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ABSTRACT

In this paper, the data of sunspot areas recorded at the US Air Force National Oceanic
and Atmospheric Administration during solar Cycles 22 and 23 (1986 September 1 to 2007
August 31) have been analysed to investigate the midterm periodicities. Power spectral analysis
has been performed separately for the data of the whole disc, and the northern and southern
hemispheres of the Sun, which provides evidence for a multitude of quasi-periodic oscillations.
During Cycle 22, in the high-frequency range, this covers the solar rotation periods, and
shows prominent 27–41 d periods in both hemispheres for rising and declining phase of the
solar cycle. In the intermediate-frequency range, we have detected a series of significant
quasi-periodicities of 87–106, 159–175, 194–219, 292–318 and ∼389 d in different phases of
Cycle 22. This result shows that well-known ‘Rieger periodicity’ of 150–160 d was present
in sunspot activity even in solar cycle 22 but localized mainly in the southern hemisphere.
When Cycle 23 is considered, it is found that a short-term periodicity having range of 24–
45 d occurred in both rising and descending epochs in all hemispheres. On the other hand, in
intermediate range, periods of 69–95, 113–133, 160–187, 245–321, 348–406 d and ∼1.3 yr
were detected. This analysis provides evidence that the Rieger period reappeared in Cycle 23
but is predominant in the southern part of the Sun. Periods near 1.3 yr, which were reported in
the rotation rate at the base of convection zone, have been found in the southern hemisphere
only during minimum phase of Cycle 23. When time series of combined solar Cycles 22 and 23
were analysed, intermittent periods in the range of 24–43, 50–73, 86–120, 130–180, 240–270 d
and quasi-annual period of 330–380 d were detected in all the data sets. Possible explanations
of these observed periodicities are delivered on the basis of solar r-mode oscillation.
Key words: Sun: activity – Sun: magnetic field – sunspots.

1 I N T RO D U C T I O N
Sunspots are an astrophysical phenomenon that has been observed for a long time and is one of the basic measures of the solar activity. As
long-term periodicity, the Sun exhibits the ∼11 yr sunspot cycle (Schwabe cycle) and for short-term variations, the 27 d periodicity is the
most prominent. The former is related to the polarity reversal of solar magnetic field and the latter reflects the modulation imposed on the
solar flux at the Earth by solar rotation. The regime between these extremes of time-scales (between 27 d and 11 yr) is called the ‘mid-range’
(Bai 2003). A search for additional possible periodicities other than 27 d and 11 yr in solar observational data has long been of interest, for
the clues this may provide to the mechanisms of solar variability. Periodic variations of solar activity in intermediate terms have been studied
extensively, starting with the discovery of ∼154 d period in γ -ray flare occurrence (Rieger et al. 1984). Since then, many researchers have
investigated these periodicities using various solar activity indicators.
During Cycle 21 all flare-related studies exhibited a ∼155 d period in hard X-ray peak rate (Dennis 1985; Bai & Sturrock 1987; Verma
& Joshi 1987). This period is also reported in Hα emission (Ichimoto et al. 1985), in 10.7 cm radio flux (Kile & Cliver 1991), Hα flare index
(Özgüc & Atac 1989; Joshi & Joshi 2005), in energetic proton events (Bai & Cliver 1990; Gabriel, Evans & Feynman 1990) and in production
of energetic electrons in interplanetary space (Dröge et al. 1990; Chowdhury & Ray 2006; Chowdhury, Ray & Ray 2008).
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2 DATA A N D A N A LY S I S M E T H O D S
2.1 Observational data
The daily corrected data of sunspot areas (expressed in units of millionths of solar hemisphere), for both the solar hemispheres (north and
south), used in this study, were downloaded from the website of the Solar Physics Group at NASA’s Marshall Space Flight Centre (http://
science. msfc. nasa. gov/ssl/pad/solar/greenwich.html).
We have carried out our analysis for complete solar cycle 22 (1986 September–1996 March). For solar cycle 23, our investigation covers
the epoch from 1996 April to 2007 August.This phase includes ascending, maxima, descending and a major part of minima of the current
cycle. To perform the study, besides the whole solar cycles, we have considered two different intervals of time inside the solar cycle. We
have split the data in two portions, namely the ascending plus maximum phase and the descending phase including the minima. For solar
cycle 22, the corresponding epochs are: 1986 September–1991 December and 1992 January–1996 March. In case of Cycle 23, they are: 1996
April–2000 December and 2001 January–2007 August, respectively. This method has been applied separately on both the solar hemispheres.
To search for periodicities in sunspot areas, we use two different spectral decomposition methods: one is the Scargle periodogram and
the other is the wavelet transform (WT).

2.2 Lomb–Scargle periodogram method
The daily sunspot area data sets were analysed by the Lomb–Scargle method by calculating the Scargle normalized periodogram PN (ω)
(Scargle 1982).
The Scargle periodogram (Scargle 1982; Horne & Baliunas 1986) is an important algorithm for time-series analysis of unevenly sampled
data. Being quite powerful for finding and testing the significance of weak periodic signals through false alarm probability (FAP), a simple
estimate of the significance of the height of a peak in power spectrum can be derived. For a time series Xi = X(ti ), i = 1, 2, . . . , N, this
periodogram as a function of frequency ω is defined as
⎧
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This technique has several advantages over the conventional Fast Fourier transformation method. They are as follows. (i) It is appropriate
for the analysis of unevenly spaced data, that is, it can mitigate the missing data problem. (ii) Inclusion of τ makes the periodogram invariant
to a shift of the origin of time. (iii) Periodogram analysis performed by this method is exactly equivalent to the least-square fitting of sine
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Many researchers have investigated mid-range periodicities in sunspot numbers and areas for different solar cycles (Lean & Brueckner
1989; Lean 1990; Carbonell & Ballester 1992; Oliver, Ballester & Carbonell. 1992, Oliver & Ballester 1995; Oliver, Ballester & Baundin
1998; Krivova & Solanki 2002; Richardson & Cane 2005; Atac, Özgüc & Rybac 2006; Joshi et al. 2006). These studies revealed the prominent
presence of 150–160 d period in sunspot area during solar cycle 2, 16–19 and in Cycle 21. In addition, Pap, Tobiska & Bouwer (1990) found a
51 d period in active sunspot area. Lean (1990) reported that the periodicities in the range of 130–185 d occurred intermittently for the interval
1–3 yr during the epochs of maximum activity. Oliver et al. (1998) reported a time-frequency coincidence of the periodicities in sunspot area
and high-energy solar flares during Cycle 21 and suggested a casual relationship between these two phenomena.
Though it is not finally clear where the solar dynamo is situated (Brandenburg 2005), it is commonly assumed that a dynamo is seated
near the bottom of the solar convection zone; and creates magnetic flux which produces a variety of features like sunspots, faculae, plages and
coronal holes. Several solar phenomena like irradiance, wind fluctuations and coronal mass ejections (CMEs) arise from emerging magnetic
flux. By helioseismic probing, Howe et al. (2000) found a ∼1.3 yr variation in the solar rotation period at tachocline, and the ∼150–160 d
period is seen to vary approximately in phase with the ∼1.3 yr variation. Based on this, Krivova & Solanki (2002) proposed that the 150–160 d
period is the third harmonic of the ∼1.3 yr period. So, it can be expected that any fluctuation in the dynamo will manifest itself in the
intermediate-term variations of the solar activity indices as a periodic emergence of magnetic flux with harmonics of this period.
The aim of this paper is to perform a detailed analysis to detect mid-term periodicities in the data of daily sunspot areas during solar
cycles 22, 23 and combined Cycles 22 and 23. The periodic variations have also been examined separately for the northern and southern
hemispheres of the Sun.

Periodicities in sunspot areas during cycles 22–23
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2.3 Wavelet analyses
The WT analysis yields an information on periodicities of the studied signal in both the time and frequency domains. It is thus of considerable
interest to see whether certain periods occur and disappear at a certain time or whether periods change with time. It is also important to check
whether power peaks of Scargle spectral periods and of wavelet contour time-scales have reasonable correspondence. For these purposes, we
have applied wavelet analysis on all the data sets of sunspot areas separately for solar cycles 22, 23 and combined solar cycles 22 and 23.
We have used the Morlet wavelet function
0 (η) = π−1/4 eiω0 η e−η

2 /2

,

(2)

this is a plane sine wave with amplitude windowed in time by a Gaussian function. Here, ω0 is a non-dimensional frequency and for our choice
ω0 = 12 (Torrence & Compo 1998; Grinsted, Moore & Jevrejeva 2004), which gives reasonable spectral and temporal resolution. The WT
suffers from edge effects at both the ends of the time series. This gives rise to a cone of influence (COI). These edge effects leading to a power
reduction within the COI are caused by padding zeros at the beginning and at the end of the data series. The confidence level of the calculated
WT power was derived using the null hypothesis assuming the existence of the global power spectrum (Torrence & Compo 1998). The
95 per cent confidence level, used in this study, implies that 5 per cent of the wavelet power should be above this level for each period. Further
detailed information of the Morlet wavelet analysis may be obtained online at http://atoc.colorado.edu/research/wavelets/wavelet2.html.
3 A N A LY S I S R E S U LT S
Power spectra of time series of sunspot areas data of the whole disc, northern and southern hemispheres are displayed in Figs 1–18.
In selecting the periodicities, the following criteria were used.
(i) As our aim is to detect possible mid-term periodicities present in sunspot time series, so periodicities within 10–500 d have been
considered for the whole data set.
(ii) Periods which are common in both Scargle and Wavelet spectra are only considered for final selection.
3.1 Results for Cycle 22
Figs 1–6 show that a periodicity of 86 ± 2 d is significant in sunspot area data in all hemispheres, but it is prominent mainly in the rising
and maximum phase. In the declining part including minima, a periodicity of ∼91 d was found in whole disc data. Oliver & Ballester (1995)
analysed the sunspot area data of the whole solar disc of Cycle 22 and their Scargle power spectra detected a strong peak of ∼86 d in both
rising and descending parts.
A period of 72 ± 2 d is also found in the total sphere and southern hemisphere data, but it is significant in ascending phase of this cycle.
Previously Özgüc & Atac (1994) analysed flare index data from 1986 to 1991 and reported the presence of significant peak at ∼73 d.
By investigating occurrence times of major solar flares during 1988–91, Bai (1992) found a 73 d period and for (1988 November 18 to 1990
February 23) the main peak was of ∼77 d. Joshi & Joshi (2005) investigated the occurrence rate of soft X-ray flare index and observed
statistically significant peaks at 73 and 82 d during Cycle 22.
Our analysis shows a strong peak at ∼106 d in both the total sphere and the southern hemisphere. Moreover, the present analysis shows
that ‘Rieger periodicity’ is present in the southern hemisphere. We have found other Rieger-type periodicities like 175 ± 2, ∼195, ∼141,
∼119, ∼291, ∼221 and ∼219 d present in different hemisphere in different parts of this cycle.
In the case of long-term periodicity, our analysis detected the ∼310, ∼325 and ∼390 d periods in sunspot area data in different phases
of Cycle 22. The period with a range of 310–400 d is important in both rising and descending epochs of Cycle 22. Earlier, the period in the
range of 330–400 d was noted by Oliver et al. (1992) in total sunspot area data in solar Cycles 13, 14, 16, 17, 18, 20 and 21.
When the short–term periodicities were considered, the periods of 25–29, 36–41 and ∼64 d were prominent in both rising and declining
phases of Cycle 22 in both the hemispheres and the whole solar disc. The ∼27 d period is present in all sunspot area data. This period is more
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curves to the data. (IV) if the signals X (ti ) i = 1, 2, . . . , N are purely noise it can then be shown that the power PN (ω) follows an exponential
probability distribution.
This exponential probability distribution function of power PN (ω) (as in equation 1) helps us through FAP to estimate the probability
that a given peak is a true signal or whether it is the result of randomly distributed noise.
The probability that PN (ω) is greater than z is given by Pr[PN (ω) > z] = e−z/k , where k is the normalization factor which is due to
event correlation and determined empirically (Delache, Laclare & Sadsoud 1985; Bai 1992). Here, we have assumed that the standardized
time-series data Xi is statistically independent Gaussian noise (i.e. k = 1).
FAP can be defined in the following way (Scargle 1982; Horne & Baliunas 1986).
Suppose z be the highest peak in a periodogram that sampled over N independent frequencies. The probability that each peak of the
independent frequencies is smaller than z is (1 − e−z ), and this gives us the probability that every peak of independent frequencies is lower
than z as (1 − e−z )N . Thus, the probability that at least one of the peaks is of height z or higher is defined as the FAP and FAP = 1 − (1 −
e−z )N . To compute the power spectra by Scargle technique, we have applied the algorithm proposed by Press et al. (2001).
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prominent and stable than the other short-term periods. But wavelet spectra show that the length of this period varies roughly between 24 and
34 d.
The ∼154 d period which was discovered by Rieger et al. (1984) in the occurrence rate of high-energy γ -ray flares has been well
studied in this paper. Power spectrum analysis reveals its prominent presence during Cycle 22 but its appearance is highly intermittent. It is
more prominent during declining part of Cycle 22 and concentrated mainly in the southern hemisphere. There are also a number of periodic
components of 150–160 d, such as time-span of 140–180 d in both hemispheres and whole disc. But these periods are also time variable with
varying amplitude.
However, the characteristic property of solar cycle 22 is different from that of the preceding one (Bai 2003). A number of researchers
analysed different solar activity index data of different parts of solar cycle 22 and most of them reported the lack of ‘Rieger periodicity’ of
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Figure 1. Periodograms of daily sunspot area of whole solar disc for Cycle 22; 1(A) for entire solar Cycle 22 (1986.9.1–1996.3.31), the graph is drawn in log
scale; 1(B) for ascending branch (1986.9.1–1991.12.31) and 1(C) for descending and minimum phase (1992.1.1–1996.3.31).
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Figure 2. (a) Plot of daily sunspot area data for whole solar disc during 1986.9.1–1996.3.31 for Cycle 22; (b) the wavelet power spectrum of the above data
using the Morlet wavelet. The thick black line is the COI and the thin black lines indicate 95 per cent significance level.

∼155 d (cf. Chowdhury & Ray 2006, and references therein). Krivova & Solanki (2002) and later Knaack, Stenflo & Berdyugina (2005)
analysed sunspot area data and photospheric magnetic flux data of the National Solar Observatory/Kitt peak, respectively. Their wavelet
spectrum exhibited a strong peak at ∼158 d in Cycle 22. Thus, we can support the conclusions made by Krivova & Solanki (2002) that the
Rieger periodicity was present during Cycle 22, although predominantly in the Southern part of the Sun.
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Figure 1 – continued

1164

P. Chowdhury, M. Khan and P. C. Ray

3.2 Results for Cycle 23
Figs 7–12 show that during solar Cycle 23, a statistically significant period of 111–116 d was found in both ascending and descending branch
of the cycle in both hemispheres and the whole solar disc. Joshi et al. (2006) have analysed the data of daily sunspot number and sunspot
areas for the phase 1998–2003 and reported the presence of a peak at ∼113.5 d in sunspot number data in the whole disc and also in Southern
hemisphere. While sunspot area data of the whole solar disc exhibit the most prominent periodicity at 112.4 d, Özgüc, Atac & Rybak (2002)
found a peak of ∼116 d in flare index data for the rising branch of this cycle. Atac et al. (2006) investigated the daily data of solar irradiance,
sunspot number and areas for the epoch 1996–2004 and their Discrete Fourier Transform (DFT) spectra revealed peaks at ∼113.4 d in
irradiance data, at ∼114.2 and 112.6 d in the sunspot number and area, respectively. Earlier Lean & Brueckner (1989) found a peak of ∼115 d
in sunspot area for combined solar Cycles 19, 20 and 21. Carbonell & Ballester (1992) reported the presence of a periodicity of 113.8 d in
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Figure 3. Periodograms of daily sunspot area of Northern hemisphere for Cycle 22; 3(A) for entire solar Cycle 22 (1986.9.1–1996.3.31), the graph is drawn
in log scale; 3(B) for ascending branch (1986.9.1–1991.12.31) and 3(C) for descending and minimum phase (1991.1.1–1996.3.31).
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Figure 4. (a) Plot of daily sunspot area data for the northern hemisphere during 1986.9.1–1996.3.31 for cycle 22; (b) the wavelet power spectrum of the above
data using the Morlet wavelet. The thick black line is the COI and the thin black lines indicate 95 per cent significance level.

sunspot area in Cycle 21 (1976–82). The present investigation confirms that the period of 111–116 d is statistically significant in sunspot area
data like other solar activity indices too.
The well-known ‘Rieger periodicity’ of 150–160 d is also found in the sunspot area data for the whole disc and in the southern hemisphere.
However, it is not visible in the northern hemisphere, though it is prominent during ascending period in total sphere. Recently, Chowdhury &
Ray (2006) have analysed the data of energetic electron flux for two different energy bands (E > 0.6 and >2 MeV) during the rising part of
the solar Cycle 23 and have found strong peak of ∼156 d. Zieba et al. (2001) have found periodicity of ∼151 d in solar radio flux and sunspot
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number data while the wavelet spectra of photospheric magnetic flux exhibit a significant period of ∼160 d (Ballester, Oliver & Carbonell
2004) during 1996–2000. When descending phase of the cycle is considered, it is absent in both the northern hemisphere and the whole disc.
A weak signal of ∼153 d is found in the northern hemisphere during declining phase. But it is statistically insignificant. On the other hand,
in the southern hemisphere, dual peaks of (∼152 and ∼162 d) are significant even in descending phase. So, 150–160 d period was prominent
mainly in the southern hemisphere during Cycle 23, but intermittent in nature.
Peak at ∼243(27 × 9) d is discarded as it is an integral multiple of solar synodic rotation. A period of ∼174 d is significant in the northern
hemisphere. During 1998–2003, a power spectrum analysis of daily sunspot number and sunspot area data in the northern hemisphere
exhibited strong peak at ∼175 d (Joshi et al. 2006). Chowdhury & Ray (2006) detected it in daily electron flux data and Knaack et al. (2005)
observed it in photospheric magnetic flux; Carbonell & Ballester (1992) also found it in sunspot area data during solar Cycle 20.
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Figure 5. Periodograms of daily sunspot area of the southern hemisphere for Cycle 22; 5(A) for entire solar Cycle 22 (1986.9.1–1996.3.31), the graph is
drawn in log scale; 5(B) for ascending branch (1986.9.1–1991.12.31) and 5(C) for descending and minimum phase (1992.1.1–1996.3.31).
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Figure 6. (a) Plot of daily sunspot area data for the southern hemisphere during 1986.9.1–1996.3.31 for cycle 22; (b) The wavelet power spectrum of the
above data using the Morlet wavelet. The thick black line is the COI and the thin black lines indicate 95 per cent significance level.

During descending part of the current cycle, periodicity of ∼187 d is significant in total sphere and the northern hemisphere. Lou et al.
(2003) reported its presence in daily CME and AP index data. Atac et al. (2006) found it in irradiance data during Cycle 23 and it was also
significant in sunspot area data in Cycles 13, 15, 17 and 18 (Carbonell & Ballester 1992). Thus, the results from the present study show
that along with Rieger periodicity other Rieger-type periodicities within the range of 140–190 d were also present in sunspot area in both
the hemispheres. However, like in Cycle 22, these periodicities are also highly intermittent in nature and change their length with time as
indicated in wavelet spectra (see Figs 8, 10 and 12).
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Some statistically significant periodicities in the range of 24–35, 60–70, 72–77, 84–95 and 128–134 d were also detected in different
parts of the current cycle. The period at ∼27 d is found most stable in both hemispheres and the whole disc data. It has appeared with high
amplitude during both maximum and minimum epochs of Cycle 23. But the length of this period varies in the range of 24–35 d. Bai (2003)
noted a strong period of ∼33 d in X-ray flare rates during rising part of Cycle 23 which might have resulted from a length change in the
∼27 d period. Previously, the 63 ± 2 d period was prominently detected in different flare index data at the rising part of this cycle (Özgüc
et al. 2002; Atac, Özgüc & Rybak 2005; Atac & Özgüc 2006); and a period of ∼84 d was also detected in daily sunspot number and area
data (Joshi et al. 2006). On the other hand, Bai (2003) investigated the occurrence rate of X–ray flares (class ≥ M3.0) and reported that the
periods of 129 and 33.5 d occurred for interval from 1999 September 9 to 2001 June 5 during which five epochs of high solar activity were
traced. Joshi & Joshi (2005), Atac et al. (2005) and Atac & Özgüc (2006), after analysing soft X–ray flare and flare index data for the period
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Figure 7. Periodograms of daily sunspot area of whole solar disc for Cycle 23; 7(A) for entire solar Cycle 23 (1996.4.1–2007.8.31), the graph is drawn in log
scale; 7(B) for ascending branch (1996.4.1–2000.12.31) and 7(C) for descending and minimum phase (2001.1.1–2007.8.31).
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Figure 8. (a) Plot of daily sunspot area data for the whole solar disc during 1996.4.1–2007.8.31, for Cycle 23; (b) the wavelet power spectrum of the above
data using the Morlet wavelet. The thick black line is the COI and the thin black lines indicate 95 per cent significance level.

of 1996–2003, reported the presence of a peak around 125 ± 1 d. Lou et al. (2003) found a peak of 122 ± 5 d in X-ray flare (class M ≥ 5.0)
and Joshi et al. (2006) reported the presence of 133 ± 2 d period in sunspot number data in the interval 1998–2003. Our analysis shows that
periods of ∼133 and ∼128 d occurred in the rising and descending phases of the current Cycle 23. But these periods are prominent only in
the northern hemisphere data.
In case of intermediate-frequency range, we have detected significant periods in the range of 320–380 d during maxima as well as in
minimum phase. Recently, Kotov (2006) emphasized the presence of 1.03–1.06 yr period in the data of solar mean magnetic field during both
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solar Cycles 22 and 23. Our study shows a strong period of ∼486 d (∼1.3 yr) during declining phase of Cycle 23, and this period is found
only in the southern hemisphere. Previously, Howe et al. (2000) have reported a 1.3 yr period in the variation of the rotation rate near the
base of convection zone from 1995 to 1999; Krivova & Solanki (2002) detected it in daily sunspot area and number data during 1920–1965.
However, the present investigation reveals its prominence only in the southern part of the Sun.
The aforesaid discussions show that our result is quite consistent with the results obtained by earlier researchers in various solar activity
parameters. Moreover, the present analysis shows that well-known Rieger periodicity reappeared in the descending branch of the present
Cycle 23.
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Figure 9. Periodograms of daily sunspot area of the northern hemisphere for Cycle 23; 9(A) for entire solar Cycle 23 (1996.4.1–2007.8.31), the graph is drawn
in log scale; 9(B) for ascending branch (1996.4.1–2000.12.31) and 9(C) for descending and minimum phase (2001.1.1–2007.8.31).
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Figure 10. (a) Plot of daily sunspot area data for the northern hemisphere during 1996.4.1–2007.8.31 for cycle 23 and (b) the wavelet power spectrum of the
above data using the Morlet wavelet. The thick black line is the COI and the thin black lines indicate 95 per cent significance level.

3.3 Results for combined solar cycles 22 and 23
Figs 13 and 14 show the periodograms for daily sunspot area of whole solar disc, calculated over a time interval from 1986.9.1 to 2007.8.31
for combined solar cycles 22 and 23. In the short time periods, power spectra exhibit prominent peaks at ∼24, 27–30 and 36–43 d. In the
intermediate range, both normalized Scargle and wavelet spectra show statistically significant periods of ∼64, ∼73, ∼86, ∼105, 170–190
and ∼383 d.
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When the northern hemisphere of the Sun is considered, periods 24–43, ∼48, ∼64, 84–92, 128–135, ∼167, ∼178, ∼197, ∼207, ∼239,
∼295, ∼319 and ∼383 d were detected in both the power spectral decomposition methods (see Figs 15 and 16).
Periods in the range of 24–45 d became significant in the power spectra of the southern part of the Sun for combined solar Cycles 22 and
23. Other important periods detected in both Scargle and Wavelet techniques are ∼55, ∼70, ∼86, ∼106, ∼114, ∼160, ∼192, ∼274, ∼320,
∼383 and ∼ 426 d.
Earlier, Lean & Brueckner (1989) analysed the data of 31 years (covering combined solar Cycles 19–21) for solar activity (including
sunspot number, sunspot blocking function, Ca II K plage index and 10.7 cm radio flux), and detected strong peaks near 155, 270, 287 and
323 d, and also weaker but still prominent periods of ∼116 and ∼162 d in all the data sets. Power spectral analysis of the time series of daily
sunspot area of the whole solar disc during solar Cycle 12–21, was done by Carbonell & Ballester (1992). They reported the presence of

C

C 2008 RAS, MNRAS 392, 1159–1180
2008 The Authors. Journal compilation 

Downloaded from https://academic.oup.com/mnras/article-abstract/392/3/1159/1063555 by guest on 08 June 2020

Figure 11. Periodograms of daily sunspot area of the southern hemisphere for Cycle 23; 11(A) for entire solar Cycle 23 (1996.4.1–2007.8.31), the graph is
drawn in log scale; 11(B) for ascending branch (1996.4.1–2000.12.31) and 11(C) descending and minimum phase (2001.1.1–2007.8.31).

Periodicities in sunspot areas during cycles 22–23

1173

Figure 12. (a) Plot of daily sunspot area data for the southern hemisphere during 1996.4.1–2007.8.31 for cycle 23; (b) the wavelet power spectrum of the
above data using the Morlet wavelet. The thick black line is the COI and the thin black lines indicate 95 per cent significance level.

∼115,∼156.1 and ∼164 d periods in the combined data set. Song & Wang (2005) applied Morlet wavelet technique on the daily sequence of
photospheric magnetic flux for the time-span 1978–2003 and found notable periods at ∼330, ∼275 and ∼158 d. Recently, Yin et al. (2007)
have used WT to analyse the periodic behaviour of the daily relative sunspot number series over the solar cycles 12–23 and their calculations
were restricted up to 600 d. In this study, a shorter period of 24–35 d was detected in all solar cycles and near 70–85 d period appeared in the
Cycle 19 during both rising and descending epochs of Cycle 22. The well-known Rieger period (∼154 d) occurred in the rising portion of
Cycles 17, 19 and 22. On the other hand, a prominent period of ∼1 yr is detected in all solar cycles as well as in the combined data set.
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Figure 11 – continued
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Figure 14. (a) Plot of daily sunspot area data of whole solar disc for combined solar Cycles 22 and 23 (1986.9.1–2007.8.31); (b) the wavelet power spectrum
of the above data using the Morlet wavelet. The thick black line is the COI and the thin black lines indicate 95 per cent significance level.

Low-frequency periodic fluctuations of solar mean magnetic field were studied by Kotov (2006), and power spectrum revealed the
presence of an enigmatic 1.03 yr period during the time interval of 1968–2005, whereas for polar field data, the significant peaks were at
0.95 yr (∼347 d) and ∼1.06 yr (∼387 d).
The present discussion reveals that our analysis over daily sunspot areas of combined solar Cycles 22 and 23 is in good agreement with the
results of other researchers. Our wavelet spectra (Figs 14, 16 and 18) show that short periods in the range of 24–35 d are prominent in all the data
and near 86 d period is strong in both the hemispheres as well as in the whole disc. Rieger and similar Rieger-type periods with varying range
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Figure 13. Periodogram of daily sunspot area of whole solar disc for combined solar Cycles 22 and 23 (1986.9.1–2007.8.31), the graph is drawn in log scale.
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Figure 16. (a) Plot of daily sunspot area data of the northern hemisphere for combined solar Cycles 22 and 23 (1986.9.1–2007.8.31) and (b) the wavelet power
spectrum of the above data using the Morlet wavelet. The thick black line is the COI and the thin black lines indicate 95 per cent significance level.


C

C 2008 RAS, MNRAS 392, 1159–1180
2008 The Authors. Journal compilation 

Downloaded from https://academic.oup.com/mnras/article-abstract/392/3/1159/1063555 by guest on 08 June 2020

Figure 15. Periodogram of daily sunspot area of the northern hemisphere for combined solar Cycles 22 and 23 (1986.9.1–2007.8.31), the graph is drawn in
log scale.
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Figure 18. (a) Plot of daily sunspot area data of the southern hemisphere for combined solar Cycles 22 and 23 (1986.9.1–2007.8.31) and (b) the wavelet power
spectrum of the above data using the Morlet wavelet. The thick black line is the COI and the thin black lines indicate 95 per cent significance level.
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Figure 17. Periodogram of daily sunspot area of the southern hemisphere for combined solar Cycles 22 and 23 (1986.9.1–2007.8.31), the graph is drawn in
log scale.
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of 130–190 d were also detected in different time phases. Moreover, it is also found that a quasi-annual period of 360–385 d is significant in
all the time series of daily sunspot area.

4 DISCUSSION AND CONCLUSION

ν ≈ (2mνs )/l(l + 1).
Here, ν s is the sidereal rotation frequency of the Sun. Lou (2000) showed that the periodicities due to Rossby waves are
Pr ≈ P [|m|/2 + 0.172(2n + 1)m]
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Extensive analyses have been done to detect the intermediate-term periodicities in the range of 10–500 d for the daily data of sunspot area
separately for the whole solar disc and the northern and southern hemispheres. Our study covers entire solar Cycle 22 and a major part of the
current Cycle 23 (1996.4.1-2007.8.31).
Several mid-term periodicities have been detected in the normalized Lomb–Scargle periodograms and also by the wavelet analysis.
Among these periods, the period 150–160 d is the best-known one. They were discovered by Rieger et al. (1984) in the occurrence of
high-energy flares, and since then many researchers have continued to detect Rieger-type periodicities using various solar activity indices
(Bai 2003 and reference therein). The present investigation shows that the period of ∼158 d is present in sunspot area during solar Cycle 22
and also in the current Cycle 23. But, this period is highly significant in the whole disc and the southern hemisphere but less prominent in the
northern part of the disc.
Let us discuss the properties of these observed periodicities. No satisfactory explanations about these periodicities have been given so
far, but several suggestions have been proposed. Wolff (1983) linked it to the interaction of rotating features (active longitude bands) resulting
from g modes with l = 2 and 3, but this mechanism failed to explain short periodicities found in flare-related data. Ichimoto et al. (1985)
suggested that it is related to the time-scale for storage and/or escape of magnetic fields in the solar convection zone.
Bai & Sturrock (1987) concluded that the cause must be a mechanism involving the whole Sun. Bai & Cliver (1990) suggested that this
behaviour could be simulated with a damped periodically forced non-linear oscillator and that shows periodic behaviour for some values of
the parameters but for other values exhibits chaotic behaviour. A common feature of most of these reported mid-term periodicities is that
they are close to a subharmonic of a period 25–26 d, which is close to the sidereal rotation period of the Sun at the equator. This led Bai
& Sturrock (1991) to put forward the hypothesis that a fundamental period could cause the excitation of subharmonic oscillations and they
showed that those periods of ∼51, ∼78, ∼104, ∼129 and 155 d occurred intermittently in flare, and sunspot records were subharmonics
of a fundamental period of 25.8 d. Sturrock & Bai (1992) and Bai & Sturrock (1993) proposed that the Sun contains a ‘clock’ modelled
by an obliquely rotating oscillator with a modified period of 25.5 d and suggested that the period of ∼155 d is just a subharmonic of that
fundamental period. Özgüc & Atac (1996) reported the direct evidence of fundamental 25.5 d period in the north–south asymmetry of solar
flares during Cycle 22. Interestingly, a number of periodicities observed in this present investigation are also very close to an integral multiple
of 25.5 d. However, this model would be seriously constrained by helioseismological data about the rotation of the Sun’s interior (Gough &
Kosovichev 1992; Goode & Thompson 1992). Moreover, the physics behind the ‘clock mechanism’ are still unknown (Bai 2003).
On the other hand, as a possible cause of ‘Rieger-type periodicities’, Lean & Brueckner (1989) linked it with the magnetism of sunspots
and suggested that it may be a property of emerging magnetic flux into the photosphere rather than total amount of magnetic flux present on
the solar disc. Based on this mechanism, Carbonell & Ballester (1990, 1992) suggested that the periodicity in the occurrence rate of energetic
flares is associated with the periodic emergence of magnetic flux through the photosphere. Oliver et al. (1998) analysed the historical record of
sunspot area and reported that during solar Cycle 21, there is a perfect time-frequency coincidence between the occurrence of the periodicity
in both sunspot area and energetic flares. Ballester, Oliver & Carbonell (2002) and Ballester et al. (2004) analysed the photospheric magnetic
flux data and found the evidence of ∼160 d period in Cycle 21 and in the rising phase of Cycle 23, but not in Cycle 22. Moreover, Ballester,
Oliver & Baundin (1999) found the presence of ‘Rieger periodicity’ in the data of group sunspot numbers and proposed that the periodicity can
appear in two different ways. Periodic emergence of magnetic flux within already-formed sunspot groups enhances the magnetic complexity
of the active regions due to reconnection between old and new flux and shows similar periodic variations in energetic solar flares. On the
other hand, the periodic emergences of magnetic flux forming new sunspot groups will not be reflected in the periodicity of solar flares.
As a possible mechanism of periodic emergences of magnetic flux, Sturrock et al. (1999), Lou (2000) and Sturrock (2004) suggested
that the Rieger and similar Rieger-type periodicities are related to physical properties of Rossby-type waves or r modes (Papaloizou &
Pringle 1978; Provost, Berthoumieu & Rocca 1981; Wolff & Blizard 1986; Dzhalilov & Staude 2004). The r modes are globally coherent
quasi-toroidal oscillations dominated by Coriolis force which in small-scale approximation reduces to the Rossby waves (Provost et al. 1981).
Rossby-type waves can exist in a fluid on the surface of a rotating sphere and belong to a subset of global tidal waves. Lou (2000) pointed out
that such waves can give rise to detectable feature such as surface elevation in the photosphere. Kuhn et al. (2000) have reported the detection
of a regular structure of 100 m ‘hills’ spaced uniformly on solar surface with a characteristic separation of ∼90 000 km through Michelson
Doppler Imager (MDI) on board the Solar and Heliospheric Observatory (SOHO) and interpreted them as surface manifestation of Rossby
waves or r-mode signatures.
The r modes are retrograde waves which can be classified by spherical harmonics indices (l, m and n), which represent degree, azimuthal
and radial order.
In the rotating frame of a rigidly rotating fluid sphere, a corotating observer would find oscillations at the frequencies
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Table 1. A list of possible r-mode periodicities for n = 1(2).
Period (d)

m(odd)

Period(d)

2
4
6
8
10
12
14
16
18
20
22
26
28
30
32
34

31.57(35.89)
53.4(55.6)
77.4(78.9)
101.9(103.0)
126.7(127.6)
151.6(152.3)
176.6(177.2)
201.6(202.1)
225.9(227.0)
251.6(252.0)
276.6(277.0)
326.79(327.13)
351.86(352.17)
376.93(377.21)
402.0(402.27)
427.08(427.33)

3
5
7
9
11
13
15
17
19
21
23
25
27
29
31
39

41.96(44.84)
65.3(67.0)
89.7(90.9)
114.4(115.3)
139.2(139.7)
164.1(164.3)
189.1(189.6)
214.11(214.61)
239.13(239.58)
264.16(264.5)
289.2(289.5)
314.26(314.61)
339.32(339.64)
364.39(364.69)
389.46(389.74)
489.78(490.0)

Table 2. A list of possible periodicities due to mixed Rossby–Poincare
waves.
m(even)

Period (d)

m(odd)

Period(d)

2
4
6
8
10
12
14
16
18
20
22
24
26
28
34

27.07
51.2
76
100.9
125.8
150.8
176
201
226.1
251.2
276.2
301.3
326.46
351.55
426.82

3
5
7
9
11
13
15
17
19
21
23
25
31
39

39.02
63.5
88.4
113.4
138.4
163.4
188.5
213.6
238.6
263.7
288.8
313.92
389.18
489.55

and Pr−p ≈ P [| m|/4 + (| m|2 /16 + 0.085)1/2 ] d, for equatorially trapped mixed Rossby–Poincare waves, where P = 2π/
= Sun’s
sidereal rotation period ≈ 25.1 d.
In case of Rossby waves, a list of possible r mode periodicities for n = 1 (2) is given in Table 1 and for mixed Rossby Poincare waves, a
list of periodicities is given in Table 2.
These above-mentioned periodicities (as shown in Tables 1 and 2) are in good agreement with the periodicities detected by us in sunspot
area data during different parts of Cycles 22, 23 and combined Cycles 22 and 23.
Sturrock et al. (1999), in an analysis of GALLEX (The Gallium Experiment) solar neutrino data, adopted ν s ∼ 26 d and found that the
periodicity of the l = 3, m = 1 mode is ∼154 d and that of the l = 3, m = 3 mode is ∼53 d. For l = 3, m = 2 mode, the observed period is
∼78 d. These authors concluded that the rotational modulation of the neutrino data may be attributed to a magnetic structure which rotates
within the deep solar interior, and the possible ‘Rieger and Rieger-type’ periodicities are due to r modes that move magnetic structures in
latitude and thereby modulate the neutrino flux at r-mode periods with respect to the rotating frame. Moreover, the present investigation
exhibits that there is a difference of occurred periodicities in the northern and southern hemispheres. We know that in the current Cycle
23, the cycle peak in the north occurred ∼1.5 yr before the peak in the southern hemisphere. Similarly, there are asymmetries in the onset
timings, amplitude and rise/fall patterns between two hemispheres which are often lost when both hemispheres are added together. Recently,
Basu et al. (2007) after analysing ‘ring diagrams’ from MDI have shown that there is a difference in the sound speeds of the northern and
southern hemispheres. But, they did not get any consistent trend of difference. The physical interpretation of this asymmetry is not clear so
far. However, Hathaway et al. (2003) have reported strong observational evidence that the speed of deep meridional flow towards the equator
is driving the sunspot cycle. By applying time-distance helioseismology measurements, Zhao & Kosovichev (2004) have shown that zonal
flows in the northern and the southern hemispheres are not symmetrical. This part will be focused in our next study.
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In summary, by power spectral method, we have identified quasi-periods in the data of daily sunspot area during the time-span from 1986
September 1 to 2007 August 31. Our analysis reveals that the period of 150–160 d was present in solar Cycle 22 and also in both rising and
decline phases of the current Cycle 23. Rieger periodicity is prominent mainly in the southern hemisphere of the Sun in both Cycles 22 and
23. Possible explanations of the detected mid-term periodicities were given with the help of r-mode signatures within the Sun. Interestingly, a
number of periodicities detected in this study are very close to the periodicities observed in solar flare and energetic particle events. Perhaps it
hints at the underlying global mechanism that modulates different types of solar periodicities. We conclude that the mechanism behind these
periodicities can be delivered only when the interior dynamics of the Sun would be fully understood.
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