 mo, again, unlike any of the other cycles except cycle 14.

E(APm) and E(DIm), on average, follow E(Rm) by about 9 and 8 mo, respectively, ranging
from 4 mo (cycle 22) to 15 mo (cycle 23) and from 3 mo (cycle 22) to 11 mo (cycle 23), respectively. If
no smaller APm and DIm occur, then ¢ for cycle 24 (7.4 and 0.5, respectively) will be at least —8 and
zero months, respectively, both values seemingly far too early with respect to what previous cycles
have shown. Hence, it seems that smaller values of the geomagnetic parameters still lie ahead for
cycle 24 unless, of course, cycle 24 proves to be kindred to cycle 14.



E(AAM) and E(AA(I)M), on average, follow E(Rm) by about 84 and 85 mo, respectively, rang-
ing from 51 mo (cycle 13) to 121 mo (cycle 17) for both parameters. For cycle 23, its E(44AM) and
E(AA(I)M) occurred at =87 mo, essentially the same as the average ¢ for cycles 11-22; so, cycle 23’s
E(AAM) and E(AA(I)M) relative to E(Rm) are not unusual. E(APM) and E(DIM), on average, follow
E(Rm) by about 83 and 81 mo, respectively, ranging from 60 mo (cycle 22) to 118 mo (cycle 20) for
E(APM) and ranging from 60 mo (cycle 22) to 121 mo (cycle 17) for E(DIM). Again, there appears
nothing unusual about the occurrences of E(APM) and E(DIM) for cycle 23, both having =87 mo,
very close to the average t.

Relative to the following cycle’s E(Rm), on average, E(AAM) and E(AA(I)M) precede the new
cycle by about 45 and 44 mo, respectively, ranging from —4 mo (cycle 17) to —91 mo (cycle 13) for both
parameters. For cycle 23, its E(4AM) and E(AA(I)M) will be at least —55 mo, well within the range,
although slightly longer than the average of ¢ for cycles 11-22. If instead of using the primary maxi-
mums (38.0 and 28.9, respectively) one chose to use the later-occurring smaller secondary maximums
(25.3 and 17.6, respectively), then ¢ would decrease to —35 mo, still well within the range, but now
slightly shorter than the average ¢’ for cycles 11-22.

E(APM) and E(DIM), on average, precede the new cycle by about 43 and 35 mo, respec-
tively, ranging from —22 mo (cycle 20) to —56 mo (cycle 22) for the former parameter and from —4 mo
(cycle 17) to —56 mo (cycle 22) for the latter parameter. For cycle 23, its E(APM) and E(DIM) will be
at least —55 mo, within the ranges and of similar value to those of cycle 22. Instead, using the later-
occurring smaller secondary maximums, cycle 23’s ¢ decreases to —35 mo, still within the ranges, but
now shorter than the averages and unlike any of the preceding cycles.

Figure 2 displays visually the cyclic variation of all the parameters identified in table 1, except
the plotted minimum values are those occurring in the vicinity of E(Rm) and the plotted maximum
values are those occurring post E(RM), as per the notes below table 1. Clearly, there is strong resem-
blance between the variation of RM as compared to the variations of the other parameters, except,
perhaps, the variations of A4AM and AA(I)M (figs. 2(g) and 2(h)), at least when including the last few
cycles (21-23). Tentative minimum parametric values for cycle 24 (those in boxes) are situated either
on the medians or more often below the medians.

Figure 3 shows the cyclic variations of selected alternate secondary late-cycle peaks (/p) for
cycles 12-24, using AAM, AA(I)M, APM, and DIM geomagnetic indices. These peaks, usually occur-
ring within the last few years of a sunspot cycle, are preferred by some investigators (L. Svalgaard, Pri-
vate Communication, 2008) for predicting the size of the following cycle’s maximum amplitude over
using the true post-E(RM) maximums. However, it should be noted that often there are many peaks
during the declining portion of a sunspot cycle, including within the last few years of a cycle, making
it difficult to decide which peak is the ‘best’ peak to use for predicting later-occurring solar activity.
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parametric values for cycles 11-24.
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2.3 Single-Variate Fits for Predicting RM

Based on figures 2 and 3, it seems highly likely that preferential associations exist between
the size of a following cycle’s RM and, perhaps, Rm and at least some of the precursor geomagnetic
parameters. Figure 4 depicts the scatter plot of RM versus Rm for cycles 12-23, often called the
maximum-minimum effect.26 The scatter plot suggests that cycles having larger (smaller) than average
Rm tend to have larger (smaller) than average RM. Ignoring cycle 19, which clearly is a statistical outlier
with respect to the maximum-minimum effect, RM is found to preferentially associate with Rm at the
99.5% confidence level (c/), having a coefficient of correlation (r) equal to 0.78 and inferring that more
than 60% of the variance in RM can be explained by the variation in Rm alone. The arrow along the
x axis marks the lowest value of R that has been seen thus far (3.3) in late cycle 23. Presuming that this
late-cycle value represents Rm for cycle 24, cycle 24’s RM is computed to be about 90 +42 (the 90%
prediction interval). Ignoring cycle 19, the six cycles having Rm <5.6 have had maximum amplitudes
averaging about 88 21 (1-sd interval) with six of six having RM <119.2; the average deviation (ad)
about the mean is about £19. Thus, unless cycle 24 is a statistical outlier, like cycle 19, its RM should
be <132 and possibly <119.

y* =67.877 +6.975x

r =0.779, r2=0.606

se =23.003, ¢/ >99.5%

200 [e]19 Rm(24) = 3.3 = RM(24) =90.1 +42.2
*Ignores Cycle 19

RM

100

Rm

Figure 4. Maximum-minimum effect.
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Table 4 gives the results of linear regression analyses comparing RM against the geomag-
netic precursors identified in table 1, arranged in decreasing order according to the inferred r. Of the
13 correlations, all are statistically important, except the last two (DIM and AP M), obviously due to
the brevity of the AP and DI records. Shown in the table are the coefficients of correlation (r) and
determination (r2), the y axis intercept (@), the slope (b), the standard error of estimate (se), the confi-
dence level (c/, where c/ 295% means the inferred regression is considered statistically important), the
number of cycles () used in the analysis, and the predicted maximum amplitude for cycle 24 (RM(24),
where the * values give the 90% prediction interval). The inferred correlation having the highest r is
the one between RM and <ap(—36)>, having r=0.967 and inferring that 93.5% of the variance in RM
can be explained by the variation in the average of the 36 monthly ap values preceding Rm alone; i.e.,
<ap(-36)>. For cycle 24, this relationship predicts cycle 24’s RM to be quite small, only about 69 £ 20,
or having only a 5% chance of being either smaller than 49 or larger than =89.

Table 4. Results of linear regression analyses between RM
and geomagnetic parametric values.

Correlation r rxr a b se cl n RM(24)*
RM vs. <ap(-36)> 0.967 | 0.935 | -56.613 | 13.382 9.261 | >99.8 6 69.2 £19.7
RMvs. AA(l)m* 0.935 | 0.874 33.261 | 10.982 |[15.617 |>99.9 |12 |123.3+28.3
RM vs. AAm* 0.926 | 0.857 | -30.492 | 10.134 |16.596 |>99.9 |12 |120.5+30.1

RMvs. <aa(l)(-36)> | 0.911 | 0.830 | 24.286 7.063 | 18.157 [ >99.9 | 12 98.3+£32.9
RM vs. <aa(-36)> 0.906 | 0.821 | -16.407 6.567 | 18.588 |>99.9 | 12 98.5+33.7
RM vs. <di(-36)> 0.905 | 0.819 | 47.678 | 18.718 | 15.517 | >98 6 77.6 +33.1

RMvs. APm 0.902 | 0.814 | —29.441 | 18.995 | 15.186 |>99 7 | 111.1£306
RM vs. AA(hM 0.863 | 0.746 | -58.332 8.697 | 22197 |>99.9 |12 |193.0+40.2
RMvs. Dim 0.843 | 0.710 | 75.293 | 53.154 | 18.943 | >98 7 1101.9+382
RM(sum) vs. di(sum) | 0.827 | 0.684 | 98.169 0.351 [17.192 | >98 6 |136.5+36.7
RMvs. AAM 0.655 | 0.429 | -50.924 5759 |33.266 |>95 12 | 167.9+£60.3
RM vs. DIM® 0.442 | 0.195 | 62.367 9.557 |32.710 | <90 6 |156.0+£69.7
RM vs. APM8 -0.061 | 0.004 | 166.787 | -0.693 | 36.406 | <90 6 |161.7£776

Weighted mean prediction (weighted by N@: 116.0 + 34.0

Notes: Correlations between maximum values compare RM values for cycle n against maximum values of geomagnetic
parameters post E(RM) for cycle n—1.
* means the geomagnetic parameters are the minimum values in the vicinity of £E(Rm).
# means the number after £ is the 90% prediction interval for cycle 24's RM.
$ means correlations between RM and APM and DIM were not statistically important (c/ < 95).
RM(sum) means the sum of RM values for cycles nand n+1.
di(sum) means the sum of di values from E(Rm) for cycle n to E(Rm) for cycle n+1.
@ means the weighted mean prediction is based only on correlations having r>0.5

The second strongest inferred correlation, having »r=0.935 and based on twice as many cycles,
1s the correlation between RM and AA(I)m. Using AA(I)m=38.2, the lowest value that has been seen
thus far (in July 2007; however, it could eventually fall below this value sometime in 2008-2009, based
on the usual past behavior of E(AA(I)m) relative to E(Rm)), RM for cycle 24 is predicted to be about
123 +28. From this inferred preferential relationship, RM for cycle 24 is not expected to exceed =151,
nor is it expected to fall below =95. Compared to the preceding prediction based on <ap(-—36)>, one
finds no overlap in the two 90% prediction intervals. This presents a dilemma. Will cycle 24 have RM
smaller than 89, possibly as low as 49, or larger than 95, possibly as high as 151? Perhaps, the best
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approach might be to simply average all the statistically important predictions for cycle 24’s RM,
weighting each prediction by its ». Doing so, one finds that cycle 24’s RM should be about 116+ 34, or
having a value somewhere between 82 and 150.

From the table, one finds the highest prediction of cycle 24’s RM is the one based on 4A(/)M,
having »=0.863. This inferred preferential regression is statistically important at ¢/ 299.9% and sug-
gests cycle 24’s RM will be quite large, about 193 £ 40, inferring only a 5% chance that it will fall below
153 and only a 1% chance of falling below ~133. It is apparent then that cycle 24 seems destined to be
a statistical outlier with respect to one or more of the inferred preferential formulations found in this
study.

Figures 5 and 6 display the scatter plots for the inferred statistically important preferential
associations between RM and the various geomagnetic precursors. The diagonal line in each panel
represents the inferred regression line. Also given are r and ad for each scatter plot, as well as an arrow
that marks the parametric value used for predicting cycle 24’s RM. The strongest regression appears
in figure 5(1), RM versus <ap(-36)>, having r =0.97 and ad = 6.1, while the weakest regression appears
in figure 5(c), RM versus AAM, having r=0.65 and ad=27.4.

Table 5 gives the results of linear regression analyses comparing RM against the smaller sec-
ondary late-peak (/p) maxima of the geomagnetic precursors, arranged in decreasing order accord-
ing to the inferred r. Although all the inferred regressions are statistically important, they are not as
strong as those based on <ap(-36)>, 4 A(I)m, or AAm. The weighted mean prediction based on these
Ip maxima suggests that cycle 24’s RM will be about 118+ 36, essentially the same as found for the
weighted mean prediction given in table 4.

Figure 7 displays the scatter plots of RM versus the geomagnetic precursor late-peak maxima.

For each, the diagonal line represents the inferred regression line. Also given are r and ad for each scat-
ter plot, as well as an arrow that marks the parametric value used for predicting cycle 24’s RM.

13



200

200 ® 200
r=0.93
150 150 150
=
K
& 100 100 100
=
@
50 50 50
0 T | | 0 T T T | 0 | T | ‘ |
(a) 0 5 10 15 20 (b) 0 5 10 15 20 () 20 25 30 35 40
AAm* (cycle n) AA(I)m* (cycle n) AAM (cycle n-1)
200 i 200 b 200 b
r=0.84 r=0.86
ad=13.1 ad=174
. 150 150 d 150
<
@
o
T 100 100 100
S
o
50 50 50
0 T T 1 0 T T T | 0 T T T |
(d) 0 5 10 15 ) O 0.5 1 1.5 2 M 10 15 20 25 30
APm* (cycle n) Dim* (cycle n) AA()M (cycle n-1)
200 [ ] 200 [ ]
00 r=091 00 r=0.91
ad=134 ad=13.9
— 150 150
<
@
S
£ 100 100
=S
o
50 50
0 T ‘ T T 0 T } T T 1
(9) 0 15 20 25 30 () 0 5 10 15 20 25
<aa(-36)> (cycle n) <aa(l) (-36)> (cycle n)
0 _ogr 209 1 _000
ad=6.1 ad=8.3
150 150
[
@
(%]
3 100 100
=
@
50 50
0 T T T 1 0 T T T T T T T T |
(i) 0 5 10 15 20 (i) 0 1 2 3 4 5 6 7 8 9
<di(-36)> (cycle n)

<ap(-36)> (cycle n)

Figure 5. Scatter plots of statistically important single-variate fits.
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Figure 6. Thompson’s method.

Table 5. Results of linear regression analyses between RM
and late-peak geomagnetic maxima.

Correlation r rxr a b se cl n RM(24)*

RMvs. APM(lp) | 0.915 | 0.837 | 0002 | 8017 |14.645 [>98 | 6 |121.1+312
RMvs. AAM(lp) | 0.893 | 0.797 | -35.649 | 6.222 |19.795 |>09.9 |12 |121.8+359
RMvs. AAM(I)(Ip) | 0.892 | 0.795 | 5131 | 6494 [19.884 |>99.9 |12 |119.4+36.0
RMvs. DIM(lp) | 0.845 | 0.714 | 62.404 | 11.391 |19.466 |>95 | 6 |109.1+415

Weighted mean prediction (weighted by r): 118.0 £ 36.0

Notes: # means the number after + is the 90% prediction interval for cycle 24's RM
Ip means “late peak”
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RM (cycle n)
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Table 6 gives the results of bi-variate regression analyses2’ (of the form, y=a+b,x, +b,x,),
comparing RM against various combinations of minimum and maximum precursor values, arranged
in decreasing order of the inferred ». Whereas, the best single-variate regression has r=0.967 and
se=9.3, the best bi-variate regression has slightly higher r and lower se, being 0.981 and 8.2, respec-
tively. It predicts cycle 24’s RM to be about 92+ 27. The weighted mean prediction of the 22 correla-
tions having r >0.5 is about 112+ 32, slightly lower than found for the single-variate predictions.

Figure 8 compares the bi-variate predictions of RM against the observed values of RM, using
those bi-variate fits having r 20.925. The diagonal lines are the 1:1 lines and the arrows denote the
predicted values for cycle 24’s RM. The bi-variate fit having the smallest ad appears in figure 8(c), RM
versus <ap(-36)>, having r=0.97 and ad=15.2. It predicts cycle 24’s RM to be about 57 +23 (the 90%
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Figure 7. Scatter plots of statistically important late-peak, single-variate fits.
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Table 6. Results of bi-variate regression analyses (y=a+b x| +b,x,).

Correlation ro| rxr a b, b, se | n | RM24)
RM vs. APM¥, APm* 0981 | 0.962 | -203.346 | 4.514 | 26.344 | 8157 | 6 | 92.3+27.3
RM vs. APM(lp), APm* 0976 | 0.952 | -56.404 | 4.622 | 12525 | 9211 | 6 | 106.1+217
RM vs. Rm, <ap(-36)> 0973 | 0.947 | -81.539 | 1.259 | 14.268 | 9673 | 6 | 56.7+228
RM vs. DIM*, Dim* 0.967 | 0.936 | -39.598 | 11.056 | 60.707 | 10.660 | 6 | 99.1+25.1
RMvs. Rm, APm* 0.966 | 0.932 | -23.363 | -3.127 | 21.067 | 10.232 | 7 | 1222+218
RM vs. AA()M(Ip), AA()m* | 0.939 | 0.882 | 23573 | 1.610 | 8.604 | 15952 | 12 | 1225+29.2
RMvs. AA(M#, AA(hm* | 0.938 | 0.881 | 11.084 | 1.792 | 9.140 | 16.011 | 12 | 137.8+29.3
RM vs. Rm, AA()m* 0938 | 0.879 | 34.667 | -0.971 | 11.559 | 16.124 | 12 | 126.2+29.6
RM vs. AAM(Ip), AAm* 0932 | 0.869 | -37.288 | 1.890 | 7.407 | 16.785 | 12 | 120.9+23.2
RMvs. Rm, AAm* 0931 | 0.867 | -33.838 | -1.353 | 10.918 | 16.891 | 12 | 124.4+£31.0
RM vs. Rm, <di(~36)> 0926 | 0.858 |  9.128 | 2427 | 21.796 | 15.865 | 6 | 52.0+37.3
RM vs. AAM¥, AAm* 0925 | 0.856 | -39.975 | 0.553 | 9.668 | 17.567 | 12 | 125.1+32.2
RM vs. Rm, APM(Ip) 0921 | 0.848 | -20424 | 1.163 | 8553 | 16418 | 6 | 112.6+350
RMvs. Rm, <aa(l)(-36)> | 0.919 | 0.844 | 24.862 | -1.625 | 7.746 | 18.332 | 12 | 100.8+33.6
RM vs. DIM(lp), Dim* 0918 | 0.843 | 46569 | 7.241 | 33.242 | 16682 | 6 | 92.9+393
RM vs. Rm, <aa(-36)> 0913 | 0.835 | -20.034 | -1.645 | 7.228 | 18.848 | 12 | 101.0 £ 345
RM vs. Rm, AAM(Ip) 0.893 | 0.797 | -35426 | 0.118 | 6.184 | 20.877 |12 | 121.4+289
RM vs. Rm, AA()M(lp) 0892 | 0795 | 5134 [ -0.047 | 6509 | 20.996 | 12 | 119.5+29.0
RMvs. Rm, Dim* 0.875 | 0.766 | 88598 | -2.087 | 55.815 | 19.053 | 7 | 109.6 +44.8
RMvs. Rm, AA(I)M# 0.864 | 0.746 | -59.800 | -0.340 | 8.871 | 23.358 | 12 | 197.7 +42.8
RM vs. Rm, DIM(Ip) 0.863 | 0.746 | 28.041 | 2214 | 13.280 | 21229 | 6 | 89.8+453
RMvs. Rm, AAM# 0647 | 0419 | -40.221 | 1.487 | 5.091 | 34.667 | 12 | 158.1+62.8
RMvs. Rm, DIM¥ 0467 | 0.218 | 101.224 | -1.838 | 7.132 | 37.222 | 6 | 165.1+87.6
RMvs. Rm, APM# 0435 | 0.190 | 246.103 | -4.488 | -2.454 | 37.885 | 6 | 176.6+89.1

Weighted mean prediction (weighted by r)@: 112.1 +32.4

Notes: $ means 90% prediction interval.

# means the maximum after E(RM).
* means the minimum in the vicinity of E(Rm).

o means late peak.

@ means the weighted mean prediction is based only on correlations having r>0.5.
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2.5 Late-Cycle Parametric Values for Cycle 23 in Comparison to Near Cycle Minimum
Means for Cycles 20-23 (-12<7<24) and for Cycle 14 (-20<7<20)

Table 7 gives late-cycle 12-mma parametric values for cycle 23, from January 2006 through
April 2008. Shown are the year and month, ¢, R, V, A4, AA(I), AP, and DI. Tentative minimum val-
ues have been seen during this 28-mo interval in V' (April 2006) and in A4, AA(I), AP, and DI (July
2007). Table 8 gives the 12-mma for the same parameters, but for the interval —12<¢<24 about E(Rm),
individually for cycles 20-23 and for the mean of cycles 20-23.

Table 7. Late-cycle parametric values for cycle 23, January 2006 through April 2008.

Year | Month t R v AA | AA(l) | AP DI

2006 01 116 20.8 | 436.5 179 |106 | 97 1.8
2006 02 17 186 | 4317 171 1100 | 9.2 1.6
2006 03 18 174 | 4254 16.2 9.1 8.5 1.3
2006 04 19 171 | 4234m | 155 8.4 8.0 1.0
2006 05 120 17.3 | 4240 15.6 8.5 8.0 1.1
2006 06 121 16.3 | 425.8 15.9 8.8 8.3 1.4
2006 07 122 1563 | 4312 16.4 9.4 8.7 1.6
2006 08 123 156 | 435.8 16.7 9.7 8.9 1.7
2006 09 124 15.6 | 438.2 16.7 9.7 8.9 1.6
2006 10 125 142 | 439.8 16.7 9.8 8.8 1.4
2006 1" 126 126 | 4414 16.7 9.9 8.8 1.4
2006 12 127 121 | 4415 16.7 9.8 8.8 1.5
2007 01 128 1.9 | 4416 16.6 9.8 8.7 1.4
2007 02 129 1.5 | 4435 16.5 9.7 8.5 1.3
2007 03 130 10.7 | 446.1 16.4 9.6 8.5 1.2
2007 04 131 9.9 | 4476 16.3 9.6 8.5 1.2
2007 05 132 8.7 | 4477 16.1 9.4 8.3 1.1
2007 06 133 7.7 | 4449 15.5 8.8 7.9 0.8
2007 07 134 70 | 4423 149m | 82m | 74m | 05
2007 08 135 6.0 | 446.8 15.1 8.5 75 0.5
2007 09 136 59 | 454.0 15.7 9.1 7.8 0.6
2007 10 137 6.0 | 460.3 15.9 9.3 7.9 0.7
2007 " 138 5.7 | 463.6 15.8 9.2 7.8 0.6
2007 12 139 49 | 466.3 15.8 9.3 7.8 0.5
2008 01 140 42 | 468.6 15.8 9.3 7.8 0.5
2008 02 141 35 | 467.0 - - 7.6 0.5
2008 03 142 3.3 - - - - -
2008 04 143 3.3 - - - - -

Notes: t = elapsed time in months from cycle 23's E(Rm), which occurred in 05 1996
and measured 8.0.
R =12 mma of monthly mean sunspot number.
V' =12 mma of the monthly mean solar wind speed (in km/s).

AA =12 mma of the monthly mean aa-geomagnetic index (in nT).
AA(l) = 12 mma of the monthly mean interplanetary component of the aa index (in nT).
AP =12 mma of the ap-geomagnetic index (in nT).
DI =12 mma of the monthly mean disturbance index (the number of days
when ap equals or exceeds 25 nT).
m = minimum parametric value.
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Table 8. Selected parametric values and averages for cycles 20-23 near E(Rm).

R v AA
t (20 21 22 23 Mean 20 21 22 23 Mean 20 21 22 23 Mean
-12 1260 160 173 192 196 - 483.0 489.2 4368  469.7 |223 240 236 227 232
-1 1238 150 173 182 186 - 481.0 4867 4339 4672 |223 235 231 222 228
-10 | 213 143 168 170 174 - 477.0 4847 4208 4638 |220 233 226 218 224
-9 1195 144 153 154 16.2 - 4745 4844 4288 4626 |216 232 225 214 222
-8 [ 178 154 138 134 151 - 473.0  479.0 4277 4599 | 211 233 221 212 219
-7 1154 161 131 121 142 - 4709 4747 4266 4574 | 199 234 218 21.0 215
-6 [ 127 163 130 1.3 133 - 468.6  475.6 4225 4556 | 187 233 219 201 210
-5 1108 1562 137 108 126 - 466.0 4771 4154 4528 | 181 230 219 191 205
-4 1102 132 143 104 120 - 4634 4740 4125 450.0 |17.5 229 217 187 202
-3 1103 122 138 101 11.6 - 463.5 4678 4133 4482 | 168 231 213 188  20.0
-2 (102 126 137 97 1.6 - 465.0 459.6 4166 4471 | 163 234 207 190 199
-1199 125 132 85 MO0 - 4621 4485 4207 4438 | 158 229 194 190 193
096 122 123 80 105 - 4548 4429 4227 4401 | 152 223 183 188 187
11102 129 132 85 112 - 4485  440.0 4239 4375 | 145 220 181 187 183
2 |11.0 164 149 84 127 - 4433 4343 4240 4339 |14.2 215 1738 185 18.0
3 [ 117 143 163 83 127 |4349 4354 4308 4220 4308 |14.2 206 175 185  17.2m
4 1120 135 176 84 129 [4311 4291 4286 4187 4269 |142 200 175m 182 175
51125 135 196 88 136 |[4294 4259 4258 4153 4241 | 142 199 177 179 174
6 (136 148 221 98 151 |4264 4227 4241 4123 4214 | 140 196  18.0 178 174
7 1146 167 244 104 165 |[4222 4208 4241 4111 4196 | 138 19.6m 18.5 180 175
8 [162 181 265 105 176 |[4202 4230 4276 4103 4203 |138m 201 189 181 177
9 (165 200 284 M.0 187 |4216 4245 4316 4074 4213 |14 203 189 179 178
10 [ 164 222 313 135 209 |[4221 423.0 4320 4016 4197 |14 202 192 176 178
1M | 174 242 348 165 232 |4203 4217 4287 3944 4163 |14.2 203 198 171 179
12 1197 263 390 183 258 |[4189 4194  4238m 3898 4139 |144 202 203 165 179
13 1223 290 436 203 288 |[4170 4180 4257 3854 4115 | 146 204 210 164  18.1
14 | 245 334 467 226 318 |4143 417.0m 4340 3805 411.5m | 14.6 209 218 163 184
15 | 27.7 391 513 250 358 |[4131 4180 4392 3773 4119 |146 213 222 160 185
16 | 31.3 456 582 283 409 |4124m 4219 4416 3765 4131 | 148 219 225 158  18.8
17 1345 519 646 318 457 |4142 4260 4422  3764m 4147 | 154 226 224 15.8m 19.1
18 | 374 569 713 350 502 |4175 4298 439.0 3800 4166 |16.1 236 219 160 194
19 1407 613 775 39.0 546 |420.7 4291 4354 3857 4177 | 165 241 215 16.5 197
20 | 447 645 838 43.7 592 |4253 4237 4305 3892 4172 |17.0 241 214 179 201
21 | 503 69.6 937 489 656 |4259 4215 4290 393.0 4174 |175 244 218 18.7 206
22 | 56.7 769 1043 534 728 |4236 4230 4370 3963 4197 | 179 245 226 194 211
23 | 631 832 1137 565 791 |4205 4260 4472 3993 4233 | 179 248 232 197 214
24 1676 893 1212 594 844 |4181 4313 4570 4042 4277 | 178 253 2438 202 220




Table 8. Selected parametric values and averages for cycles 20-23 near E(Rm) (Continued).

AA(l) AP DI
t | 20 21 2 23 Mean | 20 21 22 23 Mean | 20 21 2 23 Mean
-12| 148 170 166 155 160 | 135 141 147 138 140 | 39 51 41 49 45
11| 149 166 160 151 157 | 135 138 142 134 137 | 41 50 39 48 45
-10| 147 163 155 147 153 | 134 137 138 130 135 | 42 46 37 46 43
9| 144 162 155 144 151 | 132 138 138 126 134 | 40 46 37 41 41
8| 140 153 151 143 147 | 129 140 134 122 131 | 38 45 35 35 38
70129 163 149 141 146 | 120 140 131 118 127 | 34 44 33 33 38
6| 118 162 150 133 141 | 110 140 133 115 125 | 29 43 33 28 33
5| 113 160 150 123 137 | 106 139 133 108 122 | 26 41 33 23 31
41107 160 147 120 134 | 102 137 131 100 M8 | 23 40 32 21 29
-3/ 100 163 144 120 132 | 97 138 128 97 M5 | 20 40 30 20 28
2| 95 165 138 123 130 | 93 139 123 97 M3 | 19 40 26 22 27
1] 91 160 125 123 125 | 90 135 114 98 109 | 17 38 20 21 24
0| 84 154 14 121 118 | 85 131 105 97 105 | 15 34 17 19 21
1] 77 151 112 120 15 | 82 129 104 95 103 | 13 33 16 18 20
2| 74 145 109 M8 M2 | 80 125 102 94 100 | 12 30 15 18 19
3| 73 137 105 118 108 | 80 118 100 93 98 | 12 24  14m 18 17
4| 73 131  104m 15 106 | 80 112 100m 93 96 | 11 20 15 18 16
5/ 74 130 105 12 105 | 80 110 102 92 96 | 10 19 15 16 15
6| 74 126 107 M1 104 | 79 108m 103 90  95m| 09 18 17 15  15m
7| 68m 126m 11 12 104 | 77m 110 106 90 96 | 08 18m 21 16 16
8| 69 129 13 M2 106 | 78 113 108 92 98 | 08m 21 23 17 17
9| 74 131 13 109 106 | 79 116 109 92 99 | 09 23 24 16 18
10 74 129 15 102 104 | 79 118 11 91 100 | 09 24 27 13 18
M| 72 129 19 95 104 | 80 M9 M5 88 104 | 10 25 30  10m 19
12| 72 128 122 93 104m| 82 119 19 85 101 | 10 26 33 11 20
13| 72 128 127 91 105 | 83 121 125 85 104 | 10 28 37 12 22
14| 72 129 133 88 106 | 83 125 130 85 106 | 09 30 38 12 22
15| 70 128 136 84 105 | 81 130 133 84 107 | 09 33 39 11 23
6| 70 131 135 83 105 | 83 135 135 82m 109 | 10 37 39 12 25
17| 75 135 131  83m 106 | 88 143 133 83 M2 | 10 41 38 14 28
18| 81 143 123 87 109 | 94 154 129 85 16 | 13 48 34 16 28
19| 83 146 M6 93 10 | 98 159 125 89 M8 | 15 50 29 18 28
20| 86 144 112 96 10 | 101 160 123 95 120 | 17 51 28 19 29
21| 88 145 114 102 12 | 105 163 124 98 123 | 19 52 28 23 31
2| 90 143 115 106 114 | 108 163 128 105 126 | 24 52 31 25 32
23| 87 143 119 107 14 [ 107 165 131 110 128 | 21 51 33 26 33
24| 84 145 133 14 18 | 105 168 143 113 132 | 20 53 37 27 34

Figure 9 compares late cycle 23 12-mma parametric values (the filled circles, which presume
sunspot minimum for cycle 24 in March 2008, as per the National Oceanic and Atmospheric Admin-
istration (NOAA) Solar Cycle Prediction Panel’s prediction?® for onset of cycle 24, actually March
2008 £ 6 mo) with parametric mean values for cycles 20-23. The arrows mark the minimum values of
the parametric means, and the individual epochs of cycle parametric minimum values are identified.
The asterisks (*) simply denote that the parametric values used are the minimum values in the vicinity
of cycle minimum.
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Figure 9. Comparison late-cycle 23 values with cycles 20—23 mean values for —12<7<24 mo,
where ¢ is the elapsed time in months from E(Rm).



For R, AA, AA(I), AP, and DI, all values for late cycle 23 appear well below the means of cycles
20-23. For AA, the mean is at minimum value at =3 mo past E(Rm), although individual cycle mini-
mums are found to occur between =4 and 17 mo past E(Rm). For AA(I), the mean is at minimum
value at =12 mo past E(Rm), although individual cycle minimums are found to occur between =4
and 17 mo past E(Rm). For AP, the mean is at minimum value at =6 mo past E(Rm), although indi-
vidual cycle minimums are found to occur between =4 and 16 mo past E(Rm). And for DI, the mean
1s at minimum value at =6 mo past E(Rm), although individual cycle minimums are found to occur
between =3 and 11 mo past E(Rm).

For V, late cycle 23 values have risen above the mean of cycles 20-23, which is at minimum
value at =14 mo, with individual cycle minimums occurring between 12 and 17 mo past E(Rm). If
the recent burst in solar activity (November 2008) continues and is sustained, then R, undoubtedly,
will begin to rise, indicating that the epoch of sunspot minimum amplitude for cycle 24 might indeed
be March—April 2008. For cycle 24 not to be considered a statistical outlier with respect to cycles
20-23, its geomagnetic parametric values would have to drop below pre-(E(Rm)) minimum values. If
cycle 24 minimum is yet to occur; i.e., occurring post-March 2008, then the filled circles will have to
be moved leftward, month by month, to properly adjust for comparison to the mean values for cycles
20-23. Certainly, DI cannot get much smaller, since it already is at the lowest value ever seen (0.5).
Whether geomagnetic parametric minimums have already been seen or are yet to occur will not be
explicitly known for several more months, probably in late 2008 to early 2009.

Figure 10 compares late cycle 23 12-mma parametric values (the filled circles) with those of
cycle 14, the weakest cycle in the modern era, having R=64.2. Interestingly, current values of R are
nearly the same as was seen in cycle 14, and the long-term persistent flattening that was seen in cycle 14
in AA and AA(I), with pre-E(Rm) minimums, seems similar to late cycle 23 values, although 44 and
AA(I) values are off-set high for late cycle 23. Because of the strong preferential associations between
RM and the minimums in 44 and AA(I), one speculates that cycle 24’s RM might lie somewhere
between that of cycle 14 (64.2) and cycle 20 (110.6), since cycle 24 minimum values will lie above that
of cycle 14 and below that of cycle 20; i.e., about 87 £ 23, or essentially the same as is suggested by the
best of all bi-variate fits, RM =-203.346+4.5144APM +26.344 4 Pm, having r=0.981, se=8.157, and
RM(24)=92.3+27.3.
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3. DISCUSSION AND SUMMARY

Predicting the size of a sunspot cycle years in advance remains somewhat problematic, being
more of an art; i.e., just plain luck, than a science. Attempts to predict the size of a sunspot cycle
on the basis of inferred spectral properties in the sunspot record are notoriously bad. For exam-
ple, Berger et al.2? forecast cycle 22 (158.5) to have a maximum amplitude of =95 on the basis of
a generalized harmonic analysis, too low by =67%. Also, using spectral peaks deduced from
a simple maximum entropy method and multiple regression analysis, Kane* predicted the size of
cycle 23 to be about 140+ 9, somewhat higher than its observed value (120.8). As noted earlier, the
maximum-minimum effect usually works, although there always seems to be at least one cycle that proves
to be a statistical outlier (cycle 19). For even-odd cycle pairs, there is the Gnevyshev-Ohl Rule,3%-3lwhich
predicts that the odd-following cycle in even-odd cycle pairs usually is the bigger cycle, true for
10 of 14 even-odd cycle pairs based on cycles —4 to 23 (however, failing for the most recent cycle pair
22-23). Unfortunately, no such statistically important odd-even cycle pairing has been seen, although
one may eventually be revealed, especially if the trend in solar activity is now downward following
a possible peak in solar activity about cycles 18-21 (the even-following cycle has been the smaller for
two consecutive odd-even cycle pairs 19-20 and 21-22). Presuming that a real downward trend is now
underway and that the even-following cycle is usually the smaller in odd-even cycle pairs, then one
speculates that cycle 24, perhaps, could have an RM about 24%—45% smaller than was seen in cycle 23
(120.8), or measuring about 66-92.

It has long been hoped that a method of prediction, based on physical features related to solar
dynamo physics, might be revealed, which would allow more precise prediction of the size and timing
of sunspot cycles, perhaps, years in advance. Unfortunately, no such prediction method has yet been
identified that consistently and accurately describes the many vagaries associated with solar activity
cycles.

Regarding the prediction of cycle 24’s RM, using an extrapolation of spectral peaks, Kane*
has predicted cycle 24 to have a maximum of 10519, peaking in 2010-2011. On the basis of timing
predictors (polar field reversal and the butterfly diagram), Schatten32 has proposed RM(24) =120 %40,
peaking in April 2011, while on the basis of certain statistical characteristics, Wang et al.33 have
predicted RM(24)=101=%18. Presuming that solar activity is now in decline starting about 1993,
Duhau34 has predicted RM(24) =88 =24, and presuming a continuing downward trend in solar activ-
ity, Sello3> has predicted RM(24)=115%21. On the basis that a deep meridional flow drives the solar
activity cycle, Hathaway et al.36-37 have predicted that cycle 24 should be an above average-size cycle,
while on the basis of the strength of the polar fields during the declining phase of the sunspot cycle,
Svalgaard et al.38 have predicted RM(24)=75*8, making it, potentially, the smallest cycle in 100 yr.
Using the aa-index, Jain3® has predicted RM(24)=144+ 18, while using a flux-transport, dynamo-
based model, Dikpati et al.* have predicted cycle 24 to have a peak about 30%—50% higher than was
seen in cycle 23, or about 169 £ 12. On the basis of the interplanetary peak of the aa-index during the
declining portion of cycle 23 (in 2003), Hathaway and Wilson*! have predicted RM(24)=160+25,
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or about the size of cycles 21 and 22, although Wilson and Hathaway!® have also noted that use of
the later-occurring smaller secondary peak of 2005 yields a smaller maximum amplitude for cycle
24. On the basis of a specific solar dynamo model, Choudhuri et al.#? have predicted cycle 24 to have
a maximum amplitude about 35% smaller than was seen in cycle 23, or measuring about 80. Obridko
and Shelting®3 have noted that predictions based on the polar field and extrapolation of local fields
suggest that cycle 24 will be smaller than was seen in cycle 23, while predictions based on the recur-
rence index and global fields suggest that cycle 24 will be somewhat larger than was seen in cycle 23.
On the basis of solar cycles being modeled as a forced and damped harmonic oscillator, Hiremath#*
has predicted that cycle 24 will begin sometime between May and September 2008, having a peak of
about 110% 11 and a period of only 9.34 yr (112 mo). Using the disturbance index, Dabas et al.22 have
predicted RM(24)=124+23, peaking about 45+ 4 mo past E(Rm), probably about mid to late 2011.
Wilson and Hathaway?3 have extended the Dabas et al. method to other geomagnetic indices (44,
AA(I), and AP) and have predicted RM(24) =130+ 14, peaking before April 2012, presuming an onset
for cycle 24 in March 2008. Wilson and Hathaway!2 also have noted that if, in the course of its rise,
cycle 24’s 12-mma of the weighted mean latitude of spot groups (weighted by sunspot area) exceeds
24 deg, then cycle 24’s RM >131, and if the 12-mma of the highest spot group exceeds 38 deg, then
cycle 24’s RM >127. On the basis of the sums of sunspot areas in specific latitude intervals and time
intervals, Javaraiah4>:%0 has predicted RM(24)=74+10, 103+ 10, and 87+ 7. Finally, on the basis of
the amplitude-period relationship; i.e., smaller cycles usually following longer period cycles and larger
cycles usually following shorter period cycles, Wilson and Hathaway!3 have predicted RM(24)<96 % 55
(using all cycle pairs) or <91 =37 (ignoring certain statistical outlier cycle pairs).

This TP has examined a number of both single- and bi-variate predictors of the maximum
amplitude of a sunspot cycle, based on precursor solar and geomagnetic information. Using the
maximum-minimum effect and presuming that cycle 24 is not a statistical outlier, because R is at or
near Rm (=3.3), one predicts RM(24)=90=x42 (the 90% prediction interval). Hence, there is only a 5%
chance that cycle 24’s RM will be either smaller than 48 or larger than 132. Using the best single-variate
fit (RM=-56.613+13.382 <ap(-36)>), having r=0.967 and se=9.3, one estimates RM(24)=69 +20
(the 90% prediction interval), suggesting only a 5% chance that cycle 24’s RM will be smaller than 49
or larger than 89. However, using the second best single-variate fit (RM =33.261+10.982 AA(l)m),
one based on twice as many cycles and having »r=0.935 and se =15.6, one estimates RM(24)=123+28
(the 90% prediction interval), suggesting only a 5% chance that cycle 24’s RM will be smaller than
95 or larger than 151. The weighted mean prediction for cycle 24’s RM based on the 11 statistically
important single-variate geomagnetic precursor fits is 116+ 34. Even if one opts to use the late-peak
geomagnetic values rather than the true peak values, the weighted mean prediction remains essentially
the same: 118 % 36.

Using the best bi-variate geomagnetic precursor fit (RM=-203.346+4.514 APM# +26.344
APm#, where # means the maximum value is the post-(E(RM)) value and the minimum value is
the minimum in the vicinity of cycle minimum), having r=0.981 and se=8.157, one estimates
RM(24)=92=%27 (the 90% prediction interval), suggesting only a 5% chance that cycle 24’s RM will
be smaller than 65 or larger than 119. The best bi-variate fit based on the 4A4(/) index and twice as
many cycles predicts RM(24)=138+29 (the 90% prediction interval), suggesting only a 5% chance
that cycle 24’s RM will be smaller than 109 or larger than 167. The best bi-variate fit using late-
peak values; i.e., AA(I)M(lp) and AA(I)m*, predicts RM(24) =123 %29 (the 90% prediction interval),
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suggesting only a 5% chance that cycle 24’s RM will be smaller than 80 or larger than 152. The
weighted mean prediction for cycle 24’s RM based on 22 statistically important bi-variate geomag-
netic precursor fitsis 112+ 32,

The late-cycle 23 geomagnetic and solar wind velocity behaviors bear little resemblance to the
mean of cycles 20-23 near cycle minimum behavior, suggesting, perhaps, that cycle 24 might be a sta-
tistical outlier. If not, then cycle 24 probably will be a smaller than average size cycle and minimums
in the geomagnetic indices and the solar wind velocity have not yet occurred, but will be seen later in
2008-2009. Disregarding the off-sets, the late-cycle 23 44 and 4 A(I) behaviors appear more reminis-
cent of cycle 14’s near cycle minimum behavior than the mean of cycles 20-23 near cycle minimum
behavior, cycle 14 being the smallest cycle in the modern record (64.2).

Because of a lack of consensus, the NOAA Solar Cycle 24 Prediction Panel!4 issued two dispa-
rate predictions for the size of cycle 24: 140 + 20 (the high prediction), peaking in late 2011, and 90+ 10
(the low prediction), peaking in mid 2012. As the present study has shown, dependent upon which
comparative geomagnetic precursor parameter is used, both the high and low predictions appear
valid. So, it is with great anticipation that solar researchers eagerly await the unfolding of cycle 24.
Will it be a fast riser of larger than average maximum amplitude or a slow riser of smaller than average
maximum amplitude? Will it persist shorter than the average 11-yr length or follow that of cycle 23
and be of longer duration? Does another Maunder-like minimum lie ahead soon for the Sun or does it
still lie well into the future? Are polar fields the better predictor of solar activity or is there something
else available that will be revealed to improve solar activity prediction? Is there a dynamo model that
really proves superior in accurately predicting the timing and sizes of solar activity? Many questions
remain.
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