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Abstract

We investigate the long-term dynamic behavior of the sunspot penumbra to umbra area ra-
tio by analyzing the Debrecen Photoheliographic Data (DPD) of sunspot groups during the
period 1976-2017 (Solar Cycles 21-24). We consider all types of spots and find that the
average penumbra—umbra ratio does not exhibit any significant variation with spot latitudes,
solar-cycle phases as well as sunspot-cycle strengths. However, the behavior of this ratio is
different when we consider the latitudinal distribution of the northern and southern hemi-
spheres separately. Our analysis indicates that for daily total sunspot area the average spot
ratio varies from 5.5 to 6.5 and for very large sunspots (> 5000 ;Hem; one yHem is 107°
the area of visual solar hemisphere) its value rises to about 8.3. In the case of the group-
sunspot area, the average spot ratio is ~6.76. Furthermore, we found that this ratio exhibits
a trend for both smaller (area <100 pHem) and large (area > 100 xHem) sunspots. Finally,
we report the periodic and quasiperiodic variations present in this ratio time series after ap-
plying the multitaper method (MTM) and Morlet-wavelet technique. We found that along
with the ~11-year solar-cycle period, the penumbra to umbra area ratio also shows several
midterm variations, specifically, Rieger-type and quasibiennial periodicities. We also found
that Rieger-type periods occur in all cycles, but the temporal evolution and the modulation
of these types of periodicities are different in different solar cycles.

Keywords Sunspot: umbra - Sunspot: penumbra - Solar cycle - Wavelet analysis -
Periodicity - Sunspots

1. Introduction

Sunspots are defined as dark regions observed on the solar disk in white light where the
magnetic field is concentrated and therefore they are cooler than their surroundings. It is
well known that a sunspot consists of two parts: the central dark part of the sunspot is
called the umbra and the relatively lighter region surrounding the umbra is the penumbra
(see, for example, Bray and Loughhead, 1964). Both parts have different physical properties
such as magnetic-field strength, temperature, fine structures, etc. The magnetic nature of
sunspots has been known for more than a hundred years beginning with the pioneering work
of George Ellery Hale in 1908 (see also, for example, Jurc¢dk et al., 2017). The umbra has
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stronger magnetic fields compared to the penumbra and the strength of the magnetic field
decreases with the radial distance from the umbral core (see, for example, Borrero and Ichi-
moto, 2011). Umbral- and penumbral-area measurements of sunspots may give information
about their magnetic field (Solanki, Inhester, and Schiissler, 2006; Hathaway, 2015). Thus,
an investigation of the umbra—penumbra area of sunspots may help to better understand the
magnetic structure of sunspots, as well as enable new insight into the processes of the solar
dynamo and also solar activity.

The ratio between the sunspot penumbra and umbra areas has been investigated by vari-
ous authors for a long time (e.g., Nicholson, 1933; Waldmeier, 1939; Jensen, Nordg, and
Ringnes, 1955; Antalova, 1971; Brandt, Schmidt, and Steinegger, 1990; Vaquero et al.,
2005; Hathaway, 2013; Carrasco et al., 2018; Jha, Mandal, and Banerjee, 2019). The earliest
studies suggested an almost constant umbra and penumbra area ratio; Nicholson (1933) re-
ported that the umbra—penumbra area ratio is about 0.21 from data of the Royal Observatory,
Greenwich (RGO) covering the time interval 1917 to 1920. He used only unipolar sunspots
or the preceding spot in a sunspot group. Waldmeier (1939) reported the umbra—penumbra
area ratio as 0.42 and noted that the ratio decreases with increasing sunspot area. Jensen,
Nordg, and Ringnes (1955) analyzed 653 single and regular sunspots with areas larger than
100 millionths of a solar hemisphere (©Hem) for 1878 to 1945, obtained from the RGO, and
found that the umbra—penumbra area ratio is 0.23. They found that the ratio is a function of
sunspot area and the phase of the 11-year solar cycle. These conclusions were corroborated
by Tandberg-Hanssen (1955, 1956) and are applicable to bipolar and complex groups.

Bray and Loughhead (1964) critically reviewed these studies and pointed to a significant
inconsistency and unreliability of the results obtained. They used the index

q=A,/Aw, (D

where A, is the area of the umbra and A, is the total area of the entire sunspot group. Bray
and Loughhead (1964) noted that the average value of g; decreases at the maximum of the
sunspot cycle. On average, g; is equal to 0.17 with a large spread of individual values. Previ-
ously, Waldmeier (1939) showed that ¢, increases with the spot area. This result contradicts
the findings of Jensen, Nordg, and Ringnes (1955). Bray and Loughhead (1964) chose not
to touch on this issue at all in their review.

Antalova (1971, 1991) conducted a study of the relative area of the umbra for a period
of 85 years (1874-1959). It turned out that this value exhibits rather significant variations,
with the smallest value in Cycle 14. As a rule, this index was less at the maxima than at
the minima of the activity cycles. These results are consistent with the findings of Jensen,
Nordg, and Ringnes (1955) and Tandberg-Hanssen (1955). In addition, this index for large
spots is less than for small ones, see Antalova (1971). Later, Brandt, Schmidt, and Steinegger
(1990) analyzed 126 sunspots around the maximum of the solar activity in 1980 and they
found that the umbra—penumbra area ratios were 0.24 for small sunspots (for total areas
around 50 wHem) and 0.32 for large ones. Vaquero et al. (2005) found that the umbra—
penumbra ratio was around 0.25 from the sunspot observations made during the 1862—-1866
period (declining phase of Solar Cycle 10 up to its minimum).

According to Hathaway, Wilson, and Campbell (2007) the mean value of relative umbra
area is equal to 0.2. With an increase in the average spot area, this index will decrease. The
cyclic dependence of the index is weak, and there was no dependence on latitude. For small
sunspot groups, this index showed strong variations between 1910 and 1950. This result was
later confirmed by Bludova, Obridko, and Badalyan (2014).

Detailed analyses of the sunspot umbra—penumbra area ratio were presented by Hath-
away (2013) and Jha, Mandal, and Banerjee (2019). Hathaway (2013) used data from the
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RGO for more than 100 years (1874—1976). He found that the penumbra to umbra area
ratio did not depend on the heliographic latitude of the sunspots and the phase of the cy-
cle. He also found that the umbra—penumbra area ratio of small groups (smaller than 100
uHem) shows a systematic change with time. Jha, Mandal, and Banerjee (2019) studied the
sunspot penumbra to umbra area ratio using Kodaikanal data from 1923 to 2011 (Cycles
16-23). They found that the average umbra—penumbra area ratio varies with sunspot size
correspondingly, while the ratio has not shown any dependencies on heliographic latitude,
cycle phase, and cycle amplitude.

Bludova, Obridko, and Badalyan (2014) showed that the smallest groups with an area of
less than 100 nHem make the greatest contribution to the time variation of ¢ .

In this study, we investigate the long-term dynamic behavior of the sunspot penumbra
to umbra area ratio by analyzing the Debrecen Photoheliographic Data (DPD) of the pe-
riod 1976-2017 (Solar Cycle 21-24). We focus on the temporal and periodic behaviors of
the ratio for northern and southern hemispheres of the Sun, respectively. Time profiles and
periodicity analyses are used to describe the ratios’ long-term dynamic behavior in detail.
Section 2 contains the data and methodology, Section 3 the analysis and results, and Sec-
tion 4 the discussion and conclusions.

2. Observational Data

We used the data of the daily individual sunspot groups obtained at the Debrecen Photoheli-
ographic Data (DPD) sunspot catalog (Baranyi, Gy6ri, and Ludmény, 2016) from June 1976
until December 2017, covering the complete Solar Cycles 21 to 23 and a major part of Cy-
cle 24. The DPD sunspot catalog is mainly based on solar images taken at Gyula (recently
known as Gyula Bay Zoltan Solar Observatory, GSO, hspf.eu/) and Debrecen Heliophysical
Observatory (DHO) (Gy®&ri, Baranyi, and Ludmany, 2011). The gaps present in the observa-
tions were filled in by white-light images taken by different observatories from all over the
world. From 1976, the sunspot database of the Royal Observatory, Greenwich (RGO) was
replaced by the DPD sunspot catalog. In both the above-mentioned observatories forming a
DPD catalog, measurements were made by white-light full-disk photographic observations
and the archive consists of more than 150,000 digitized plates. This catalog contains the date
and time of observation, heliographic latitude [X] and longitude [L], corrected whole-spot
area [ A, ], hereafter sunspot area, corrected umbral area [Ay ], and central meridian distance
[C M D], etc., of all the observed sunspot groups on daily basis. Along with these, the DPD
catalog covers information about the penumbra region of each identified sunspot, with cor-
rected projection effects. The main components of any stable sunspot are the umbra and the
penumbra. Although it is known that the sunspots photometric and magnetic boundaries do
not coincide, Obridko et al. (2022) investigated sharp structures visible in solar magnetic-
field tracers. Relying on the fact that the magnetic boundary is not defined with sufficient
precision, they showed that the photometric and magnetic properties of structures at the so-
lar surface need further investigations, and certainly through the leptocline (see Kosovichev
and Rozelot, 2018, for definition). To compile the DPD sunspot catalog, a software pro-
gram package SAM (Sunspot Automatic Measurement) was developed that automatically
determines the contours characterizing the umbra—penumbra and the photosphere penumbra
boundaries thorough which umbral and penumbral areas and the heliographic positions of
the spots are measured from the images (see Gyori, 1998, 2005, for details). In this process,
based only on the intensity the darker portion of the spot is considered as an umbra. The
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unit of the corrected area of the whole spot and the umbra is a millionth of a solar hemi-
sphere [Hem]. In this catalog, the umbral area is taken as 0 when its area is < 0.5 uHem.
Here, the umbra area is defined as the total area of the umbra of all the sunspots in a group
rather than the area of the umbra of an isolated spot. A zero umbral area indicates that either
the derived A, is < 0.5 pHem or the internal pattern of the spot is not identified properly
(Baranyi, Gy®6ri, and Ludmany, 2016). The active regions (ARs) consisting of pores and zero
umbra area were not considered in the present investigation. Our observation covered a total
of 12,336 days sunspots observations. These datasets are publicly available at the website
fenyi.solarobs.unideb.hu/pub/DPD/. More information about the DPD catalog and the rel-
evant datasets can be found in Baranyi, Gyéri, and Ludmany (2016), and Gy6ri, Ludmany,
and Baranyi (2017).
The ratio (g) of the penumbral area to the umbral area of any sunspot is defined as:

q=(Aw/Ay) — 1, (@)

where, A,, and A, are the sunspot area and umbra area, respectively, with units of xHem.
Both of these parameters were corrected for foreshortening based on the positions of
sunspots between the disk center and the limb. A similar definition of this ratio was con-
sidered by Hathaway (2013) and Carrasco et al. (2018).

Note that this definition of ¢ differs from the definition of ¢; adopted in a number of
other papers and discussed above in the Introduction, so that an increase in ¢, corresponds
to a decrease in g and vice versa.

3. Results

We determine the ratio g for the period June 1976-December 2017 from the DPD catalog
that covers the Solar Cycles 21 to 24. Different aspects of this ratio are discussed in this
section.

3.1. Variation of the Penumbra-Umbra Area Ratio with Sunspot Area

We have studied the overall behavior of this ratio (¢) with respect to the size of the sunspot
observation in the DPD database for the entire time period under investigation. For this
purpose, the data are grouped according to their corrected full sunspot area into bin sizes
of 50 uHem between 50 and ~7500 pHem and we calculated the average ratio (gayg) for
all sunspots lying in that particular bin. Figure 1 represents g,z as a function of the daily
total sunspot area (upper panel) and total group-sunspot area (lower panel). The red-dotted
regions delimit the standard error of 20 uncertainty. The upper panel shows the variation of
the penumbra to umbra area ratio with respect to the daily total sunspot area in the full solar
disk. The daily total area is the sum of the areas of each spot present in a group in each day.
The daily total umbral area is also the sum of all sunspot umbra areas for each day. Figure 1
indicates that this ratio begins with the value ~6.4, then falls to 5.5 for the size ~100 nHem,
and becomes almost flat at the value ~6 for the size from ~700 wHem to ~4500 pHem
with two spikes (local maxima) having values ~6.3 and ~7 when the sunspot area becomes
the size of ~500 wHem and ~5500 pHem, respectively.

This slow upward trends of the ratio indicates that larger sunspots tend to have a larger
penumbra. Figure 1 exhibits that the ratio has an average value ~6 till the value of the
sunspot area ~5000 pwHem. This g, shows variation between 5.5 and 8.7 when the daily
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Penumbra-to-umbra ratio as a function of total sunspot area
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Penumbra-to-umbra ratio as a function of total group sunspot area
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Figure 1 Penumbra to umbra area ratio as a function of daily total sunspot area (upper panel) binned over 50
nHem and penumbra to umbra area ratio as a function of total group-sunspot area (lower panel). Red shaded
regions represent the 2o error.

total sunspot area acquires the very high values from 5000 pHem to 7500 puHem. It is
possible that this fluctuating character is simply due to the fact that sunspot areas > 4500
uHem are very few in number (~1%) with smaller umbra area. We have found that the error
region above sunspot area >5000 uHem are considerably larger and most probably arose
due to the poor statistics in those bins. On the other hand, a strong scatter of values for small
sunspot areas can be associated with inaccuracies in determining areas or the groups with
rudimentary penumbra. We have also calculated the necessary statistical parameters for all
data displayed in Figure 1. The mean value, standard deviation, and standard error of the
qavg plots Figure 1(a) are 6.266, 0.452, and 0.0408, respectively.

Figure 1, lower panel, shows the variation of the penumbra to umbra area ratio with re-
spect to the whole group area for all sunspot groups observed during the above-mentioned
time span. In this case, the bin size is also between 50 and ~4500 pHem. This figure in-
dicates that the ratio begins with the value ~5.5, gradually rises to ~7 for the size ~380
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Penumbra- Umbra ratio for different latitudes of the whole solar disk
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Figure 2 Variation of gavg as a function of total total sunspot-group area in four different latitude bands of
the full disk.

uHem, then falls to 6.5 for the size ~500 pHem. The ratio showed two peaks having values
~7.6 and ~7.3 within 600 wHem to 700 xHem. Then, the ratio took an average value of
~6.5 from 750 pHem to ~1800 pHem. Then, it showed some up and down nature vary-
ing between ~8.3 and ~5.6 within the zone ~3000 uHem. The ratio showed its highest
value ~9.5 and lowest value ~5 when the group-sunspot area is ~3300 uHem and ~3500
uHem, respectively. In the small-area regions (<2000 wHem), spikes were formed as there
are some sunspot groups having relatively small umbra areas. We assume the strong peak
and downfall of the ratio after 2500 pHem is produced due to the presence of a very small
number of groups (~0.2%) that belong to those bins. The mean value, standard deviation,
and standard error of the data displayed in the lower panel of Figure 1 are 6.761, 0.594, and
0.069, respectively.

3.2. Variation of the Penumbra-Umbra Area Ratio with Latitude

According to the “sunspot butterfly diagram”, only a few sunspots are observed at high
latitude during the onset of a new cycle and gradually their number increases and they appear
at lower latitudes in the course of solar-cycle progression. We examined possible variations
of gaye With latitude by calculating this quantity for sunspot groups in four latitude bands, 0°
to 10°, 10° to 20°, 20° to 30°, and > 30° following Hathaway (2013). First, we considered
the two opposite hemispheres together (full solar disk) and the results are shown in Figure 2.
This figure shows the variation of g, as a function of total group-sunspot area in four
different latitude bands. Although we have found that the majority of the sunspot groups
(~90%) belong to 10 uHem to 1000 xHem and only a very small fraction (~1%) exceed
the size > 2000 wHem, to obtain an overall clear picture, we have considered the sunspot
groups > 2000 uHem in our analysis.

From these plots, we observe that the value of ratio starts from ~5.5 to ~6 in different
latitude bands. These figures indicate a large scatter in the values of g,y in all latitude bands
without any exception. We found that variations in the value of g,,, do not depend on the
position of the spots in different latitudes. This result is consistent with those of Hathaway
(2013) and Jha, Mandal, and Banerjee (2019). Table 1 represents some statistical properties
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Table 1 Some statistical properties of gavg in different latitudes for the whole solar disk.

Latitude [°] Mean Median Standard Deviation Standard Error
0-10 6.367 6.382 0.6770 0.093
10-20 6.631 6.579 0.4866 0.063
20-30 6.967 6.916 0.7874 0.124
>30 6.361 6.379 0.5324 0.108

7 Penumbra-Umbra ratio for different latitudes in northern hemisphere
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Figure 3 Same as Figure 2 but for the Northern hemisphere.

of gayg in different latitude bands. To examine the variations of g,y, in the two hemispheres
separately, we have divided the full sunspot-group area data in + and — latitudes groups.
The latitudes in the + groups are considered as northern hemisphere and the — latitudes
are treated as the southern hemisphere. In both cases, the datasets were, again, divided into
four latitude bands, i.e., 0° to 10°, 10° to 20°, 20° to 30°, and > 30° as previously seen
(Hathaway, 2013).

Figure 3 represents the variations of g, in the northern hemisphere in the different
latitudes. For all latitudes, its value starts from 5.5-6 and then shows a scattering behavior.

Variations of g, in the southern hemisphere at different latitudes are displayed in Fig-
ure 4. In this hemisphere, for small sunspot-group area, gy, starts from ~5.6 to ~6.2 for
different latitudes. The scattering behaviors of g,,, at different latitudes are also found in
this hemisphere. Table 2 represents some statistical properties of g, in the opposite hemi-
spheres in different latitudes.

From the above-mentioned graphs, it is clear that g,,, does not exhibit any particular
trend in any of the hemispheres as well as the full solar disk and hence we may conclude
that this ratio is independent of the latitude distribution of a spot (Antalova, 1971; Hathaway,
2013; Jha, Mandal, and Banerjee, 2019; Hou et al., 2022; Takalo, 2023).
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Penumbra-Umbra ratio for different latitudes in southern hemisphere
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Figure4 Same as Figure 2 but for the Southern hemisphere.

Table2 Some statistical properties of gayg in different latitudes and hemispheres.

Latitude [°] Mean Median Standard Deviation Standard Error

Northern Hemisphere

0-10 6.587 6.385 0.697 0.109
10-20 6.674 6.651 0.468 0.063
20-30 6.999 6.849 0.926 0.158
>30 6.432 6.192 0.708 0.158
Southern Hemisphere

0-10 6.191 6.223 0.644 0.093
10-20 6.705 6.691 0.556 0.070
20-30 6.811 6.557 0.874 0.152
>30 6.270 6.154 0.730 0.149

3.3. Variations with Solar-Cycle Phase and Different Cycle Amplitude

In this section, we investigate the variations of g, during the different phases of the in-
vestigated solar cycles, like ascending, maximum, descending, and minimum phase, of all
the cycles separately. We have defined each of these phases following Hathaway (2013). We
are also motivated by some of the earlier studies like Jensen, Nordg, and Ringnes (1955),
Tandberg-Hanssen (1956), Antalova (1971), Hathaway (2013) to perform this analysis in
the recent solar cycles where these authors reported different values of g,,, during a cycle-
minima phase as opposed to a cycle-maximum phase. The variations of g,,, during different
phases of the Solar Cycles 21-24 are displayed in Figures 5(a)—(d). From these figures it is
evident that during Cycle 21, g, values vary between 2.2 and 11 for very small sunspot ar-
eas (smaller than 500 pHem) and cluster mainly within the interval 4 to 6 for all branches of
the cycle. However, for Cycle 22 during the above-mentioned phase g.,, was concentrated
within 5 to 6 up to sunspot areas of 500 pwHem and for large sunspot areas (1000-3000
uHem) its value varies between 5.8 and 7. In the case of Cycle 23, during the rising branch,
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Figure 5 Panel (a) to (d): Variation of gavg as a function of total group-sunspot area in four different activity
phases of the solar cycles as written on the panel.
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Gavg Varies from 4 to 6.5 for sunspot areas up to 500 Hem, for large sunspot areas gy, value
shows ups and downs with an average value of ~6. For Solar Cycle 24, the g,,, value was
scattered between 2 to 8.2 within small sunspot-group areas of 500 xHem and demonstrated
a varying nature from 4 to 8 for large sunspot areas.

The maximum phase of any solar cycle usually persists for 2-3 years with the appearance
of large sunspots. During Cycle 21, g,,, maintains an average value ~6 during this episode.
For Cycle 22, this value varies between 5 and 8. For Cycle 23, it maintains a value ~6 and
from 4-6 in the case of Cycle 24.

During the descending and minimum phases of any cycle, solar activities are less promi-
nent and the sunspot numbers decrease gradually. Sunspot areas also exhibit smaller sizes.
Here, we studied some properties of g.y, during these two phases for Cycles 21-24, for vi-
sualization see Figures 5(a)—(d). For Cycle 21, during the decay phase, g.,, takes a value
between 5 and 10.2 for sunspot areas of < 500 wHem. For sunspot areas > 500 pHem, it
possesses a value from 6 to 7. During the minimum phase its value g,,, varies from 4.2 to
10.2. At the time of the descending phase of Cycle 22, g, has values from 5 to 8 (except
one point) and about 5 during the minimum phase. In the case of Cycle 23, gay, is scattered
between 4.8 and 10 during the descending phase and between 2.5 to 12 at the minimum
phase with a concentration around 6. Our study covers the entire descending phase of Cycle
24. The value of g,,, changes from 2 to ~8 with a concentration within the zone 4 to 6.

The value of g,,, may vary in different solar cycles and to investigate the overall de-
pendency of this quantity we have examined the variations in g, as recorded for each
solar cycle under investigation. Figure 6(a) represents the variations in g,y as a function of
sunspot area for Cycles 21 and 23. During Cycles 21 and 23, for sunspot area up to 5000
uHem, g,,, mainly clusters within the range of 5.5 to 6.5 values. For very large sunspot
areas (> 5000 puHem) g.,, shows a large scatter and its value varies from 5 to 8 for both
the cycles under study. The mean values of g, for Solar Cycles 21 and 23 are ~6.14 and
~6.54, respectively.

Variations in g,y as a function of sunspot area for Solar Cycles 22 and 24 are shown
in Figure 6(b). To see the trend of penumbra—umbra area with respect to the total sunspot
area we added linear fits for each cycle data (Chowdhury et al., 2022). In both these cycles
the gay, lies mainly within the range of 5 to 6. It is observed that the average values of gy,
for even-numbered Cycles 22 and 24 were ~6.16 and ~5.55, respectively. The variations of
avg in different solar cycles may be due to different dynamic behavior of smaller and larger
spots. Also, in contrast to the Cycles 21 and 23, there is a weakly increasing trend in gay,
values with sunspot area. Table 3 illustrates some of the statistical properties of Figures 6(a)
and (b).

3.4. Dynamic Behavior of Smaller and Larger Spots and Other Properties

It is well known that sunspots of different sizes exhibit different types of behavior in the
course of a solar cycle (Gao, Li, and Li, 2017). In this section, we study the evolution of
q for two classes of sunspots: i) sunspot groups with areas < 100 pHem (small sunspot
groups) and (ii) sunspot groups with areas > 100 uHem (medium to large sunspot groups).
We have considered this threshold value at 100 pHem due to the fact that we see a dip in
the value of ¢ at this area in Figures 1(a) and (b). For this purpose, we have calculated the
average value of ¢ on a yearly basis for both sunspot categories.

Figure 7 shows the three-yearly averages of the g for small (areas < 100 pHem) and
large sunspot groups (areas > 100 wHem). It is found that ¢ values vary between 2.8 (in
2017) and 8.6 (in 2003) for small groups and they vary between 4 (in 2016) and 8.3 (in
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Figure 6 Penumbra-to-umbra area ratio as a function of total sunspot area at various phases of the sunspot
cycle indicated by the different symbols with regression plots. (a) Cycles 21 and 23, (b) Cycles 22 and 24.

Table 3 Some statistical properties of ¢ values for the investigated cycles.

Cycle no Mean Median Standard Deviation Standard Error
21 6.147 6.166 0.451 0.057
22 6.170 6.100 0.508 0.051
23 6.549 6.550 0.366 0.049
24 5.550 5.410 0.579 0.066

2008) for large groups during the investigated time period. They have a tendency to follow
the sunspot cycle with some differences; i) the amplitude of variation is quite small during
Cycle 22 for small groups compared to large ones, ii) the amplitude of variation decreased
markedly during solar Cycle 24 for both categories, iii) contrary to small groups, the cyclic
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Figure 7 Temporal variation of the annual g values computed for Cycles 21-24 records in two categories.

variation is not clearly seen in the case of large groups during Solar Cycle 24. In the case
of the sunspot groups with areas < 100 uHem, we have noted the sudden drop during
2000-2001 as well as 2010—2011. If we consider sunspot groups with areas >100 uHem,
such a drop is observed during the period ~2000-2001 and ~2014. Perhaps these decreases
of sunspot area are related with the Gnevyshev gap (GG) (Gnevyshev, 1967).

The monthly mean values of ¢, considering all types of sunspot groups were calculated
for each year from 1976 to 2017 and are displayed along with the 13-month moving average
in Figure 8. This figure indicates that during Cycle 21, the values of ¢ lie mainly around the
vicinity of 6. After this cycle, monthly g values show a rise and fall nature and follow charac-
teristic solar-cycle properties. From the fitted curve, it is clear that during the deep minimum
phase of Cycle 23, the value of g varied from 5 to 5.5, i.e., the value did not reduce much,
although it has been reported that both sunspot number and area were abnormally lowered
down in this time period (Hathaway, 2015). For comparison, we have plotted monthly and
13-month moving average of the International Sunspot Number of the full solar disk for the
aforesaid period.

From Figure 8, it is also clear that the value of g varies during the course of a solar
cycle. We have investigated the number distribution of g for all the solar cycles as well
as different cycles, separately, under a study considering the monthly average value of q.
Figure 9 presents the histogram plots of the number distribution of g. For Cycle 21 the
maximum value of ¢ lies within 6 to 7. The mean g-value for the Cycle 21 is 6.20 (standard
deviation, std = 1.14). For Cycle 22 the histogram exhibits a maximum within 5 to 6. The
mean g-value for the Cycle 22 is 5.92 (standard deviation, std = 1.04). In the case of Solar
Cycle 23, g exhibits its maximum within 6 to 7. For this cycle, the average g-value is 6.30
(standard deviation, std = 1.51). The histogram peak has a maximum within 4 to 5 during
Cycle 24 with average g-value 5.53 (standard deviation, std = 1.83). When all the solar
cycles are considered together, the histogram for g-values is a maximum within 5 to 7, the
average g-value is 6.02 (standard deviation, std = 1.43), and it is concentrated mainly within
the zone 4 to 8. These plots show that the maxima of the penumbra—umbra area ratio changes
from cycle to cycle due to the different strength of the solar cycles and therefore the sunspot
areas (particularly the number of larger groups) are also different.
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Figure 8 (a) Monthly (black) and 13-month smoothed (red) penumbra—umbra area ratio for Cycles 21-24
(b) Monthly (black) and 13-month smoothed (red) international sunspot number of the whole solar disk for
Cycles 21-24.

3.5. Periodic and Quasiperiodic Variations of Penumbra-Umbra Area Ratio (¢)
3.5.1. Methods

Figure 8 indicates that the ratio (g) exhibits fluctuations and follows a cyclic pattern of
about 11 years, with different dynamical behavior in different sunspot cycles. Periodic
and quasiperiodic variations in the different solar-activity indices like sunspot number/area,
plage areas, 10.7 cm radio flux, He flare activity, coronal mass ejections, etc., on time scales
shorter than the 11-year Schwabe cycle have also been reported by several authors (see
Hathaway, 2015, for details). Detailed analysis of these short-term periodic variations may
provide clues to understanding the basics of different solar activities (McIntosh et al., 2017;
de Paula, Curto, and Oliver, 2022; Korsods et al., 2023). In this section, we are interested
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Figure 9 Histogram plot of penumbra—umbra ratio in different solar cycles and combining all cycles. The
ratio is maximum in the zone of 5-7 when all cycles (Cycles 21-24) were considered.

in studying the periodic and quasiperiodic variations present in the monthly averaged value
of ¢ during the time period of investigation because this parameter (g) is directly connected
with sunspot/solar magnetic-field activity. To determine the periodic variations present in the
time series of ¢, we used both the multitaper method (MTM) (see Ghil et al., 2002, for more
detail) and Morlet-wavelet analyses techniques with a red-noise background approximation
(Torrence and Compo, 1998). The MTM is a very effective tool for finding low-amplitude
harmonic oscillations that are highly statistically significant in the dataset, and it was widely
used to evaluate various solar-activity indicators to determine what their periodic properties
were (Di Matteo and Villante, 2017; Kilcik et al., 2018; Dobrica et al., 2018; Chowdhury
et al., 2019; Kilcik et al., 2020; Ozguc et al., 2021; Ozguc, Kilcik, and Yurchyshyn, 2022;
Korsés et al., 2023, and references therein). The MTM offers helpful tools for signal recon-
struction (Park, 1992) and spectral estimate (Thomson, 1982; Percival and Walden, 1993)
of a time series whose spectrum may include both broadband and line components. Ghil
et al. (2002) include more detailed information on this technique. Here, three sinusoidal ta-
pers were utilized, with frequency ranges selected between 0.004—0.5 (2-250 month) for the
entire dataset and 0.16-0.25 (4-6.25 month) for the Rieger-period intervals. The noise spec-
trum assumed as a red spectrum. When the 95% confidence level is attained, we consider a
signal to have been detected.

To investigate the temporal evolution of the periodicities present in the time series of g,
we utilized the Morlet-wavelet analysis transform;

R 2
W(y) = g~ A gieone™ 2 3)
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Figure 10 Periodic behavior of penumbra—umbra ratio with MTM tool. The numbers on top mark the de-
tected periods and their possible errors in units of months.

Here, wy is the nondimensional frequency and n represents nondimensional time. The
wavelet analysis identifies periodic oscillations of time series in both time and frequency
domains. For this time series, we have considered wy as 6 and 12 for Rieger-type periods
and other long-term periods, respectively (Torrence and Compo, 1998; Ravindra, Chowd-
hury, and Javaraiah, 2021; Ravindra et al., 2022; Chowdhury et al., 2022). In both cases,
the bold dashed contours indicate the cone-of-influence (COI). We have considered a red-
noise background (Torrence and Compo, 1998; Grinsted, Moore, and Jevrejeva, 2004) and
the thin black contours inside the COI exhibit wavelet periods above 95% confidence level
(Torrence and Compo, 1998; Grinsted, Moore, and Jevrejeva, 2004). We have also com-
puted “global wavelet power spectra (GWPS)” that indicate time-averaged power in each
case. Figures 10-12 represent the wavelet plots.

3.5.2. Results

Table 4 lists the intermediate term periodicities present in the time series of ¢ as detected by
the MTM method (see Figure 10).

Quasiperiodic variations in the monthly time series of g were investigated by using the
MTM and Morlet-wavelet analysis techniques. The results are displayed in Figures 10,
11, and 12, respectively. Figure 11(a) indicates the presence of Rieger-type periodicities
(130-190 days/4.3—6.3 months) in the dataset of g. Along with it, the well-known quasibi-
ennial oscillations (QBOs) in the range of 1.2 year to 1.6 years (14.4 months to 19.2 months)
(Bazilevskaya et al., 2014; Hathaway, 2015; Kiss and Erdélyi, 2018) were also detected and
were concentrated in all solar cycles under study with varying lengths. Periods in the range
of 2.5-3 years (30-36 months) appeared during Cycles 22, 23, and 24. Figure 12(a) indi-
cates the presence of ~5-year (~60 months) as well as ~11-year ~132 months) periods
(solar-cycle periodicity). Similar kinds of periods were also detected in the GWPS plots
(see Figure 11(b) and Figure 12(b)).
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Figure 11 Panels a and b exhibit the local and global power spectra of the monthly mean penumbra—umbra
ratio data series for the range 4-18 months. The 95% confidence level in GWPS is indicated by red dotted
lines.

3.5.3. Evolution of Rieger-Type Periodicities

Rieger et al. (1984) reported the presence of a 154-day (5.13 months) periodic variation in
solar hard-X- and y-ray flare activity about the maximum phase of Cycle 21. Bogart and
Bai (1985) studied the occurrence of flares inferred from microwave datasets for Cycles
19 to 21 and detected strong confirmation of a 152-day (5.07 months) periodicity. Later,
these type of periods with varying length between 130-190 days (4.3—6.3 months) were
detected in different solar and heliospheric activity indices, including asymmetry time series
as well as in the galactic cosmic-ray datasets (Bai and Cliver, 1990; Bai and Sturrock, 1993;
Carbonell and Ballester, 1992; Oliver, Ballester, and Baudin, 1998; Chowdhury, Khan, and
Ray, 2009; Chowdhury et al., 2016, 2022; Knaack, Stenflo, and Berdyugina, 2005; Ravindra,
Chowdhury, and Javaraiah, 2021; Ravindra et al., 2022; Kotz¢, 2021; Korsés et al., 2023)
during different past solar cycles. These investigations suggest that Rieger-type periodicities
are not only a feature of flare activity, but also connected with regions of compact magnetic-
field structures. Gurgenashvili et al. (2016) analyzed sunspot-area data for Cycles 14 to
24 and indicated that the Rieger group of periods are cycle dependent, i.e., shorter periods
occur during stronger solar cycles. Lean (1990) indicated that the Rieger group of periods
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Figure 12 Panels a and b exhibit the global and local power spectra of the monthly mean penumbra—umbra

ratio data series for the range 18—130 months. The 95% confidence level in GWPS is indicated by red dotted
lines.

Table 4 Periods, with their errors, and period ranges determined using the MTM applied to g data for Solar
Cycles 21 to 24.

Periods in months ( > 95% confidence level)

2.098 £0.004, 3.25 +0.01, 3.82 £0.02, 4.68-5.33 £0.03, 9.9 +0.1, 42.7+1.8, 853 £7.1, 128 £16

are intermittent in nature and occurred mainly ~3 years (~36 months) during the solar-
maximum activity.

Here, we have studied the nature and variations of the Rieger-type periodicities in the
time series of ¢. To retrieve these periods, the dataset under study were processed through a
simple passband filter that consists of 4 months and 7 months smoothing with a consequent
subtraction of the latter data from the former one, following the recipe of Bazilevskaya et al.
(2014, 2022). Next, we have applied the Morlet-wavelet tool to these extracted datasets
considering wy = 6 under a “red-noise background” to explore the temporal evolution of
Rieger-type periods. To see these periods in more detail we applied the MTM technique and
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the frequency interval was chosen as 0.17-0.25 (4-6 months). We obtained two main peaks
in the MTM spectrum that are located at 4.74 and 5.17 months, respectively.

Figure 13(b) represents the evolution of Rieger-type periods. Periods of length from 4.5
months to 5.5 months were present from ~1977 to ~1979 that was the ascending phase of
the Solar Cycle 21. On the other hand, a big contour of varying length between 4 months and
6 months was prominent from 1983 to 1987 (during the descending phase including minima
of Cycle 21); from about 1993 to 1995 (descending phase of Cycle 22); another contour of
varying width from 2003 to 2012 (from the maximum of Cycle 23 to the minimum phase of
Cycle 24). We have also detected a statistically significant periodicity (> 95% confidence
level) of about 4.5 months during 2016 that was the descending phase of Cycle 24. Rieger-
type periods were also prominent in the corresponding MTM plots (Figure 13(a)).

4, Discussions and Conclusions

In this work, we have studied the long-term evolution and different properties of the sunspot
penumbra—umbra area ratio using the Debrecen Photoheliographic Data (DPD) sunspot cat-
alog for Cycles 21-24. The main findings of our investigations are summarized below:

i) We have found that the penumbra to umbra area ratio (g) value starts at ~6.4 for small
total sunspot areas (< 100 wHem). Then it shows a local minimum of ~5.5 in the range
of ~100 nHem. It maintains a value ~6 for the sunspot -area range from 800 nHem
to about 3500 Hem. However, for very large sunspots with areas > 4500 uHem, its
value varies from 5.5 to 8.7. In the case of group sunspot-area data, the ratio (g) started
from 5.5 and showed some rising nature. The ratio exhibited two strong peaks within the
zone 600 uHem to 700 uHem. For very large sunspot groups (> 3000 nHem), its value
varies between 5 and 9.5. We have found that the average value considering all sunspot
groups is ~6.761 and when the group sunspot-area data < 2000 pHem, the mean value
of this ratio is ~6.735. These results are partially in agreement with the previous results
of Hathaway (2013) and Jha, Mandal, and Banerjee (2019) that the ratio rises from 5.5
to 6 as the sunspot size increases from 100 xHem to 2000 pHem.

ii) We found that this ratio does not depend on the latitude of the sunspot groups in the
opposite hemispheres. We did not find any particular trend of variation of this ratio with
the change of latitude considering the whole solar disk as well as in the northern and
southern hemispheres separately. Further, we have found that this ratio does not exhibit
any significant variation or any kind of trend during different phases of the solar cycles
as well as cycle strength for the sunspot cycles under study.

iii) Our histogram plots indicate that the maximum value of the penumbra—umbra ratio
changes from cycle to cycle. However, the maxima are confined within the ratio values
4 to 8. Our analysis also showed that both small (< 100 uHem) and large (> 100 uHem)
sunspot groups follow the trend of solar cycles.

iv) The power-spectrum analysis methods identified a number of intermediate-term period-
icities (> 2 months and < 11 years), including the well-known Rieger and Rieger group
quasibiennial oscillations (QBOs) as well as other midterm periods in the monthly aver-
age value of the penumbra—umbra area ratio time series. We have carried out a detailed
investigation into the spatiotemporal evolution of Rieger-type periods for the range of
130-190 days by using a wavelet technique and found that modulation and appearance
of these types of periods are different in the different cycles. We concluded that the
penumbra to umbra area ratio data has a prominent 10-11-year cyclic variations (solar-
cycle length).
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In this study, we have considered all types of sunspots from smaller ones to larger ones,
as published in the DPD catalog. We have found that after some initial variations from ~5.5
to ~8, the penumbra—umbra area ratio (¢) maintains an average value ~6, as the daily total
sunspot area increases from 900 uHem to 7500 uHem. However, we have noted that there
are two local maxima of g,,; within sunspot areas 200 to 500 uHem, which requires more
investigations for any convincing explanation. In the case of group-sunspot area data, we
noted that the ratio showed strong two peaks within 600 uHem to 700 wHem. In this region,
we have detected several spots with small umbra areas. We have established that the average
ratio of the penumbral-to-umbral area considering daily total sunspot area is ~6.27 and for
the data of group-sunspot area is ~6.76. Hathaway (2013) noted that this penumbra—umbra
area ratio increases from 5 to 6 when the sunspot-group area increases from 100 pHem
to 2000 wHem using the data from the Royal Greenwich Observatory (RGO) for the time
period 1874—1976. A similar result was also obtained by Jha, Mandal, and Banerjee (2019)
with the long-term Kodaikanal white-light sunspot area measurement time series. Also, sim-
ilar results were obtained by Bludova, Obridko, and Badalyan (2014). On the other hand,
Takalo (2023) investigated Debrecen sunspot groups and indicated that the average g-value
was ~5.74. Hou et al. (2022) used Yunnan Observatories data for the time period from 1957
to 2021, and reported that the ratio of penumbra to umbra area was 6.63 +0.98. The major-
ity of sunspot groups belong to < 2000 nHem and we have found that the average value of
this ratio is 6.036+0.044 considering daily sunspot area up to this size, which is very close
to the previous report of Hathaway (2013). However, the difference between our result and
that of Hathaway (2013) and Jha, Mandal, and Banerjee (2019) probably arises from using
different observatory data, where the instrument design, measurement method, and calibra-
tion processes are different. The umbral area as well as the whole sunspot area measured by
Kodaikanal Observatory have differences from those of Debrecen Heliophysical Observa-
tory (see plot 3 of Jha, Mandal, and Banerjee, 2019). Takalo (2023) indicated that the DPD
dataset shows the smallest umbral areas, mainly for large sunspots that is different from
the data of RGO and Kodaikanal. Javaraiah (2016) also noted that there exists a difference
in size and number of different kinds of sunspot groups between the combined Greenwich
and SOON data and Debrecen Heliophysical Observatory data between 1974-2015. It was
also reported by Jha, Mandal, and Banerjee (2019) that, for the sunspots < 100 uHem,
g-values for Kodaikanal data fluctuate between 4 to 5 all the time, and for sunspots >100
uHem between 5 to 6, while for the other two datasets (RGO and Debrecen) the variation is
much larger. Takalo (2023) reported the presence of the Gnevyshev gap (GG) in its temporal
evolution of the g-values in the Debrecen dataset. However, for the RGO and Kodaikanal
datasets it was shown that the GG region occurred a few months later than the GG in the
Debrecen data for Solar Cycles 21-24. We conjecture that these are the main reasons for
the different results. Physically, the high value of ¢ indicates that larger sunspots tend to
have a larger penumbra. Our analysis supports the findings of Tandberg-Hanssen (1956) and
Antalova (1971) that penumbra sizes are larger in large sunspot groups.

We have studied the variations of ¢ in different latitude bands and investigated the na-
ture of this variation considering the opposite hemispheres. We have noted that g does not
depend on the latitude of any spot in the northern or in the southern hemisphere, respec-
tively. Moreover, we have found that the nature of the variation of g in the same latitude belt
is different in the two hemispheres. This indicates that the dynamic properties and/or the
formation of penumbra and umbra are likely different in the northern and southern hemi-
spheres, respectively. The magnetic flux is generated by the dynamo mechanism, which is a
global process. In order for the 11-year cycle to persist over many years, the dynamo pro-
cess must be synchronized between the hemispheres. However, the spots and their structure
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are formed from the generated flow directly below the photosphere in the convection zone.
The exact mechanism for converting the generated mean flow into spots is still unknown
(see, for example, Brandenburg, Kleeorin, and Rogachevskii, 2010), but it is definitely lo-
cal and therefore not synchronized in the two hemispheres. Hence, there exists north—south
asymmetry of the evolution of ¢ in different latitude bands. This result is consistent with
the earlier findings of Hathaway (2013) and Takalo (2023) that the g-value does not show
variation as a function of latitude.

We have also found that the value of ¢ is different in the different solar cycles under
study. In two odd cycles (Cycles 21 and 23), this ratio falls from the starting value and
then showed a sudden rise within 500 wHem. Above sunspot areas of 500 wHem, the ra-
tio gradually comes to a steady value ~6. During Cycle 21 and for large sunspot areas (>
3000 wHem), the g value scatters from 4.5 to 7.5. For the even-numbered Cycles 22 and 24,
we have found that after the initial fall and rise in the low sunspot areas (< 200 pHem),
q showed a tendency to increase and this behavior was maintained for large sunspot ar-
eas too. The increase of ¢ with sunspot area for even Cycles 22 and 24 is consistent with
previous investigations considering all sunspot groups (Tandberg-Hanssen, 1956; Antalova,
1971). However, more investigations are required to shed light on the dependence of g on
the sunspot-cycle strength and odd—even differences.

To study the dependence of g on solar-cycle phases, we have split Cycles 21 to 24 into
different phases and determined ¢ in each of these phases separately. In the case of rising
and declining phases, ¢ shows a tendency to increase with sunspot area, whereas the ratio
maintains a nearly steady value (~6) during the maximum phase of the cycles. The ratio g
depends on the size of the sunspot/sunspot groups and for larger spots with small umbral
area the ratio increases and vice versa. Therefore, the variation of ¢ in different solar cycles
as well as different phases of any cycle depends on the size of the spots present in those
phases. Kilcik et al. (2011) considered the sunspot-group data of different observatories and
indicated that, in general, large sunspot groups peaked about two years later than the small
ones in the solar cycle. Javaraiah (2016) utilized the sunspot-group data from the combined
Greenwich and SOON Observatories as well as the DPD catalog and reported that in many
cycles the positions of the peaks of the small and large sunspot groups are different, and they
also deviate considerably from the corresponding peak positions of sunspot number. These
factors are probably reflected in Figure 8, where we have seen that the magnitude of ¢ varies
from cycle to cycle and the peak value of ¢ has some mismatch in time with the peak value
of the sunspot number. In future, we aim to study this factor in more detail. During Cycles
21 and 23, g exhibits a large scatter in the minimum phase and this nature is absent in Cycle
22. All these indicate that ¢ differs in different phases as well as different solar cycles and
does not possess any particular trend.

We have segregated the spots according to their sizes and studied their dynamical be-
havior for each cycle under study. Our analysis shows that small sunspot groups (< 100
uHem), the penumbra—umbra area ratio follows the nature of solar -cycle variations. This
result is in close agreement with the recent detection of Carrasco et al. (2018) who analyzed
Coimbra Astronomical Observatory sunspot data for the time period 1929-1941. However,
our study also reveals, for spot groups with areas > 100 pHem, that this ratio is noisy and
does not exhibit any tendency to follow the solar cycles. This result is in accordance with
the observations made by Jha, Mandal, and Banerjee (2019) with the Kodaikanal dataset.
In both types of spots we have detected some decrease in ¢ value that may be related with
the GG as indicated by Takalo (2023). We have further pointed out that 13-month moving
average values of g exhibit an 11-year periodic nature like other sunspot indices.

Next, we have used the multitaper method (MTM) and a complex Morlet-wavelet anal-
ysis tool to detect the intermediate-term periodicities (> 2 months to < 11 years) in the
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penumbra—umbra ratio dataset considering that both the period and amplitude of different
oscillations may vary from cycle to cycle (Hathaway, 2015; Chowdhury et al., 2022). The
employed power-spectral analysis methods identified the presence of Rieger-type periods,
quasibiennial oscillations (QBOs), as well as ~11 year sunspot cycle periods. Further, we
have explored the evolutions of Rieger-type periods in different cycles under study with a
wavelet technique. Previously, the above-mentioned periods and their solar-cycle variations
were reported in different solar and helioseismic indices (Oliver, Carbonell, and Ballester,
1992; Krivova and Solanki, 2002; Chowdhury, Jain, and Awasthi, 2013; Vecchio et al., 2012;
Broombhall and Nakariakov, 2015; Kiss and Erdélyi, 2018; Kilcik et al., 2020; Xiang, Ning,
and Li, 2020; Zhang et al., 2022; Korsds et al., 2023, and references therein).

These are key findings here and so far to the best of our knowledge it is the first report of
detection of periodic/quasiperiodic behavior of penumbra—umbra area ratio data.

Till now there exists no physics-based model for a clear explanation about different fea-
tures of these intermediate-term periods. Bai and Sturrock (1993) and Bai (2003) suggested
that the presence of a 40°-tilted obliquely rotating structure having a rotation period of 25.5
day produces Rieger-type periods for an offaxis rotating solar core distorted by a strong
toroidal magnetic field (see Dicke, 1979) but such a type of structure has not been detected
yet. The ~2-year QBOs are possibly connected with the dynamics of the solar inner lay-
ers (Kiss and Erdélyi, 2018; Inceoglu et al., 2019; Hazra, Brun, and Nandy, 2020). The
prominent ~11-year periodicity in penumbra—umbra area ratio data is similar to that of the
Schwabe cycle period of sunspot activities and is probably associated with the variations of
the large-scale magnetic field due to the global nonlinear dynamo mechanism occurring in-
side the Sun (see Hazra and Nandy, 2016, 2019; Charbonneau, 2020, for details). Ballester,
Oliver, and Carbonell (2002, 2004) indicated that there is an association with the periodic
emergence of magnetic flux from the interior to the solar-surface complex active regions
and the periodic behavior of Rieger-type periods. On the other hand, Zaqarashvili et al.
(2010a) argued that Rieger-type periods are produced when the field strength is < 10* G in
the upper overshoot layer of the tachocline. Magnetic-field strengths > 10° G near the lower
layers of the tachocline create the periods of ~2 years (Zaqarashvili et al., 2010b). Several
researchers indicated that the different observed quasiperiodicities are governed by the dy-
namics of magnetic Rossby and mixed Rossby—Poincaré hydrodynamic-type waves present
in the solar atmosphere (Lou, 2000; Ulrich, 2001; Sturrock et al., 2013; Gurgenashvili et al.,
2016, 2017; Dikpati et al., 2018, etc.,). These types of waves have been detected in the deep
solar interior (Loptien et al., 2018; Liang et al., 2019; Proxauf et al., 2020; Hathaway and
Upton, 2021; Korsds et al., 2023, etc.) as well as in the bright points of corona (McIntosh
et al., 2017) from the data of Solar Terrestrial Relations Observatory (STEREO) and Solar
Dynamics Observatory (SDO) spacecraft. Further, Lanza et al. (2009) reported the exis-
tence of such magnetic Rossby waves in the atmosphere of many sun-like stars. Some re-
searchers suggested that different solar midterm periodicities could be explained considering
suitable spherical harmonics of magneto-Rossby types of waves (Dimitropoulou, Moussas,
and Strintzi, 2008; Zaqarashvili, 2018; Chowdhury et al., 2019, 2022; Gachechiladze et al.,
2019; Bilenko, 2020). For more details about the relation between different midterm periods
and Rossby-type waves see Ruzdjak et al. (2023). Recently, Zaqarashvili et al. (2021) have
discussed the connection between the different kinds of solar periodicities with magneto-
Rossby waves generated in the solar-interior dynamo layer. However, more investigations
about tachocline instability properties due to magnetohydrodynamic (MHD) waves are re-
quired to determine the exact reason behind different quasiperiodicities detected in solar
datasets.

Periodicities of three to seven years are sometimes referred to as intermediate or medium-
term quasiperiodicities (e.g., Lou et al., 2003). The so-called quasibiennial oscillations, or
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QBOs, are the most well-known midterm oscillations (MTOs) (see, for example, the com-
prehensive review by Bazilevskaya et al., 2014, and references therein). Six-year oscillations
have also been described as a midterm periodicity (Prabhakaran Nayar et al., 2002; Ravin-
dra et al., 2022). In a Sun as a star observation, Rivin and Obridko (1992) found that these
changes could be seen even in the Sun’s whole magnetic field. Sokoloff et al. (2020) sug-
gested the name Quasi-Sexennial Oscillations (QSO) for these variations. The two parts of
the MTO (QBO and QSO) have different characteristics and may have come from different
origins. Sokoloff et al. (2020) concluded that both the sunspot-number record and proxies
for the Sun’s overall magnetic field, such as the evolution of the solar axial dipole, show
evidence of QSO. Dynamo models demonstrate that these QSO are caused by the dynamo
cycle’s nonlinear, anharmonic shape. Long-term variations in QSO are the result of inter-
scale dynamics brought on by sunspot formation at the solar surface and long-term dynamo
variations.

It should be noted that the parameter ¢ is a very fine indicator of the structure of an
active region. The fact is that the global dynamo generates only the general flux of the
magnetic field, and as a result, determines the 11-year cycle. However, the direct formation
of sunspots and active regions in general takes place directly near the photosphere, probably
in the leptocline. An analysis of the emergence of an active region was studied in the works
of Getling, Ishikawa, and Buchnev (2016), Getling and Buchnev (2019), Zagainova et al.
(2022). The early stage of AR formation includes the floating up of a new magnetic flux in
the form of a chaotic mixture of magnetic elements of different polarity (Smirnova et al.,
2013). At the same time, the penumbra is formed as a result of channelized convection at
the periphery of the magnetic-flux tube (Kosovichev, 2009, 2012). This is a rather individual
process, so the dependence of ¢ index on the latitude and phase of the cycle ceases to be
noticeable.

On the other hand, the processes of ascent, the evolution of the active region, and the de-
velopment of the penumbra are apparently clearly balanced. During the evolution of the ac-
tive region, the magnetic field and the total area change by tens and even hundreds of times,
and the ¢ index changes by no more than 20-40%. On the Sun, we have never observed
large spots consisting entirely of umbra or penumbra. Whether this is a specific feature of
the sunspot-formation process on the Sun, we do not yet know.

In the near future, our aim is to continue this investigation by using the penumbra—umbra
area time series from other observatories including space-borne satellites like the Michelson
Doppler Imager (MDI) (Scherrer et al., 1995) continuum images from Solar and Helio-
spheric Observatory (SOHO); Helioseismic and Magnetic Imager (HMI) (Scherrer et al.,
2012) on board Solar Dynamics Observatory (SDO) (Schou et al., 2012, etc). This will be
helpful for us to explore images of higher spatial resolution with more accuracy. These find-
ings may shed some light onto our understanding formation of penumbra, dynamo models
of sunspot magnetic-field activities, decay of sunspots, and changes in the solar irradiance
in the recent past solar cycles.

According to the established relationships, the relative umbral area and the relative num-
ber of small groups are crucial elements in determining the secular variation of solar activity.
They could explain variations in the mean magnetic field in active regions, the complexity
of a group based on magnetic classification, the flare activity of a sunspot group, and its
geophysical implications, in particular. The parameter ¢ is hypothesized to describe the lep-
tocline’s time-varying relative contribution from the interior and subsurface dynamo mech-
anisms.
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