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Abstract. The records concerning the number, sizes, and positions of sunspots provide a direct means of 
characterizing solar activity over nearly 400 years. Sunspot numbers are strongly correlated with modern 
measures of solar activity including: 10.7-cm radio flux, total irradiance, x-ray flares, sunspot area, the 
baseline level of geomagnetic activity, and the flux of galactic cosmic rays. The Group Sunspot Number 
provides information on 27 sunspot cycles, far more than any of the modern measures of solar activity, and 
enough to provide important details about long-term variations in solar activity or “Space Climate.” The 
sunspot record shows: 1) sunspot cycles have periods of 131±14 months with a normal distribution; 2) 
sunspot cycles are asymmetric with a fast rise and slow decline; 3) the rise time from minimum to 
maximum decreases with cycle amplitude; 4) large amplitude cycles are preceded by short period cycles; 5) 
large amplitude cycles are preceded by high minima; 6) although the two hemispheres remain linked in 
phase, there are significant asymmetries in the activity in each hemisphere; 7) the rate at which the active 
latitudes drift toward the equator is anti-correlated with the cycle period; 8) the rate at which the active 
latitudes drift toward the equator is positively correlated with the amplitude of the cycle after the next; 9) 
there has been a significant secular increase in the amplitudes of the sunspot cycles since the end of the 
Maunder Minimum (1715); and 10) there is weak evidence for a quasi-periodic variation in the sunspot 
cycle amplitudes with a period of about 90 years. These characteristics indicate that the next solar cycle 
should have a maximum smoothed sunspot number of about 145±30 in 2010 while the following cycle 
should have a maximum of about 70±30 in 2023. 
 
 
 

1. Introduction 
 
Understanding the solar activity cycle remains as one of the key problems in solar 
physics. Solar activity impacts us in many ways. It poses hazards to our satellites in 
space, our technology on the ground, and even ourselves as we venture into space. Solar 
activity has well known impacts on Earth’s magnetosphere and ionosphere. There is also 
mounting evidence that solar activity has an influence on terrestrial climate (Eddy, 1976; 
Reid, 1987; Friis-Christensen and Lassen, 1991; Lean, Beer, and Bradley, 1995; Hoyt 
and Schatten, 1997). The significance of these societal and natural impacts makes it all 
the more important that we understand how and why solar activity occurs. Understanding 
why it occurs is the goal of solar dynamo theory. Understanding how it occurs is the goal 
of many of our solar observations, from visual observations of sunspots to helioseismic 
observations of fluid flows in the solar interior. Here we review the visual observations of 
sunspots to determine what these observations tell us about how the Sun varies on time 
scales from years to centuries. 
 

2. Sunspot Observations 
 
Sunspots are the most easily observed solar features that are related to solar activity. 
While occasional mention of naked-eye sunspots can be found in historical records prior 
to 1610, it was Galileo’s telescopic observations of sunspots in that year that started 
detailed and systematic observations of sunspots (Bray and Loughhead, 1964). The 11-
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year variation in the number of sunspots was first noted by Schwabe (1844). Shortly 
thereafter (1848) Rudolf Wolf at the Swiss Federal Observatory in Zürich, Switzerland 
devised his measure of sunspot numbers that continues to this day as the International 
Sunspot number (Kiepenheuer, 1953; Waldmeier, 1961; McKinnon, 1987). Wolf 
recognized that it is far easier to identify sunspot groups than it is to identify each 
individual sunspot. His “relative” sunspot number, RZ, thus emphasized sunspot groups 
with 
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where k is a correction factor for the observer, g is the number of identified sunspot 
groups, and n is the number of individual sunspots. These Zurich or International Sunspot 
Numbers have been obtained daily since 1848. Wolf extended the data back to 1749 
using older records but much of that earlier data is incomplete. 
 
Recently Hoyt and Schatten (1998a, 1998b) devised a sunspot number index based solely 
on the number of observed sunspot groups. This index, RG, is devised to give similar 
numbers to the International Sunspot Number by introducing a multiplier so that 
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where N is the number of observers, ki is the correction factor for observer i, and gi is the 
number of sunspot groups reported by observer i. Hoyt and Schatten have examined 
thousands of additional historical records to augment the data examined by Wolf and to 
extend the dataset back to Galileo’s observations in 1610. Although some gaps are still 
present, this Group Sunspot Number gives a more complete and longer dataset than the 
International sunspot number. 
 
Sunspot number indices are good indicators of solar activity but additional information 
about how the Sun varies is contained in data concerning the sizes and positions of the 
sunspots. The Royal Greenwich Observatory has recorded this information using 
observations from affiliated observatories starting in March of 1874 and ending in 1976. 
The photographic plates obtained at Mt. Wilson Observatory from 1917 to 1982 were 
measured by Howard, Gilman, and Gilman (1984) to give individual sunspot areas and 
positions. Areas and positions of sunspot groups have been reported by the US National 
Oceanic and Atmospheric Administration from 1976 to the present. Together these 
datasets (and similar datasets from other observatories) provide continuous daily 
observations from 1874 to the present. 
 

3. Sunspots and Solar Activity 
 
Modern observations of the Sun provide a vast array of measures of solar activity. These 
observations span the electro-magnetic spectrum from radio waves to gamma-rays and 
include particles and plasma waves from the Sun. In addition, we can measure magnetic 
fields on the surface of the Sun and flow fields on the surface and in the interior. Many of 
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these observations are more directly related to the sources of solar activity. Because of 
this, some researchers discredit sunspot numbers as archaic and of little value. However, 
the sunspot numbers track these modern measures of solar activity very well. More 
importantly, the sunspot numbers have the distinct advantage of covering more than 27 
sunspot cycles. 
 
Figure 1 shows several modern indices plotted as functions of smoothed Group Sunspot 
Number. This plot shows that RG is strongly correlated with the sunspot area (Figure 1a), 
the 10.7-cm radio flux (Figure 1b), the monthly number of GOES X-ray flares of classes 
M and X (Figure 1c), the total solar irradiance from the PMOD composite (Figure 1d), 
and the base level of geomagnetic activity as indicated by the aa index (Figure 1e). This 
figure also shows that RG is anti-correlated with the galactic cosmic-ray flux (Figure 1f). 
[Note that the smoothing employed here is the 24-month tapered Gaussian discussed in 
Hathaway, Wilson, and Reichmann (2002) and in the following section.] 
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Figure 1. Modern indices of solar activity as functions of smoothed Group Sunspot 
Number. The smoothed sunspot area plotted in 1a has a 99% correlation with RG. The 
smoothed 10.7-cm radio flux plotted in 1b also has a 99% correlation with RG. The 
smoothed monthly number of X- and M-class flares plotted in 1c has a 93% correlation 
with RG. The smoothed Total Solar Irradiance plotted in 1d has a 96% correlation with 
RG.  The smoothed geomagnetic aa-index plotted in 1e has a baseline (minimum) value 
that has a 91% correlation with RG. The smoothed cosmic ray flux from the Climax 
neutron monitor plotted in 1f has an 84% anti-correlation with RG. 
 

4. Individual Sunspot Cycle Characteristics 
 
Sunspot numbers, areas, and positions have all been used to characterize the sunspot 
cycle. Even fundamental characteristics such as period and amplitude are, however, 
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dependent upon how the data is filtered and sampled. Our single point-of-view from 
Earth allows us to observe only one hemisphere so all measures of solar activity are 
hemispheric and not global in nature. The rotation of the Sun allows us to see the entire 
surface but only after the passage of at least half of its 27-day rotation, during which solar 
activity can change significantly. The only solution is to average quantities such as 
sunspot number over at least a solar rotation. The standard solution is to use monthly 
averages and then average these over a 13-month interval centered on a given month. 
This 13-month running mean, even with its tapered ends, allows many high frequencies 
to pass. Hathaway, Wilson, and Reichmann (2002) have discussed this and show how a 
tapered Gaussian shaped average reduces this problem. The resulting smoothed signals 
do not have the many multiple maxima and minima that can give ambiguous values to 
both the size and timing of a cycle maximum or minimum. In this section we will use the 
24-month tapered Gaussian to smooth the data before we determine the value and epoch 
of the various maxima and minima. 
 
The 11-year period of the sunspot cycle was first noted by Schwabe (1844) from just 17 
years of sunspot data. Using the 27 cycles covered by the Group Sunspot number leaves 
this relatively unchanged. Hathaway, Wilson, and Reichmann (2002) found an average 
period of 131±14 months with a distribution that cannot be distinguished from a normal 
(Gaussian) distribution. This result is shown in Figure 2. This is in contrast to the bi-
modal distributions discussed by Wilson (1987) and by Rabin, Wilson, and Moore 
(1986). The difference can be attributed primarily to the different smoothing functions 
used and secondarily to the use of Group rather than the International Sunspot Number. 
Cycle length determinations using other indicators of solar activity and significantly 
different methods also give similar results (Fligge, Solanki, and Beer; 1999). 
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Figure 2. Cycle period distributions. The sunspot cycle period as a function of time 
(cycle number) is shown in panel a. A histogram of the cycle periods in 1-standard 
deviation (14-month) bins about the average (131.1 months) is shown by the solid line in 
panel b. The dotted line in panel b shows the normal distribution. 
 
The systematic asymmetry of the sunspot cycle was first noted by Waldmeier (1935, 
1939). The time from minimum to the following maximum is usually shorter (76%) than 
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the time from that maximum to the following minimum. The length of the rise time is 
inversely related to the amplitude of the cycle. This “Waldmeier Effect” is evident in the 
smoothed Group Sunspot Numbers as shown in Figure 3 using data from 1797 to the 
present (earlier data was less complete). The anti-correlation between the rise-times and 
amplitudes of the cycles is weak (-0.35) but significant. 
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Figure3. Cycle shape asymmetry. The ratio of the cycle rise time to the cycle fall time as 
a function of cycle number since 1797 is shown in panel a by the filled circles. Earlier 
data are shown with open circles. The decrease in rise time with cycle amplitude (the 
Waldmeier Effect) is shown in panel b. Large amplitude cycles take less time to rise to 
maximum. 
 
There is also a significant correlation (0.8) between the sunspot number at minimum and 
that at maximum as well as an anti-correlation (-0.6) between the amplitude of a cycle 
and the period of the previous cycle. These relations were noted by Hathaway, Wilson, 
and Reichmann (1999, 2002) and are shown in Figure 4. Solanki et al. (2002) found 
similar behavior in the sense that the anti-correlation between cycle amplitude and cycle 
length has a lag with large amplitudes coming after short cycles. 
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Figure 4. Correlation between cycle maximum and minimum (panel a) and between 
cycle maximum and the period of the previous cycle (panel b). Data from 1797 on are 
shown with filled circles. Earlier data are shown with open circles. Large amplitude 
cycles follow short cycles and high minima. 
 
The equatorward drift of the sunspot zones was first noted by Carrington (1858) but has 
been attributed to Spörer by Maunder (1890) and others. The effect is shown graphically 
in the famous “Butterfly Diagram” of Maunder (1904). Recently Hathaway et al. (2003, 
2004) examined this equatorward drift by separating the cycles and finding the centroid 
position of the sunspot area in each hemisphere. The centroid of the sunspot area starts 
each cycle at mid-latitudes and drifts rapidly toward the equator. The drift rate slows and 
comes to a halt as the centroid approaches a latitude of about 8°. They find that the drift 
rate at the time of cycle maximum is anti-correlated with the period of the cycle and 
positively correlated with the amplitude of the second following (N+2) cycle. These 
relations are shown in Figure 5. 
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Figure 5. Cycle period and N+2 cycle amplitude as functions of the drift rate of the 
sunspot area centroid at cycle maximum. The cycle period (panel a) has a significant anti-
correlation (-0.5) with the drift velocity at maximum. The amplitude (in sunspot area) of 
the N+2 (second following) cycle (panel b) has a significant positive correlation (0.7) 
with the drift velocity at maximum. 
 
These relationships accord well with dynamo models that include the effects of a deep 
meridional flow (Dikpati and Charbonneau, 1999; Nandy and Choudhuri, 2002). They 
also provide early estimates for the period of the current cycle and the amplitudes of the 
next two cycles. The drift velocities during the previous cycle (Cycle 22) were 2.4 
degrees/yr in both the north and south. This indicates an amplitude of 1200 µHem in each 
hemisphere or a total sunspot number (from Figure 1a) of about 145±30 for Cycle 24. 
The drift velocities for the current cycle (Cycle 23) are 1.4 degrees/yr in the north and 0.9 
degrees/yr in the south. These values are both the lowest on record. Using the relationship 
from the previous cycles give an amplitude of 600 µHem in the north and 300 µHem in 
the south or a total sunspot number of about 70±30 for cycle 25. These slow drift 
velocities should also give a long period of about 138 months for the current cycle. 
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5. North-South Asymmetry 
 
Solar activity shows variations between northern and southern hemispheres. In Figure 6a 
the monthly average sunspot areas in the northern hemisphere are plotted as positive 
values while the sunspot areas in the southern hemisphere are plotted as negative values. 
The hemispheres remain largely in phase but show asymmetries. Carbonell, Oliver, and 
Ballester (1993) have shown that these asymmetry variations are both real and significant 
in that they are not the result of random fluctuations. Figure 6b shows the asymmetry 
(north – south) in sunspot area. There are significant swings from one hemisphere to the 
other with long intervals during which one hemisphere dominates. Figure 6c shows more 
recent data compared with data for flares, sunspot group numbers, and magnetic flux. All 
four indices show well-correlated north-south asymmetries. There are some indications of 
periodicities in the asymmetry (Ataç and Özgüç, 1996; Javaraiah and Gokhale, 1997) but 
their significance and connections to processes that drive solar activity remain uncertain.  
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Figure 6. North-South asymmetry in solar activity. Panel a shows sunspot area in the 
north as positive values and sunspot area in the south as negative values. Panel b shows 
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the asymmetry in sunspot area in millionths of a hemisphere since 1875. Panel c shows 
more recent data compared with a flare index, the number of sunspot groups, and a 
magnetic index. The north-south asymmetries are well correlated with different indices 
and persist for significant periods of time but the hemispheres remain largely in phase. 
 
 

6. Active Longitudes 
 
Sunspots and solar activity also appear to cluster in “active longitudes.” Bumba and 
Howard (1965) and Sawyer (1968) noted that new active regions grow in areas 
previously occupied by old active regions. Bogart (1982) found that this results in a 
periodic signal that is evident in the sunspot number record. 
 

0 30 60 90 120 150 180 210 240 270 300 330 360
Longitude

0.6

0.8

1.0

1.2

1.4

R
el

at
iv

e 
S

un
sp

ot
 A

re
a

a

0 30 60 90 120 150 180 210 240 270 300 330 360
Longitude

10
12

14

16

18

20

22

24

R
el

at
iv

e 
S

un
sp

ot
 A

re
a

b

 
 
Figure 7. Active longitudes in sunspot area. The normalized sunspot area in 5° longitude 
bins is plotted in panel a for the years 1878-2004. The dotted lines represent two standard 
errors in the normalized values. The sunspot area in several longitude bins meets or 
exceeds these limits. The individual cycles (12 through 23) are shown in panel b with the 
normalized values offset in the vertical by the cycle number. Some active longitudes 
appear to persist from cycle to cycle. 
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Figure 7 illustrates the active longitude phenomena. In Figure 7a the sunspot area in 5° 
longitude bins averaged over 1682 solar rotations since 1878 and normalized to the 
average value per bin is plotted as a function of Carrington longitude. The 2σ uncertainty 
in these values is represented by the dotted lines. This 2σ limit is reached at several 
longitudes and significantly exceeded at two (85°-90° and 90°-95°). Figure 7b shows 
similar data for each individual cycle with the normalized value offset in the vertical by 
the sunspot cycle number. There are many peaks at twice the normal value and one, in 
cycle 18 at 85°-90°, at three times the normal value. Some of these peaks even appear to 
persist from one cycle to the next, a result that has been noted by many authors including 
Bumba and Hejna (1991), Mikhailutsa and Makarova (1994), and Bai (2003). The 
relationships these structures and their magnetic counterparts have with solar dynamo 
processes is yet to be determined. 
 
 

7. Short-Term Variability 
 
There are significant variations in solar activity on time scales shorter than the sunspot 
cycle. This is evident when the sunspot number record is filtered to remove both solar 
rotation effects (periods of about 27-days and less) and solar cycle effects. This signal is 
shown in Figure 8 for the last 50-years. In this figure the daily sunspot numbers are 
filtered with a tapered Gaussian shaped filter with a FWHM of 54 days. This reduces all 
signals with periods shorter than 54-days to less than 2% of their original amplitude. The 
resulting signal is sampled at 27-day intervals and then filtered again with a similar 
Gaussian with a FWHM of 24 rotations. Figure 8b shows this final signal for the last 50 
years while Figure 8a shows the residual obtained when this smoothed sunspot number 
signal is subtracted from 54-day filtered data. This residual signal is quite chaotic but 
shows some interesting behavior. 
 
A number of periodicities have been identified in various solar activity indices. In 
particular a 155 day periodic signal was noted in solar flare activity seen from SMM by 
Rieger et al. (1984). This signal was found in flares during other cycles by Bai and Cliver 
(1990) as well as in photospheric magnetic flux (Ballester, Oliver, and Carbonell, 2002). 
Lean (1990) analyzed the signal in the sunspot area data and found that it occurs in 
episodes and that its frequency drifts as well. 
 
Another interesting periodicity is one found with a period of about two years (Waldmeier, 
1973; Benevolenskaya, 1996; Mursula, Zieger, and Vilppola, 2003). This signal is 
particularly interesting because it helps to explain why some sunspot cycles exhibit 
double peaks and it may have its source in the oscillations seen at the base of the 
convection zone (Howe et al., 2000). 
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Figure 8. Residual sunspot numbers showing short-term variations. Panel b shows the 
smoothed sunspot number with its solar cycle behavior. Panel a shows the residual signal 
obtained when the smoothed behavior is subtracted from the monthly (27-day) data. The 
residual sunspot numbers appears rather chaotic but with episodes of periodic variations. 
 

8. Long-Term Variability 
 
Since the Maunder Minimum there has been a steady increase in sunspot cycle 
amplitudes (Wilson, 1988). This is readily seen in the smoothed Group Sunspot Numbers 
plotted in Figure 8. The thick lines in Figure 8 show the linear trend and the 1-sigma 
limits. Hathaway, Wilson and Reichmann (2002) find a correlation coefficient of 0.7 
between cycle amplitude and cycle number. The linear trend with time shown in Figure 9 
reduces the variance in the cycle amplitudes from 36.5 to 24.1. 
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Figure 9. Linear increase in cycle amplitudes since the Maunder Minimum. The 
smoothed Group Sunspot Numbers are shown with the thin line. The linear trend since 
the Maunder Minimum is shown with the thick line while the 1-sigma limits are shown 
with the dashed lines. This linear trend is the most significant long-term variation in the 
sunspot cycle amplitudes. 
 
Numerous authors have noted multi-cycle periodicities in the sunspot cycle amplitudes. 
Gleissberg (1939) noted a periodicity of seven or eight cycles in cycle amplitudes from 
1750 to 1928. While Garcia and Moudradian (1998) suggest that a third period of this 
cycle can be found in the sunspot data, others (Hathaway, Wilson, and Reichmann, 1999) 
suggest that the period is changing or (Rozelot, 1994; Ogurtsov et al., 2002) that it 
consists of two different components (one with a 90-100 year period and a second with a 
50-60 year period). A simple sinusoid fit to the residual cycle amplitudes when the 
secular trend is removed gives a 9.1 cycle periodicity that reduces the variance from 24.1 
to 20.8. 
 
Periodicities of two cycles (Gnevyshev and Ohl, 1948; Wilson, 1986) and three cycles 
(Ahluwalia, 1998) have also been suggested. The best fit to a 3-cycle periodicity gives an 
insignificant reduction in the standard deviation (from 24.1 to 23.6) and an insignificant 
correlation coefficient (0.19). Similarly, the best fit to a 2-cycle periodicity reduces the 
standard deviation from 24.1 to 23.7 and has a correlation coefficient of only 0.18. 
 

 
 

9. Conclusions 
 
The record of sunspot numbers, positions and areas provide significant information for 
characterizing the sunspot cycle and its long-term variability. The sunspot cycles have 
periods of about 131±14 months with rise times that are inversely proportional to their 
amplitudes. High maxima follow short cycles and high minima. There are significant 
asymmetries between the northern and southern hemispheres that often persist for years. 
We have seen a steady increase in the amplitudes of the cycles since the Maunder 
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Minimum and find some evidence for long term periodicity on a time-scale of about 90 
years. 
 
Some of these characteristics can be combined with parametric curves to provide 
predictions of the level of activity throughout a solar cycle from a time well before 
maximum (Hathaway, Wilson, and Reichmann, 1994). The drift rates of the centroid of 
sunspot area in each hemisphere (Hathaway et al., 2003, 2004) provide early estimates 
for both the timing and amplitude of future cycles (Section 4 and Figure 5). These 
characteristics can be combined to give an estimate of solar activity more than 20-years 
into the future. One problem that arises is a conflict concerning the estimate for the length 
of the current cycle. The anti-correlation between drift rate and cycle period (Figure 6a) 
indicates a long period (138 months) for cycle 23 based on the slow drift rates. However, 
the high drift rates during cycle 22 indicate (Figure 5b) that the next cycle will be large 
(RG ~ 145±30) so, according to the results shown in Figure 4b, the period of cycle 23 
should be short, about 110 months. Since the anti-correlation between period and 
amplitude of the following cycle is slightly stronger (-0.6) than the anti-correlation 
between period and drift rate (-0.5) a period of about 120 months is more appropriate. 
This gives the next minimum in 2006. The small amplitude (RG ~ 70±30) expected for 
cycle 25 indicates (Figure 4b) that cycle 24 should have a long period of about 155 
months. This gives a minimum for cycle 25 in 2019. These amplitudes and times of 
minima give predicted activity levels shown in Figure 10. 
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Figure 10. Predicted sunspot numbers using sunspot cycle characteristics. Predicted 
values are shown by the thick smooth curve. The dotted curves indicate the expected 
range of variation. The jagged line shows the monthly averaged International Sunspot 
Numbers. The drift rate of the sunspot area centroids indicate a large cycle for cycle 24 
and a small cycle for cycle 25. These amplitudes in turn indicate a short cycle for cycle 
23 and a long cycle for cycle 24. 
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