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Abstract We used two methods to investigate the periodic behavior of sunspot counts in
four categories for the time period January 1986 —October 2013. These categories include
the counts from simple (A and B), medium (C), large (D, E, and F), and final (final-stage; H)
sunspot groups. We used i) the multitaper method with red noise approximation, and ii) the
Morlet wavelet transform for periodicity analysis. Our main findings are that 1) the solar
rotation periodicity of about 25 to 37 days, which is of obvious significance, is found in all
groups with at least a 95 % significance level; 2) the periodic behavior of a cycle is strongly
related to its amplitude and group distribution during the cycle; 3) the appearance of periods
follows the amplitude of the investigated solar cycles; and that 4) meaningful periods do not
appear during the minimum phases of the investigated cycles.

We would like to underline that the cyclic behavior of all categories is not exactly the
same; there are some differences between these groups. This result can provide a clue for
the better understanding of solar cycles.
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1. Introduction

Sunspots are dark magnetic structures that have been continuously observed on the solar
surface since 1600s. Thus, they are the oldest and the most commonly used indicator of
solar activity. Analysis of the observed sunspot numbers (SSNs) and other solar activity
indicators such as sunspot area (SSA), solar flare index (FI), total solar irradiance (TSI), and
the 10.7 cm solar radio flux (F10.7) indicate that the solar activity displays multi-frequency
periodic variations.

The existence of the 11-year solar cycle and the 27-day solar rotation periodicities are
well known. The interval between 27 days and 11 years is called the ‘mid-range’ peri-
odicities (Bai, 2003). Searches for additional possible periodicities, other than 27 days
and 11 years in solar activity indicators, have been of interest for a long time. Many re-
searchers have investigated these periodicities using various solar activity parameters and
found periods such as 450 —512 days (1.2 — 1.4 years), 280 — 364 days (0.8 — 1.0 years), 210 —
240 days (0.6 —0.7 years), 150—170 days (0.4 —-0.5 years), 120130 days, 110- 115 days,
73 -78 days, 62—68 days, 51 —58 days, 41 —47 days, and 2537 days (Rieger et al., 1984;
Lean and Brueckner, 1989; Pap, Bouwer, and Tobiska, 1990; Bai and Sturrock, 1991;
Bouwer, 1992; Prabhakaran Nayar et al., 2002; Krivova and Solanki, 2002; Ozguc, Atac,
and Rybak, 2003, 2004; Kane, 2003, 2005; Bai, 2003; Obridko and Shelting, 2007; Choud-
hary, Khan, and Ray, 2009; Kilcik et al., 2010; Choudhary and Dwivedi, 2011; Scafetta and
Willson, 2013 and references therein).

Nevertheless, the periods determined by different studies still disagree, probably because
of problems in the analyzed data, the methods used, investigated time intervals, efc. These
differences are possibly related to the different origin of various solar activity indicators
(Bouwer, 1992). Detecting a periodicity and its source may provide a clue for a better un-
derstanding of solar activity.

It is well known that the modified Zurich classification is based on three components
(MclIntosh, 1990). The first component is the sunspot group class (A, B, C, D, E, F, and H),
which describes the size of a sunspot group and the distribution of the penumbrae. The
second component describes the largest spot in a group, and the third one is the compactness
of sunspots in the intermediate part of a group (for more detail see McIntosh, 1990). Active
regions were divided into two groups, small and large groups for the first time by Kilcik
et al. (2011b). These authors found that these groups behave differently during a solar cycle.
Here we focus on the first component of modified Zurich classification (similar to their
approximation) and separate sunspot groups in four categories, which are simple (A and B),
medium (C), large (D, E, and F), and final (final-stage; H) groups. The separation is based on
the size and time evolution of the groups. We investigated the periodic behavior of sunspot
counts in these groups and found that they exhibit differences during the investigated time
interval.

In Section 2, we describe the methodology and the data analysis. In Section 3, we present
the results. In Section 4, we draw conclusions and briefly discuss their implications.

2. Data and Methods

The data used in this study were downloaded from the National Geophysical Data Center
(NGDC: ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA); they include the group classification,
sunspot count, group extension, SSA, name of observatory, observation quality, magnetic
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classification, NOAA identification number, and time information for each recorded group
during the observed day. The data were collected by the United States Air Force/Mount
Wilson Observatory (USAF/MWL). This database also includes measurements from the
Learmonth Solar Observatory, the Holloman Solar Observatory, and the San Vito Solar Ob-
servatory. We used the Holloman station data as the principal data source, and gaps were
filled with records from one of the other stations listed above, so that a nearly continuous
time series was produced.

As mentioned in the Introduction, sunspot groups have been divided into four categories
depending on their size and time evolution: The first category is formed by simple groups,
which include A and B classes. They do not have penumbrae, and are in the early stage
of their evolution. The second category is formed by medium groups that include only the
C class. They have penumbrae at one end of the group, and are in the middle of their group
evolution. The third category is formed by large groups that include D, E, and F groups.
They have penumbrae at both sides of the group, and are much more developed than the
previous ones. The fourth category is formed by the final (final-stage) groups, which include
only the H class, and they are at the end of the sunspot time-evolution. To investigate the
periodic behavior of these categories, sunspot count data were used for the time period
January 1986 — October 2013, which covers Cycles 22 (1986 —1996), 23 (1996 —2008) and
almost half of Cycle 24. This time interval contains a total of 10288 days.

To analyze the periodic behavior of each category we used the Multi-taper Method
(MTM) and Morlet wavelet analysis with a red noise approximation. The MTM was ap-
plied to obtain the exact values of the periods, but it does not give any information about
the operation time (temporal variations of the periods) of a periodic behavior. To remove
this uncertainty and check the existence of such periods, Morlet wavelet analysis was also
applied.

2.1. Multitaper Method

The MTM was first developed by Thomson (1982) as a method for reducing the variance
of spectral estimates by using a set of tapers and to recover lost/hidden information while
still maintaining an acceptable bias. The method uses orthogonal windows (or tapers) to
obtain approximately independent estimates of the power spectrum and then combines them
to yield an estimate. This estimate exhibits more degrees of freedom and allows an easier
quantification of the bias and variance trade—offs than the conventional Fourier analysis. It
has been previously used successfully for the analysis of different time series with different
time scales and resolutions such as climatic data (Ghil et al., 2002; Wilson et al., 2007,
Kilcik, Ozguc, and Rozelot, 2010; Marullo, Artale, and Santoleri, 2011; Fang et al., 2012;
Escudier, Mignot, and Swingedouw, 2013) and solar data (Prestes et al., 2006; Kilcik et al.,
2010; Mufti and Shah, 2011). The MTM used as a harmonic analysis permits us to detect
low-amplitude harmonic oscillations in relatively short time-series with a high degree of
statistical significance. It also allows us to reject larger amplitude harmonics if the F-test
(variance test) fails. This feature is an important advantage of the MTM over other classical
methods for which the error bars scale with the peak amplitudes (Jenkins and Watts, 1969;
Ghil et al., 2002).

In this study we used three sinusoidal tapers, and the frequency range was taken from
0.0014 to 0.04 (i.e. 25712 days). The selection of this time interval is based on two main
criteria: i) the shortest detectable period must include at least the length of a solar rotation,
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and ii) the selection of 712 days as an upper limit will allow us to resolve the solar rotation
period inside the longest period. The significance test was carried out assuming that the
noise has a red spectrum, since the data have a higher power density at lower frequencies
and a lower power density at higher frequencies (thus longer periods have more noise than
shorter periods). The method was thus applied in the selected interval of frequencies with
a half band-width resolution of two and a tapering of three. The detected signals were kept
when a 95 % confidence level was reached.

2.2. Morlet Wavelet Analysis

The Morlet wavelet method is a powerful tool for analyzing localized power varia-
tions within a time series. This method has been extensively applied in solar physics
(e.g. Torrence and Compo, 1998; Krivova and Solanki, 2002; Lundstedt et al., 2006;
Li et al., 2011; Deng et al., 2013; Choudhary et al., 2014 and references therein). In con-
trast to the classical Fourier analysis that decomposes a signal into different sine and cosine
functions that are not bounded in time, the wavelet transform uses wavelets characterized by
scale (frequency) and time localization. It can be employed to analyze time series that con-
tain nonstationary powers at many different frequencies. According to Templeton (2004),
“this analysis method has great utility in several areas of astronomy and astrophysics, since
many objects have varying periods, or have no fixed period at all and instead show tran-
sient periodicities or quasi-periodicities.” We used the Morlet wavelet analysis to determine
possible temporal variations in the periodicities that were found in the sunspot counts from
the MTM analysis. The Morlet wavelet is a complex sine wave, localized within a Gaussian
window (Morlet et al., 1982). Its frequency-domain representation is a single symmetric
Gaussian peak, and its localization is very accurate. The use of such a wavelet has the ad-
vantage of incorporating a wave with a clear period that is finite in extent. The sunspot count
data were analyzed using the standard Interactive Data Language (IDL) package for Morlet
wavelet analysis, and the scalograms were obtained to study both the presence and evolution
of the periodicities. This analysis was carried out using the full daily data. The smallest scale
selected was 16 days.

3. Results

We here focus on the temporal variations of the sunspot counts in groups over a time interval
that includes three solar cycles. This time period begins on January 1, 1986 and ends on
October 31, 2013 (a total of 10288 days). The MTM spectral analysis and Morlet wavelet
analysis methods were used to find the periodicities and their operation time for each group
daily data during the studied time interval. The MTM analysis was performed using a red-
noise approximation and with 95 % confidence level. To study the temporal evolution of
the entire range of obtained periods in sunspot counts, the Morlet wavelet transform was
also applied using the red-noise approximation with 90 % confidence since the wavelet
transform method gives detailed information on the time localization of each periodicity.
Figures 1, 2, 3, and 4 show the results of the MTM analysis and the wavelet scalograms of
all the sunspot counts of the investigated groups during the entire time interval.

After a close inspection of these figures, there are several interesting points to emphasize:
1) The solar rotation periodicity appears in all groups and cycles (Cycle 22 and 23 and the
ascending branch of Cycle 24) for the investigated time period. It is interesting to note that
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Figure 1 (a) and (b) analysis of cycle periods using the MTM and the Morlet wavelet method, respectively,
for the daily sunspot counts in small groups. The data extend from January 1986 to October 2013. The black
contours in the wavelet scalogram (b) indicate a 90 % confidence level and the hatched area below the thin
black line is the cone of influence (COI). Numbers close to the peaks in (a) show the value of periods in days.
The horizontal dashed lines indicate 95 % and 99 % confidence levels of the MTM power spectrum.

the shortest solar rotation period obtained for the medium groups was 29 days, while this
periodicity appears as 25— 26 days in all other groups. 2) The appearance of periods follows
the solar cyclic behavior. No meaningful period appears during the minimum phases (around
1986, 1996 and 2008 in the wavelet scalogram) of the investigated cycles. In contrast, all
periods appear dominant during the cycle maxima. 3) The appearance of the periods fol-
lows the amplitude of the investigated solar cycles; more periods appear in the cycle with
the largest maximum (Cycle 22), there are fewer in the cycle with the lower maximum (Cy-
cle 23), and fewer still in the lowest maximum (the ascending branch of Cycle 24). 4) The
number of periods present shows a remarkable difference depending on the type of sunspot
group and the amplitude of the solar cycle. 5) Similar to the solar-rotation periodicity, pe-
riodicities of about 55 days exist in all groups, while all other periodicities have a group
preference (see Table 1).
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Figure 2 (a) and (b) analysis of cycle periods using the MTM and the Morlet wavelet method, respectively,
for the daily sunspot counts in medium groups. The data extend from January 1986 to October 2013. The
black contours in the wavelet scalogram (b) indicate a 90 % confidence level and the hatched area below the
thin black line is the cone of influence (COI). Numbers close to the peaks in (a) show the value of periods in
days. The horizontal dashed lines indicate 95 % and 99 % confidence levels of the MTM power spectrum.

Figure 1 shows the MTM and wavelet analysis results for simple sunspot groups. All the
periodicities that appear in MTM power spectrum (Figure 1a) exist in the wavelet scalogram
(Figure 1b) of Cycles 22 and 23 as well, while no periodicity longer than 76 days appears
during the ascending branch of Cycle 24.

Figure 2 shows the same results for the sunspot counts in medium groups. In contrast to
Figure 1, a relatively long periodicity (about 250 days) appears during the ascending branch
of Solar Cycle 24, while the short periods almost disappear. In addition, relatively many
periodicities exist (compared to small groups) during Cycle 23. In contrast to other groups,
medium sunspot groups show the longest significant periodicity of 348 days.

Figure 3 shows the results for large sunspot groups. The interesting point in this fig-
ure is that the appearances of the periods in Cycles 22 and 23 are similar, while only one
periodicity (about 26 days) appears during the ascending phase of Cycle 24.
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Figure 3 (a) and (b) analysis of cycle periods using the MTM and the Morlet wavelet method, respectively,
for the daily sunspot counts in large groups. The data extend from January 1986 to October 2013. The black
contours in the wavelet scalogram (b) indicate a 90 % confidence level and the hatched area below the thin
black line is the cone of influence (COI). Numbers close to the peaks in (a) show the value of periods in days.
The horizontal dashed lines indicate 95 % and 99 % confidence levels of the MTM power spectrum.

Finally, in Figure 4 we present the results for the final sunspot groups. Here, all three
cycles are similar regarding the appearance of the periods. There are narrow gaps during the
minima, and all periods appear in all cycles.

In Table 1, we present a list of significant periods and their appearance in different groups.
The table shows three significant points: first, some periods (about 51 —59, 25—37 days)
exist in all groups; second, 129 —168 days (the Rieger periods) only appear in small and
final sunspot groups; third, a 41-day period appears only in the final sunspot groups.

4. Discussion and Conclusions

The existence of different periods in selected sunspot groups may be indicative of the true
solar cyclicity. Understanding this may contribute to predicting the solar activity more ac-
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Figure 4 (a) and (b) analysis of cycle periods using the MTM and the Morlet wavelet method, respectively,
for the daily sunspot counts in end groups. The data extend from January 1986 to October 2013. The black
contours in the wavelet scalogram (b) indicate a 90 % confidence level and the hatched area below the thin
black line is the cone of influence (COI). Numbers close to the peaks in (a) show the value of periods in days.
The horizontal dashed lines indicate 95 % and 99 % confidence levels of the MTM power spectrum.

curately and, correspondingly, the geomagnetic activity. We discuss our findings in the fol-
lowing sections.

4.1. Consistency with Earlier Results

We have found the following periods: 25—-37, 41, 48, 51-59, 65, 74-179, 100, 112, 129,
168, 213, 248, 315-348, 420, and 480 days, with at least 95 % confidence. The solar ro-
tation period (about 27 days) is present in all the investigated groups. Periodicities close
to 27 days may be attributed to the effect of solar rotation, and they may appear longer or
shorter depending on the slight variations in the active-region evolution. On the other hand,
the results of the spectral analysis can be spurious since the solar time-series are not fully
stationary (see Velasco, Mendoza, and Valdes-Galicia, 2008). Kilcik et al. (2010) analyzed
solar FI data for Cycles 21, 22, and 23 using the MTM and the Morlet wavelet analysis;
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Table 1 Periods obtained for different groups using the MTM. The first column corresponds to the obtained
periods and the rest of the columns show the presence of these periods in all groups by means of their
significance levels. The numbers between parentheses show the closest values in the other groups.

Period (day) Simple groups Medium groups Large groups Final groups
480 +>99 - +>99 +>095
(496)
420 +>095 - +>99 +>99
315-348 - +>095 +>095 +>99
(348) (334) (315)
213 - +>095 - -
168 +>99 - - +>99
129 +>095 - - -
112 +>095 - - +>095
(109)
100 +>095 +>95 - +>095
7
79-74 +>99 +>095 +>095 -
65 +>095 +>99 +>99 -
(63)
51-59 +>095 +>095 +>95 +>095
(55, 59) (54,51) (59) (55)
48 - +>99 - +>095
41 - - - +>99
25-37 +>095 +>095 +>095 +>095

they found periods of 25-30, 62, 115, 137, 248 and 410 days with at least 90 % confidence
for the maximum phase of Cycle 23. By applying the wavelet transform method to the daily
relative SSN over Cycles 10—-23, Yin et al. (2007) found that a period of about 27 days
existed in almost all solar cycles, and even during minima.

Choudhary, Khan, and Ray (2009) have investigated the periodicities of SSAs. They re-
ported periods of 2445, 69-95, 113-133, 160- 187, 245-321, 348 —406 days and about
1.3 years. Lou et al. (2003) have found periods of 33.53 (£0.52), 38.71 (£0.55), 42.16
(£0.78), 63.73 (£2.34), 67.69 (£2.18), 98.18 (£3.25), 122.19 (+4.88), 156.77 (£10.89),
and 259.48 (1+24.23) days by applying the Fourier power spectral analysis to X-ray flares
exceeding M5 class during the maximum phase of Cycle 23 (1999 —2003). Choudhary and
Dwivedi (2011) investigated the periodicities of SSNs and the coronal index by using the
wavelet power spectrum technique for the time span from May 1996 to December 2008.
They found a solar-rotation period of about 27 days, plus periods of 40— 60, 50—70, 60— 80,
100, 110-130, 150 —160 days and about 1.3 years in different time intervals.

Recently, Scafetta and Willson (2013) analyzed the TSI data by adopting a multiscale dy-
namical spectral analysis technique from 2003.15 to 2013.16 (descending phase of Cycle 23
and ascending phase of Cycle 24). These authors found periods of 0.070 years (25.6 days),
0.095 years (34.7 days), 0.20 years (73 days), 0.25 years (91 days), 0.30—-0.34 years (109.6 —
124.2 days), 0.39 years (142.4 days) and 0.75—-0.85 years (273.9-310.5 days). As a result,
all the periodic variations found in this article were obtained by using different solar activity
indicators and different methods. All these earlier studies are a confirmation of our findings.
As shown in Table 1, the solar rotation (about 27 days) and a period of 51 —59 days appear
in all groups. Thus, we conclude that these two periodicities do not have a group preference.
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4.2. Group Preference of Sunspot Count Periodicities

All periodicities except two (about 27 and 5159 days) have a group preference. A peri-
odicity of about 55 days has been found by different authors using different solar-activity
indicators (Kilcik et al., 2010; Choudhary and Dwivedi, 2011, and references therein). A pe-
riodicity of 323 days, close to our 315 days, has been found by Lean and Brueckner (1989)
using all solar activity indicators (the sunspot-blocking function, Zurich sunspot numbers,
F10.7, and CaIl K plage index). These authors concluded that this periodicity can have a
real solar origin. Our findings confirm their results. A period of about 100 days exists in all
groups except large ones, one of 315 —348 days also appears in all groups but simple ones,
and one of about 76 days is also present in all groups but the final ones. Periods of about
1.3 years and 1.1 years do not appear in sunspot counts of medium groups. It is interesting
to note that a period of 213 days appears only in medium groups, while a period of 41 days
is only present in the final groups. In our analysis, we have found the Reiger periods of
129—168 days. As shown in Table 1, these periodicities do not appear in medium and large
group data. The 112-day periodicity appears only in sunspot counts of the simple and final
groups. A 100-day periodicity appears in all groups but large ones, while an 85-day period-
icity appears in both the simple and final groups. Periods of about 74 —79 and 65 days do
not appear in the final groups. Another interesting result is that medium groups show more
shorter periods (< 80 days) than the other categories. As discussed above, all these periodic-
ities were found earlier using different data sets and methods. In this article, we analyzed the
group preference of periodic variations of sunspot counts for the first time. As a result, we
speculate that the cyclic behavior of sunspot counts in different sunspot groups is different,
and may be related to sunspot evolution.

4.3. Solar Activity and Periodicity Relationships

We begin by pointing out the results of Yin et al. (2007) for SSNs of Cycles 10—23. Their
Figure 2 clearly shows that the period appearances were related to the cycle phases; rare
periods appeared during the minimum phase (see the valley in their Figure 2), while most
of the periods were present during the maximum phase. Our results confirm their findings
in the following way: during the beginning of our analyzed cycles (Cycles 22, 23, and 24)
the wavelet scalograms are almost clean, but they are more complex during the maximum
phases.

Another interesting point is the appearance of periods. They follow the cycle amplitude;
strong/intense cycles have more periodic variations, while weak ones have fewer. Kilcik
et al. (2011b) separated sunspot groups into two classes, large and small. They compared
the monthly large and small group numbers, and found that the number of large groups was
similar during Cycles 22 and 23, while the number of small groups strongly decreased during
Cycle 23. These authors were able to explain the unusual behavior of Cycle 23 as the results
of the great number of large groups present during this cycle (Kilcik et al., 2011a, 2011b).
Later, Lefevre and Clette (2011) separately analyzed each Zurich class from A to F, except
for H. They concluded that there was a strong deficit of small groups during Solar Cycle 23
compared with Cycle 22. It is interesting to note that the appearance of periods for the
selected categories follows this variation. As shown in our wavelet scalograms, the number
of observed periodic behaviors is very small in sunspot counts of the simple and medium
groups during Solar Cycles 23 and 24, while it is similar in the large and final groups during
Cycle 23. Thus, we speculate that most of the periodic variations during Cycle 23 come
mainly from the two latter groups. For Cycle 24, the situation is different. The variations
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mainly come from the sunspot counts of final groups; all other categories present almost
clean wavelet scalograms. Thus, we conclude that the periodic behavior during a cycle is
strongly related to the cycle amplitude and the observed group distribution during that cycle.
Kilcik et al. (2011b) separated sunspot groups into two classes, large and small. They
found that large groups reach their maximum number about two years later than small ones.
Recently, Kilcik and Ozguc (2014) investigated the origin of a double-peak solar-cycle max-
imum using the sunspot group classification. They concluded that a double-peak maximum
could originate in the different behavior of large and small groups. In this article, we have
found that different groups have different cycle behaviors, as discussed in Section 4.2. The
231-day and 41-day periodicities appear only in the medium and final groups, while 100-day
periodicity appears in all groups except large ones. Therefore, the behavior of periodicities
can be used to distinguish between the first and second peaks of a solar cycle. Thus, we
conclude that periodicity investigations based on separating the sunspot groups can provide
more accurate information about a cycle and a clue for a better understanding of solar cycles.
Finally, the main findings of our study are as follows:

1) Periodic behaviors during a cycle are strongly related to the cycle amplitude and the
observed group distribution.

2) Similar to the solar-rotation periodicity, a period of about 55 days exists in all sunspot
groups, while all other periodicities have a group preference.

3) The appearance of periods is related to the amplitude of investigated solar cycles,
such that periodic behaviors are more frequent during the cycle with the largest maximum
(Cycle 22), less frequent during the cycle with a lower maximum (Cycle 23), and even less
frequent in the lowest cycle (Cycle 24).

4) The appearance of periods is related to the solar-cycle evolution in such a way that no
meaningful periods appear during the minimum phases of the investigated cycles; while in
contrast, all periods are dominant around the cycle maxima.
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