Solar Physics (2022) 297:112
https://doi.org/10.1007/s11207-022-02049-7

™

Check for
updates

Temporal and Periodic Variations of the Solar Flare Index
During the Last Four Solar Cycles and Their Association with
Selected Geomagnetic-Activity Parameters

Atila Ozguc' @ - Ali Kilcik?@® - Vasyl Yurchyshyn®

Received: 28 February 2022 / Accepted: 1 August 2022
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract

We studied the temporal and periodic variations of the monthly solar flare index (FI) and
selected geomagnetic-activity parameters (Ap, Dst, Scalar B, and aa) measured during Solar
Cycles 21 —24 (from January 1, 1975 to December 31, 2020) and report the following find-
ings: 1) all data sets except the FI peak values gradually decreased after 1992, while the FI
peak values began their gradual decrease in 1982; 2) all data sets show double or multiple
peaks during the maximum phase of solar cycles; 3) the FI shows meaningful correlations
with the investigated geomagnetic-activity parameters; 4) the 11-year sunspot-cycle period-
icity and periodicities lower than 3.9 months were observed in all data sets without excep-
tion; 5) the FI time series exhibits a unique period of 4.8 —5.2 months that is not present
in all the other indices, while geomagnetic aa, Ap, and Dst indices show a unique 6-6.1
months periodicity that does not appear in the scalar B and FI; 6) crosswavelet transform
(XWT) spectra between FI and other parameters generally show phase mixing in the short
(2 -8 months) period range, while all parameters used in this study were found to be inphase
and highly correlated with the 11-year solar-activity period. All these results show that the
FI variations are one of the main drivers of the geomagnetic activity.
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1. Introduction

Solar activity can be described as a variety of electromagnetic radiations such as low-
frequency radio waves as well as powerful gamma-rays, accompanied by particle flux.
Among various solar-activity forms, solar flares are known to be one of the strongest and
most violent phenomena that are observed. The evolution of solar activity has been stud-
ied by numerous researchers, with the aid of long- and short-term solar-activity indicators
(Barbieri and Mahmot, 2004; Knaack, Stenflo, and Berdyugina, 2005).

Defined as the Flare Index (FI), the total energy emitted by a flare was described by the
formula FI = it, which was introduced by Kleczek (1952), in order to estimate the daily
flare activity over a 24-hour period. In this formula, i represents the flare intensity mea-
sured in the H, spectral line, whereas ¢ stands for the duration of the flare in minutes.
Calculated daily/monthly values are publicly available, provided by the Kandilli Observa-
tory (astronomi.boun.edu.tr/flare-index) as well as by the National Geophysical Data Center
(NGDC: www.ngdc.noaa.gov/stp/solar/solarflares.html). Flare-activity reviews utilizing the
flare index are given for each day from 1936 to 2001 by Kleczek (1952), Knoska and Pe-
trasek (1984), Atac and Ozguc (1998), and Atac and Ozguc (2001). The flaring-activity
signatures in magnetic regions could be identified commonly by using FI. In order to dif-
ferentiate between flaring and nonflaring regions, FI was utilized to test the efficiency of
measurements of the topological complexity of the magnetic-field concentrations (Ermolli
et al., 2014, and references therein). By using FI and magnetic-power spectra, Abramenko
(2005) and Abramenko and Yurchyshyn (2010) detected flare-productive active regions.

Solar-output variations are well known to be within approximately 27-day and 11-year
periods; the former related to the modulation imposed by the rotation of the Sun and the
latter reflecting the sunspot cycle. It is of the outmost importance to detect and calculate
the statistical significance of flare periodicities, for the benefit of the study of the physical
properties of the Sun. Within the extreme time scales of 27 days and 11 years, following the
discovery of a 153-day periodicity (Rieger et al., 1984), the midrange periods (Bai, 2003),
and periodicities within this range have been extensively studied (Ichimoto et al., 1985;
Dennis, 1985; Bai and Sturrock, 1987; Ozguc and Atac, 1989; Droege et al., 1990; Verma
et al., 1991; Kile and Cliver, 1991; Vaquero, Gallego, and Trigo, 2007; Kilcik et al., 2010;
Chowdhury et al., 2016; Ozguc et al., 2021).

Many solar studies considered solar flares as one of the most important solar events af-
fecting the Earth, along with coronal mass ejections (CMEs) (Kilcik et al., 2011, and refer-
ences therein). When a strong solar event occurs on the Sun, a stream of high-speed particles
that is released along with strong magnetic fields ejected from the solar corona may have
a significant impact on the near-Earth space environment. Such an impact is called a geo-
magnetic storm and it may affect the Earth in many different ways including satellite drag,
communication cut-off, power-grid failures, etc. Disturbances of the near-Earth environ-
ment are measured and monitored by means of various geomagnetic parameters, such as aa
(Mayaud, 1972), Ap (Bartels, Heck, and Johnston, 1939), and Dst (Sugiura, 1964) indices,
which show some level of a relationship with solar activity and this relationship has been
extensively studied in the past (Echer et al., 2004; Verbanac et al., 2011; Du, 2015; Kirov
et al., 2018). Periodic variations of solar activity and the related effects in the terrestrial en-
vironment have been studied for a long time and cotemporal periodicities between different
solar- and geomagnetic-activity parameters have been reported (Cadavid et al., 2005; Kil-
cik et al., 2020; Ozguc et al., 2021). However, contradictory results such as phase mixing,
nonexistence of some periodicities, etc. still remain.

In this study we focus on the comparison of the temporal and periodic variations detected
in the solar FI and selected geomagnetic-activity indices measured during the last four Solar
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Cycles (21 —24). Their relationships are described by means of time profiles, correlations,
and periodicity analyses. We describe the data and methods used in Section 2, the analysis
and results are given in Section 3, and the discussion and conclusions are given in Section 4.

2. Data and Methods

We compared monthly averaged FI data with selected monthly averaged geomagnetic-
activity parameters for Cycles 21 to 24 (from 1976 to 2019). All monthly values are cal-
culated by taking the average of the daily values over the months. The geomagnetic-activity
parameters selected are as follows:

(1) The aa index is a simple global geomagnetic-activity index introduced by Mayaud
(1972). It is derived from the K indices from two approximately antipodal observatories
located at £50° latitude (Hartland in the United Kingdom and Camberra in Australia) and
it measures the amplitude of global geomagnetic activity during 3-hour intervals. This is the
geomagnetic index with the longest available record, with data since 1868.

(2) The Disturbance Storm Time (Dst) index was proposed by Sugiura (1964) to measure
the magnitude of magnetospheric currents that produce an axially symmetric disturbance
field. This index is a measure of the variation of the field due to the ring current arising in
the magnetosphere during a geomagnetic storm. Data from four observatories are used to
derive the Dst index. Because of the need for good data, these observatories were chosen
sufficiently far from the auroral and equatorial electrojet regions. Irregularities observed in
the Dst index that have a negative sign and fluctuate within the —50 nT < Dst < —30 nT
range are called small storms, while those within the —100 nT < Dst < —50 nT range are
called moderate storms, —200 nT < Dst < —100 nT fluctuations are called intense storms,
and a Dst index below —250 nT defines big geomagnetic storms (Gonzalez, Tsurutani, and
Clia de Gonzalez, 1999).

(3) Ap index: the K index is used to measure changes in the horizontal component of the
magnetic field. However, since the K index is not directly related to geomagnetic activity
the Kp index was introduced and it is derived from the mean standardized K index of 13 ge-
omagnetic observatories located between £ 44 and 60 degrees of the geomagnetic latitude.
This planetary index is designed to measure the magnetic effect of solar particle radiation.
The 3-hourly ap index is derived from the Kp index and the Ap index used in this study is
an average of the ap index over 24 hours (Bartels, Heck, and Johnston, 1939).

(4) The interplanetary magnetic field (IMF) includes solar magnetic fields that were car-
ried into interplanetary space by the solar wind. The source of the fast solar wind is thought
to be coronal holes, which are open magnetic-field regions on the Sun, while slow solar wind
originates at closed magnetic regions thought to be associated with active regions. The struc-
ture and dynamics of the IMF (scalar B) are key for understanding space weather (Owens
and Forsyth, 2013).

All geomagnetic-activity parameters, except the aa index, were taken from the OMNI-
Web data base (omniweb.gsfc.nasa.gov). The aa index data are available at the International
Service of Geomagnetic Indices data base (ISGI: isgi.unistra.fr). We have calculated aver-
age monthly values of these indices for the 1975 —2020 time interval, and used them in this
study.

To investigate the relationship between FI and the selected geomagnetic parameters we
first produced plots of their time variations. Then, the crosscorrelation analysis was per-
formed and highest correlation coefficients between FI and the indices were obtained along
with the corresponding time lags.
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To examine details of periodic variations of each monthly time series we used the Multi
Taper Method (MTM) and Morlet wavelet analysis methods. The MTM provides useful
tools for spectral estimation (Thomson, 1982; Percival and Walden, 1993) and signal re-
construction (Park, 1992) of a time series whose spectrum may contain both broadband and
line components. More details about this method can be found in Ghil et al. (2002). This
method has been successfully applied to the analysis of various data sets (Ghil et al., 2002;
Fang et al., 2012; Escudier, Mignot, and Swingedouw, 2013; Kilcik et al., 2018; Chowd-
hury et al., 2019; Kilcik et al., 2020, and references therein). Here, we used three sinusoidal
tapers and the frequency range was chosen between 0.004 and 0.5 (2—205 months). The
significance tests were carried out assuming that the noise has a red spectrum. We consider
that a signal is detected when the 95% confidence level is reached. To obtain the localiza-
tion of the above periodicities we used the Morlet wavelet method (Torrence and Compo,
1998) that has been utilized in many solar studies (Chowdhury et al., 2019; Oloketuyi, Liu,
and Zhao, 2019; Kilcik et al., 2020, and references therein). In this study, the FI, Ap, Dst,
Scalar B (IMF), and aa indices were analyzed using the biwavelet package written in R
programming language (github.com/tgouhier/biwavelet). A “Morlet” mother function was
used considering the “red noise” background with a nondimensional frequency (Torrence
and Compo, 1998). The effect of edges is represented by the cone of influence (COI).

We also used “crosswavelet transform” (XWT) and “wavelet coherence” (WTC) methods
that are also part of the biwavelet package. These two methods were also used by various
authors (Poluianov and Usoskin, 2014; Xiang and Kong, 2015; Chowdhury et al., 2019;
Kilcik et al., 2020; Mares et al., 2021). They allow us to infer a nonlinear relationship and
common periods between two analyzed data sets, X and Y. The XWT spectrum shows the
phase relationship that is represented by arrows with the following convention: pointing
right, inphase; pointing left, antiphase; pointing straight up, the second series Y leads by
90°; pointing straight down, the first series X leads by 90°. The case when the arrows are
distributed randomly indicates phase mixing between X and Y. The WTC spectrum indicates
the amount of common power between two time series as a function of time and frequency
by computing the crosscorrelation between the two time series (Maraun and Kurths, 2004;
Grinsted, Moore, and Jevrejeva, 2004; Chang and Glover, 2010; Chowdhury et al., 2019).
Here, we compared the total FI data with each of the other indices used in this study.

3. Analysis and Results
3.1. Temporal Variation and Correlation Analyses

Figure 1 shows the temporal variation of all parameters used in this study during the
1975-2020 time interval.

As shown in Figure 1 all geomagnetic-activity indices have the highest peak amplitude
during the maximum phase of Solar Cycle 22, while the FI data have the maximum peak
amplitude during Solar Cycle 21. When we consider the temporal variation of each param-
eter separately the following results are obtained: i) the scalar B, Ap, Dst, and aa indices
have their highest amplitude during the maximum phase of Solar Cycle 22, then they start
to decrease gradually during the maximum phases of the following solar cycles with dou-
ble/multiple peak structures; ii) unlike geomagnetic indices, the highest amplitude of the FI
data increased from Solar Cycles 21 to 22, after which it began to decrease gradually sim-
ilarly to the geomagnetic indices. Note that the FI profiles also show double/multiple peak
structures during the maximum phases of all investigated solar cycles. These results show
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Figure 1 Temporal variations of investigated parameters for the time period of 1975-2020. The vertical
dashed lines represent the peak position of each parameter for each cycle.

that solar flares are not the only drivers of geomagnetic activity and other solar-activity
events such as CMEs, solar winds, etc. also have a strong effect on the temporal variation
of the geomagnetic activity. Table 1 lists the monthly mean values of the maximum ampli-
tudes of all parameters for the investigated solar cycles. From this table the peak values of
the FI decreased about 17%, 10%, and 26% from Cycles 21 to 22, 22 to 23, and 23 to 24,
respectively. All other indices increased more than 20% from Cycle 21 to 22 and then start
to decrease gradually; the Ap, Dst, aa, and scalar B decreased about 13%, 18%, 22%, and
21% from Cycle 22 to 23, respectively. The decrease continued from Cycle 23 to 24 as about
44%, 41%, 48%, and 19% for the same parameters, respectively.
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Table1 The maximum amplitudes of all used parameters for the investigated solar cycles.

Data Cycle 21 Cycle 22 Cycle 23 Cycle 24
FI Index 30.73 25.53 22.94 17.01
Ap Index 49.35 60.04 52.24 29.27
Dst Index —49.96 —64.97 —53.00 —31.19
aa Index 35.93 44.33 34.68 18.07
Scalar B 10.09 12.20 9.62 7.80

Table2 Correlation coefficients and time lags between the monthly FI and geomagnetic-activity parameters.

Data  aa Index Dst Index Ap Index Scalar B

Correlation Lag Correlation Lag Correlation Lag Correlation Lag
coefficient  [Month] coefficient [Month] coefficient [Month] coefficient [Month]

Flare 047 +£0.07 27 —-0.45+0.07 0 0.51+0.06 0 0.70+0.05 0
index

Figure 2 and Table 2 show results of the crosscorrelation analysis with the corresponding
time lags. The crosscorrelation analysis gives the highest correlation coefficients between
two analyzed time series with possible time lags. In this method, zero time lag means that
there is no time lag between the two time series, while a positive time lag means the first pa-
rameter (here FI) leads the second (geomagnetic-activity indices) and vice versa. As shown
in Figure 1, the FI data reached its maximum about two years before the aa index. We found
that FI data show the highest correlation with scalar B (r = 0.69 % 0.05) and the lowest
correlation with the Dst index (r = —0.45 £ 0.07). Contrary to other parameters, only the
geomagnetic aa index shows a 27-month time lag with the FI data. As shown in Figure 1, all
geomagnetic-activity indices reach their maxima/minima during the same time of the inves-
tigated time period. This result shows that the differences in the time delays and correlation
coefficients are due to the small-scale variations in the data sets.

3.2. Periodicity Analysis

Figures 3 to 7 show the results of the MTM and Morlet wavelet analyses of the data sets.
Note that all wavelet analyses were carried out with 95% confidence level of red-noise
approximation and the black contours in the wavelet scalograms show the localization of
meaningful periodicities with at least 95% confidence level. The red colors in the color bars
(located at the right side of the wavelet scalograms) show the placement and existence of
meaningful periods, while the blue colors indicate the nonexistence of meaningful periods.
The MTM analysis provides frequency, power, 95%, and 99% confidence levels of all fre-
quencies under the red-/white-noise approximation. Here, all period analyses were carried
out with the red-noise approximation. After obtaining all these parameters, we manually
filtered all meaningful periods and their lowest significance levels for each data set and the
obtained results are shown in Table 2. To show the MTM plots more clearly, the MTM
powers and significance levels were normalized to the values of the 95% confidence level.
From Table 3 and the above figures we would like to underline the following results: 1) in
all data sets we detected the 11-year sunspot-cycle periodicity as well as periodicities lower
than 3.9 months; 2) the FI data have one unique interval of periods (4.8 —5.2 months) that
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Figure 2 Crosscorrelation analysis results for the investigated parameters. The vertical dotted lines show the
zero-time lag.

is not present in all other time series; 3) geomagnetic aa, Ap, and Dst indices show 6—6.1
month periodicity and this period is not present in the scalar B and FI; 4) only geomagnetic
aa and Ap indices show the same periodic variations with almost the same confidence lev-
els; 5) only a few well-pronounced periodicities were observed during Solar Cycle 24, and
they were the most prominent during the maximum phases of the investigated solar cycles.
About one month solar-rotation periodicity appears in FI and scalar B data sets (see Fig-
ures 3 and 7), about 3 months periodicity appears in the Dst index and scalar B time series
(see Figures 6 and 7) during the maximum phase of Solar Cycle 24. From the wavelet scalo-
grams, we can see that the spectral power of all data sets decreased drastically during Solar
Cycle 24. A possible reason for this is the weak solar activity and, in particular, the low
solar-flare activity. It is clear that the decrease in solar activity will result in a decrease in
geomagnetic activity, and therefore the spectral power of the geomagnetic-activity indices
weakened during the same period.
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Figure 3 Results from MTM (upper panel) and Morlet wavelet (lower panel) analyses applied to FI data.
Dotted and dashed lines in the MTM spectrum represent 95% and 99% confidence levels, and the white line
in the Morlet wavelet spectrum describes the cone of influence.

We also compared results from the FI Morlet wavelet analysis with the other parameters
by the XWT and CWT analysis (Figures 8, 9, 10, and 11). In this way we could obtain corre-
lations and phase relationships (black arrows in figures) between FI and all other parameters.
Some of the arrows are located outside the region delimited by the black boundaries due to
the limitation of the plotting routine. The arrows show that there are periodicities but with
significance just below the 95% confidence level. Here, we only focused on the correlation
and phase relationship of the meaningful periodicities.
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Figure4 Results from MTM (upper panel) and Morlet wavelet (lower panel) analyses applied to the aa-index
data. Dotted and dashed lines in the MTM spectrum represent 95% and 99% confidence levels, and the white
line in the Morlet wavelet spectrum describes the cone of influence.

As mentioned previously, the XWT and WTC analyses showed the correlation and phase
relation of wavelet analysis of the two data sets compared (FI and other parameters). In
these plots the warmer colors (red) represent regions with significant interrelation, while
colder ones (blue) signify a lower dependence between the series. From the XWT and WTC
plots in Figures 8, 9, 10, 11 we extract the following results; I) FI and the other parameters
here analyzed display evidence of significant periods where the periodicities of FI and other
parameters (aa, Ap, Dst, and scalar B) are correlated in time (see black contours and red
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Figure 5 Results from MTM (upper panel) and Morlet wavelet (lower panel) analyses applied to the Ap
index data. Dotted and dashed lines in the MTM spectrum represent 95% and 99% confidence levels, and the
white line in the Morlet wavelet spectrum describes the cone of influence.

colors in XWT and WTC plots). For example, the 11-year periodicity in the XWT plot of
Figures 8 — 11 shows strong correlations. II) The XWT spectra between FI and other param-
eters generally show phase mixing for periods between 2 to 8 months, since the directions
of arrows are mixed. For example, it can be seen from the same figures that the direction
of arrows are mixed around 1990 between FI and other indices. Contrary to small periods,
all parameters used in this study are inphase and highly correlated for the 11-year Solar Cy-
cle periodicity. Note that FI and Dst index data are in antiphase due to the negative sign of
Dst values for the same periodicity. III) Correlations for all data sets at small periods (0—8
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Figure 6 Results from MTM (upper panel) and Morlet wavelet (lower panel) analyses applied to the Dst
index data. Dotted and dashed lines in the MTM spectrum represent 95% and 99% confidence levels, and the
white line in the Morlet wavelet spectrum describes the cone of influence.

months) decreased for the investigated time period except for the declining phase of Solar
Cycle 23 (see extensions and number of black contours in WTC plots). IV) As shown in the
lower panels of Figures 8 — 11, there are many black contours between 8 to 45 months. This
indicates the existence of similar periodicities between the compared parameters and thus
correlations are more pronounced.
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Figure7 Results from MTM (upper panel) and Morlet wavelet (lower panel) analyses applied to the scalar B
data. Dotted and dashed lines in the MTM spectrum represent 95% and 99% confidence levels, and the white
line in the Morlet wavelet spectrum describes the cone of influence.

4. Discussion

4.1. Temporal-Variation Analysis

Kakad et al. (2019) compared the relative decrease in the peak sunspot number of consec-
utive solar cycles for Cycles 21 to 24 and found that the decrease amounted to 8.7%, 15%,

and 35% for Cycles 22, 23, and 24, respectively. Carrasco et al. (2016) analyzed sunspot-
area time series starting in 1832 and found that the peak value of sunspot area was slightly
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Table 3 Periods detected by making use of the MTM analysis and their significance level.

Period FI aa Index Ap Index Dst Index Scalar B
(Month) (nT) (nT) (nT) (nT)
114-128 +>99% +>99% + > 99% +>99% +>99%
78-79 - +>99% + > 99% - -
57-68 - +>99% +>95% - +>99%
42-45 +>95% - - +>99% +>99%
20-22 +>95% - - +>99% +>95%
6.0-6.1 - +>99% +>99% +>99% -
4.8-52 +>95% - - - -
33-39 +>95% +>95% +>95% +>95% +>99%
25-3.1 +>95% +>95% +>95% +>95% +>99%
22-24 +>99% +>95% +>95% +>95% +>99%
2.0-2.19 +>95% +>95% +>95% +>95% +>99%

higher during Solar Cycle 22 in comparison to Solar Cycle 21. Here, we analyzed the solar
FI, and some geomagnetic-activity parameters (scalar B, aa, Ap, and Dst) for the last four
Solar Cycles (from Cycle 21 to 24) and found that all parameters’ peak values were higher
during Solar Cycle 22 compared to Cycle 21, except the FI. The FI peak value gradually
decreased from the maximum of Solar Cycle 21 to 24 (see Table 1). Thus, we may conclude
that the solar FI follows the sunspot-number (SSN) time series while other indices used in
this study follow the sunspot-area (SSA) time series. Also, we may speculate that to de-
scribe the geomagnetic activity, the SSA time series might be more useful in comparison to
the SSN or FI data.

Many solar indices (e.g., SSN, SSA, Fo7 solar radio flux, FI, etc.) exhibit 11-year peri-
odic variations with a plethora of fine-scale temporal structures. The most prominent feature
is the fine structure of the solar maximum, when two or more peaks can be clearly identified
in time profiles. The double-peaked solar maximum was first identified using observations
with the green coronal line (Gnevyshev, 1967, 1977) and it is commonly known as the
“Gnevyshev gap”. The gap is also observed in various data sets acquired in all layers of
the solar atmosphere (photosphere, chromosphere, and corona) and in a wide spectral range
(visible and radio) and it is expected to be associated with the heliomagnetic cycle (e.g.,
Feminella and Storini, 1997). The Earth’s magnetosphere directly responds to this solar-
activity feature and the double-peak structure was also detected in magnetospheric data
(Gonzalez, Gonzalez, and Tsurutani, 1990; Storini et al., 2003; Echer et al., 2004). Thus,
Ahluwalia (2000) suggested that the solar polar-field reversal may give origin to the Gnevy-
shev gap seen in the Ap index. Kane (2010) reported the double-peak structure during the
rising phase of Solar Cycle 23 analyzing sunspot numbers, Ly-« data, 2800 MHz solar radio
emission Fj¢ 7, the coronal index, the mean magnetic field as well as the geomagnetic in-
dices Dst, Ap, AU, AL, and AE. Ozguc et al. (2021) reported that Solar Cycle 24, similarly
to the previous Cycle 23, is also double peaked. Takalo (2021) analyzed the OMNI2 data
for 1964 — 2020 (from Cycles 20 to 24) and found that the gaps are also present in the solar-
wind velocity and the IMF intensity (scalar B). In this study, we further confirm the above
findings and report that the double/multiple peaks were detected in the geomagnetic-activity
indices measured for the last four solar cycles.

Kilpua et al. (2014) analyzed Dst, Auroral Electrojets (AE), and interplanetary magnetic
field (Scalar B) during the 1995—-1999 and 2006 -2012 periods and found very low ge-
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XWT: Total Fl vs aa Index
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Figure8 XWT (upper panel) and WTC (lower panel) spectrum between monthly FI and aa index.

omagnetic activity during Solar Cycle 24. This result shows a good agreement with our
findings. Kilcik et al. (2017) found high correlations (r = 0.62, r = —0.44) between Ap and
Dst indices and with sunspot counts of large active regions. Verbanac et al. (2011) compared
annual Ap and Dst indices with 10.7 cm solar radio flux, SSN, SSA, and group SSN and
found meaningful correlations between these parameters and the Dst index with a zero-time
lag, and one or two years time lag with the Ap index. Here, we compared monthly FI with
aa, Ap, Dst, and scalar B and found meaningful correlations (r = 0.47, r = —0.45, r = 0.51,
and r = 0.7 for aa, Dst, Ap, and scalar B, respectively) with a zero-time lag, except for the
aa index that shows about a two-year time lag with the FI data. Thus, we may conclude that
the solar FI is closely related to geomagnetic activity and especially with the IMF.

@ Springer



Temporal and Periodic Variations of the Solar Flare Index Page 15 of 21 112

XWT: Total Fl vs Ap Index
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Figure9 XWT (upper panel) and WTC (lower panel) spectrum between FI and Ap index.

4.2. Periodicity Analysis

Singh and Badruddin (2014) applied Morlet wavelet and global wavelet analysis tools to
SSN and aa index time series and reported 27.8-, 157-, and 370-day, and 2.2-, 5.5-, 11-
, 22.7-, and 38.6-year periods for the SSN data and 13.8-, 26.6-, and 185-day, and 5.3-,
11-, 30-, and 46-year periods for the aa index. They argued that the 27-day, 5.3-year, and
11-year periodicities found in the aa index have a solar origin. Further, Chowdhury et al.
(2015) reported 20— 35-, 45-60-, 100—130-, 140—170-, and 180—240-day periodicities,
while Marques de Souza Franco et al. (2021) analyzed monthly 10.7 cm solar radio flux and
geomagnetic ap and Dst indices for over five solar cycles (1963 —2019) and found a 0.5-year
periodicity in both Ap and Dst indices.
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XWT: Total Fl vs Dst Index
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Figure 10 XWT (upper panel) and WTC (lower panel) spectrum between FI and Dst index.

In our study, we investigated the periodicities of solar FI, and geomagnetic-activity pa-
rameters (scalar B, aa, Ap, and Dst) by using MTM and Morlet wavelet analysis methods
and confirm most of the above results. We obtained about 11-year solar-cycle periodicities
in all data sets without any exception. For about 5.5 —5.3-year periodicity found by Singh
and Badruddin (2014) from both SSN (5.5 year) and aa index (5.3 year), we found the same
periodicity in aa and Ap indices, but contrary to their results we could not detect this period-
icity in our MTM analysis at the 95% confidence level in the solar FI and geomagnetic Dst
index data sets. Thus, we may speculate that this periodicity may not be of solar origin, or it
is not related to solar-flaring activity. For the semiannual periodicity found by Marques de
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Figure 11 XWT (upper panel) and WTC (lower panel) spectrum between FI and scalar B.

Souza Franco et al. (2021) we found the same periodicity in the same data sets that they
analyzed and we further detected this periodicity in the aa data set.

Recently, Ozguc et al. (2021) analyzed the periodic variations of hemispheric and total
solar FI data separately for the last solar cycle (Cycle 24) by using the XWT and WTC
analyses methods. They compared total FI with hemispheric FI data sets and found strong
phase mixing between the Northern and Southern Hemisphere FI data especially for the
short periods, while for the long periods they obtained phase coherency between the used
data sets. Also, they could not find significant correlation in the case of the Northern and
Southern Hemisphere FI data sets, but they obtained a strong correlation between the total
FI and Southern Hemisphere data sets. Here, the relative phase difference between the solar
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FI and other parameters (aa, Ap, Dst, and scalar B) has been explored using the XWT anal-
ysis method. For all parameters, the arrows in small periods (0—8 months) are randomly
distributed, showing a strong phase mixing (see upper panels in Figures 8 to 11). The ar-
rows in midperiods (8 —64 months) are directed toward right-up/left-down (aa, Ap, scalar
B / Dst) and this indicates that the second variables (aa, Ap, Dst, and scalar B) are leading.
The arrows in high periods (around 11 years) were directed toward left/right that shows two
variables are in phase (FI and aa, Ap, and scalar B) /antiphase (FI and Dst). The WTC anal-
ysis results between monthly solar FI and geomagnetic-activity parameters (aa, Ap, Dst, and
scalar B) used in this study show weak correlation for the short-term periods (0— 8 months)
during the investigated time period except during the declining phase of Solar Cycle 23 (see
lower panels in Figures 8 to 11). These periods show high coherency during the declining
phase of Solar Cycle 23. This result may indicate that the geoeffective solar event increased
at that time period compared to others. For the midterm periods (8 — 64 months) the co-
herencies between the periodicities of the investigated parameters are generally increased.
Our findings support the above results and further we may speculate that those periods ap-
pearing in geomagnetic activity generally originate from the solar activity, especially during
Solar Cycles 21 and 22. Finally, the source of the 11-year periodicity appearing in geomag-
netic parameters used in this study is the solar-cyclic variation.

5. Conclusions

In this study, we analyzed the relationship between FI and selected geomagnetic-activity
parameters (aa, Ap, Dst, and scalar B) over four decades, 1976 —2020 (four full solar cycles),
on both global and regional scales. We focused on the temporal evolution of the employed
solar FI and geomagnetic-activity parameters and quantified the correlation between them.
Furthermore, MTM, Morlet wavelet, XWT, and WTC analysis techniques were used for
the periodicity analyses of the investigated data sets. The results of our analysis are the
following:

e The temporal variations of the used data sets show some differences; all data sets except
FI peak values gradually decreased after 1992; the FI data peak value gradually decreased
since 1982 (see Figure 1 and Table 1).

e All data sets show double or multiple peaks during the maximum phase of the investigated
solar-cycle maxima.

e FI shows the highest correlation with scalar B (r = 0.69 +-0.05), while it shows the lowest
correlation with the Dst index (r = —0.45 £ 0.07) with zero-time lag. Only the geomag-
netic aa index shows about a 27-month time lag with the FI data set.

e About 11-year sunspot cycle periodicity and periodicities lower than 3.9 months are ob-
served in all data sets without any exception. All periodicities were observed during the
maximum phases of the Solar Cycles 21 —23, while only a few periodicities were ob-
served during Solar Cycle 24.

o FI data have one special period interval (4.8 —5.2 months) in which all other parameters do
not show this periodicity, while geomagnetic aa, Ap, and Dst indices show 6 —6.1-month
periodicity and this period does not appear in the scalar B and FI data sets.

e Geomagnetic aa and Ap indices have a coincident periodic behavior, while other data sets
show some discrepancies.

o XWT spectra between FI and other parameters generally show phase mixing in the small
periods (2 -8 months), while all parameters used in this study are inphase and highly
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correlated for the 11-year solar-activity periodicity. Note that FI and Dst index data are in
antiphase for the 11-year solar-cycle periodicity.

e In the WTC spectra, correlations are seriously decreasing for small periods for all data
sets except for the declining phase of Solar Cycle 23. During this phase of Cycle 23
correlations between small periods seriously increased. Contrary to small periods, corre-
lations for the 8- to 45-month periodicities increased during the investigated time interval
(see lower panels of Figures 8 to 11).
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