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TECHNICAL MEMORANDUM

SUNSPOT VARIATION AND SELECTED ASSOCGIATED PHENOMENA:
A LOOK AT SOLAR CYCLE 21 AND BEYOND

I. INTRODUCTION

Sunspots are observed to be veglons of enhanced magnetic fleld and to be
somowhat coolor and, henca, darker than the swrrounding photosphere, They were
"discovered" telescopicolly about 1611: however, naked eye records of large sunspots
are now known to have been resorded much earviier [1,2], Although sunspots are
sometimes observed to oceur singly, moie often they are scen in groups of two or
nore.

Sunspot cyelic varjability (that is, the cyclic change in the number of spots on
the Sun with time) was first suggested by lleinvich Schwabe in 1843, Subsequent
analysis of observations, both preceding nnd succeeding this milestone, has confirmed
sunspot variability and revealed that the Sun's activity level varies In an approxi
mately eyelic fashion, (Notable exceptions, e.g., the Maunder and Sporer Minima,
have been discussed by Lddy [2].)

Daily counts of sunspots are now routinely made at many astronomical obser
vatories nround the world, ‘Ihese daily sunspot numbersl are averaged, thereby
yielding mean monthly sunspet numbers (e, g., the Ziirich sunspot number, denoted
Rz) whiell are further averapged, in a particular way, to yield &« smoothed sunspot

number or i3-month running mean, as it is sometimes called.* The variation of the
smoothed sunspot numbor with time is inherently less noisy than the "raw" mean

1. Sunspot number R is defined as
R=k (10g=+1) , (1)
where  is the total number of spots observed regardless of size, g is the number
of obgerved spot groups, and k is a normalization parameter which varies from
observatory to observatory to bring counts into apreement by accounting for
telescope size, atmospheric opacity, cte.

2, Smoothed sunspot number 1”{13 is defined [3] as

]
Ryg # R g+ 2 ig_a R,
Ryg @ T 2

where R, . is the mean monthly sunspet number 6 moaths ahead of the month of

interest, R . the mean monthly number G months behind the month of intevest,
+5

and Y Ry is the sum of the mean monthly sunspot numbers 5 months either
i=~d :

side and including the month of interest,



sunspot number, while still appropriately showing the general trend and level of solar
activity: thus, it is much more suitable for the statistical comparisons and predictions
of this report. Month-to month mean sunspot numbers vary, by as little as a fow
nercont to ns muceh as 30 percent or more, with variation usually being greatest at
solar minimum,

Sunspot variation or the sunspot cyele (or activity cycle), as it is more
commonly known [4], has been rellably determined, based on daily sunspot counts,
back to about 1848, correspending to the maximum of solar cycle number 9, (The
solar eyele hag been traced back further in time, but the data are mueh less reliable.)
Therefore, solar physieclsts and prognosticators tend to examine contemporary cycles
(present cyele is number 21) and predict future cycles in the light of all cyeles since
cycle 8, the milestone cyele.

The purpose of this report is fourfold. First, it will briefly review sunspot
eyeles 8 through 20 in terms of time varviation and 1{13 values at maxima and minima.

yecond, it will give results pertaining to the decline of cycle 20 and the minimum,
aseending, and maximum phases of cycle 21, based on sunspot number, 2800-MHz
radio flux, frequency of flare occurrence (major flares and, separately, all flares),
and frequency of occurrence of gradual-rise-and-fall (GRF) racdio events, which may
be associnted with eruptive prominences and coronal transients (e.g., Sheecley et al,
5], Webb ot al, [6], Smith et al. [7], and Fisher et al. [8]). The associations
between these latler parameters and 1!13 are discussed., Third, a prediction is made

for expected levels of setivity for the Spacelab 2 era (late 1984), and, lastly, a
prediction is made for cyele 22, The analysis of cycles 20 through 21 is based on
data obtained from the NOAA Solar Geophysical Data (Prompt Reports), Boulder,
Colorads (abbreviated SGD in this report), T N

IT, SUNSPOT CYCLES 8 THROUGH 20

Allen [9] has tabulated the dates of occurrence for solar cycle maximum and
minimum and values of smoothed sunspot number at cycle maximum (Ryjax?) and mini-

mum (ﬁMIN) for all solar cycles since 1700, Utilizing these data, simplified solay

activity cycles (beginning with cyecle 8) were drawn and are illustrated in Figure 1.
Basically, Figure 1 represents the envelopes of RM AX and RMIN (the dark lines at

the top and bottom of the figure, respectively). The numbered triangles represent
cach of the solar cyeles (8 through 21).

Means for fiM AX and ﬁMIN have been ealeulated, based on the Allen tabulated
parameters, for cycles 8 through 20 and 8 through 21. They are ﬁM AX ® 116.2 and
121.9 and ﬁMIN = 5.2 and 5.7, respectively. Maxima range between 64.2 and 201,38
and minima between 1,5 and 12,4,

Fipure 2 depicts the duration interval (in years) versus solar cycle number for
solar cycles 8 throughy 21; the intervals measured are sunspot maximum to subseguent
maximum (MAX-MAX), minimum to subsequent minimum (MIN-MIN), maximum to subse-

quent minimum (MAX-MIN), and minimum to subsequent maximum (MIN-MAX). (Pleasc
note that this report follows the standard convention of beginning a cycle at minimum
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Figure 1, Solar activity cyecles, simplified to two data points (RM AX and RMIN)

per cyele, this plot shows envelopes over the maxima and minima of 13
numbered cycles (cycles 8 through 21).
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Figure 2, Cyele interval curves. Time intervals in years are plotted for each
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and minimum to subsequent maximum (MIN-MAX). Thus, MAX-MAX and MAX-MIN
curves are for intercycle values, whereas MAX-MIN and MIN-MAX are for intracycle
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and 8 through 21.




occurrence and ending it at subsequent cycle minimum oceurrence. Also, note that,

in Figure 2, MAX-MAX and MIN-MIN ave arbitrarily plotted at the mid-points between
cycle numbers and MAX-MIN and MIN-MAX are plotted on the cycle number,) Means
for these parameters are given in Table 1. MAX-MAX values range from 9.0 to 13,3
years (mean & 11 years), MIN-MIN from 9.6 to 12,5 years (mean A 11 years), MAX-
MIN from 5.4 to 8,3 years (mean ~ 6.8 years), and MIN-MAX from 3.3 to 5.3 years

(mean + 4,1 years).

TABLE 1. MEAN TIME INTERVAL SOLAR CYCLE PARAMETERS

Mearr Time Intervals: Months (Years) |

Cycles' 8-20 Cycles 8-21

MAX-MAX 131, 8 (10, 98) 131.8 (10, 985
MIN -MIN 130. 8 (10. 90) : 131.4 (10, 95)
MAX-MIN 81.4 (6.78) 81.8 (6.82)
MIN=MAX 49,6 (4.13) 49,2 (4.10)

Examination of Figure 1 suggests that, perhaps, iiM Ay and ﬁMIN are related,
in some way, to a periodic function, since values for Ry, and Ry, appear to peak

around cycles 8 and D and 19 through 21 and are of minimum value around cycles 14
and 15, In Figure 3, the data of Figure 1 are recast into a plot of R’M AX and RMIN

200} [
B R mMAX * A coi 8 +Byax
L .50
3 woh o AMAX
5 L BpAx = 126
. T=132 YRS
100}
. @ F mMAX VARIATION
N o
o0k
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Figure 3, Cosine-{it to Ruax and RMIN values versus eycle number.




agairmt solar cyele number. ‘The curves drawn theough these data points are arbi-
trarily selected, simple cosine funetiong having a period of 132 yenrs (which coinei-
dontally is © 1.5 times the Gleissborg cyele [1]), Although the functions were
chosen arbitrarily and do not represent n best-{it, n fairly good fit, commensurate
with about 30 percent error bars or less, s cmmmmi (for Rm Ah)‘ (Clearly, a

steaight-line fit Is not suggested.) One observes that for RM AX and RMIN eyele 21

follows that of cycle 9, cyele 22 that of cyele 10, and so on, In this way the solay
eycle varintion tukes on a truly poriodic appearance postdicting values for RM AN and
RMIN that, for the most part, have been close to aetuul values,

III, SUNSPOT CYCLES 20 THROUGH 21

In this section, a prediction for cyele 21 dates of occurronce and R valuer for
sunspot eycle minimum and maximum, based on Table 1 means and Figure 3 curves in
conjumtifon with observed occurrvence dates of minimum and maximum of sunspot cycle
20, is compared to wctual dates of occurvence and R values for sunsput cycle 21 mini:
mum and maximun. Also discussed is the association between 2800-Mliz emission levol
and sunspot number and the variation of number of major flares, number of flares
(in general), und number of GRI' events with time (in particular, phase of solar
eyele).  The relationship between these latter parameters and sunspot number s
examined and a determination made as to whether the ascending portion of a eycle is
significant]y different from its deseending portion, These relationships will be helpful
for determining fare activits levels during the Spacelab 2 era (Section IV),

i Sunspot cycle 20 began with a minimum in September 19864 having _a value of
MIN equal to 9.6; maximum occurred in October 1968 with a value of RM AX equal to

116.6, ‘I'hus, based on the MIN~MIN time interval for cycles 8 through 20, Septem-
her 1975 would be projected to be the minimum for ¢ycle 21; and based on the MAX~
MAX time interval for cycles 8 through 20, the maximum for eycle 21 would occur
approximately October 1879, The actual dutes of sunspot minimum and maximum wore
March 1876 and December 1979. Thus, using mean time intervals the occurrences of
sunspot minimum could be predicted to within 6 months and maximum to within 2
months,

Based on Figure 3, Rmm for cycle 21 would have been predicted to bhe about 11
and Ry Ax o be about 168, Actual values for Rypy #nd Ry, AX for cycle 21 were 12.4
and 166. 3, vespectively (i.e,, to within about one-unit diserepancy for RMIN and to

within about two-unils discrepancy for RM AX)

Figure 4 plots the mean monthly Zirich sunspot number (Rz)’ the smoothed
sunspot number (ﬁm), the mean monthly 2800-MHz radio flux corrected to one astro-
nomical unit (132800)’ and the smoothed 2800-MHz radio flux (Fw), caleulated similarly
to ﬁls [equation (2)] for the time period February 1969 through December 1980, or

the period covering the descendmg portion of eyele 20 and the minimum, ascending
and maximum portions of cyele 21. Observe that the time interval from the maximum
of eyele 20 to the maximum of cyele 21 was 134 months; the time interval from the
maximum of cycle 20 to the minimum of cyele 21 was 89 months: and the time interval
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for the asconding portion of cycle 21 (minimum to maximum) wax 45 months, Also. ;
observe that Fia and Rya maxima, minima, and trends arve essontlally the same and .

are, thus, very linearly related, ¥ 13 minimum occurs approximately 3 months after
“13 minimum, and }:‘13 maximum occurs approximaiely 2 months aftor Rm maximum,
Scatter associated with ”17*13 values is approximately 20 percent oy less and is, thus,
a smoother signal for statistical comparisons than ﬁlS’ (Seatter dingrams for R,
vaorsus R’l:}’ F2800 versug FIZI‘ and other [lare and eruptive paramotors versus thelr
smoothed numbers are given in the Appendix.)

.

Figure 4, in addition to showing vaviation of Fla and 1113 with time, doplets

the cveles in torms of solar cyele phase (assuming n perioa of 134 months, based on
eycle 20 maximum to eyele 21 maximum), Thus, the descending portion of eyele 20
necounts for 66,4 pereent of the period and t;ha ascending portion of cycle 21 for
33,0 percent, If the fall of cycle 20 and the wse of cyecle 21 arc statistically typical
of uny solar cyele, then the ratio of ascending to descending perlods is about 0.5,
or uixe descending portion of a eyele is on the order of twice us long as its asconding
portion,

If solar minimum is thought of ag an interval when 1113 was within 2,26 units
of 1113 (=13.58), then observe that cyele 21 minimum was about 21 months in length
(between May 19756 and January 1977). During this interval the mean Rm wis
14.54 *““;""20. Similarly, if solar maximum is regarded as an interval when R“ wis
within six units of RM AN then obsecrve that cycle 21 maximum was approximately
13 months in duration (between July 1979 and July 1980), and the mean Rm was
160,26 *6 03 The ratio of maximum period to minimum period is about 0, G. or the

-4, 62’
minimum perio¢ is abeut 1,5 timaes the length of the muaximum period,

The descent pbase of cyele 20, based on Figure 4, is marked by the occurrence
of three major "bumps" in R 13 (and 1’1 3) The first bump oceurred approximately

18 months after RM AX cyele 20 and was about 19 percent higher than a smooth fall-off
in sunspot number, The second bump occurred 42 months after l‘im AX eyele 20 and
was about 44 percent higher. 'The third bump occurred 67 months after fim AX eyele

20 and was 40 percent higher, Thus, the descending portion of eyele 20 had periods
of enhanced activily und was not a simple, smoothly decaying function. It is note-
worthy that the Skyleb missions fortuitously occurrved during the third bump, approxi-
mately 2 to 3 years prior to solar minimum and that, in addition to increased sunspot
number during this period, there was an increase in flare activity as well (as
explained in later parvagraphs and by Wilson [10]).

Figure 5 plots the ratio of F 13 to Rls and 12800 tv R, . Observe the peak ratio
of 1‘1 3 to Rls to be about 6, occurrving at 1‘13 minimum for cycle 21,  The lowest ratio
was 1,17, occurring npprox:mately 1 month prior to R13 maximum for cycle 21, and,
though not shown, a similar ratio is suggested for RM AX cycle 20,
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. Tigure 6 depicts the number [N (::1})] of flares per month and smoothed number
[N 12 {=1)] of flares of optical importance greater than or equal to 1 versus time (for

definition of "importance," see [11]). It can be observed that the period of minimim
flare occurrence corresponds essentially to the same period of minimum sunspot num-
ber, being approximately 21 months in length (approximately May 1975 to January
1977), and to have a mean value of 17113 (z1) equal to 4.01 figg (Monthly mean
numbers ranged from 0 to 15 during this interval.) The peak period of major flare



activity, with much greater monthly seatter, oceurred during 19805 the mean value of
Nya 1) was 3,89 '; 3'{ for the first 8 months of 1080, Note that the miajmum N1 3
(1) vatue occurred upproximately 7 months after minimum i'il g value amd that the maximum
Nm (1) value also appears to follow maximum i'iw vialue by 7 months. The asconding

portion of eyele 21 appears to be somewhat more monotonie than the desconding por
tion of eycle 20, in terms of Nyg ¢ D Bumps v the Nyy O 1) eurve during the

descending portion ef eyele 20, similar and corresponding to bumps in Rygy nre noted,
although they clearly are not as distinetive as those of Ryge o

Figure 7 displays the number (N) and smoothed number (N 3! of all llares,

both major flares wnd subflaves, versus time from the minimum period of eyele 21
througk the maximum phase.  (The plot was limited to thhes subseguent to lato 1975
beeause of the changs In the style of presentation of flave data in tho 8GD; subse
quent to Iate 1975, [Mare data were contained in one listing and all observations of a
single flare were grouped together, making flave s aunt detexmination simple,) It is
observed thnt minimum ﬁla oceurrence coincldes with mintmum Nig (1) oceurrence,

approximately 7 months after mintnm R 13 Peeurrence, Maxinum &13 peeurrence appoars
b | .
to have peaked § months prior to maximum R, 5 and 12 months prior to maximum N]3 (-1
Y i

occurrences, although considerablo variubility Is noted in 1979 and 1980, (Also, the
smoothed data are only plotted through Aupust 1980.) Individual N values were proatest
in 1980, being nearly 800 in Decomber. Note the vory linear appearance of the N,y curve

during the ascending portion of cyele 21, supgesting perhaps a linear relationship with
Rl:.l‘
Fipure 8 shows the ratio of N (1) to N and the smoothed ratio of N (1) to N for

the same time period as Figure 7. Tho minimum in the snwothed ratio occurred npproxi:
mately 4 months after minimum ﬁﬂ and approximately 3 months prior to minimum 13 (10,
| 5 2

The ratio varied lHnearly with time from carly 1976 until about mid- 1978, when the mean
ratio dipped tor approximately 1 year), and also between mid-1979 and the peak oceur:
rence in mid-1980,  The maxinium smoothed ratio 18 observed to colnelde with the maxi
mum N13 (1) occwrrence, approximately 7 months after maximum ‘R'13 ouourrence,

Figure 9illustrates the number [N(GRID) ] and smaeothed number [f\?.l 3 (GRID)] of

radio determined GRI events, based on the §GD. The data plotted cover the desconding
portion of eyele 20 and the minimam and asconding portions of eyele 21, The bumps in
GRE values, during the descending portion of eyele 20, correspond to the bumps pro-
viously mentioned in the sunspot number and flarve count curves (Figs, 4 and 6)3 i,0.,
the lnege bump In 1972 corvesponds to the sccond bump in the lim curve, the second
bump In the GRE eurve to the third bump in the R}w curve, and the third bump with the
hint of a fourth bump in the Til g eurve, very closa to minimum conditions, The minimum

Nyy (GRE) value coincides with minimum N 1y (1) oceurrence, approximately 7 months
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following minimum R, oceurrence. The maximum Ny, (GRI) ogcurrence s about

August 1070 or approximately 4 months prior to maximum ﬁm occurrence, being nearly
coineidental in time with N 13 Oveurrence. '

While sunspot anetivity was considerably higher in cyele 21 than in cyele 20, it
is to be noted that Figures 6 and 9 suggest that flare and eruptive activity may have
been somewhat higher in eyele 20 rather than cyele 21, While numbers of flares and
eruptives may be linecarly related to sunspot number within a cyele or portions of two
eycles, they may not be exuactly related between suceessive cycles or any two randomly
c;}osen eyeles,  Insulficient data are available to define the goeneral relationships
(if any).

As hinted previously, the smoethed data during the ascending portion of eycle
21 suggest somewhat linear relativnships hetween flares, ovuptives, and 2800 Mz
radio emigsion with sunspol number., Figure 10 depicts the relationship bLetween
Nyg (1) and Ry, Line A denotes the straight line extending from the origin to the

maximum R‘l g value; hence, it covers the ascending portion of eyele 21, Line D
conneets the origin with the maximum N4 (1) value; hence, it may be loosely
regarded as the best-guess for the descending portion of cyele 21, lLines C’l and CB

correspond to the best-fit component lines for the ascending portion of tho data sot:
foe., €y covers the values 12 o Riyg > 62 and G, the values 62 © Ry, - 165, The line

ecquations are stated below:

Line A (Ascending Cycle 21) Nyg (1) = 0,34 '1113 . (3)

Line D (Descending Cyele 21) 1<r13 (1) = 0,46 1’113 , (4)

Line ¢, (Cyele 21, 12 « ,1’{1‘3 N D)) ﬁla (1) = 0.52 1‘1?13»6 , (5)
and

Line C, (Cycle 21, 62 - i’iw . 165) 'Sim (:1) = 0,23 ﬁlS + 11,6 . (6)

Figure 10 clearly shows that the maximum N 13 D did not oceur at the maxi-
mum Ry, value, It occurred 7 months following sunspat maximum at a value of 1{13
within 6 percent of the maximum 1‘13 value. The maximum ﬁza (1) value exceeded
by about 35 percent the equation-predicted value (Line A), given ﬁl‘&‘ Thus, Figure

10 sugposts that the descending portion of cyele 21 will be somewhat more active, in
4 proportionate way, than the ascending portion; or, in other words, major flares
appear to be more prevalent just after and ijnto the declining or late phases of the
solar eyele, rather than in the rising or early phases of the cycle. Component (3»1
spanned 21 months and component 0’2 about 23 months; thus ﬁw was increasing at
the rate of about 2.38 units per month in the initial phases of the rising portion of

. eycle 21 and at the rate of 4.48 units per month in the latter stages of the ascending
portion of the cyele. Similerly, N13 (x1) incrersed at the rate of 0.67 flaras per

month during (31 and at the rate of 1,04 flares per month during € 9t

13
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Figure 11 {llustrates the relationship between &13 and Rm. Line A essontinlly

corresponds to the ascending portion of eyele 21, connecting the initial plat point
with the maximum Nla value, and line D to the descending portion, connecting the

initial plot point to the maximum Rla Nyg value. The line equations are:

Line A {Ascending Cyele 21) Ny = 2,83 1{13 1.5 ("
and
Line D (Deseending Cyele 21) Ny~ 2,60 Ry (8)

Figure 11 shows that flare activity (subflares and major flares) penked prior to
the maximam R 13 value, implying that, since major flare counts peaked subsequent to

sunspot number maximum, the number of subflaves peaked prior to maximum Rm

occurrence.  Hence, the early phases of the solar cycle appear to be markaed by the
cccwrrence of many subflares, while the descending portion mpy be somewhat less
prolifie in subflare production, At maximum 1{13. the value of N 13 Was approximately

9 percent below that predieted by equation (7) (Line A). R 13 inevenqux at the rate

of 3,58 units per month and N 13 inerensed at the rate of 10.68 flaves paer month,
based on ling A,

Figure 12 depicts tho relationship between Ny (GRF) and Ry, Line A ds o
partbola which corresponds to the aseending portion of eycle 21, mud lina D is a
straight line approximation pertaining to the descending portion of the eyele, "The
line eqguations are piven below:

Line A (Ascending Cycle 21) N 13 (GRIM 420 (Rm < 12) + 12 (M
and
Line D (Descending Cyele 21) Ny (GRID = 0,86 R g + 7.5 . (10)

The behavior of N1‘3 (GRE) appears to follow that of N 13 in that peak numbers
slightly precede maximum R1,3 occurrence and thet there is an indicatlon that the
number of GRIF events during the descending portion of cyele 21 will be lower than
during the ascending portion.

Figure 13 shows the lincar relationship between T513 and R 13+ Although a

lincar cquation (Line A, including dashed-line extension) is commensurate with the
data (being less than 7 percent orror at large 1{13 values), the data indicate a slope

chanpe at 1113 values greater than 110, The line equations during the ascending and
probably the descending portions of cycle 21 are:

Line A (all 1113, especially 13 1‘13 = 110) 1-‘13 = 0,89 “13 + 63 (1D
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and
Line Al (for 110 & Ryq > 166) Fyq© 0,65 RIQ + 90 (12)

IV. LATE CYCLE 21: A IOOK AT TIHE SPACELAB 2 ERA

Rosendahl [12] kas briefly described the Spacelab 2 {nstrument compleme it.
issontinlly, it is an astrephysics and solar physics mission with additional studies
being condueted in life seiences, uppor atmosphera, space plasma physies, and space
toehnology, The solar instruments are mounted on a pointing system and view the
Sun in a fashion similar to the Skylab=ATM (Apollo Telescope Mount), utilizing the
sorvices of a human being in the control and operational loop. Spacelab 2 had ten-
tatively bean planned for launch in Apvil 1981, or about a year or so past solar
maximum ; however, much like Skylab, it will probably fly late in the solar eycle
(presently, it is tentatively set for launch in November 1084), just prior to the mini
mum of the subsequont e¢ycle, Consequently, the behavior of the Sun during the
Spacelab 2 timeframe may be quite similar to that of the Skylab mission period of
1973-74,

It was proviously shown that cycle 20 fim Ax occurred in October 1068 with a
value of 110.6. Also, cycle 21 ﬁMIN occurred in March 1976 with a value of 12.4,

Thus, mathematically speaking, cycle 20 decayed at the rate of about 1,103 units per
month, Variation about this smooth-line decay of about 20 percent was observed.
Cycle 21 Ry ax occurred in December 1979 with a value of 166.3, and cycle 22 RMIN

is projected to occur approximately Fobvuary 1887 (bszsed on the MIN-MIN mean 8-21;
Table 1) with a value of approximately 10,4 (based on Figure 3). %hus, cyele 21
is projocted o decay at tho rate of about 1.818 units per month, Since the inunch
of Spacelab 2 is tentatively set for late 1984, an approximate value for Rya is 59.3

* 20 percont, or between 47.4 and 71.2 if its decline is similar to cycle 20. (The
Skylab period 11.13 was about 35.) Using equation (11), 1‘«‘13 can be estimated to be

about 115.8 #* 10 percent. Also, approximate levels of flmfd and eruptive activity
can be projected, based on the equations in Section IIl, Thus, for the Spacelab 2
time frame, N1,3 (1) can be estimated to be about 27.3 [from equation (4)], Nl3 to

be about 148.3 [from ecquation (8)], and ﬁls (GRF) to be about 28.8 [from equntion

(10)]. These mean activity numbers suggest that, in a statistical sense, about one
major flare per day, about four subflares per day, and about one GRF-radio event
per day during the Spacelab 2 flight can be expected. Thus, Spacelab 2, having a
misgion duration of approximately 1 week, may record as many as 35 flures (7 of
which will be major flares) and 7 eruptives. (These numbers have not been reduced
to account for orbital day/night or timeline constraints.)

In addition to flare and eruptive activity, a major scientific objective will be
the study of the morphology and evolution of active regions (including ephemeral
regions). 8o, it would be of interest to estimate the number of rvegions available for
observation during Spacelab 2, Allen [9) has stated that at sunspot minimum the
mean number of individual spots per R, is 0,70, the mean number of sunspst groups

per R.z is 0.097, and the mean number of individual spots per group is 7.3. Similarly,
at sunspot maximum, he gives the mean number of individual spots per R, as 0,87,

19
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the mean number of sunspot groups per R, as 0.083, and the mean number of indi-

vidunl spots per group as 11,0, Since the mean decay time from maximum to minimum
is approximately 82 months and the Spacelab 2 tentatively scheduled launch is approxi-
mutely 59 months after solar maximum, one could interpolate between the preceding
mean numbers and generste spproximate mean numbers for the parameters applicable
to téua Spu;emb 2 misslon period, Ilence, the following approximate relationships can
be dedueed:

Mean number of individual spots per Rz - 0,75

Meornn number of sunspot groups por Rz - 0,093

Mean number of individual spots per group ~ 8.3 .

Since ﬁ'l?» has been caleulated to be about 59,3 % 20 percent during Spacelab 2,
one can estimate the range of R,/ to be about 59.3 * 50 percent, or between 29.7 and

89, 'I'his implies that the menn number of individual spots on the Sun will be between
22,3 and 66,8 (mean 44,5) and the mean number of sunspot groups will be betwoen
2,8 and 8.8 (mean 5,5). If eyele 21 behaves as did eycle 20, then during the

decline of the cyele the Sun may have a very active hemisphere occurring about every
2 weeks and a very quiet hemisphere [13]; thus, mission planners will necessarily
have to monitor golar wctivity levels prior to launch to ensure that Spacelab 2 mission
objectives can be mat, (It is important to re-emphasize that the analysis given in
this section is for the statistically averaged Sun and must be viewed in that context.)

V. SUNSPOT CYCLE 22

Following the approach of Sections III and IV, Figures 1 through 3 and Tablo 1
could be used lo predict the occurrence of solar minimum and maximum and their
appropriate smoothed sunspot number values and to make some general remarks about
cyele 22, the next sunspot cyecle. Therefore, since cycle 21 RMIN is known to have

occurred in March 1976 with a value of 12.4 and ﬁM AX in Decomber 1979 with a value
of 166.3, the conclusions are reached that cycle 22 ﬁMIN will occur between October

1986 (based on Table 1, MAX-MIN time interval) and February 1987 (based on_Table
1, MIN-MIN time intervely with a value of 10,4 (based on Figure 3) and that RM AX

will oceur between November-December 1990 (based on Table 1, MAX-MAX time inter-
val and MIN-MAX time interval, assuming an RMlN occurrence of October 1876) and

March 1991 (bnsed on Table 1 MIN-MAX time interval, assuming an ﬁMIN ocecurrence

of February 1987) with a value of approximately 150. Cycle 22 will end about Septem-
ber 1997 to January 1998, based on an application of Table L results to the minimum
and maximum occurrence dates projected for cycle 22, as discussed previously, Thus,
cycle 22 is projected to have a cycle duration of approximately 128 to 136 months.
Also, since it is an even-numbered cycle, if it follows the pattern of previous solar
eyeles, the leading sunspots in the northern solar hemisphere will have a south-
scoking pole uppermost ocn the Sun's surface; i.e., the magnetic field will be inwards
through the Sun's surface in the northern hemisphere. (The Hale magnetic cycle is
approximately 22 years.)
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A second approach for determination of value YtM Ax Bnd EMIN’ based on simple

ratios, is given below. Using Iigure 1 (or the tabular data _%'ivcm by Allen [9]),
figures could be constructed based on tha ratlo of RM AX to | MIN for same cycle and

s

subsequent cyele; 1.e., (1) ratio the l"iM AR and RMIN values for the same cycle and
plot the ratio versus solar eycle number and (2) ratio tho ﬁMAx of a eycle and the
ﬁM[N of the subsequont cycle and plot the ratio versus solar cye¢le number. Such

has beon done in Figures 14 and 15, respeetively. The thin, single-humped curve,
denoted Ry AX/RMIN’ peaking between cyeles 15 and 16 in Flgure 14 represents the

ratio of the Ry AX and RMIN cosine-related function, graphed in Iigure 3, for the

sama-numbered solar cycla., For example, the dot (@) for cycle 9 is the ratio of the
actual RM Ax to RMIN values for cycle 9, and the line (in Fig. 14) just above that

dot represents the ratio of the cosine-rvelated equation for i‘iM AX and ﬁMIN (drawn in

Iig, 3) which for cyele 9 is +168/11 or 415,83, The line appears to best fit odd-
numbered cyeles, although wide error bars are assoclated with it, particularly for
evele numbers 16 and 19, The even-numbered eycles nppear to be best [it by the
tond line having the form ']RE = AM Ax Co8 04 BM AX’ whare AMAx = 12,5, BM Ax ©

22.5 and the cosine function has a period of 176 years (which, coincidentally, is
approximately twice the Gleissberg cycle [1]). TR E denotes the appropriate ratio of
Ryay 10 Ry (same cyele).,

R
o =MAX camecycLE

fimIN

¥ ®
5 Apmax =126
T 176 YRS

TRE " Amax cos 0 +B pmax

[
/-ﬁ—%ﬁ (COSINE CURVES, SAME CYCLE)

o s
E sl e e e MEAN = 2772
d 26— {CYCLES 8~21)
RN < —— P —MEAN = 21,66
" ‘ ® {W/0 CYCLES 16, 19)
S f . 5
e - T/2
0 I 1 1 ! A \ i I ! ! } SOLAR CYCLE
‘ 8 9 10 1" 12 13 14 15 18 17 18 9 2 21

Figure 14. Variation of RM AX/RMIN cycles 8 through 21, where RM AX and RMIN
are for same cycle. Lines explained in text.
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Figure 15 is similar to Figure 14 except it plots subsequent cycles; i.e., RM AX
present cycle to RMIN subsequent ecycle. Again, the thin, single-humped curve,
denoted RM AX/RMIN‘ peaking at cycle 14 in Figure 156 represents the ratio of the
RM AX and RMIN cosine-related functions, graphed in Figure 3, for subsequent solar
cycles. Yor example, the triangle (4) for eycle 10 is the ratio of the actual RM AX
value for cycle 10 to the actual ﬁMIN value for cycle 11, and the line (in Fig, 15)
just i)eloxv that triangle represents the ratio of the cosine-related equations for ﬁM AX
and Ry (in Fig. 3) which for cycle 10-11 is A4150/8.7 or ~17.2., The line appears

to best fit even-numbered cycles, although the actual cycle 18 value is somewhat
higher than the ratio-derived value (ling). The odd-numbered cycles appear to be
best fit by the broad line having the form TR = Apax €os 0 F BM Ax’ Where AM AX

20, BM AX T 35, and the cosine function has a pexiod of 132 years. TR denotes the
appropriate ratio of RM AX to RMIN (subsequent cycle),

R MAX

A =
RMIN

SUBSEQUENT CYCLE

Amax =20
8 max = 38

T=132
Iy

" TR, = A cosO +B R
. ° MAX MAX "—RA;A (COSINE CURVES, SUBSEQUENT CYCLE)
501

] RS AT — e _MEAN=27.78
g o5 ‘ ‘ (CYCLES 8~21)
é __——/

B A A

- A

| } T/2- |

0 1 i) 1 i i 1 1 1 4 1 \ 1 N 1 soL c '

89 10 1 32 13 4 5 16 17 18 18 20 21 SOLARCYCLENO

Figure 15. Variation of ﬁM AX /§MIN cycles 8 through 21, where RMIN is for cycle
subsequent to ﬁM Adeetermined cycle. Line equations explained in text.
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Following the aforementionod approuch (based on 1‘igs. 14 and 18), cycle 22 is
projected to have an “M Ax Value botween A 145, 6 and 148.7, based on the R 0 and

RM A\/RMIN curves, raspectively, for same cyele and g‘iVBll RMIN 2 10,4, Cycle 22 is
projacted to have an RMIN value between A4 and 10.4, based on the ‘R and RM A)\/RMIN
curves, respoctively, for subsequent cycle and givon RM AN cyele 21 equul to 166, 3.
Using thesco RMIN values for cycle 22, RM AX for eycle 22 is also projected to be 56,
based on RMIN = 4, or to be between 145, 6 and 148, 7, based on RMIN 10,4, as abova,
Thus, tho two deseribed approaches suggpest RM AX to be approximately equal to 150,
148.7, 145.6, or 56, and Ry to be about 10.4, 10.4, or 4, Welghing cach of the pre-
ceding RM AX and RM[N values equally and computing means suggest that, perhaps, the
best-guess values for RM AX and RMIN for cyele 22 are approximately 125,1 and 8.3,
respectively, or imorporutmg 80 pm'cmlt erroy bars, RM AX (eyele 22) = 126.1 2 37.5
and RMIN (eyele 22) = 8.3 & 2.5

IT the behavior of eyele 22 follows that of eyele 21, then the approximate number
of flares and GRI' radio ovents and level of 2800 Milz radio emission can be estimatad,
based on the formuli e of Sestion I, for sunspot minimuin and maximum mnditions.
Ilulm, ut RMIN (eycele 22), the iol]owing would be anticipated: Nt13 (1) 2,8 £ 0.8,

NLS w22 4 6.6, N“ (GRIY < 10,5 & 3.2, and 1‘1.3 = 70,4 + 21,15 and for RMAX (eycle 22):
Nyq (;-1) 42,5 + 12,8, N 13 ° 363,8 £ 106,1, N, (GRF) = 59.6 £ 17,9, and ¥y, = 174.3
62,8, T 13 RMIN and Rl\‘l Ax ¢on also be estimated from comments regarding Figure 5;
i.e., at RMI“’ P 1.,/R»ln is about 6 (for cycle 21), implying F 13 (eyele 22) equal Lo v49, 8,
and ¥ 311113 is about 1.2 at Rl\l AX (based on eyele 20 and 21), suggesting ¥ 13 (eycle

22) equul to *150.1, Caution must be urged in using these numbers, sinee the assump-
tion that cycle 22 behaves essentiolly as eyele 21 may not be valid, IIL is ol intevest o
note, however, that the Skylab period had an R, 13 value of 235, which implies a value

of 1«13 to be 94,2 [based on oquutlon (11, N, 13 (21) & 11,9 to 16,1 [based on cquations
(3) and (4), respectively], Ny, v 87.5 to 97.6 [based on equations (7) and (8), respec-
tivelyl, and ﬁli?» (GRI) 20.1. tQ 33.4 [based on equations (9) and (10), respectively].
Actual values for ¥, and ﬁla (21l) were 286 and 219, Thus, '1"‘13 was actually slightly

less than would have been predicted and Nl3 (21) slightly more, Actual number counts
for ﬁm and ﬁlﬂ (GRF) have not been made, s0 comparison cannot be accomplished, |

VI. CONCILUSIONS

Sunspot variation is a phenomenon that has been apparent on the Sun for at
least hundreds of years (if not longer)., This report briefly discussed the solar
eyele sunspot variation, pnrticulm"ly for cycle numbers 8 through 21. It was shown
that the variation of sunpot maxima and minima values could be simply deseribed, in
an approximate way, by arbitrarily chosen cosine-related periodic functions (with a
period of 132 years), Using this simplified approach and based on RM AX and RMIN‘

occurrence dates for cyele 20, it was determined that a projeetion of eycle 21 was
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obsorved lo agree (uite closely with actual values, Y¥ormulae were given relating
numbers of flares, major flaves, and GRF-radio evenis to Rm, as well as 1"]3 to 1113.

Based on the decline of cyele 20 and, predominately, on the rise portion of eycle 21,
a pradietion of aetivity levels waos made for the Spaceleh 2 mission time frame (late
1684), Finally, a prediction of activity levels .as made for cyele 22, Tables 2, d,
and 4 summarize the findings for cycle 21, the spacelab 2 mission time frame, and
eycle 22, rvaespectively.

With the advent of the Shuttle [actually the Space Transportation System (STS)],
solur physics may be entering a new eri of unprecedented opportunity to study the
multifarious solar cyele dependent relationships and other phenomena. ‘These future
misslons (e.g,, Spacelab 2 and others, such as SCADM-Solar Cyele and Dynamies
Mission [14]1) will have mission and selentifle objectives which often may be solar
c;ifclef dependent, 3 I'his report is intended to serve as an aid to planners of these
misslons, :

TABLE 2. SUMMARY OF CYCLE 21

Parameter , Value Remarks
Duate Sunspet Mirdmum March 1976 1
Date Sunspot Maximum Decomber 1979 1
Cyele Duration (nonths) 127-132 2,38
Ascant Duration (months) 45 1
Deseent Duration (months) 82-87 2,3
{‘MIN 12,4 1
lfl\fh\x 166, 3 1,4
Yan 73.3 1
)il\‘lé\;\t 198.0 1,4
Ny 27,9 1
I:‘MAX 438, 0 1,4
FMlN (1 2.7 1
EMAK D .5 1.4
‘jmm (GRIM 10,7 1
Npyax (ORI 66. 5 1.4

4 - Predicted,

3 - Assumes Cycle 22 begins October 1986-Fobruary 1987,
bagsed on application of Table 1 mean time intervals.
(MIN-MIN and MAX-MIN.)

4 - Assumes maximum occurred prior to August 1980,

Remarks: 1 - Obsarved.
)

LA SRR M B T

3. Schatten and Sofia [15] have recently investipated the Schwarzehild eritervion for
convection in the presence of a magnatic fjeld and believe that their results may
be of importance for solar variability.
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TABLE 3. SUMMARY OF SPACELAB 2 MISSION TIME-FRAME PROJECTIONS

I’uvux‘nctm‘ Value Remarks
sycle 21 Sunsgpot Maximum December 1979 1
Cyele 22 Sunspot Minimum February 1987 2,3
Cyecle 21 Duration (months) 132 2,9
Cycle 21 Descent Duration 87 2,3
(months)
Cycole 21 Rl\‘le\x 166, 3 1,4
Cyele 22 RMIN 10,4 2,6
Cycle 21 Ria Decay Rate 1,813 2,3
(units /month)
Ky, (November 1984) 59, 3 2,6
i?‘m (November 1084) 115. 8 2,7
Njq4 (November 1084) 148, 3 _ 2,8
ﬁm (*1) (November 1984) 27,3 2,9
Nfla (GRI) (November 1984) 28, 8 2,10
Number Qbservable IMlares Duving R 1) 2,11
Mission
Number Obsorvable Major Flarves =7 2,11
During Migsion
Number Obsorvable Eruptives ~ 7 2,11
Remarks: 1 = Observed,
2 - Predicted. o
J - Based on Table 1 (MIN-MIN).
4 - Assumes maximum occurred prior to August 1980.
5 - Based on ligure 3.
6

= Assumes B’M Ax oveurrence is correctly known and i'im decay

rate is acewrate.

- Based on equation (11).

- Based on equation (8).

Rased on equation (4).

- Based on equation (10),

- Based on l-waeek mission duration; no correction (reduction)
has been made for orbital day/night or timeline constraints,

ol o
=N R
1



TABLE 4. PROJECTION FOR CYCLE 322

Parameter Value Remarks

Date Sunspot Minimum Octobor 1986- February 1987 1
Date Sunspot Maximum November 1990-Marvch 1991 1
Cyele Duration (months) 128-136 2
Ascent Duration (months) 45- 53 2
Descent Duration (months) 7591
RN 8.3 % 2.5 8
Ruax 1256 % 37,5 3
FMIN 70,4 & 21.1 4
FMA}{ 174,3 & 52,3 ;|
NmIN 22 % 6.6 4
Npax 3563.8 * 106.1 i
NMLN .1 2.8 £ 0,8 4
mm (1) { 42,5 x 22,8 4
MIN (GRT) 10,5 & 3,2 4
le\x (GRE) 59.6 £ 17.9

1 = Based on Tables 1 and 2,

2 - Straight-forward ealeulation,

} - Mean based on numbers derived from Figures 3, 14, and 15, and
assuming 30 percent error bars; actual values sug'[,ebtcd for
RM AX include 150, 148.7, 145.6, and 56; actual values sugpgested

for RMIN include 10.4 and 4; see text,

4 - Based on equations given in text; assumes eycle 22 bohaves
similarly to eycle 21,

Remarks:

.



-
-

%
4
g
&%
kS

ORIGINAL PAGE IS
APPENDIX OF POOR QUALITY

Figures A-1 through A-5 are scatter dingrams comparing raw monthly mean
values with their smoothed monthly mean values. Figure A-1 is the scatter diagram
comparing R, and RlB‘ ¥igure A-2 compares 1?2800 and ¥, 4, Figure A3 N(»1) and

ﬁw (-1), Figure A=4 N and ﬁla‘ and Figure A-5 N(GRT') and Nm (GRE), The dark

line running dingonally from lower-left to upper-right on cach of the figures is the
1-to-=1 corrclation line, The dashed lines running diagonally from lower-left o upper-
right on ecach figure represent the *20 percent and X30 percent departure spreads,

It is observed that sunspot numbers vary by about 20 percent at high sunspot numbers
and by 30 percent or more near solar minimum. The 2800-MHz radio emission, con-
vaersely, varies by only a few percent at sunspot minimum and by 20 percent or less
at hiph sunspot number. Major {lare variation is much broader, being 30 percent or
more, while the genoral class of flares and GRI events show variation of usually less
than 20 percent near sungpot maximum and 30 percent or more near sunspot minimum,

Rz Vel
CYCLE Y

Figure A-1. R, versus ﬁla cycle 21 scatter plot.
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LT

Figure A-2, FZSOO versus i313 cycle 21 seattor plot,

N1} VR g3t

CYCLE 21 oo
y
/s
RV
// / 10 |
/
1004 7 /
* , /
. / /7
X s
/7
I =20%
/7 »
‘7 308
/7 S s
77 s 7
X6 -, ‘
60} N . /s s '
L e
= % P
- / g / |
% /1/’ g//-. ‘
// // . .
10
VR
"//(;/ .
I
Nygtan :
Figure A-3. N(1) versus ﬁla (21) eycle 21 scatter plot. ;
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Figure A-4., N versus ﬁlS cycle 21 scatter plot,
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Figure A-5. N(GRF) versus ng (GRF) cycle 21 scatter plot,
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