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Abstract. We applied fast Fourier transform techniques and Morlet wavelet transform on the time series data
of coronal index, solar flare index, and galactic cosmic ray, for the period 1986–2008, in order to investigate
the long- and mid-term periodicities including the Rieger (∼130 to ∼190 days), quasi-period (∼200 to ∼374
days), and quasi-biennial periodicities (∼1.20 to ∼3.27 years) during the combined solar cycles 22–23. We
emphasize the fact that a lesser number of periodicities are found in the range of low frequencies, while the
higher frequencies show a greater number of periodicities. The rotation rates at the base of convection zone
have periods for coronal index of ∼1.43 years and for solar flare index of ∼1.41 year, and galactic cosmic
ray, ∼1.35 year, during combined solar cycles 22–23. In relation to these two solar parameters (coronal index
and solar flare index), for the solar cycles 22–23, we found that galactic cosmic ray modulation at mid cut-off
rigidity (Rc = 2.43GV) is anti-correlated with time-lag of few months.
Keywords. Solar flare index—coronal index—galactic cosmic ray.

1. Introduction
The variations in solar activity have established periods of about ∼27 days and ∼11 years, the first reflects
the modulation imposed by solar rotation and the latter is related to the magnetic field polarity reversal
of the solar activity cycle. Periodicities between ∼27
days and ∼11 years in this mid-range have been extensively studied starting with the discovery of a ∼153
day periodicity in γ -ray flare (Rieger et al. 1984). The
quasi-biennial period is ∼1.3 years, which has been
detected in different solar indices (Howe et al. 2000;
Chowdhury et al. 2016). Many authors have studied the
mid-range periodicities (Lean 1990; Rusin and Zverko
1990; Bai 2003b; Minarovjech et al. 2008; Chowdhury
et al. 2016) between ∼27 days and ∼11 years, and
long-term periodicity of ∼11 years, with different solar
activities. The physical processes that occur inside the
Sun are reflected by a periodic character in terms of
coronal index of coronal emission (Fe XIV 530.3 nm)
during solar activity cycles. Recently, a link between the
strength of photospheric magnetic fields and green line
intensities (530.3 nm Fe XIV) was found that extends to
the solar surface (Rusin and Rybansky 2002). Coronal

index (CI) and solar flare index (SFI) have been reported
as the best solar parameters to explain the heliospheric
physical changes (Rusin and Zverko 1990; Ozguc et al.
2003). CI was calculated with homogenized Fe XIV
530.3 nm of coronal emission line on ground-based
measurements from the worldwide network of coronal stations (Rybansky 1975; Xanthakis et al. 1990;
Rybansky et al. 2001). This index reflects the physical processes that occur inside the Sun and the periodic
character of the coronal emission showing with the solar
cycle. The quantitative flare index was first introduced
by Kleczek (1952), Q = I × T, in this context ‘I’ represent the intensity of the Hα flare and ‘T’ the time
duration (in minutes) of Hα flare. The flare index is
used to study the Sun’s activity and its influence on the
heliosphere. It is approximately proportional to the total
energy emitted by the flare.
There exist time-lag and anti-correlation between the
long-term variation of solar activity and galactic cosmic rays (GCRs) in different phases of solar cycles
(Mavoromichalaki and Petropoulos 1984; Webber and
Lockwood 1988; Cliver and Ling 2001; Chowdhury
et al. 2013). The GCR modulation is controlled by the
solar activity, which is based on the conditions of the
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Figure 1. Monthly averaged (black line) and ∼6 month smoothed (red line) variations of amplitude values of SFI, CI, and
GCRs during solar cycles 22 and 23 (September 1986 –December 2008).

heliosphere. This is a very complex phenomenon that
depends on several factors such as coronal mass ejections (CMEs), traveling shocks, flares, etc., which are
injected into the inner heliosphere.
In this study, we calculated the cross-correlation
of GCRs with the solar parameters (CI and SFI)
during solar cycles 22 and 23. The first method is
the fast Fourier transform technique (FFT) to calculate the power spectral density and periodicity of the

constructed time series for CI, SFI, and GCRs. The
second method is Morlet wavelet transform (WT) analysis of CI, SFI, and GCRs time series in the determination
of the frequency spectrum and periodicity.
2. Data analysis and methods
Here, we have studied the variations and periodicities of solar activity: CI and SFI and cross-correlation
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with GCRs, for all possible time-lags in this period
(1986–2008).
3. Results and discussion
The transportation of cosmic ray particles in the
heliosphere undergoes four different types of modulation mechanism (Parker 1965): the convection effect,
adiabatic energy changes, slope and curvature drifts,
and diffusion. The effect of convection can reduce the
strength of GCR in terms of solar wind, on the outside of
the heliosphere. The particle in the drift is also present
for the heliospheric current and it has a great influence
on cosmic ray modulation at the solar minimum.
Howe et al. (2000) has reported a period ∼1.30
years, in the change of rotational speed near the base
of the convection zone from 1995 to 1999. Krivova and
Solanki (2002) suggested that the 150–160 day period is
the third harmonic of the ∼1.3 years. Recently, Pandey
et al. (2017) found that north-south asymmetry lowers
at ∼5 − 6 Carrington rotation (i.e., 135–165 day) which
is the third harmonic of the ∼1.3 year period. It can be
expected that the variation in the dynamo is reflected
in the intermediate position of the solar activity as a
magnetic flux with harmonic waves from that time.
The time-lag between galactic cosmic rays and solar
activity varies from cycle to cycle (Cliver and Ling
2001; Chowdhury et al. 2013). The behavior of the solar
wind and plasma in the interplanetary medium is clearly
related to the energetic solar eruptions, which are represented by the SFI. The SFI is connected with high-speed
solar wind streams to play an important role in the galactic cosmic ray modulation (Mishra and Tiwari 2003).
The CI is the total number of irradiation strength of the
green corona in the solar visible hemisphere and possibly reflects the distribution of photospheric magnetic
fields in the solar corona. The SFI and CI (closely related
to sunspot activity) have been found to be the most
important solar phenomena that affect galactic cosmic
ray (Rusin and Rybansky 2002; Singh et al. 2017).

Figure 2. Cross-correlation coefficients as a function of
time-lag for total solar cycles 22 and 23 between GCRs with
SFI and CI.

3.1 Variations of GCRs, SFI, and CI

with GCRs during solar cycles 22–23. For two solar
cycles 22 (1986–1996) and 23 (1996–2008), monthly
mean data of the CI and SFI (https://www.ngdc.noaa.
gov/stp) were used in the present analysis, as well as
monthly mean GCRs (http://cr0.izmiran.rssi.ru/mosc/
main.htm) from Moscow NM station, with mid-cutoff rigidities (2.43 GV). We have used the error bar
for normalized cross-correlation between SFI and CI

We have studied the monthly variations of SFI, CI,
and GCRs for the period 1986–2008. We studied the
smoothed (∼6 monthly) variations of SFI, CI, and
GCRs as shown in figure 1. The ∼6 month smoothed
variation shows two peaks in the SFI and a single peak
in CI and GCRs during solar cycles 22 and 23. Figure 1 shows the lower solar activity (SFI and CI) in
cycle 23 as compared to cycle 22. The amplitude of SFI
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Figure 3. Cross-correlation coefficients as a function of time-lag between GCRs with CI and SFI, for the ascending phase
and descending phase of solar cycles 22 and 23.

decreased for cycle 22 to cycle 23 and is ∼28%, and CI
decreased for cycle 22 to 23 and is ∼10%, but GCRs
(Moscow) increased for cycle 22 to 23 and is10%. We
have concluded that the solar parameters (SFI and CI)
are in anti-correlation with GCRs. During 1996–1997
and 2007–2008, the SFI reached a deep minimum in
cycle 23. The monthly mean and ∼6 month smoothed
variation of CI reached a deep minimum in the period

1996 and 2007–2008. The monthly mean variation of
GCRs was minimum in the year 1991.
3.2 Cross-correlation between SFI and CI with GCRs
Many researchers have investigated the phenomenon of
time-lags for the GCRs with different solar parameters
(Cliver and Ling 2001; Kane 2011; Chowdhury et al.
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Table 1. Cross-correlation coefficients and time-lags.
Parameter
Cycle 22
Coronal index (CI)

Solar flare index (SFI)

Cycle 23
Coronal index (CI)

Solar flare index (SFI)

Solar cycle phase

CC 95% significance level

Time-lags (months)

Ascending
Descending
Total
Ascending
Descending
Total

0.890−0.885
0.822−0.812
0.830−0.820
0.812−0.800
0.685−0.675
0.700−0.695

0−3
−5−0
0−3
4−9
−5−0
5−9

Ascending
Descending
Total
Ascending
Descending
Total

0.900−0.886
0.856−0.850
0.809−0.788
0.730−0.720
0.592−0.581
0.627−0.615

0−6
−5−0
0−10
1−14
−12−
(−7)
2 − 14

2013). The maxima of SFI and CI do not coincide with
the minimum of the GCRs, which indicates that there is
a time-lag. We split the cycle 22 and 23 into two parts,
consisting of the ascending phase of cycles including
its maximum (1989–1991 and 2000–2001), i.e. A > 0
polarity state: the polarity of the solar magnetic field
is in the northern hemisphere to the outside; and the
descending phase of the cycles including its minimum
(1996 and 2008), i.e. A < 0 polarity state: the polarity of
the solar magnetic field is in the southern hemisphere to
the outside. We have studied cross-correlation between
GCRs and solar parameters (CI and SFI) in ascending
and descending phases and total solar cycle 22 and 23.
Figures 2 and 3 show the results of cross-correlation
and time-lag between GCRs and solar parameters (SFI
and CI) for the period 1986–2008 and their statistical
errors. Table 1 shows the values of the cross-correlation
coefficient with 95% significance level and the time-lags
between GCRs with SFI and CI during the period of the
study. The top of the curve is almost flat with the highest
cross-correlation values obtained with the corresponding time-lag. We found a negative time-lag during the
descending phase. A negative time interval implies that
the recovery of the GCRs during the descending phase
is faster than the solar activity (such as SFI and CI).
It is observed in even–odd solar cycles (22–23), the
time interval between GCRs and SFI is greater than the
GCRs and CI in (table 1). The present analysis clearly
distinguishes between the odd and even solar cycles in
terms of time-lags. The time-lags associated with solar
indices and the spread of cosmic radiation have been
discussed by several researchers (Cliver and Ling 2001;

Chowdhury et al. 2013): for even cycles (∼1 to ∼3
months), it is small, and for odd cycles, it has been found
to be too large (∼11 to ∼13 months). Earlier studies
(Mavromichalaki et al. 2007) of cycles 17–22 reported
that the average time-lags was found to be ∼2.4 to ∼1.9
months for even-numbered cycles and ∼12.4 to ∼7.2
months for odd-numbered cycles. We have obtained the
time-lags between GCRs and solar parameters such as
SFI for cycle 23 is remarkably large and reaches ∼14
months, and for cycle 22, it is ∼4 months. The timelags between GCRs and CI for solar cycle 22 is ∼3
months and for cycle 23 it is ∼10 months. The timelag difference, between even and odd solar cycles of
cosmic rays and solar parameters is in good agreement
with those of other researchers.
3.3 Periodicities of CI, SFI, and GCRs
The spectral analysis of the monthly data of the CI, SFI,
and GCRs for the period 1986–2008 and a comprehensive study of the power spectral distributions have been
done for the periodicity of ∼11 years to ∼120 days.
The FFT spectra of the SFI, CI, and GCRs over the
entire period 1986–2008, and important peaks of the
spectra with their periods are shown in figure 4. It is
obtained that long-term periodicities for SFI, CI and
GCR is ∼11.45 years by both power spectral distribution methods in FFT and WT.
We have observed Rieger-type periodicity using
power spectral distributions in both methods FFT and
WT: for SFI, it is ∼133, ∼147, ∼157, and ∼192 days,
and for CI, it is ∼129, ∼135, ∼150, ∼156, ∼165,
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Figure 4. Periodogram analysis of the monthly data for SFI, CI, and GCRs by fast Fourier transformation technique during
the combined solar cycles 22–23.

∼179, and ∼192 days, and for GCRs, it is ∼133, ∼153
and ∼183 days. The quasi-period using both FFT and
WT power spectral method, for SFI, is ∼217, ∼258,
∼275, and ∼374 days, and for CI, it is ∼201, ∼233,
∼266, ∼284, ∼317, and ∼344 days, and for GCRs,
it is ∼211, ∼236, ∼258, ∼275, and ∼374 days. The
quasi-biennial period for SFI is ∼1.20, ∼1.41, ∼1.76,
and ∼3.27 years, and for CI, it is ∼1.43, ∼2.08, and

∼2.55 years, and for CRI, it is ∼1.35, ∼1.76, ∼2.29,
and ∼2.86 years by both FFT and WT power spectral
methods during the combined solar cycle 22—23.
The solar parameter (SFI and CI), as well as GCRs
during combined solar cycles (22–23), is significant in
the period of a ∼1.41, ∼1.43, and ∼1.35 years, respectively and this is assumed to be generated at the base
of the convection zone (Howe et al. 2000; Chowdhury
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Figure 5. Periodicity calculated on the monthly data of SFI, CI, and GCRs by Morlet wavelet spectrum during the combined
solar cycles 22–23.

et al. 2016). In the Morlet WT power spectral method,
the black line shows the cone of influence in figure 5.
The results of the spectral power analysis may be spurious due to the fact that the time series are not fully
stationary (Chowdhury et al. 2016). Our analysis of
monthly mean data of SFI, CI, and GCRs for combined
solar cycles 22–23 is in good agreement with the results
of other researchers (Rusin and Zverko 1990; Minarovjech et al. 2008).

4. Conclusion
The inverse relationship between GCR and solar activity (SFI and CI) is clearly visible throughout the entire
investigation period (1986–2008). Jokipii and Thomas
(1981) and Usoskin et al. (1998) suggested that cosmic
ray modulation is anti-correlated with the solar activity.
We have found the descending phase of cycles 22–23 is
very weak in solar activities, which are also responsible
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for high GCRs. Aslam and Badruddin (2012) have
investigated the nature of GCRs modulation during the
cycles 22–23 and suggested that, along with the drift
and diffusion, and the solar wind convection is an additional effect responsible for the high GCRs during the
minimum of cycles 22–23. The variation in CI is more
closely linked to the transient energy release in the solar
corona. The CI represents the important representative
index of solar activity (Rybansky et al. 2001). The SFI is
one of the best solar parameters to explain heliospheric
physical changes in time. The low values of amplitude
for SFI in the solar cycle 23 is present in the time series
1996–1997 and 2007–2008, as also the CI in the time
series 2007–2008. The time-lags between GCRs with
SFI for cycle 23 is remarkably large and reaches ∼14
months, and ∼4 months for cycle 22. The time-lags
between GCRs and CI for solar cycle 23 is large and
reaches ∼10 months, and for cycle 22, it is ∼3 months.
A significantly higher cross-correlation between GCRs
with CI over SFI has been obtained. Therefore, it can
be concluded that the variation in the phase delay
between GCRs and SFI is larger than the variation
between the GCRs and CI. In the descending phase, the
GCRs is much faster than the solar parameters (SFI and
CI).
It is concluded that, with FFT and WT analysis on the
time series during 1986–2008, there are common periodicities of ∼11.45 years in both solar parameters (SFI
and CI), as well as GCRs, as given in figures 4 and 5. The
amplitude profile of SFI, CI, and GCRs are represented
in yellow colour, and show the mid-term periodicity
by the WT method, during the complete solar cycles
22–23. In this analysis, we found the Rieger-type periodicities, which other researchers also found in different
solar parameters. We have found the Rieger periodicity is ∼157, ∼156, and ∼153 days for SFI, CI, and
GCRs, respectively. The quasi-annual period for SFI is
∼374 days, for CI, ∼344 days, and for GCRs, ∼374d.
These periodic fluctuations are reflected in solar indices
(SFI and CI) associated with the photospheric and chromospheric activity. These results are very useful in the
study of oscillations of periodicities and rotational rates
in different solar cycles.
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