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Abstract

The chromosphere is a highly dynamic outer plasma layer of the Sun. Its
physical processes accounting for the variability are poorly understood. We
reconstructed the solar chromospheric flare index (SFI) to study the solar chro-
mospheric variability from 1937 to 2020. The new SFI database is a composite
records of the Astronomical Institute Ondfejov Observatory of the Czech
Academy of Sciences from 1937 —-1976 and the records of the Kandilli Ob-
servatory of Istanbul, Turkey from 1977 —2020. The SFI records are available
in daily, monthly, and yearly resolutions. We carried out the time-frequency
analyses of the new 84-yr long SFI records using the wavelet transform. We
report the periodicities of 21.88 (Hale cycle), 10.94 (Schwabe cycle), 5.2 (quasi-
quinquennial cycle), 3.5, 1.7, 1, 0.41 (or 149.7 days, Rieger cycle), 0.17 (62.1
days), 0.07 (25.9 days, solar rotational modulation) years. All these periodicities
seem always present and persistent throughout the observational interval. Thus,
we suggest that there is no reason to assume these solar periodicities are absent
from other solar cycles. Time variations of the amplitude of each oscillation or
periodicity were also studied using inverse wavelet transform. We found that
for SFI activity, the most active flare cycles over the record were Cycles 17,
19 and 21, while Cycles 20, 22, 23 and 24 were the weakest ones with Cycle
18 being intermediate in flare activity. This shows several differences to the
equivalent relationships for solar activity implied by sunspot number records.
Furthermore, this confirms that solar activity trends and variability in the
chromosphere as captured by SFI are not necessarily the same as those of the
Sun’s photosphere as implied by the sunspot number activity records, for in-
stance. We have also introduced a new signal /noise wavelet coherence metric to
analyze two different chromospheric indices available (i.e. the SFI and the disk-
integrated chromospheric Ca11 K activity indices) and to quantify the differences
and similarities of the oscillations within the solar chromosphere. Our findings
suggest the importance of carrying out additional co-analyses with other solar
activity records to find physical inter-relations and connections between different
solar layers from the photosphere, the chromosphere to the corona.

1. Introduction
Richard Christopher Carrington (1859) reported that on the morning of Thurs-

day, September 1, 1859 when he made his routine observations of the shapes and
positions of sunspots from the Redhill Observatory, England (Carrington, 1863),

Astronomical Institute of the Czech Academy of Sciences, Fritova 298, Ondfejov,
25165, Czech Republic

10 Universidad ESAN, Alonso de Molina 1652, Monterrico, Surco, Lima, 150140, Perd

11 IDASC (CNR), now merged into IMM (CNR), Bologna, Italy (retired)
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he witnessed an exceedingly rare appearance of a transient phenomenon on the
surface of the Sun. Two patches of intensely bright white light broke out.
Luckily, Carrington’s observation was also independently noted as “a very bril-
liant star of light” on the Sun’s surface described in Hodgson (1859). In addition,
there were no major changes in the sunspot group that Carrington had drawn
before this explosive emission occurred. Therefore, this emission could not have
originated from the underlying sunspot activity but the detailed mechanisms are
still a major research topic (see e.g. Lin, Soon and Baliunas, 2003; Hao et al.,
2017; Song et al., 2020).

The development of the physics of solar flare and/or coronal mass ejections
did not progress quickly nor systematically after Carrington and Hodgson’s
pioneering observations in part due to the rarity of white-light flares and the
lack of instruments to generate images or to capture the dynamical develop-
ments of the rapid manifestation of a solar flare transient (see e.g. Lin, Soon and
Baliunas, 2003). It is also obvious that not all solar flares are highly energetic
white-light flares. Another highly probable white-light flare in historic time
was the one described as a “flash of lightning” near a sunspot by Stephen Gray
(1666 —1736) on December 27, 1705, coincidentally timed nearing the end of
the infamous Maunder Minimum interval of anomalously weak sunspot activity
(Clark and Murdin, 1979; Soon and Yaskell, 2003; Velasco Herrera et al., 2022a).
Neidig and Cliver (1983) reported a total of 57 solar white-light flares between
1859 and 1982 but only four occurred in the 19th century: September 1, 1859;
November 13, 1872; June 17, 1891; July 15, 1892. Recently, Vaquero, Vazquez,
and Sanchez Almeida (2017) uncovered another new evidence for a white-light
flare on September 10, 1886 observed by the amateur astronomer Juan Valder-
rama y Aguilar (1869—1912). Eddy (1974) demonstrated a most convincing early
candidate of a coronal mass ejection during the total solar eclipse event of July
18, 1860.

Solar flares are abrupt processes that release large amounts of radiant and
charged-particle energy (see e.g. Fletcher et al., 2011; Shibata and Magara,
2011; Kusano et al., 2020; Li et al., 2022) that affect the state and condition
of the Earth’s magnetosphere and upper atmosphere (see e.g. Krauss et al.,
2012; Velasco Herrera et al., 2018; Zhang et al., 2021; Miteva and Samwel,
2022). The observations of solar flares are therefore important for the scientific
understanding of solar activity, space weather, and Sun-Earth physical relations.
Unfortunately, the “exact” quantitative value of the total energy produced by
flares cannot be determined. So, Link and Kleczek (1949) and Kleczek (1952)
have introduced, using observations with the Ha (6563 A) filter, the solar flare
index (SFI) as:

SFI=i-t. 1)

The SFI parameter gives an approximation of the total amount of energy
emitted by each eruption, where ¢ is the minimum duration of the eruption
and i first introduced by Link and Kleczek (1949) as “importance”
(in French; for the optical ranking of the solar eruption), was later
called “power” in Czech and Russian by Kleczek (1952) (mohutnost
and wmownocmy, respectively).
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We want to highlight that since the variable SFI expresses the value of the
radiated energy of each eruption, then according to Eq. 1, SFI is the product of
the power (i) and the eruption interval (¢). So the physical sense of i constitutes
the eruptive power, while the term “importance” does not really even adequately
express the physical sense of a solar flare. So in this work, we will adopt the term
“power” to represent the variable 7.

Richardson (1944) questioned the change in terminology from bright chromo-
spheric eruptions to solar flare and mentioned that the strongest reason for that
switch could be that, in one word flare, one can concisely capture “the three most
outstanding features of the phenomenon: its sudden appearance, great brilliancy,
and rapid variations in intensity.” Richardson also pointed out that the word
flare was first used by McNish (1937a) in the article The Atmosphere’s
Electrical Fringe when McNish wrote that “Solar eruptions cause the fade-
out of high-frequency radio signals on the daylight side of the Earth, lasting
at times from a few minutes to over an hour... [A]bout 100 such cases have
been reported. About half of these cases occurred at times when bright flare of
hydrogen light were visible on the Sun, revealed by a special instrument called a
spectrohelioscope. It is believed that all of these fade-outs occur simultaneously
with solar eruptions—absence of solar observations some times accounting for
the failure of any astronomer to report observation of a flare.” Here, we wish to
correct this mis-statement by Richardson (1944) because one can find an earlier
mention of “solar flare” in McNish’s publication in Physical Review which was
submitted on March 25, 1936 as McNish (1937b) while the popular magazine
article by McNish was dated October 24, 1937.

Different studies have partially analyzed the SFI variations with different
temporal resolutions for the entire solar disk and each of the solar hemispheres.
For example, Svestka (1956) performed a monthly statistical analysis of chromo-
spheric flares from 1937 to 1952. Later Knoska (1985) analyzed the SFI annually
from 1937 to 1976 covering four solar cycles (i.e. from Cycle 17 to 20). For
Solar Cycles 20 to 24, different spectral studies of the SFT have been systemat-
ically carried out (Ozgiig and Atag, 1989; Ozgiic, Atac, and Rybak, 2002; Atac
and Ozgii¢, 2006; Mendoza and Velasco Herrera, 2011; Velasco Herrera et al.,
2018; Ozgii¢ et al., 2021). In this work, we have reconstructed the SFI with a
daily, monthly, and annual temporal resolutions from 1937 to 1976 based on
the pioneering observations at the Ondfejov Observatory. In addition, we have
used the catalogue of SFI activity from the Kandilli Observatory between 1977
to 2020 to provide the complete composite of the SFI time series from Solar
Cycle 17 to solar cycle 24, roughly covering the interval from 1937 —2020.

2. Data and Methodology
2.1. Solar Flare Records
The solar flare index is related to the explosive solar activity and indeed has been

relatively well studied (e.g. .Svestka, 1956; Knoska, 1985; Atag, 1987; 'Ozgﬁg
and Atag, 1989, 1994, 1996; Ozgii¢, Atag, and Rybdk, 2002; Ata¢ and Ozgiig,
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2006; Mendoza and Velasco Herrera, 2011; Velasco Herrera et al., 2018; Ozgiig
et al., 2021). The SFI has been analyzed in a piecewise manner and somewhat
discontinuously for different solar cycles. These analyses have been conducted
for the entire solar disk as well as for individual hemispheres. This work sets
out to study the SFI activity for the entire solar disk from Solar Cycle 17 to
Solar Cycle 24 or roughly the 1937 —2020 interval.

In order to achieve this goal, the following catalogues of chromospheric flares
were assembled to reconstruct the daily, monthly, and annual variations of the
solar flare index from the entire solar disk between 1937 and 1976.

1. Kleczek (1952), Catalogue of chromospheric flares from 1937 to 1949.

2. Knoska and Letfus (1966), Catalogue of chromospheric flares from 1950 to
1965.

3. Knoska and Petrasek (1984), Catalogue of chromospheric flares from 1966 to
1976.

We also use the catalogue of chromospheric flares from 1977 to 2020 by
Bogazici Universitesi, Kandilli Rasathanesi ve Deprem Aragtirma Enstitiisii As-
tronomi Laboratuvari®.

The spatial-temporal nature and the hemispheric asymmetry of the SFI ac-
tivity with respect to and in relation to other solar activity metrics will be

postponed for a future work.
2.2. Wavelet Time-Frequency Spectral Analysis

There are at least two types of analysis that permit the deduction of information
on solar activity and its spatial-temporal variations. One is the direct processing
of the Sun’s images in various wavelengths (digital, analogue, satellite, terrestrial,
among others), and the second is the processing of solar activity signals. Signal
processing can be performed temporally and spectrally to find patterns and to
deduce or infer the energy and power of solar phenomena. The detected signals
allow the study and quantification of intrinsic properties such as their amplitude,
wavelength, frequency, energy, power, among others.

Solar information deduced from both the temporal and frequency spaces is
equivalent, and is found in very different algebraic spaces with their properties
and operations often very well defined. There is no single methodology that
would allow us to deduce and access all the necessary solar information. On some
occasions, temporal spaces provide the information necessary to understand so-
lar activity straightforwardly. On other occasions, this information is not very
obvious nor well defined. Hence, it is necessary to look for clearer information in
other spaces such as in the frequency space. In this work, we analyzed the SFI
time series using the wavelet transform because we are interested in analyzing
and understanding the evolution of periodicities over time. A general description
is presented below.

There are different spectral methods to analyze the frequencies of a function
(time series). For example, the Fourier transform should be used only when the

Lhttps://astronomi.boun.edu.tr/
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frequencies contained in a function are present at any point in time (Fourier,
1822). Therefore, the amplitudes of the oscillations with these frequencies do
not change in time (Fourier, 1822). In the case of the SFI, this requirement
is clearly not fulfilled. A noisy spectral function can be obtained using the
Fourier transform for data whose frequency changes with time. However, the
noisy spectra are produced because a spectral analysis is applied to data that
do not belong to the Linear Hilbert Space in Ly norm (LHS-Lo, e.g., see Chapters
2 and 5 of Alabiso, 2015).

We applied the standard wavelet technique (Grossmann and Morlet, 1984)
that is appropriate for studying non-stationary times series (Velasco Herrera et
al., 2022b), i.e. data that do not belong to LHS-Ly norm, for example the SFI
record. When there is a noisy spectrum, white noise is classically used to try to
separate and distill the true frequencies from the random spurious ones. In our
case, we will use red noise (Gilman, Fuglister, and Mitchell, 1963). Torrence and
Compo (1998) defined the wavelet transform as:

n’=0

N-1 ,
Wy(s) = Z L B (n s_n>5t, (2)

where s is the dilation parameter (scale), n is the translation in time parameter,
the * denotes complex conjugate, and ® is the mother wavelet function. Here
we used the Morlet wavelet and 0t is the resolution of the time series.

We wish to acknowledge in passing that the generalization of the standard
Fourier transform for non-stationary signals in terms of the so-called short-time
(or windowed) Fourier transform is also another suitable method (e.g. Kollath
and Olah, 2009; Olah et al., 2016).

2.2.1. Inverse Wavelet Spectral Analysis

We used the inverse wavelet (Torrence and Compo, 1998) formula to obtain the
oscillations of SFI (y,,) in time coordinate:

5,012 N Re(Wi(s)))

where j; and jo define the scale range of the specified spectral bands. For a
Morlet wavelet, §; = 0.6, C5 = 0.776, and 1, (0) = 7 1/4.

2.2.2. Signal-to-Noise Wavelet Coherence

Coherence is an intrinsically frequency-dependent function that was first intro-
duced in the signal analysis by Wiener (1930). The concept of coherence was
introduced in wavelet spectral analysis (see, e.g., Torrence and Compo, 1998;
Torrence and Webster, 1999). The classical wavelet squared coherency (7?) is
defined by Soon et al. (2019) in order to identify frequency bands within which
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two time series X and Y (i.e. the composite SFI and the composite chromospheric
Ca1rK time series) are covarying as:

Vs, m) = (WX (5,7)[%) & (19, 1)), (4)
with

WXY (s,7) = WX(s,7) @ W (s,7),

(Q(5,7)%) = (s WX (5, 7)) @ (7 [WY (5, 7)),

where ® and © are the Hadamard multiplication of matrices and the Hadamard
division of matrices, respectively (see, Soon et al., 2019, for more details on the
method), (.) represents the temporal and frequency average (e.g. Torrence and
Compo, 1998; Torrence and Webster, 1999; Grinsted, Moore and Jevrejeva, 2004;
Velasco Herrera et al., 2017; Soon et al., 2019) and * denotes complex conju-
gation. WXY (s, 7) is the cross wavelet (Hudgins, Friehe, and Mayer, 1993) and
is computed to study the co-varying nature; it measures the synchronization
in phase and/or frequency of two phenomena (X and Y). WX and WY are the
wavelet transforms of the two time series X and Y.

The instantaneous relative phase difference in the classical wavelet squared
coherency (¢), the global time-averaged wavelet coherence spectrum (G.2) and
the global frequency-averaged wavelet coherence spectrum (Gy) are defined by
Soon et al. (2019), respectively, as follows:

$(s,7) = tan™* (Im[WXY(s,T)] o Re[WgXY(s,T)]) , (5)
G2 =Y 7*(s,7),

Gy = Z(b(sn').
[

The coherence between two time series (i.e. the composite SFI and the com-
posite chromospheric Ca11K) in a physical system (i.e. the solar chromosphere)
can be calculated through the relation signal/noise, i.e. the signal-to-noise ratio
is the ratio between the spectral power of a signal and the spectral power
of the background noise. In our case, noise is any unwanted disturbance that
degrades the quality of the chromospheric activity variation signal. We defined

the signal /noise wavelet coherence (®/,,) as:

2
2 _ 7
q)s/n - 1 _727 (6)

where 2 is the classical wavelet squared coherency.
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2.3. SFI Power Anomalies

The power (P) is defined as the ratio of energy transfer per unit time (Feynman,
Leighton, and Sands, 1963; Landau and Lifshitz, 1988). We used the standardized
power anomaly (P) to quantify whether an SFI cycle is strong or weak; it is
defined (Velasco Herrera, Mendoza, and Velasco Herrera, 2015; Soon et al., 2019;

Velasco Herrera, Soon and Legates, 2021) as:

b= (7)

where (P;) is the mean value and o; is the standard deviation of the SFI power
in the solar cycle i (i = 17, 18, -+, 24).

2.4. Bayesian Inference

We applied the Bayesian inference machine learning model (see Suykens et al.,
2005; Soon et al., 2019; Velasco Herrera, Soon and Legates, 2021; Velasco Herrera
et al., 2022a,b, for technical descriptions about the method) obtained from the
original composite SFI record between 1937 and 2020 in order to provide a
probabilistic estimate of the SFI uncertainties. We applied the Bayes’s theorem
(Bayes, 1763) to calculate this uncertainty; the Bayesian probability can be
expressed as follows:

_ p(DI[f)
with
f=S Wit B, )
k=1

where f is the least-squares support-vector machines (LS-SVM) model. D¥ in
our case is the SFI at time k (k= 1,---,n), W is the weighting factor which in
turn has a functional dependence on D* and B is the bias term.

3. Results and Discussion
3.1. SFI Composite Record
Figure 1 shows the daily, monthly, and annual variations of the SFI from 1937 to
2020. All three time series display unique time variations and have SFI chromo-
spheric activity cycle shapes and morphologies that are not trivial nor directly

reflecting any one-to-one correspondence to the photospheric records like the
sunspot activity datasets. In addition, from both Figures 1 and 2 , we note
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that the relative amplitude of the SFI peaks during the maxima of the 11-yr-
like solar activity cycles are often different from other solar activity metrics,
especially sunspot records.

Because it is impossible to calculate the exact value of the total integrated
energy produced by solar flare eruptions (Link and Kleczek, 1949; Kleczek, 1952),
we proposed that the solar flare uncertainty should be considered and treated
as a probabilistic estimation problem (Velasco Herrera, Soon and Legates, 2021;
Velasco Herrera et al., 2022a). Similarly, Camporeale (2019) has suggested that
it is necessary to change the paradigms in solar activity research from an exact
approach to a probabilistic one with reliable uncertainties. In Figure 1, the blue
shaded area represents the 95% confidence intervals of the Bayesian SFI model.

3.1.1. Comparison between Composite SFI and Other Activity Indices from the
Sun’s Photosphere and Chromosphere

Several studies have emphasized that the umbrella term, solar activity, actually
comprises a multitude of different aspects of solar activity, and that often there
can be subtle differences in the trends and variability of each aspect within and
between consecutive solar cycles (Hoyt and Schatten, 1993; Livingston, 1994;
Soon, Connolly, and Connolly, 2015; Connolly et al., 2021). Therefore, after
obtaining the new composite SFI record, it can be useful to compare it to other
solar photospheric and chromospheric activity indices.

Figure 2a shows the yearly comparison between the solar chromospheric (He;
6563 A) flare index and two indicators of sunspot activity cycles. The comparison
shows that the annual variation of chromospheric SFI is roughly in phase with
the solar cycle of the photosphere represented by the sunspot number (SSN) and
group sunspot number (GSN, recently reconstructed by Velasco Herrera et al.,
2022a). However, while the relative amplitudes of each of the peaks are broadly
similar for Cycles 17, 19, 21 and 22, there are notable differences for Cycles 18,
20, 23, and 24.

Figure 2b compares the monthly chromospheric SFI composite (as a gray
area) to: (i) the monthly disk-integrated chromospheric Ca11K time series (e.g.
Bertello et al., 2016; Egeland et al., 2017)? in blue line and (ii) monthly grouped
solar flare (GSF, e.g. Deng, Mei, and Wang, 2020)? in red line. As for the analysis
above, there is a great similarity in amplitude for Solar Cycles 21 and 22
between the three solar indices (SFI, Ca11K, and GSF in gray area, blue solid
line and red dotted line, respectively). Furthermore, the activity morphologies
between SFI and Ca11 K are very similar for Solar Cycles 17, 18, 19, 21 and 22.
However, there are clear differences between these indices for Solar Cycles 20,
23 and 24 — although, the activity shape of Solar Cycle 20 is similar between
GSF and Ca11K. This comparison between the three solar indices shows that
the Sun’s chromosphere is a highly dynamic outer plasma layer, and the physical
processes that explain the variability are little known and poorly understood, so
it is necessary to perform a more in-depth analysis.

2https:/ /solis.nso.edu/0/iss/
3https://www.ngdc.noaa.gov/stp/ CDROM /solar _variability.html
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Figure 1. Time variations of the solar flare index (blue line), SFI on (a) daily, (b) monthly
and (c) annual resolutions for Cycles 17-24 (1937-2020). The blue shaded area represents the
95% confidence interval of the Bayesian model estimates of SFI values.
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Figure 2. Comparison between the chromospheric SFI record and other activity indices from
the Sun’s photosphere and chromosphere from 1937 to 2020. a) Annual records of composite
SFI in grey area, group sunspot numbers (GSN, Velasco Herrera et al., 2022a) in dotted
red line, and sunspot numbers (SSN V2, Clette et al., 2014) in blue solid line. b) Monthly
records of composite SFI (as gray area), the disk-integrated composite chromospheric Cann K
time series (e.g. Bertello et al., 2016) in blue solid line and grouped solar flare (GSF from
Deng, Mei, and Wang, 2020) in red dotted line.

We want to highlight that the above comparison between the various solar
photospheric and chromospheric indices reveals both differences and similarities
that exist between these two solar layers in different resolutions (annual and
monthly). This emphasizes the importance of considering multiple aspects of so-
lar activity when studying solar variability (Hoyt and Schatten, 1993; Livingston,
1994; Soon, Connolly, and Connolly, 2015; Connolly et al., 2021).
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The above analysis considers solar variability on annual (Figure 2a) and
monthly (Figure 2b) timescales. However, the solar flare index (SFI) is related
to the explosive solar activity which comprises abrupt processes that release
large amounts of radiant and charged-particle energy. Therefore, for this index,
it is probably more insightful to consider the variation on a daily timescale.
Therefore, we analyze the power of the SFI variation in each individual solar
cycle, and we compare it in the next section with the activity power of the solar
photosphere adopting the recent SSN V2 record of Clette et al. (2014).

3.1.2. Power Anomalies of the SFI Composite

To support and quantify our qualitative claim done above, we calculate the
standardized power anomaly from the daily SFI composite and the SSN records
for each solar cycle. Figure 3 shows the SFI and SSN power anomalies for Solar
Cycles 17-24. The SFI power anomaly shown in Figure 3b features Cycles 17,
19 and 21 as the active flare cycles while Cycles 20, 22, 23 and 24 as the weakest
flare cycles and Cycle 18 being the intermediate flare cycle.

Although there are similarities between the two aspects of solar activity,
there are also several marked differences. While the power anomalies show
that Solar Cycle 19 is the most active in the solar photosphere, the most
active SFI in the solar chromosphere is Solar Cycle 17. Also, while in the solar
chromosphere, the power anomalies are positive for Solar Cycle 17, they are
negative in the photosphere. The situation is reversed for Solar Cycle 22. In
the solar photosphere, it is positive, but it is negative in the solar chromosphere.

These results help to illustrate the difference between photospheric and chro-
mospheric solar activity and perhaps add insights to the nature of magnetic
heating of the chromosphere and the corona. In addition, the sharp differences
shown in Figure 3 could be hinting at the fact that the eruptive processes of
solar flares may require additional physical mechanisms that are related to the
magnetic topology and morphology of the solar chromosphere and corona.

Nonetheless, the overall long-term decrease in solar activity since Solar Cycle
21 in chromospheric activity can be seen for both metrics. This is consistent with
suggestions that we are at the onset of a new secular solar minimum (Velasco
Herrera, Soon and Legates, 2021).

In the solar photosphere, the sunspot activity has been observed to be weak-
ened significantly during the secular Maunder, Dalton-Wolf, Gleissberg-Waldmeierll
solar minima (Velasco Herrera, Soon and Legates, 2021; Velasco Herrera et al.,
2022a). Nevertheless, the relationships between solar minima periods and the
solar chromosphere are not yet completely established. It is true that the Carring-
ton/Hodgson event of 1859 occurs near or about the sunspot activity maximum.
But, given the shorter time series available, for now we should probably confine
our assessments of these relationships to noting that solar flare activity at least
increases and decreases in relation to the underlying magnetic activity that
follows the 11-yr-like cycles. This is another reason why it is so important to
monitor the totality of solar activity tracing and tracking the photosphere, the
chromosphere to the solar corona if we are to be able to identify and quantify the
nature of the new secular solar minimum that sunspot-based studies suggest has
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Figure 3. Standardized power anomalies of the daily SFI composite record from 1937 to
2020. (a) Shows the comparison of daily solar activity between the photosphere (SSN, V2 of
Clette et al., 2014, in black line) and the chromosphere (composite SFI in blue shaded area).
(b) Shows the standardized power anomalies (blue bars) of the composite SFI for the solar
cycles 17—24. (c) Shows the standardized power anomalies (black bars) of the SSN for Solar
Cycles 17—24.

begun around 2008 (Velasco Herrera, Soon and Legates, 2021; Velasco Herrera
et al., 2022a).

3.2. Wavelet Analysis

In Figure 4, the wavelet spectral analysis of the SFI is shown. In order to find
the patterns of the SFI variations, we spectrally analyze them with the wavelet
transform. The primary time series analyzed will be the daily SFI data, which is
shown in the upper panel of Figure 4. The evolution of each of the periodicities
of the SFI records is shown in the bottom panels.

Figure 4a shows the wavelet results of the daily SFI time series. The time-
frequency wavelet spectrum (bottom panel of Figure 4a) yields the periodicities
of 21.88 years, 10.94 years, 5.2 years, 3.5 years, 1.7 years, 1 year, 0.41 years
(149.7 days), 0.17 years (62.1 days), and 0.07 years (25.9 days). Figure 4b shows
the wavelet spectrum of the monthly SFI. The wavelet spectrum (bottom panel)
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shows the periodicities of 22.1 years, 11 years, 5.2 years, 3.5 years, 1.7 years,
1, and 0.41 years (149.7 days). Figure 4c shows the wavelet analysis of the
annual SFI. The wavelet spectrum (bottom panel) shows the periodicities of 22.1
years, 11 years, 5.2 years, and 3.5 years. We note the internal consistency of the
identified periodicities among the wavelet spectra for the three time series. That
is, the same or very similar periodicities are found at all timescales: ~22 years,
~11 years, 5.2 years and 3.5 years at all three timescales; and 1.7 years, 1 year and
0.41 years for the higher frequency timescales. Below, we discuss each of these
periodicities in turn. We note that Wan et al. (2020) independently identified
similar periodicities from analyzing the Purple Mountain Observatory’s monthly
SSN and GSN records from 1954—2011

The ~22-year periodicity is related to the solar magnetic cycle (Hale cycle),
and its spectral power is relatively weaker in the annual data than in the monthly
and daily SFI data. The periodicity of =11 years is the periodicity of the solar
Schwabe cycle (Schwabe, 1844). In Figure 4a-—c, this periodicity is the signal
with the highest spectral power. This periodicity is long-known to be present
from the photosphere to the solar corona (e.g., Hathaway, 2015).

The 5.5-yr periodicity is related to the energy (power) characteristics of each
individual 11-yr solar cycle and the asymmetry of the solar cycle is due to the
intensity (power) of this periodicity (Velasco Herrera, Soon and Legates, 2021).
The most magnetically active solar cycles have higher spectral power and the
least magnetically active ones with lower spectral power are consistent with this
5.5-yr scale diagnostic/prognostic estimator. Velasco Herrera, Soon and Legates
(2021) recently adopted this unique insight to proffer the simultaneous hindcasts
and forecasts of the sunspot activity cycles. This periodicity is a subharmonic
of the 11-yr solar cycle (Polygiannakis, Preka-Papadema, and Moussas, 2003;
Velasco Herrera, Soon and Legates, 2021). This periodicity has been reported
in different solar indices, for example, in the sunspot number record, in group
sunspot numbers, in historical aurora records, in the 'Be and *C cosmogenic
isotopes records, in polar faculae activity records (Silverman, 1992; Polygian-
nakis, Preka-Papadema, and Moussas, 2003; Usoskin et al., 2006; Kollath and
Olah, 2009; Le Mouél, Lopes, and Courtillot, 2019, 2020; Velasco Herrera, Soon
and Legates, 2021; Velasco Herrera et al., 2022a), and now we report this 5.5-yr
oscillation in the SFT activity.

The various periodicities between 0.6 and 4 yr are collectively categorized here
as the solar activity’s quasi-biennial oscillation (QBO). Many have suggested
this to be associated with solar dynamo processes (see, e.g., Howe et al., 2000;
Mendoza, Velasco, and Valdés-Galicia, 2006; Obridko and Shelting, 2007; Valdés-
Galicia and Velasco Herrera, 2008; Fletcher et al., 2010; Bazilevskaya et al., 2014;
Meclntosh et al., 2015; Bazilevskaya et al., 2016; Kiss, Gyenge and Erdélyi, 2018;
Velasco Herrera et al., 2018)

The periodicities between 1 and 2 years are the so-called mid-term periodici-
ties (MTP). The MTP has already been reported in coronal hole area (McIntosh,
Thompson, and Venkatesan, 1992), long duration X-ray solar emissions (An-
talovd, 1994), solar wind velocity (Richardson, 1944), and galactic cosmic ray
intensity (Valdés-Galicia, Otaola, and Pérez-Enriquez, 1996).
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Figure 4. Time-frequency wavelet results of the SFI activity: (a) daily, (b) monthly, and
(c) annual values for Cycles 17—-24 (1937-2020). The time-frequency regions with wavelet
spectral power detection above 95% confidence level are marked with thin black contours. We
also mark all the quasi-regular oscillations we identify and discuss in the main text for
panel (a) using white horizontal lines across the full interval 1937 —2020. The lower panels of
(a), (b), and (c) show the calculated wavelet power spectral density (PSD) in normalized
units adopting the red-green-blue color scales. The cone of influence (COIL,“U”-shaped curve
with shaded outer zones) shows the possible edge effects in the PSD.
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Benevolenskaya (2000) suggested that the MTP may be the result of a cou-
pling between two specific dynamo mechanisms. The MTP is said to be related to
the strength of a high-frequency component, i.e. the quasi-biennial periodicities
produced by latitudinal or radial shears in the subsurface region of the Sun.
In addition, Benevolenskaya (2000) pointed out the distinct dynamo operation
producing a low-frequency component of 22 years at the tachocline associated
with the large-scale radial shear of the angular velocity.

Regarding the annual periodicity, an obvious candidate for this quasi-period
is the Earth orbital period. In fact, the Earth orbital period is the most important
component, at annual scale, in the analytical expansion of the Sun’s position
around the solar system barycenter (Bretagnon and Francou, 1988). This leads
us to consider whether any of these identified periodicities could be associated
with solar and planetary motions (Courtillot, Lopes, and Le Mouél, 2021).

Several authors (e.g., Cionco, 2012; Scafetta, 2012; Cionco and Soon, 2015;
Stefani, Giesecke, and Weier, 2019) have shown that — based on specific forcing
functions (spin-orbit couplings, tidal etc.) — several quasi-periods can be ob-
tained, which can be phenomenologically related to solar activity modulations.
For example, many of our detected quasi-periods are intriguingly similar to
known periodicities associated with solar barycentric dynamics: the 3.5 yr is
present in forcing terms on the solar barycentric position related to giant planets
(Bretagnon and Francou, 1988; Kudryavtsev and Kudryavtseva, 2009); the 1.7 yr
periodicity is near the synodic period of Venus and the Earth, which is evident
in the velocity and acceleration of the Sun’s motion, but unimportant in the
solar position (Cionco and Pavlov, 2018). Even the sub-annual quasi-periods
detected can be related to planetary terms in the solar barycentric position
with a rather small amplitude but persistent quasi-regular oscillation around
0.35 yr (Bretagnon and Francou, 1988) and in the harmonic decomposition of
the Earth’s disturbing function, which is indirectly forced by the solar motion
(Cionco, Kudryavtsev and Soon, 2021).

If any of these competing planetary motion-based explanations for the MTPs
hold, this would contradict Benevolenskaya’s (2000) explanation. Therefore,
this latter interpretation is suggesting that the simultaneous operation of dy-
namos both within the subsurface and tachocline regions of the Sun as proposed
by Benevolenskaya (2000) might be incorrect. A further argument against the
simultaneous operation of two dynamos as proposed by Benevolenskaya (2000)
would be the modulations of the shorter term periodicities by the 11-yr cycles
as discussed in Section 3.3 and Figures 6 and 7 below.

On the other hand, we note that the periodicity of about 1.6 1.8 yr has been
reported not only for photospheric and chromospheric magnetic activity (see e.g.
the results for the young solar analogue HD 30495 by Soon et al., 2019) but also
for coronal activity in three young solar analogues: 1 Horologii ( Metcalfe et al.,
2010; Sanz-Forcada, Stelzer, and Metcalfe, 2013; Ibafiez Bustos et al., 2017), KIC
10644253 (Salabert et al., 2016), and 8041424 (Montet, Tovar, and Foreman-
Mackey, 2017). If these periodicities are common to multiple solar analogues,
each presumably with distinct planetary systems, this might offer more support
for the former explanation. Therefore, we believe the correct explanation has not
yet been resolved.
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In terms of the higher frequency periodicities, Rieger et al. (1984) first re-
ported the periodicity of 154 days in hard X-ray solar flares. All solar indices
have reported the Rieger oscillation (i.e. Gurgenashvili et al., 2016), suggesting
that the Rieger periodicity is not an exclusive feature of energetic flaring activity
(Velasco Herrera and Perez-Peraza, 2010; Gurgenashvili et al., 2016). However, it
could be associated with the solar magnetic field (Gurgenashvili et al., 2016) and
could indicate that the whole solar atmosphere is affected similarly, or the solar
atmosphere is coupled on all solar layers from the photosphere to the corona
(Velasco Herrera and Perez-Peraza, 2010) in different periodicities (from days to
years). In addition, Rieger reports on the temporal distribution of these high-
energy events and finds that these events tend to occur in groups with a mean
spacing of ~154 days and are not randomly distributed in time.

The periodicity of 25.9 days is related to solar rotational modulation. This
periodicity is a modulation reported from the photosphere, chromosphere, and
corona (Kane, Vats, and Sawant, 2001; Kane, 2002a,b) with variations ranging
from ~25 to 31 days, probably reflecting different dominant latitudinal zones
imprinting on the solar activity indices as the Sun is well-known to be a dif-
ferentially rotating body. Such results appear to suggest the synchronization of
solar rotation modulation persisting coherently among different solar layers.

3.2.1. Wavelet Coherence Between Chromospheric Activity Indices

The solar chromosphere is a highly dynamic layer of solar plasma, so SFI and
CallK are essentially two complementary solar chromospheric indices and indi-
vidually show both general and particular characteristics of the solar chromo-
sphere.

In Section 3.1.1, we have already compared the amplitude between these
chromospheric indices (SFI and Ca11K) qualitatively. In this section, we present
a more quantitative comparison, i.e. we analyze the coherence of identified
frequency channels between the SFI and Ca1lK in the solar chromosphere.

The classical wavelet coherence (e.g. Torrence and Compo, 1998; Torrence and
Webster, 1999; Velasco Herrera et al., 2018; Soon et al., 2019, for more detail
about our method) is shown in Figure 5a. A broad overall coherence between
SFI and Ca1K activity indices can be observed for periodicities greater than
two years. The relative phase between these two solar indices is, on average,
in-phase (as indicated graphically in the figures by the left to right orientation
of the arrows). This indicates that any of these two solar indices can be used to
analyze the chromosphere, as long as the chromospheric variability analyzed is
for the 2-year or longer oscillations. This result could indicate that although the
chromosphere is a heterogeneous solar layer, periodicities greater than two years
show broadly similar time-variation characteristics from the lower to the upper
chromosphere.

For periodicities lower than two years, the wavelet coherence appears to be
weaker, but it seems to be relatively strong during the maxima and minima of
each solar cycle. This lower coherence between the two indices for the higher
frequencies is perhaps due to the fact that Ca11K is an index of the high photo-
sphere and of the low chromosphere, while SFT is related to the explosive solar
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Figure 5. Time-frequency wavelet coherence between monthly records of composite SFI (as a
gray area) and the composite chromospheric Ca11 K time (in blue line): (a) classical coherence
wavelet and (b) signal/noise coherence wavelet for Cycles 17—-24 (1937 -2020). The central
panel for both (a) and (b) shows the calculated wavelet coherence power spectral density (PSD)
in normalized units adopting the red-green-blue color scales. The cone of influence (COI,
“U”-shaped curve with shaded outer zones) shows the possible edge effects in the PSD. The
black arrows in PSD indicate the relative phase between SFI and CanK in time-frequency
domains. The orientations — (0°) or < (180°) indicate that there is a linear, in-phase or
antiphase, synchronization, respectively, at a certain frequency between these two phenomena.
Any other orientation means that there is a complex, non-linear synchronization and an out
of phase situation, meaning that the two studied phenomena have a more complex non-linear
relationship. The time-averaged global wavelet coherence is shown in the left-hand panel with
the red dashed line indicating the 95% confidence level against red noise spectrum (see, e.g.,
Velasco Herrera et al., 2018; Soon et al., 2019, for more details about our method).

activity ultimately originated from the solar corona. That is, SFI is an index
that is probably better associated with the higher part of the solar chromosphere.
So, we suggest that if researchers are interested in studying separately the low
chromosphere and the high chromosphere, then Call K for the former and SFI
for the latter would probably be more suitable.

The signal-to-noise wavelet coherence is shown in Figure 5b. As for the classic
coherence analysis, the high coherence can be observed for periodicities longer
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than two years. However, the coherence between the periodicities of 0.25 and
1 year has increased in this differently defined wavelet coherence that seeks to
optimize the signal-to-noise ratio of the data series.

This new wavelet coherence metric suggests that the main difference between
SFI and CaliK lies between the periodicities of 1 and 2 years. We note that
explosive solar activity sometimes emits relativistic solar protons and these
emissions occur around this frequency interval, when the protons acquire en-
ergies above 433 MeV (up to >10 GeV). These types of events are known as the
relativistic solar particle ground-level enhancements (GLE). These events occur
and manifest roughly in the quasi-biennial oscillation of 1.7-yr and it has been
shown that these relativistic solar events are not the result of stochastic processes
(Velasco Herrera et al., 2018). Therefore we propose this could be a promising
explanation. With that in mind, we note that the last GLE-73 event occurred
on 28 October, 2021 is in accordance with the 1.7-yr periodicity pointed out
by, e.g., Velasco Herrera et al. (2018).

Finally, we highlight that the global coherence and signal-to-noise coherence
spectra (left panels of Figure 5a and 5b) show significant or near sigificant
(i.e., 95% confident above the red-noise spectrum) periodicities for 22.1 years,
11 years, 5.2 years, 3.5 years, 1.7 years, 1 year, 0.41 years (149.7 days), i.e. the
same (or very similar in the case of ~22 and 11 years) periodicities described
earlier.

3.3. Amplitude and Phase Variations of the Composite
Chromospheric Indices

We have analyzed each of the periodicities obtained with both the wavelet spec-
tral analysis (Figure 4) and the wavelet coherence (Figure 5). Next we study the
variations of the amplitude and phase of each oscillation in detail.

Figure 6b—j shows the centered and normalized oscillations of the daily SFI
composite (Figure 6a) obtained with the inverse wavelet transform.

Figure 6b shows the variation in the amplitude of the 21.88-yr oscillation
(Hale cycle). It can be seen that the amplitude of the Hale Cycle is always present
and persistent in all solar cycles, but starting from Solar Cycle 22 on its cycle
amplitudes were smaller than compared to Solar Cycles 17—-21. In Figure 6c¢,
the amplitude of the Schwabe cycle was nearly constant between Solar Cycles
17 and 22, but starting from Solar Cycle 23, one can see slight decreases in the
amplitude of the 11-yr oscillation. Figure 6d shows the Waldmeier spectral
effect /rule that during the intense cycles of 5.2-yr SFI, their temporal power is
high, and during the weaker solar cycles, the temporal power measured by this
periodicity is low or weak.

For oscillations lower than or equal to one year, it can be observed in panels
g-j of Figure 6 that the amplitude is modulated. During the maxima of each solar
cycle, these amplitudes reach their maximum values, while during the minima
of these solar cycles, amplitudes have minimum values. This effect has been
observed before in different solar indices, which is the reason why it has been
proposed that the MTPs are modulated by the 11-yr solar cycle (Mendoza,
Velasco, and Valdés-Galicia, 2006; Valdés-Galicia and Velasco Herrera, 2008).
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Figure 6. Amplitude analysis of: (a) Daily SFI time series (blue line) for all the detected
bandwidths or channels between 1936 and 2020 obtained with the inverse wavelet transform.
(b) The 21.88-year oscillation (Hale cycle). (¢) The sunspot cycle of 11 years (Schwabe cycle).
(d) The 5.2-year oscillation (quasi-quinquennial cycle). (e) The oscillation of 3.5 years. (f)
The oscillation of 1.7 years. (g) The oscillation of 1 year. (h) The periodicity of 0.41 year (or
149.7 days, Rieger cycle). (i)The oscillation of 0.17 year (62.1 days). (j) The oscillation of 0.07
year (25.9 days, solar rotational modulation). The centered and normalized lines represent the
amplitude variations of the periodicities reported with the wavelet transform.
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Figure 7. Analysis of phase variations of two composite chromospheric indices. (a) Monthly
SFI time series (as gray area) and composite chromospheric Ca11 K time series (in blue line)
for Cycles 17-24 (1937-2020). (b) Phase (continuous blue and black lines) and phase-dif-
ference (dotted purple line) for the 0.25—2.0-yrs frequency band. (c) Phase (continuous blue
and black lines) and phase-difference (dotted purple line) for the 11-yr solar cycles.

Figure 7 shows the phase variations of the two composite chromospheric
indices. The monthly SFI time series and the composite chromospheric Calt K
time series are shown as gray areas and as the blue line, respectively (Figure 7a).

Figure 7b shows the phase relation for these two chromospheric indices in
the 0.25 and 2.0-yr bands (i.e. the choice of this particular frequency band is
based on the results and insights learned from Figure 5 presented in Section
3.2.1). The significant variability of the phase can be observed (SFI in black and
Ca1K in blue lines), and the difference of the phase (dotted purple line) shows
the a synchronization between these two solar indices (see the orientation of the
arrows in the two central panels of Figure 5) as it varies wildly between 7 and -7.
The phase difference can be positive, negative, and zero. Such a complex phase
relation and phase mixing phenomenon has been proposed to be a result of the
hemispheric asymmetry in the solar flare activity (OZgﬁg et al., 2021).

Tentatively, we propose that a positive phase difference would indicate that
the 0.25-2-yr oscillation begins in the lower layers of the solar chromosphere and
then continues to oscillate in its upper layers, that is, there is a temporal conti-
nuity of the 0.25-2-yr band in the solar chromosphere. A negative phase means
that there may be a disconnection between the upper and lower layers of the
chromosphere so that the upper chromosphere layers oscillate before the lower
chromosphere layers. A phase difference equal to zero implies a synchronization
of the entire solar chromosphere.

This result shows the difference in oscillations between the lower layer and
the upper chromospheric layer and may indicate a difference in the short-term
magnetic energy density between the lower and upper layers of the solar chromo-
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sphere. This hard-to-diagnose dynamic within the solar chromosphere appears
to be recoverable from studying the phase difference between 0.25-2-yr periodic-
ities for the upper and lower chromospheric proxies, as shown by the coherence
wavelet results between these two chromospheric layers (Figure 5).

When there is a higher magnetic energy density in the lower layers of the
solar chromosphere, the phase difference of the 0.25-2-yr oscillation is positive
and they oscillate from the lower layer to the upper layer of the chromosphere.

The disconnection (i.e. reverse energy density gradient) between the upper
and lower chromosphere may occur could be because the energy accumulates
in the upper layers of the chromosphere rooted in the original transfer of energy
from the 0.25-2-yr oscillations from the lower layers of the chromosphere and
photosphere. Due to the energy gradient between the lower and upper layers,
some of the energy returns to the lower layers. Possibly a greater amount of
energy is released to the upper layers of the solar chromosphere through explosive
reconnection processes and solar flares and may be extended up to the lower
layers of the solar corona. Therefore, in this process of liberation of energy in
the upper chromosphere, the oscillation in the 0.25-2-yr passband begins before
the lower chromospheric layer with some time delays. It has been suggested
that if solar flares obtain their energy from a coronal source and flaring is one
mechanism for consuming the coronal energy, then the time lag removal of energy
available for flaring is about 9 months (Wheatland and Litvinenko, 2001). The
phase difference between the upper and lower chromosphere shows that the time
lags can be up to 12 months (Figure 7b).

Figure 7c shows the synchronization for the 11-yr solar cycle between the
lower and upper layers of the chromosphere. The phase difference for the 11-
yr periodicity (dotted purple line) for the two different chromospheric activity
indices (SFI and CaIrK proxies) is strictly zero. This result indicates that the
oscillation of the solar cycle passes from the lower part of the solar chromosphere
(Ca11K) to its upper layers and the lower layers of the solar corona (SFI) without
much time delay. This empirical evidence indicates the transfer of energy, power
and information of the 11-yr solar cycle within the solar chromosphere and solar
corona is practically instantaneous which is in turn quite a contrast from the
asynchronous relation between the upper and lower chromospheric layers on the
0.25-2-yr timescales.

4. Conclusion

The main purpose of this article is to introduce the new composite solar
chromospheric flare index, SFI, record from 1937-2020 (Figure 1). We find
that the SFI activity has both similarities and differences when compared to
photospheric indicators like the group sunspot numbers and sunspot numbers
and even other chromospheric activity indices like the Ca11 K emission and the
grouped solar flare (Figure 2).

The intensity or power levels associated with each ~11-yr solar cycle can be
quantified by the power anomaly index shown in Figure 3. A possibly surprising
insight from Figure 3 is that for SFI, Cycles 17, 19 and 21 were the most active
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flare cycles; Cycles 20, 22, 23 and 24 were the weakest with Cycle 18 being an
intermediate flare cycle. We show that this relative order of most to least active
cycles is quite different from the photospheric magnetic activity indices like the
sunspot numbers and group sunspot numbers.

We have performed the wavelet time-frequency analyses on the solar activity
time series presented in this article in order to study any modulating signals in
the data records. We find the following oscillations to be potentially relevant and
physically important for the composite SFI activity record: ~22 years, ~11 years,
5.2 years, 3.5 years, 1.7 years, 1 year, 0.41 years (149.7 days), 0.17 years (62.1
days), 0.07 years (25.9 days) (Figure 4). We have discussed various proposed
mechanisms for each of the above periodicities.

The time variations of the amplitude and phase of all these periodicities is
analyzed using the inverse wavelet transform (Figures 6 and 7). In addition,
we also compare the SFI activity as a recorder of the solar chromosphere to
the Ca1l K emission index, which is another chromospheric activity indicator
(Figure 5). We have found a most interesting difference and contrast of the
phase relation between the upper and lower chromospheric indicators (i.e. SFI
and CanK indices, respectively) that depends on the oscillatory timescales or
periods involved (Figure 7).

We intend to follow up the preliminary analysis of this new time series with
collaborative research in a new attempt to analyze and interpret any co-variabilityl]
of SFI with other available observational solar activity indices.
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