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Abstract: In this study, we performed periodicity analyzes of selected daily solar (FI, CI), geomagnetic
(Ap, Dst, Scalar B) and cosmic (CRI) activity indices for the last solar Cycle 24 (December 2008 to
December 2019). To investigate the periodic variations of above selected data sets the Multi Taper
Method (MTM), Morlet wavelet, Cross Wavelet Transform (XWT), and Wavelet Coherence (WTC)
analysis techniques were used. In results of our analysis we found that i) the 25-33 and 2048-day
periodicities exist in all data sets without any exception, while all other detected periodicities have
data preferences, ii) all detected periods located around the maximum phase of the cycle (Cycle
24), iii) the phase relations between compared data sets periodicities are gradually changing from
small periods to large ones; there are no phase relations between small periodicities and they show
mixed phases, while they are completely in phase/antiphase for large periodicities, iv) all detected FI
periodicities, except 2048 days periodicity, are common periodicities with all other data sets used in
this study.

Keywords: solar cycles; solar flares; geomagnetic activity indices; cosmic rays; period analysis

1. Introduction

To describe the temporal and periodic changes of solar activity, different solar indices can be used
such as sunspot numbers, sunspot areas, solar flare index (FI), 10.7 cm solar radio flux, etc. All these
indices show very good correlation to each other and they show 11-year solar cyclic behavior, the
so- called solar cycle/Schwabe Cycle, when the long term variation is taken into account. Due to the
Sun rotation, all these indices show a periodicity of about 27-day without any exception. Periodic
variations show some differences as depending on the used data sets, the analysis method and the
solar cycle data analyzed. Approximately 155-day solar periodicity was discovered by [1] in the high
energy solar flare data of solar cycle 21. Subsequently, numerous studies were performed within the
various solar activity indicators, to investigate the periodicities between 27 days and 11 years, called
midrange periodicities [2–12], and reference therein.

It is well known that solar and geomagnetic activities are strongly related with each other. When a
strong solar event such as solar flare, coronal mass ejection (CME), etc., occurs on the Sun, it may have a
significant impact on Earth and its near space environment. These impacts may occur in different ways
including radio blackout, satellite drug, induced currents in electrical systems, etc. Similar to solar
activity, the geomagnetic disturbances are measured and monitored by using various geomagnetic
parameters, such as aa [13], K [14], Ap [15], Dst [16] indices, Interplanetary Magnetic Field (IMF/Scalar
B), etc. The relationship between solar activity and these indices has been extensively studied in the
literature [17–22]. Also, the periodic variations of both solar and geomagnetic activity indices have
been studied for a long time and co-temporal periodicities reported [12,23–25]. However, contradictory
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results such as phase mixing, nonexistence of some periodicities in some data sets, variability of
obtained results from cycle to cycle, etc. are still remaining.

In this study we focus on the comparison of the periodic variations detected in the selected solar
and geomagnetic-activity indices measured during the exact duration of solar Cycle 24 (from December
2008 to December 2019). 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

2.1. The Data

We compared daily FI data with selected daily solar and geomagnetic activity parameters for
exact duration of solar Cycle 24 (from December 2008 to December 2019). The used parameters are as
follows:

1. Flare Index (FI): Introduced by Kleczek in 1952 as an approximate measure of the total energy
emitted by a flare. This index is described by the equation FI = it, in which i represents
the combination of intensity and area and called scale of importance and t is the duration
of the flare in minutes. The value of i varies between 0.5 and 4.0 from very weak flare
to very strong flare, respectively. The flare index data used in this study are taken from
https://www.ngdc.noaa.gov/stp/solar/solarflares.html.

2. Coronal Index: [26] introduced the coronal index (CI) as an indicator of solar activity. CI represents
the average daily irradiance emitted through the green coronal line into one steradian towards the
Earth. CI is calculated using Fe XIV 530.3 nm coronal emission line ground-based measurements
from the worldwide control stations [27]. The data are downloaded from the web page of Slovak
Central Observatory in Hurbanovo http://www.suh.sk/obs/vysl/MCI.htm).

3. The Disturbance Storm Time (Dst) Index: [16] proposed the Disturbance Storm Time (Dst) index
to measure the size of magnetospheric currents that result in an axially symmetric disturbance
field. This index tracks changes in the magnetic field brought on by ring currents that form during
geomagnetic storms in the magnetosphere. The Dst index is derived using information from four
observatories selected sufficiently far from the auroral and equatorial electrojet zones due to the
need for high-quality data.

4. Ap Index: Changes in the magnetic field’s horizontal component are quantified using the K
index. However, the Kp index was developed because the K index does not directly correlate
with geomagnetic activity. It is obtained from the mean standardized K index of 13 geomagnetic
observatories that are situated between ±44 and ±60 degrees of the geomagnetic latitude. This
planetary index is intended to gauge the solar particle radiation’s magnetic impact. The 24-hour
average of the 3-hourly ap index is employed in this study [15].

5. The average interplanetary magnetic field (IMF)/Scalar B: It contains solar magnetic fields
that the solar wind brought into planetary space. While coronal holes, which are open
magnetic-field regions on the Sun, are assumed to be the origin of the fast solar wind, the
slow solar wind is supposed to come from closed magnetic regions that are connected to active
regions. Understanding space weather requires an understanding of the structure and dynamics
of the IMF (scalar B) [28]. Note that the Ap, Dst and Scalar B data sets are downloaded from
https://omniweb.gsfc.nasa.gov/form/dx1.html.

6. Cosmic Ray Intensities (CRI): Cosmic rays are high energy particles that flow into our solar
system from outer space. The intensity at which cosmic rays collide with the Earth’s atmosphere
varies. It changes also with latitude, because the flux is modulated by the Earth’s magnetic field.
The cosmic ray flux at the equator is four times less than the flux at the poles. The corrected
cosmic ray intensity data used in this study are taken from Oulu/Finland neutron monitor station
(https://cosmicrays.oulu.fi/# solar).
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2.2. Methods

To investigate the periodic variations in the data sets used, first, we performed Multi Taper
Method (MTM) and then, Morlet wavelet analysis methods. The MTM spectral analysis method
provides useful tools for spectral estimation [29] and signal reconstruction [30], especially of a time
series whose spectrum includes both broadband and line components. More details about this method
can be found in [31]. This method has been successfully applied to the analysis of various data sets
[12,25,31–35]. Here, three sinusoidal tapers were utilized, and the significance tests were conducted
under the presumption that the noise has a red spectrum. When the 95% confidence level is attained,
a signal is regarded as having been identified. The Morlet wavelet method [36], which has been
employed in numerous solar investigations [12,25,35,37,38], was used to determine the localization
of the aforementioned periodicities. We assumed that the noise is also red and the edge effect is
represented by the Cone Of Influence (COI) in the Morlet wavelet analysis.

As a final step of the methodology, we applied Cross Wavelet Transform (XWT) and Wavelet
Coherence (WTC) analysis methods that give possible relationship (correlation and phase) between
obtained periodicities from two different data sets. These two methods are also part of the biwavelet
package [39]. Numerous authors [35,37,40–42] have also used them. Between two analyzed data
sets, X and Y, they enable us to infer a nonlinear relationship and common periods. Also the phase
relationship between the two time series can be obtained. The phase relations are depicted by arrows
that conform to the following convention: pointing right indicates inphase; pointing left indicates
antiphase; pointing straight up indicates the second series leads by 90 degrees; and straight down
indicates the first series leads by 90 degrees. By calculating the cross-correlation between the two time
series, the WTC spectrum shows the amount of common power between two time series as a function
of time and frequency [35,43–45]. Here, we compared the total FI data with each of the other indices
used in this study.

3. Analysis and Results

3.1. Morlet Wavelet and MTM Analysis

We begin our analysis with MTM and Morlet wavelet analysis methods of all data sets as
previously described. Figures 1 and 2 and Table 1 show the obtained periodicities, their existence and
the confidence levels in the used data sets.
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Figure 1. MTM (upper panels) and Morlet wavelet (lower panels) analysis results of solar FI (left)
and CI (right) panels. The white curve in the wavelet scalograms describe the COI, while dashed and
dotted lines in the MTM spectrums show 95 % and 99 % confidence levels of detected periodicities.
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Figure 2. The same as Figure 1 but for Ap (upper left), Dst (upper right), Scalar B (lower left) and CRI
(lower right) data sets.

Table 1. Detected MTM periodicities and their errors, confidence levels and existence in the analyzed
data sets.

Date Set / FI CI Ap Index Dst Index Scalar B CRI
Period [Day]/ [nT] [nT] [nT]

2048 +> 99% +> 99% +> 99% +> 99% +> 99% +> 99%
683 – - – +> 99% – –
372–455 – – +> 95% – +> 99% –
292–293 – +> 95% – – +> 95% –
178–228 – +> 95% +> 95% +> 95% – –
120.5 – – – – +> 95% –
52–61 +> 95% – – – – +> 95%
44–45 – +> 95% – +> 95% – +> 95%
25–33 +> 99% +> 99% +> 99% +> 99% +> 99% +> 99%

In the above plots, black contours describe the meaningful periods in each data sets with 95%
confidence level; the white solid curve describe the COI for which periods located outside this curve
are not acceptable, as non meaningful due to the edge effect. From these figures and Table 1, we
obtained the following results; 1) the 2048 and 25-33 days periodicities exist in all data sets without
any exception. The 25-33 days periodicities are seen in wavelet scalogram of all data sets especially
during the maximum phase of the cycle (Cycle 24), while the 2048-day periodicity, located outside
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of the COI is not seen in the wavelet scalogram of CI, as a meaningful periodicity. 2) The 683-day
periodicity is only seen in Dst index MTM spectrum, while it appears in the wavelet scalogram of
FI, Ap, and CRI around the maximum phase of the cycle. 3) The 370-455 days periodicity is seen in
the MTM spectrum of Ap and Scalar B, and it appears in the wavelet scalograms of FI, Ap, Dst and
Scalar B during the maximum phase of the cycle. 4) The 292-293 days period is seen only in the MTM
spectrums of FI and Scalar B and it also appears in the wavelet scalograms of these two data sets
around the cycle maximum. 5) The 178-228 days periodicity is seen in all geomagnetic activity indices
MTM spectrums. Thus we may speculate that the origin of this periodicity may be different from the
solar activity. Note that it does not appear as a significant periodicity in the wavelet scalogram of CRI
data set. 6) The 120.5-day periodicity is only seen in the MTM spectrum of Scalar B, and it seen in the
wavelet scalogram of the same data set as a dark red region (below 95% confidence level) around the
years 2012-2013. 7) The 52-61 days periodicity is detected in FI and CRI as a significant periodicity. But
it does not exist in the MTM spectrums of other parameters. Thus we may argue that the origin of this
periodicity is the solar flare activity. 8) The 44-45 day periodicity is seen as a meaningful periodicity in
the MTM spectrum of CI, Dst and CRI data sets and it appears in the wavelet scalogram of FI, CI, Ap,
Dst and CRI data sets during the maximum phase of the cycle. Thus, we may argue that the source of
this periodicity is not the sun or it modified in the interplanetary medium.

3.2. Cross Wavelet and Wavelet Coherence Analysis

To investigate the possible phase and correlation relations between total FI and all other data
sets used here, the Cross Wavelet (XWT) and Wavelet Coherence (CWT) analysis were performed
(see, Figure 3). In these plots black contours describe the common periods, white arrows show the
phase relation between compared parameters, the black dashed curve describe the COI that contours
located outside of this curve is not acceptable as a non meaningful periodicity due to the edge effect.
From these figures, following results can be listed; i) all periodicities given in Table 1 are common
periods between compared data sets except the 2048 days periodicity. It appears clearly in the XWT
plots of FI versus all data sets, while it only appears in the WTC plots of FI versus CRI. ii) Short
term common periods do not have any phase relation that the phases are completely mixed. When
it goes to the higher periodicities the phase relations start to appear: if the compared data sets show
positive/negative correlation they are getting in phase/antiphase with increasing periodicity. iii)
Contrary to MTM and Morlet wavelet analysis, we detected an about 128-512 day periodicity interval
which appears as very prominent in the XWT and WTC plots of FI versus all other parameters. This
result show that this periodicity is a common periodicity for all data sets but its confidence level is
below 95% in some data sets. As a general result we therefore assume that FI and other data sets used
in this study are related to each other.
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XWT: Total FI versus Ap Index
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WTC: Total FI versus Ap Index
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XWT: Total FI versus Dst Index
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WTC: Total FI versus Dst Index
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XWT: Total FI versus CRI
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WTC: Total FI versus CRI
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XWT: Total FI versus Scalar B
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WTC: Total FI versus Scalar B
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Figure 3. XWT and WTC scalograms for FI versus all other indices used in this study. The analyses
were performed with red noise approximation.

4. Conclusions and Discussions

In this study, we performed periodicity analyzes of selected daily solar (FI, CI), geomagnetic (Ap,
Dst, Scalar B) and cosmic (CRI) activity indices for the exact duration of the last solar cycle (Cycle 24).
The 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 as following:
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• The 2048 and 25-33 days periodicities exist in all data sets without any exception. The 25-33 days
periodicities are seen in wavelet scalograms of all data sets especially during the maximum phase
of the cycle (Cycle 24), while the 2048–day periodicity located outside of the COI and it is not
seen in the wavelet scalogram of CI as a meaningful periodicity.

• All periodicities have data preference, periodicities appear in different data sets, except the two
above-mentioned periodicities; the 683–day periodicity is only seen in Dst index MTM spectrum
and in the wavelet scalogram of FI, Ap and CRI. The 370–455 days periodicities seen in the
MTM spectrum of Ap and Scalar B and the wavelet scalograms of FI, Ap, Dst and Scalar B. The
292–293 days periods seen only in the MTM spectrums and wavelet scalograms of FI and Scalar
B. The 178–228 days periodicities are seen in all geomagnetic activity indices MTM spectrums
and does not appear as a significant periodicity in the wavelet scalogram of CRI data set. The
120.5–day periodicity is only seen in the MTM spectrum of Scalar B. The 52-61 days periodicities
are detected in FI and CRI as a significant periodicity. The 44-45 days periodicities are seen as a
meaningful periodicity in the MTM spectrums of CI, Dst and CRI data sets and it appear in the
wavelet scalograms of FI, CI, Ap, Dst and CRI.

• The phase relations between compared data set periodicities are gradually changing from small
periods to large ones that there are no phase relations between small periodicities and they show
mixed phases. Contrary, they are completely in phase/antiphase for large periodicities.

• All detected FI periodicities, except 2048 days periodicity, are common periodicities with all
other data sets used in this study. We therefore speculate that there is a link between solar and
geomagnetic activity indices here used .

[46] analyzed the periodic variations of hemispheric and total solar FI data separately for the solar
Cycle 24 (from 2009 to 2020) by using the same methods that we used here and periodicities of 2048,
1024, 682, 410, 293, 149, 52-62, and 27-33 days from the whole data were found. Here, we used daily
data for the exact duration of cycle 24 (from December 2008 to December 2019) and found 2048, 293,
52-61 and 25-33 days periodicities from the total FI data. The 1024, 682, 410 and 149 days periodicities
are also existing in the power spectrum of total FI but they are below the 95% confidence level. The
differences between two analyses possible come from the data length: [46] used data from January 2009
to December 2020, while we used exactly Cycle 24 duration data (from December 2008 to December
2019). Thus we confirm most of their results and further updated the cyclic variations of solar FI for
the exact duration of solar Cycle 24.

Recently, [47] investigated the cyclic behavior of solar coronal index by using Lomb-Scargle
periodogram and wavelet transform for the 1939-2020 time interval and found 27.8±3.2, 161.61±21.96
day, 1.01±0.24, 2.3±0.42, 3.42±0.24 and 5.44±0.44 year periodicities. Here we analyzed CI data for
only the 24th solar cycle and found periods of 2048, 178–228, 52–61, 44–45 and 25–33 days (see, Table 1).
About 27–day solar rotation, 178-228 days and 5.6–year periodicities are matching with their results.
Possible reasons of the differences are used different methods (Scargle vs MTM) for the analysis as
well as the different length of data that they analyzed 1939-2020 time interval data, while we analyzed
only Cycle 24 data.

[48] investigate the periodicities of geomagnetic Ap index and the z component of interplanetary
magnetic field (IMF) by using the Lomb–Scargle periodogram and Morlet wavelet analysis methods
for the time interval of 2009 January to 2013 August (ascending phase of Cycle 24). They found
periodicities ∼ 26-34 days, about 44, 61, 67, 111, 129, 152, 186 and 239 days from the z component of
IMF and 28-32, 41, 45, 53, 59, 123, 131 and 170 days from the Ap index data. Later, [49] investigated the
periodicities of solar and geomagnetic activity parameters as well as cosmic ray intensity over the time
period 1965–2018. They used sunspot number as a solar data and Bz component of IMF, geomagnetic
Ap index and cosmic ray intensity as geomagnetic activity parameters. They also used Lomb-Scargle
periodogram and wavelet analysis and found 28.5-day periodicity for IMF Bz, 25.3-day, 6.1 and 8.7
months, 1.3, 1.7, 2.3, 3.0, 3.6, 4.0 and 5.2 years for Ap index and 9.5-month, 1.2, 1.7, 3, 3.7 and 5 years
for CRI from the Scargle period analysis. Here, we analyzed the average IMF, CRI, Ap and Dst indices
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and found 25-33 days solar rotation and 5.6-year periodicity for all data sets without any exception.
Our results deviate from [49] findings especially for z component of IMF and CRI data sets. They
found only a 28.5-day period for the IMF and 9.5-month, 1.2, 1.7, 3, 3.7 and 5 years for CRI. We found
additional periods of 2048, 372-455, 292-293, 120.5 days for the average IMF and only four periods
2048, 52-61, 44-45 and 25-33 days for CRI data. Possible reasons of these differences are used different
methods (Lomb–Scargle vs MTM) for the analysis, differences in data sets and the different length
(1965-2018 vs 2009-2020) of data. When we compare our Morlet wavelet and MTM analysis results
we may conclude that MTM results show very good agreement with wavelet results and this support
accuracy of our findings.

[50] compared the Interplanetary Coronal Mass Ejection (ICME) with Dst and AE indices by
using the XWT and WTC analysis methods within solar Cycle 23. They concluded that Dst and
AE indices modulated by ICME during the maximum phase of solar cycle 23 and only the annual
frequency component of the ICMEs is phase-locked with Dst and AE indices. Recently, [12] studied
the periodic variations of the monthly FI and Ap, Dst, Scalar B, and aa geomagnetic activity indicators
by using MTM, Morlet wavelet XWT and WTC analysis methods from January 1, 1975 to December
31, 2020. They concluded that FI and other parameters generally show phase mixing in the small
periods (2-8 months), while all parameters are inphase and highly correlated for the 11-year solar cycle
periodicity. Here, we analyzed daily data sets including/excluding some data sets (CI, CRI/aa) for
only the solar Cycle 24. We found that the phase relations between compared data sets periodicities
are gradually changing from small periods to large ones: There are no phase relations between small
periodicities and they show strongly mixed phases, while they are completely inphase/antiphase for
large periodicities. All detected FI periodicities, except 2048 days periodicity, are common periodicities
with all other data sets used in this study. Thus we confirmed above findings and further conclude
that there is a strong physical link between solar and used geomagnetic activity indices.
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