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Abstract. The cyclic properties of solar-geomagnetic activity and global surface temperature have been
investigated using trend, frequency and time-frequency analyses. Results reveal that on decadal-to-centennial
timescales, low-frequency cycles in the half-century (~49 to 56 years per cycle) and Gleisberg (~99 to 114 years
per cycle) range run in the background of the Schwabe (~9 to 11 years per cycle) as the dominant cycle of solar-
geomagnetic activity. The only dominant cycle in the global surface temperature series is the half-century cycle
and suggests a possible causal link between it and solar-geomagnetic activity phenomena. Evolution of the
amplitudes of the cycles is such that the Schwabe and Gleisberg periods have increased in power from the
beginning of the series until the mid-20th century after which they declined. The half-century cycle decreased in
amplitude after 1800 to the present. For geomagnetic activity, the amplitude of Gleisberg cycle increased from the
beginning of the series around 2000 while the amplitudes of Schwabe and half-century cycles declined within the
same interval, except the Schwabe cycle which amplitude increased rapidly after 1980 to the present. For the
global surface temperature, the amplitudes of Gleisberg and half-century cycles have continuously increased from
the beginning of the series while Schwabe cycle oscillates with very low amplitudes until 1980 after which it
increased slightly. Evolution of the amplitudes of cycles of solar-gemagnetic activity suggests a recovery from
Maunder Minimum and decline into a grand epsode most likely to be a minimum.

Keywords: geomagnetic activity, solar activity, low-frequency cycle, grand episode, spectral power, global wavelet
power.

1. Introduction

It is now known that the time series of solar and geomagnetic activities as well as climate phenomena
are inherently characterized by multiple periodicities buried in noise, which may include the effects of
interactions and nonlinearities. Detection and estimation of periodic components in forcing signals require
the application of techniques that could eliminate or suppress the noisy background. Several techniques have
been applied to study the periodic properties of the time series of solar activity, geomagnetic activity and
climate change phenomena, using different proxies and on different temporal scales. Among such techniques
include filtering to test for the existence of multiple periodicities and reveal trends of varying degrees and
resolution of cyclicity of the forcing signals [1,2], frequency analysis based on spectral methods [3], deep
learning and predictive models using neural network [4-6] and time-frequency analysis based on wavelet
methods [7-9] and so on. Solar activity, characterized by variations in solar irradiance and sunspot numbers,
follows an approximately 11-year cycle known as the solar cycle. Geomagnetic activity, influenced by solar
wind and coronal mass ejections, is often quantified by indices such as the Ap and Kp indices. Both solar and
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geomagnetic activities have been hypothesized to affect Earth's climate, but the extent and mechanisms of
this influence remain subjects of ongoing research.

The arguments concerning climate change, and in particular the recent climate warming, are based on
observations and predictions in terms of time and frequency of occurrences. For this purpose, wavelet
analysis has been extensively explored. For solar and geomagnetic activities, once the dominant cycles have
been revealed, their effects on and possible causal relationship to climate time series may become evident.

How and to what extent the evolution of temporal structures of solar-geomagnetic activity and climate
interaction have contributed to the recently observed climate warming forms the basis of this study. The
essence is to examine the cycles inherent in their temporal variability with a view to revealing the time-
frequency patterns in the structures and how they may relate to and help to predict the near-future climate
scenarios.

2. Data and Methods of Analysis

(i) Solar activity proxy comprised the annual mean sunspot number (R;) (1700-2020), obtained from
World Data  Centre (WDC), Sunspot Index and Long-term  Solar  Observations,
http://www.sidc.be/silso/datafiles.

(i1)) Geomagnetic activity proxy was characterised by antipodal activity (aa) index (1868-2020),
obtained from NASA website at https://omniweb.gsfc.nasa.gov/form/dx1.html.

(iii) Global Surface Temperature Anomaly (dT) (HadCRUTS) and HadSST3 (1850-2023) obtained
from Met Office Hadley Centre, https://www.metoffice.gov.uk/hadobs/hadcrutS/data/current/download.html

Time-series analyses comprising filtering, smoothing, trending, regression and curve fitting were
performed on the relevant time series. The cyclic variabilities inherent in trends of the relevant phenomena
were studied.

Spectral analysis derived from Fast Fourier Transforms (FFT) was performed to determine the strength
of the cycles and establish the cyclic relationships among the phenomena under consideration.

To reveal the evolution of cycles in time and frequency of solar-geomagnetic activity and global surface
temperature, time-frequency analysis using the continuous wavelet transforms was performed. The mother

wavelet represents a family of functions [10] and is given as:
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was obtained by dilating or contracting the wavelet scale, s and translating along localized time position, .
Wavelet coefficients describe the contribution of the scale s to the time series x(t) at different time position 7.

In this study, the continuous wavelet transformation was performed using Morlet wavelet as the
analyzing wavelet [11] and is expressed as:
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where w, is the wave number and is taken to be 6.0 in this case.
The wavelet spectral power P (s, ) is computed as shown in eqn. 4.

P(s,7) = 25|W; , ®)|° j k=012 ..,N—1 (4)
where, 25 is the bias correction factor [12]. The scale s of the Morlet wavelet is related to Fourier frequency
f asineqn. 5:
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The scale s is approximately equal to the reciprocal of the Fourier frequency, s = % [13].
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3. Results and Discussion

The eleven-year (Schwabe) annual mean cycles are numbered 1 in 1749 to 24 in 2014 Fig.1 (a). The
grand episodes are clearly illustrated. The highest peak of the cycles occurred in the International
Geophysical Year (1957) with R = 269.5. The observed minima R; = 0 in 1711, R, = 0 in 1810, R; = 2.4
and R, = 4.2 in 2008 give an average cycle length of 98.7 years (Gleissberg period).
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Fig.1. (a) Annual mean sunspot number (b) eleven-year running-mean with fourth-degree regression model

The eleven-year running-mean R, also reveals a minimum-to-minimum cycle of length ~99 years
(Gleissberg period) Fig.1 (b). The maximum to maximum of the fourth-degree polynomial gives a low-
frequency cycle of ~277 years but cycle length taken from the corresponding maxima of the eleven-year
running mean is ~179 years. The average of the two values suggests a bi-centennial cycle (BC) of ~227
years. It is clear that subsequent minima after the Maunder Minimum were successively higher, which
implies that solar activity has gradually been recovering (increasing in strength) after the grand minimum.

Quasi-grand episodes, laballed A, B, and C are approximately 114 years apart on the average
(Gleissberg period range). Further still, the minimum-to-minimum, taking account of the quasi-minima, is
approximately 52.4 years on the average. Therefore, sunspot activity of 11-, 52-, 114-year and 227-year
periodicities have been identified using our trend analysis. For ease of reference, these cycles are herein
labelled as Schwabe cycle (SB), half-century cycle (HC), Gleissberg cycle (GB) and bi-centennial cycle
(BC) respectively. These cycles are in agreement with those found using other methods. For instance,
Dergachev & Raspopov (2000), using sundry solar activity proxies such as total solar irradiance (TSI),
carbon-14 (**C) and Beryllium-ten ('°Be) levels and galactic cosmic ray (GCR), identified a 210-year SC.

The correlation of aa with R; is shown in Fig.2. The annual mean aa time series shows greater
variability than the eleven-year running-mean (Fig. 2a) but are strongly correlated on the eleven-year solar
activity cycle time scale (Fig. 2b). The correlation coefficient of the annual mean and eleven-year running
mean aa and R, time series are r = 0.56 and 0.87 respectively, within 95% confidence bounds. The
relatively low value of r for the annual mean variability of aa is quantitative evidence of the prevalence of
transient heliosphysical and interplanetary activities on shorter cycle-time scales, acting as background noise
in concert with low frequency solar cycles. It is observed that annual mean aa variation is characterized by
multiple peaks, comprising those that occur with peaks and those that occur in the declining phases of the
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eleven-year sunspot activity cycles. The trend also reveals a dual peak B and C in SC19 and SC23. The peak
A near the beginning of the time series corresponds to 1877 solar activity maximum. The quasi-minima
marked a, b, ¢ and d do not exhibit any consistent cycle lengths. The year marked d is not necessarily a
minimum but is included to show the downward trend. It is also known that solar activity peaks of 1989 and
2003 were accompanied by severe space weather events. Although the filtering process tends to shift the
position of the peaks of trended time series with respect to those of the annual mean variability, it is obvious
from Fig. 2a that while the peak of solar activity occurred during the International Geophysical Year (IGY)
1957, the peak of geomagnetic activity occurred four solar cycles after, in 2003, evidently in the declining
phase of solar activity low-frequency cycle.

Fig. 3 shows the annual mean global surface temperature represented by two recent time series
HadSST3 (sea surface) and HadCRUT4 (land and sea) time series, together with their eleven-year running
means and seventh-degree polynomial regression model of HadCRUTS, which closely fits both data and
trend.
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Fig.3: Global Sea surface temperature (HadCRUTS & HadSST3) with the eleven- year running and the seventh-
degree polynomial model
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Clearly, the time series began in a descending phase, reached a minimum in 1911, and exhibited two
maximum-to-maximum marked M;(1878) M,(1944) and M5(2016) of average cycle length of 64c. It
also exhibits two minimum-to-minimum labelled m,(1862), m,(1911) and m3(1976) of average cycle
length of 57 years. This suggests a global temperature cycle of an average period of 60 years (which is in
the HC range). Identification of this cycle is crucial to the determination of the phenomenon that drives it.
The spectral power of sun spot activity, antipodal geomagnetic activity and global surface temperature
anomaly series are displayed (Fig. 4).
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The most prominent cycle of solar and geomagnetic activities is the SBC followed in order of
magnitude by the HC (Fig. 4a). The same is the case for geomagnetic activity (Fig. 4b), except that the HC is
of slightly lower cycle length (49.3 years/cycle) compared to that of solar activity (52.7 years/cycle). The
most prominent cycle of global surface temperature anomaly is the HC, ~56-years (Fig. 4c). Other less
prominent cycles are also labelled. The apparent similarity of the spectral powers of solar and geomagnetic
activities provides further evidence of the correlation that exists between the two series. Spectral analysis
allows us to examine the frequency components of these activities, revealing patterns that might not be
immediately obvious in the time domain. By observing that both solar and geomagnetic activities exhibit
similar spectral power distributions, we can infer that they are influenced by common factors or mechanisms.
This similarity suggests a strong connection, likely driven by the Sun's influence on the Earth's magnetic
field. For example, solar phenomena such as sunspots, solar flares, and coronal mass ejections can
significantly impact geomagnetic activity, causing variations in the Earth's magnetosphere. The alignment in
their spectral powers indicates that changes in solar activity are mirrored by corresponding changes in
geomagnetic activity, reinforcing the idea of a dynamic and interdependent relationship between these two
series.

By comparison with the spectral powers of solar and geomagnetic activities, it is clear that the spectral
power of global surface temperature anomaly (Fig. 4c) follows the same pattern of variability, with some
degree of modulation. It implies that global surface temperature variability has components that are
attributable to the variability of solar and geomagnetic activities. Fig. 5 (a) shows the continuous wavelet
transform of sunspot activity. All the cycles increase in level between 1750 and 2000 except the HC which
diminishes after 1850. SB and GB reached maximum levels between 1950 and 2000. The global wavelet
power (Fig. 5b) exhibits three peaks corresponding to SB, HC and GB, with SB and GB as the most
dominant cycles.

1—;15[}
% \
5 100} ' B
¥ wad
= S99
8- . saBbBltscagqppP B agpBlosspsessircssannachDOoagooDd RS
1750 1800 1850 1900 1950 2000
Time (year}
a)

w

—a

G lobal power spectrum
]

L

20 41 60 80 100 120
Period (years/cycle)
b)
Fig.5. Continuous wavelet transforms and global wavelet power spectrum of sunspot activity.

Fig. 6 displays the plots of continuous wavelet transform and the global power spectrum of
geomagnetic activity. GB is the most prominent cycle. It increases in level to a maximum between 1970 and
early 2000s. HC also followed the same pattern of variability, although it is less prominent. The SB is less
prominent compared to GB and HC. In addition to the three cycles, it is apparent that a lower frequency
cycle, possibly of 150-year cycle is present and is localized between 1940 and 2000 (Fig. 6a). The global
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power spectrum (Fig. 6b) reveals three peaks corresponding to the SB, HC and GB respectively, and possible
existence a lower frequency cycle in the 150-year range. The strongest cycle is the GB followed by the HC.
The continuous wavelet transform and global wavelet power spectrum of the global surface temperature
are shown in Fig. 7. Fig. 7a shows that HC increases in strength from the beginning the series to a maximum
in. It is noticed that cycles with higher periods (above 150 years/cycle) are localized around 1900 and 2000.
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Fig. 7b shows a prominent peak only at 51 years/cycle corresponding to the HC. There appears to be a
low-frequency cycle, possibly in the 150 years range. The HC component of cyclicity clearly exists in all the
three times series. It is apparent that global surface temperature, solar activity and geomagnetic activity have
a possible causal link through the HC and, possibly, lower frequency cycles.

It is clear that the low frequency cycles have continued to increase in level in all the three series. It
suggests that the low frequency components of solar and geomagnetic activities possibly contribute to the
current climate warming scenario. Fig. 8 shows the trends in the evolution of the amplitudes of the SB, HC
and GB of sunspot activity, geomagnetic activity and global surface temperature.
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In Fig. 8a, it is found that between 1700 and 1780 the amplitude of GB was higher than those of SB and
HC. The amplitude of HC was higher than both the SB and GB from 1781 and 1826, reaching its peak in
1802 and declining thence after. From 1836, the amplitude of HC was lower than those of SB and GB. The
SB dominates other cycles from 1974 to the present. Most importantly, it could see that the cycles of sunspot
activity are evolving to low magnitudes, suggesting a decline, possibly into a grand minimum.

Fig. 8b illustrates the evolution in amplitude of geomagnetic activity. It shows that the HC increased
from the beginning of the time-series to around 1880 and declined to low amplitudes thereafter reaching a
minimum in 1940. It dominated over SB and the GB between 1868 and 1909. It rose again in magnitude
until its peak was attained in 1997 before a final plunge. The GB, which has increased in magnitude from the
beginning of the series, took dominance over the other cycles from 1908 to 2006, reaching its peak value in
1983 before a final plunge. The SB and HC were in the depending phase after about 1875, reaching some
minimum values around the early 1940s. This observation appears to be consistent with the decrease in
global surface temperature observed from 1944 (Fig. 3). Also, all the cycles reached their maximum
amplitudes at different times. The GB reached its maximum level between 1960 and 1980. The HC reached
its maximum level between 1980 and 2000. However, the leading cycles (GB and HC) declined rapidly after.
It is observed that the SB increased in level after 1980 till the end of the series. Fig. 8c shows the plot of the
trends and evolution in time of the magnitudes of the SB, HC and GB of annual mean global surface
temperatures. It is found that the GB dominated the other two up to about 1922. The HC then took
dominance over the others to the end of the time series. It is noted that the low-frequency HC and GB have
continuously increased from the beginning of the series. The SB oscillated with very low amplitudes until
after 1980 when it increased sharply. All the three cycles exhibit the tendency to decrease in level toward the
end of the series.

4. Summary and Conclusions

In this study, the cyclic properties of sunspot activity, geomagnetic activity and global surface
temperature were investigated using trend, spectral and wavelet analyses. These analyses clearly show that
low frequency cycles of decadal to centennial timescales run in the background of the eleven-year cycle. The
eleven-year running mean showed a trend of cyclicity of sunspot activity in the Gleisberg cycle range
(between 99 to 114 years per cycle) and a bi-centennial cycle of approximately 227 years/cycle. Evidence of
the bi-centennial cycle had been found in the natural archives as in Ref. [14] which identified a cycle length
of 210 years. Spectral analysis revealed three peaks in all three series corresponding to eleven-year Schwabe
cycle, the half-century cycle and Gleisberg cycle of slightly varying cycle lengths. The strongest cycle in
sunspot and geomagnetic activity series is the Schwabe cycle. Schwabe and Gleisberg cycles are not
significant compared to the half-century cycle in the global surface temperature series. It suggests that the
half-century cycle of global surface temperature variability may be related to those of solar and geomagnetic
activities.

Wavelet analysis reveals three peaks in solar and geomagnetic activities corresponding to the Schwabe,
half-century and Gleisberg cycles respectively. However, it reveals only a peak corresponding to the half-
century cycle in the global surface temperature series. It suggests a link between the solar and geomagnetic
activities with global surface temperature series at a low-frequency cycles. The regression model suggests a
recovery of solar activity from the Maunder Minimum and that the expected grand episode after the Modern
Maximum will most likely be a minimum. The evolution of the amplitudes of the low-frequency cycles of
solar and geomagnetic activities to lower values suggests a possible descent into a new grand episode which
is expected to be a minimum. The evolution of the amplitudes of Schwabe, half-century and Gleisberg cycles
of global surface temperature also indicate the tendency toward lower values. Thus, the low-frequency cycles
of global surface temperature variability responses to the low-frequency components of solar and
geomagnetic activity.
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