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ABSTRACT
We have analyzed archival data of sunspot numbers from 1700 - 2005 and sunspot areas from

1874 - 2005 to derive the solar activity cycles based on these variables. This re-examination was
motivated by the unexpectedly high level of solar activity during Solar Cycle 23 which occurred
three years after the predicted cycle maximum. Two independent techniques were used in this
analysis, namely power spectrum analysis and phase dispersion minimization. Our analyses
con rmed the 11-year Schwabe Cycle and the 22-year Hale Cycle, and illustrated that the
Schwabe Cycle is actually the average of a varying cycle which typically ranges from 10{ 12
years. Archival data from 1610 - 1990 were used to identify long-term cycles from median trace
analyses of the length of the sunspot cycle, and also from power spectrum analyses of the (O-C)
residuals of the dates of sunspot minima and maxima. The median trace analysis suggests that
the length of the sunspot cycle varies with a period of 183 - 243 years, while the power spectrum
analysisidenti ed a secular period of 188 38 years. We found a correlation between the times
of historic minima and the length of the sunspot cycle. In particular, the length of the sunspot

cycle was usually highest when the actual number of sunspots was lowest.

Subject headings: stars: activity { stars:

1. Introduction

Solar Cycle 23 was predicted to reach a max-
imum in early 2000 (Joselyn et al. 1996), with
severe geomagnetic storms expected between 1999
and 2005. Nevertheless, the high level of solar ac-
tivity exhibited through aresin 2003 October and
November, including some of the most powerful
solar ares ever detected, was still unexpected be-
cause this activity occurred three years after the
predicted maximum of the solar cycle. In light
of this unanticipated activity, it is natural to un-

are{ stars: individual (Sun) { Sun: sunspots

dertake a deeper investigation of the solar activity
cycle. In this work, we have reanalyzed archival
data of sunspot numbers and areasto examinethe
variability in the length of the solar cycle. A sum-
mary of earlier analyses of the sunspot cycle is
given by Kuklin (1976).

For more than two centuries, solar physicists
have applied a variety of techniques to determine
the nature of the solar cycle. The earliest meth-
odsinvolved counting sunspot numbers and deter-
mining durations of cyclic activity from sunspot
minimum to minimum, as well as sunspot maxi-



mum to maximum (Wilson 1994). More recently,
since 1874, sunspot areas have been recorded to
give a total surface area of the solar disk covered
by sunspots at a given time (Hathaway 2004).
T hesetypes of approaches are often dubbed a one-
dimensional approach becausethereisonly onein-
dependent variable involved, namely sunspot num-
bers or sunspot areas (Wilson 1994).

There is also a two-dimensional approach in
which the latitude of an observed sunspot isintro-
duced as a second independent variable (Wilson
1994). When sunspots rst appear on the solar
surface they tend to originate in latitudes around
40 degrees and migrate toward the solar equator.
When such migrant activity is taken into account
it can be shown that there is an overlap between
successive cycles, since a new cycle begins while
its predecessor is still decaying. This overlap be-
came obvious when Maunder, in 1922, published
his butter y diagram and demonstrated the lati-
tude drift of sunspots throughout the cycles (Wil-
son 1994). Maunder's butter y diagram showed
that although the length of time between sunspot
minima is on average 11 years, successive cycles
actually overlap by 1to 2 years.

Sunspot number data collected prior to the
1700's show epochs in which there were almost
no sunspots visible on the solar surface. One
such epoch, known as the Maunder Minimum, oc-
curred between the years 1642 and 1705, during
which the number of sunspots recorded were very
low in comparison to later epochs (Wilson 1994).
Other studies include the analysis of geophysi-
cal data and treering radiocarbon data, which
contain residual traces of solar activity (Baliunas
& Vaughan 1985), to determine if the Maunder
period truly had a lower number of sunspots or
whether it was simply a period in which little data
were collected or large degrees of errors existed.
Whilethe data collected before the 1700's are typ-
ically less reliable than those collected in more re-
cent times, thetiming of the Maunder Minimum is
still relatively accurate because of the correlation
with geophysical data. Other epochs of minimum
solar activity in the past have been noted, such
as: the Dalton Minimum from 1795 - 1823 (Soon
& Yaskell 2003), the Sperer Minimum from 1420 -
1530, the Wolf Minimum from 1280 - 1340, and the
Oort Minimum from 1010 - 1050 (Eddy 1977; Stu-
iver & Quay 1980; Siscoe 1980). These minima

have been derived from historical sunspot records,
auroral histories (Eddy 1976), and physical mod-
els linking dendrochronologically dated radiocar-
bon concentrations to the solar cycle (Solanki et
al. 2004).

In this paper, we have applied classical one-
dimensional techniques to rederive the periodic-
ities of solar activity using sunspot number and
areadata. Theseresultswereused asabasisin the
examination of the secular behavior of the length
of the sunspot number cycle.

2. Data Collection

The sunspot data were collected from archival
sourcesthat catalog sunspot numbers, sunspot ar-
eas, as well as the measured length of the sunspot
cycle. The sunspot number data, ranging from
1700 - 2005, are archived by the National Geophys-
ical Data Center (NGDC). Thesedata arelisted in
individual sets of daily, monthly, and yearly num-
bers. The relative sunspot number, R, is de ned
as R = K (10g + s), where g is the number of
sunspot groups, s is the total number of distinct
spots, and the scale factor K (usually less than
unity) depends on the observer and is \intended
to e ect the conversion to the scale originated by
Wolf" (Co ey & Erwin 2004). The scale factor
was 1 for the original Wolf sunspot number calcu-
lation. The spot number data sets are tabulated
in Table 1 and plotted in Figure 1.

The sunspot area data, beginning in 1874 May
9, were compiled by the Royal Greenwich Observa-
tory from a small network of observatories (Hath-
away 2004). In 1976, the United States Air Force
began compiling its own database from its Solar
Optical Observing Network (SOON). The work
continued with the help of the National Oceanic
and Atmospheric Administration (NOAA) (Hath-
away 2004). The NASA compilation of these sep-
aratedata setslistssunspot areaasthetotal whole
spot area in millionths of solar hemispheres. We
have analyzed the compiled daily sunspot areas
as well as their monthly and yearly sums. The
sunspot area data sets are tabulated in Table 1
and plotted in Figure 2.

The sunspot number cycle data were tabulated
by the NGDC (Co ey & Erwin 2004) and are
discussed further in x4. These data span dates
from 1610 to 1990 (Table 2).



Table 1
Dur ation of the Data

Duration of Data

1818 Jan 8 - 2005 Jan 31
1749 Jan - 2005 Jan
1700 - 2004

Data Set
Spot Numbers Daily
Monthly
Yearly
Spot Areas Daily
Monthly
Yearly

1874 May 9 - 2005 Feb 28
1874 May - 2005 Feb
1874 - 2004

3. Sunspot Numbers and Areas

The sunspot number and sunspot area data
were analyzed with the same techniques that were
used by Richards, Waltman, Ghigo, & Richards
(2003) in their study of radio aring cycles of mag-
netically active close binary star systems.

3.1. Power Spectrum & PDM Analyses

Two independent methods were used to deter-
mine the solar activity cycles. Inthe rst method,
we analyzed the power spectrum obtained by cal-
culating the Fast Fourier transform (FFT) of the
data. The Fourier tragsform of a function h(t) is
described by H( ) = h(t) € ' tdt for frequency,

, and time, t. This transform becomesa func-
tion at frequencies that correspond to true peri-
odicities in the data, and subsequently the power
spectrum will have a sharp peak at those frequen-
cies. The Lomb-Scargle periodogram analysis for
unevenly spaced datawasused (Presset al. 1992).

In the second method, called the Phase Disper-
sion Minimization (PDM) technique (Stellingwerf
1978), a test period was chosen and checked to
determine if it corresponded to a true periodic-
ity in the data. The goodness of t parameter,

, approaches zero when the test period is close
to a true periodicity. PDM produces better re-
sults than the FFT in the case of non-sinusoidal
data. The goodness of t between atest period
and a true period, Pi;ye is given by the statistic,

= s?= 2 where, the data are divided into M
groups or samples,

P ) P 2
o_ (X x)% 2= (nj 1)sy.
t (N 1) 7 ¢ n M)’

s? is the variance of M samples within the data
set, X; is a data element (S ), x is the mean of
the data, N isthe number of total data points, n;
is number of data points contained in the sample
M, and s; is the variance of the sample M. If

6 Prue, then s> = 2 and = 1. However, if

= Pirye, then I 0 (or alocal minimum).

All solutions from the two techniques were
checked for numerical relationships with (i) the
highest frequency of the data (corresponding to
the data sampling interval), (ii) the lowest fre-
guency of the data, dt (corresponding to the du-
ration or time interval spanned by the data), (iii)
the Nyquist frequency, N=(2dt), and in the case of
PDM solutions (iv) the maximum test period as-
sumed. A maximum test period of 260 years was
chosen for all data sets, except in the case of the
more extensive yearly sunspot humber data when
a maximum of 350 years was assumed. We chose
the same maximum test period for the sunspot
area analysis for consistency with the sunspot
number analysis, even though these test periods
are longer than the duration of the area data.

3.2. Resultsof Power Spectrum and PDM
Analyses

The results from the FFT and PDM analyses
of sunspot number and sunspot area data are il-
lustrated in Figures 3 & 4, corresponding to the
daily, monthly, and yearly sunspot numbers and
the daily, monthly, and yearly sunspot areas, re-
spectively. In these gures, the top frame shows
the power spectrum derived from the FFT analy-
sis, while the bottom frame shows the -statistic
obtained from the PDM analysis.

The sunspot cycles derived from these results



Table 2
Lengt h of the Sunspot Cycle

Year of Year of  Cycle Length (yr) Cycle Length (yr)

Minimum Maximum (from minima) (from maxima)
1610.8 1615.5 8.2 10.5
1619.0 1626.0 15.0 135
1634.0 1639.5 11.0 9.5
1645.0 1649.0 10.0 11.0
1655.0 1660.0 11.0 15.0
1666.0 1675.0 135 10.0
1679.5 1685.0 9.5 8.0
1689.0 1693.0 9.0 12.5
1698.0 1705.5 14.0 12.7
1712.0 1718.2 115 9.3
1723.5 17275 105 11.2
1734.0 1738.7 11.0 11.6
1745.0 1750.3 10.2 11.2
1755.2 1761.5 11.3 8.2
1766.5 1769.7 9.0 8.7
1775.5 1778.4 9.2 9.7
1784.7 1788.1 13.6 171
1798.3 1805.2 12.3 11.2
1810.6 1816.4 12.7 135
1823.3 1829.9 10.6 7.3
1833.9 1837.2 9.6 10.9
1843.5 1848.1 125 12.0
1856.0 1860.1 11.2 10.5
1867.2 1870.6 11.7 13.3
1878.9 1883.9 10.7 10.2
1889.6 1894.1 121 12.9
1901.7 1907.0 11.9 10.6
1913.6 1917.6 10.0 10.8
1923.6 1928.4 10.2 9.0
1933.8 1937.4 104 10.1
1944.2 1947.5 10.1 10.4
1954.3 1957.9 10.6 11.0
1964.9 1968.9 11.6 11.0
1976.5 1979.9 10.3 9.7
1986.8 1989.6 111 11.0

Avg=111 15  Avg=110 2.0




are summarized in Table 3. The most signi cant
periodicities corresponding to the 50 highest pow-
ers and the 50 lowest values suggest that the
solar cycle derived from sunspot numbersis 10.95

0.60 years, whilethe value derived from sunspot
area is 10.65 0.40 years. The average sunspot
cycle from both the number and area data is 10.80

0.50 years. The strongest peaks in Figures 3 &
4 correspond to this dominant average periodicity
over a range from 8 years up to 12 years.
A weaker periodicity was also identi ed from the
PDM analysis with an average period of 21.90
0.66 years over a range from 20 - 24 years.

The errors for the FFT and PDM analyses
were derived by measuring the Full Width at Half
Maximum (FWHM) of each dominant peak for
each data set. The 1 error is then de ned by

= FWHM=2:35. The three averages given in
Table 3 were determined by averaging the domi-
nant solutions from the FFT and PDM analyses
for each data set. The errorsin the averages were
determined using standard techniques (Bevington
1969; Topping 1972). While the errors for the
sunspot area results are smaller than those for the
spot numbers, the area data are actually less ac-
curate than the sunspot number data because the
measurement error in the areas may be as high as
30% (Hathaway 2004). The higher errors for the
areadata arerelated tothedi culty in determin-
ing a precise spot boundary.

Longer periodicities that could not be eimi-
nated because of relationships with the duration
of the data set or other frequencies related to the
data (as described in x3.1), were also identi ed
with durationsranging from 90 - 260 years (Fig-
ures 3 & 4). Theselong-term periodicities are dis-
cussed further in the following section.

4. Sunspot Cycle Minima and M axima

The previous analysis of sunspot data provided
some evidence of long term cycles in the sunspot
data. Thissecular behavior was studied in greater
detail through an analysis of the dates of sunspot
minima and maxima from 1610 to 1990 tabulated
by the NGDC (Co ey & Erwin 2004). Sunspot
cycle lengths were derived by the NGDC from the
dates of successive cycle minima. In addition, we
have used their tabulated dates of cyclemaximato
calculate the corresponding cycle lengths. These

cycle lengths are tabulated in Table 2 and plotted
in Figure5. Thedata in Figure5 show substantial
variability over time.

The cycle lengths derived from the dates of
sunspot minima and maxima were analyzed to
search for periodicities in the cycle length using
two techniques: (i) a median trace analysis and
(ii) a power spectrum analysis of the "Observed
minus Calculated' or (O-C) residuals.

4.1. Median Trace Analysis

A median traceis a plot of the median value of
the data contained within a bin of a chosen width,
for all binsin thedata set. The median trace anal-
ysis depends on the choice of an optimal interval
width (OIW). These OIWSs, h,, were calculated
using three statistical methods based on theoreti-
cal arguments used routinely to estimate the sta-
tistical density function of the data (Hoaglin et al.
1983). The rst method de nesthe OIW as

3:49s
hn;1 = i (1)

where n is the number of data pointsand s, a sta-
tistically robust measure of the standard deviation
of the data, is de ned as

X1 . .
s= ixi Mj; (2
i=1

where M is the sample median. The second
method de nesthe OIW as

S|k

1=3
hno = 1:66S mgTe” : 3)
A third de nition of the OIW is given by
2 I0QR
hn:s = T:? ; (4)

where | QR is the interquartile range of the data
set. Optimal bin widths were determined for three
data sets corresponding to the cycle lengths de-
rived from the (i) cycleminima, (ii) cycle maxima,
and (iii) the combined minima and maxima data.
Table 4 lists the solutions for the optimal interval
widths (hn.1; hn-2; hn-3) for each data set.

Since the values of the optimal bin widths
ranged from 60 - 120 years, wetested theimpact



Table 3
Solar Activity Cycles Derived fromFFT & PDM Analyses

Data Set Schwabe Cycle (years) Hale Cycle (years)
FFT PDM PDM

Sunspot Numbers  daily 10.85 0.60 10.86 027  22.08 0.59
monthly 11.01 068 11.02 068  21.80 0.90
yearly 1095 072 11.01 064 2232 1.05

Average (Numbers) 10.95 0.60 22.07 0.85

Sunspot Areas daily 10.67 0.44 10.67 0.42 21.77 0.46
monthly 10.67 0.39 10.66 0.39 21.76  0.46
yearly 1062 0.39 10.62 0.36 21.68 0.47

Average (Areas) 10.65 0.40 21.74 0.46

Combined Average 10.80 0.50 21.90 0.66

Table 4
Optimum Int erval Widt hs

Data Set No. Data Standard Deviation Optimum Bin Widths (years)
n s (years) hni1 hn.2 hn:3
Cycle Minima 35 97.4 103.9 75.4 116.6
Cycle Maxima 35 97.0 103.4 75.1 115.4
Combined Data 70 97.3 82.4 63.5 91.8
Table 5

Predict ed Periodicities of Sunspot Number Cycle

Bin Width Predicted Periodicities (years)

(years) Minima Maxima Combined Average
40 157 165 146 156 10
50 185 182 182 183 2
60 243 243 243 243
70 222 273 304 266 41
80 393 349 419 387 35
90 299 299 209 269 52




of di erent bin widths on our results. This proce-
dure was limited by the fact that only 35 sunspot
number cycles have elapsed since 1610 (see Table
2). Thedataset can beincreased to 70 pointsif we
analyze the combined values of the length of the
solar cycle derived from both the sunspot minima
and the sunspot maxima. Using our derived OIW's
as a basis for our analysis, we calculated median
traces for bin widths of 40, 50, 60, 70, 80, and 90
years. Theseareillustrated in Figure 6. The lower
bin widths were included to make maximum use of
the limited number of data points, and the higher
bin widths were excluded because, once binned,
there would be too few data points to make those
analyses meaningful.

Figure 6 shows the original data, the binned
data (median values), and sinusoidal ts to the
binned data. The Least Absolute Error Method
(Bates & Watts 1988) was used to produce the
sinusoidal tstothe median tracein each frame of
the gure. Thesesinusoidal tsillustratethelong-
term cyclic behavior in the length of the sunspot
number cycle.

4.2. Results of Median Trace Analysis

The lengths of the sunspot number cycles tab-
ulated by the National Geophysical Data Center
(Table 2 & Figure 5) show that the basic sunspot
number cycle is an average of (11.1  1.5) years
based on the cycle minima and (11.0 2.0) years
based on the cycle maxima. This Schwabe Cy-
cle varies over a range from 8 to 15 years if the
cycle lengths are derived from the time between
successive minima, while the range increases to 7
to 17 years if the cycle lengths are derived from
successive maxima. These variations may be sig-
ni cant even though thedatain Figure5 show het-
eroskedasticity, i.e., variability in the standard de-
viation of the data over time. Although the range
in sunspot cycledurationsislarge, thecyclelength
converges to a mean of 11 years, especially after
1818 when the accuracy of the data became more
reliable. In particular, the sunspot number cy-
clelengths from 1610 - 1750 shows a wide range of
variance while the cycle durations since 1818 show
a much smaller variance (Figure 5). Thisvariance
may bein uenced by the di culty in identifying
the dates of cycle minima and maxima whenever
the sunspot activity is relatively low. Even af-
ter the data became more accurate there was still

a signi cant  1.5-year range about the 11-year
mean. The range in the length of this cycle sug-
geststhat there may be a hidden longer-term vari-
ability in the Schwabe cycle.

Our median trace analysis of the lengths of the
sunspot number cycle uncovered along-term cycle
with a duration between 146 and 419 years, if the
data are binned in groups of 40 to 90 years (see
x4.1). The predicted cycle periods are listed in
Table 5 for all three data sets. the (a) cycle min-
ima, (b) cycle maxima, and (c) combined minima
and maxima data. Since the median trace anal-
ysisis in uenced by the bin size of the data, we
determined the optimum bin width based on the
goodness of t between the median trace and the
corresponding sinusoidal t. Figure 6 shows the
median traces for the data and illustratesthat the
optimum bin width isin the range of 50 - 60 years
(Figure 8). Moreover, it isonly in these two cases
that the sinusoidal ts are in phase for all three
data sets. The 50-year median trace predicts a
183-year sunspot number cycle, while the 60-year
trace predicts a 243-year cycle. Similar long-term
cycles ranging from 169 to 189 years have been
proposed for several decades (Kuklin 1976).

4.3. Analysis of the (O-C) Data

The median trace analysis gives us a rough esti-
mate of the long-term sunspot cycle. However, an
alternative method to derive this secular period is
to calculate the power spectrum of the (O-C) vari-
ation of the dates corresponding to the (i) cycle
minima, (ii) cycle maxima, and (iii) the combined
minima and maxima.

The following procedure was used to calculate
the (O-C) residuals for each of the data sets given
above, based only on the dates of minima and
maxima listed in Table 2. First, we de ned the
cycle number, , tobe = (ti to)=L, wheret;
are the individual dates of the extrema, and tg is
the start date for each data set. Here, L isthe av-
erage cycle length (10.95 years) derived indepen-
dently by the FFT and PDM analyses from the
sunspot humber data (x3.2). The (O-C) residuals
were de ned to be

(O C)=(ti to) (Nc L)

where, N¢ is the integer part of and represents
the whole number of cyclesthat have elapsed since



the start date. The resulting (O-C) pattern was
normalized by subtracting the linear trend in the
data. This trend was found by tting a least
squares line to the (O-C) data. The normalized
(O-C) data are shown in Figure 7 along with the
corresponding power spectra.

4.4. Results of (O-C) Data Analysis

The power spectra of the (O-C) data in Figure
7 show that thelong term variation in the sunspot
number cycle has a dominant period of 188 38
years. The Gleissberg cycle was also identi ed in
this analysis, with a period of 87 13 years. The
solutions for these analyses are illustrated in Fig-
ure7 and tabulated in Table6. Thel errorswere
calculated from the FWHM of the power spectrum
peaks, as described in Section 3.2. The sinusoidal
t to the (O-C) data in Figure 7 corresponds to
the dominant periodicity of 188 yearsidenti ed in
the power spectra. Another cycle with a period of
40 years was also found.

5. Discussion and Conclusions

The results of the FFT and PDM analyses of
sunspot number and area data have shown that
the Schwabe Cyclehasaduration of (10.80 0.50)
years, and the Hale Cycle has a duration of (21.90

0.66) years (Table 3). Since these solar cycles
are well-known (Kuklin 1976), the heightened so-
lar are activity of 2003 October should not have
been surprising. Joselyn et al. (1996) predicted
that the maximum of Solar Cycle 23 should occur
in early 2000, but with severe geomagnetic storms
expected between 1999 and 2005. T he unexpected
activity detected in 2003 October isin the middle
of this latter range, but three years after the ex-
pected cycle maximum. This may have happened
because the methods currently used to model solar
activity typically match amplitudes of successive
solar cycles, and do not inherently include models
of variability in the length of the cycle.

The analyses of the duration of the sunspot
number cycle and the dates of sunspot minima
and maxima provided us with independent ways
to determine long-term periodicities. Our median
trace analysis of the length of the sunspot num-
ber cycle provided secular periodicities of 183 -
243 years. This range overlapswith the long-term
cycles of 90 - 260 years which were identi ed

directly from the FFT and PDM analyses of the
sunspot number and area data (Figures 3 & 4).
The power spectrum analysis of the (O-C) resid-
uals of the dates of minima and maxima provided
much clearer evidence of dominant cycles with pe-
riods of 188 38 years, 87 13 years, and 40
years.

The derived long-term cycles can be compared
with documented epochs of signi cant declines
in sunspot activity, like the Dalton, Maunder,
Sperer, Wolf, and Oort Minima (Eddy 1977; Stu-
iver & Quay 1980; Siscoe 1980). These historic
minima correspond to noticeable declines in the
average temperatures on Earth. Figure 8 com-
pares the historical sunspot numbers with the de-
rived secular cycles of length (a) 183 years (x4.2),
(b) 243-years (x4.2), and (c) 188 years (x4.4). The

rst two periodicities were derived from the me-
dian traceanalysis, whilethethird onewasderived
from the power spectrum analysis of the sunspot
number cycle (O-C) residuals. The ts for the
183-year periodicity all have the same amplitude,
but are moderately out of phase with each other,
while the tsfor the 243-year periodicity are per-
fectly in phase for all data sets, but with di erent
amplitudes. This gure shows that the 183- and
188-year cyclesprovideamoreconsistent match to
the sunspot number data than the 243-year cycle,
especially during the Wolf, Sperer, Dalton, and
Maunder Minima. The modern sunspot number
data were combined with early sunspot number
dataranging from 1610-1715 (Eddy 1976) and re-
constructed (ancient) sunspot number data span-
ning the past 11,000 years. These reconstructed
sunspot numbers are based on dendrochronolog-
ically dated radiocarbon concentrations (Solanki
et al. 2004). Figure 8 demonstrates that there
is a secular periodicity of 188 years in the du-
ration of the sunspot number cycle and that this
periodicity is consistent with the geophysical data.

The four historic minima since 1200, all oc-
curred during the rising phase of our derived 188-
year sunspot cycle when the length of the sunspot
cycle was increasing. Figure 8 shows that, on av-
erage, the length of the sunspot cycle was highest
when the actual number of sunspots was lowest.
According to our model, the length of the sunspot
cycle was growing during the Maunder Minimum
when there were lower than average reduced tem-
peratures on Earth.



Table 6
Derived Long Term Sol ar Cycles

Data Set Gleissberg  Secular
(years) (years)

Cycle Minima 868 88 188 40
Cycle Maxima 86.3 18.1 187 37
Combined 86.8 10.7 188 38

Average 86.6 125 188 38

The existence of long-term solar cycles with pe-
riods of 200 years is not new to the literature.
However, the nature of this cycle is still not un-
derstood. Our studies of the length of the sunspot
cycle is new and demonstrates that the 188-year
cycle is a modulation of the Schwabe Cycle. Jose
(1965) noted the coincidence between this long-
term sunspot cycle and the 179-year period of
the barycentric motion of the Sun about the cen-
ter of mass of the solar system. Soon & Yaskell
(2003) suggested that important barycentric shifts
occurred in 1632 (just prior to the Maunder Min-
imum), 1811 (in the middle of the Dalton Mini-
mum), and 1990. T hese occurrencesseem to be as-
sociated with important epochsin the sunspot cy-
cle, however, no physical mechanism has yet been
found to link gravitational interactions within the
solar system with magnetic activity on the Sun
(Soon & Yaskell 2003).
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C) analysis, and David Heckman for advice on
the data analysis. The SuperMongo plotting pro-
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by Penn State University and NSF grants AST -
0074586 and A ST -0434234.
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Sunspot Numbers
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Archival data for (a) daily, (b) monthly, and (c) yearly sunspot numbers from 1700 to 2005.
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Fig. 2.| Archival data for (a) daily, (b) monthly, and (c) yearly sums of whole sunspot areas (0.001 x Solar
Hemispheres) from 1874 May to 2005 February.

12



10.9v Sunspot Number
1818 Jan — 2005 Jan

1

I ] I j 1 1 1 1

(c) yearly

I I

0 0.05 0.1 0.15 0.2 0.25 0.3
Solar Activity Frequency (year-?)

Fig. 3. Frequencies of solar activity derived from power spectrum (upper frame) and PDM (lower frame)
analyses calculated from (a) daily, (b) monthly, and (c) yearly sunspot numbers. The labels within the plot
show the durations of the derived cyclesin units of years.

13



T T T T T | T T T T | T T T
Sunspot Area
1874 May — 2005 Feb

T
"
T

Power

1l
i

Power
= N W
O O O

o

10.6Y

0 0.05 0.1
Solar Activity

0.15 0.2 0.25
Frequency (year-!)

Fig. 4.| Frequencies of solar activity derived from power spectrum (upper frame) and PDM (lower frame)
analyses calculated from (@) daily, (b) monthly, and (c) yearly sums of sunspot areas from 1874 May to 2005
February. The labels within the plot show the durations of the derived cycles in units of years.
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(bottom frame). The dashed line through the data represents the long term cycle derived from the power
spectrum analysis.
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Fig. 8. Sinusoidal tsto the sunspot number cycle corresponding to the derived periods of (a) 183 years,
(b) 243 years, and (c) 188 years, compared with (d) the sunspot number data. The tsto (a) and (b)
were produced from binned cycle minima (dashed line), cycle maxima (dotted line), and a combination of
the two data sets (solid line). The bottom frame shows sunspot numbers from 1700-2004 (modern, solid
line), 1610-1715 (early, dotted line), and 950 - 1950 (ancient, dashed line) reconstructed from geophysical
data. The Dalton, Maunder, Sperer, Wolf, and Oort Minima are identi ed on the graph. The dates of these
historical minima correspond well with the derived periodicities of 183 and 188 years, except for the Oort
Minimum. The 243-year cycle does not match the historical minima as well as the other periodicities.
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