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Activity and Solar Magnetic Field

Vasilieva lrina * & Zharkova Valentina °

Absiract- We compare frequencies of volcanic eruptions (VEs) in the past 270 years with
variations of solar activity and summary curve of eigen vectors (EVs) of the solar background
magnetic field (SBMF) from the WSO synoptic magnetic maps. In the period 1868 - 1950 and
1990-2020 the total numbers of volcanic eruptions are maximal during the maxima or the
descending phase of the magnetic field cycles with the dominant southern polarity, and
minimal during the maxima or ascending phase of the magnetic field cycles with the northern
polarity. While in the earlier years (1762-1868) this link disappeared. The frequency analysis of
VEs with Morlet wavelet reveals the dominant period of about 22 years and weaker periods of
10.7 and 55-70 years. Comparison of VE frequencies with the modulus summary curve (MSC)
of EVs of SBMF for solar cycles after 1868 reveals a strong positive correlation (coefficient of
0.84) with the maxima of VEs occurring when the summary curve of EVs derived from the solar
magnetic fields have the southern polarity, or more active southern hemisphere of the Sun, and
minima when the northern one. The maxima of VE frequencies associated with southern
polarity of the summary curve of EVs can be linked with the increased disturbances in the
geomagnetic field leading to increased volcanic activity. The correlation between VEs and MSC
cycles before 1868 becomes much lower and negative (coefficient -0.33) that can reflect a real
change caused by migration of the Earth’s magnetic pole to lower latitudes. The next maximum
of VEs is expected during cycle 26 when the EVs have the southern polarity that can affect the
terrestrial atmosphere transparency and solar radiation input to Earth during the modern Grand
Solar Minimum (2020-2053).

Keywords: volcanic eruption, solar activity, sunspots, magnetic field, eigen vectors,
correlation, magnetic pole migration.

I. [NTRODUCTION

Volcanos occur when the inner energy of Earth under its surface approaches a certain critical
level, so that the hot magma, which is under a huge inner pressure, can squirt from the Earth’s
interior through a weak region of the crust producing volcanos. Geomagnetic storms induced
by interplanetary coronal mass ejections, interplanetary magnetic fields and solar wind parti-
cles [see, for example, [1] and references therein] can cause either sporadic electric currents
in the earth locations along the breaks of the surface, which can heat up the surface and reduce
their resistivity to the shifts [2], or induce the currents leading to piezoelectric tension of the
breaks on the surface leading to volcanos [3].

The Volcanic Explosivity Index (VEI) [4] was introduced for evaluation of the eruption
effects on the terrestrial atmosphere based on the estimation of the volume of volcanic erup-
tion materials (ejected tephra, ashflows, pyroclastic flows etc), the height of the ash column,
duration of eruption. The eruptions with the VEI=6 and higher can cause the effect of a vol-
canic winter [5] - a noticeable cooling of the atmosphere caused by the ash pollution that can,
in turn, cause anti-greenhouse effect shielding the solar radiation leading to global cooling.

Also the long-term cooling effect of major VEs can be assisted by variations of ozone
abundances affected by stratospheric sulphuric aerosols appearing after volcanic eruptions
[6, 7]. Ash-rich particles are found to dominate the volcanic cloud optical properties for 2-3
months, while the lifetime of sulphuric aerosols is determined their uptake on ash, rather than
by reaction with radicals [8]. Therefore, volcanic activity can be an important component of
the solar-terrestrial interaction.
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The early papers tried to link the terrestrial volcanic occurrences with solar activity [9—
16]. Later by applying the wavelet analysis to the historical records of large volcanic eruptions
other authors managed to establish a connection between the global volcanicity and solar
activity cycle of 11 years [17, 18]. Other papers either confirmed [19] or denied [20] the
existence of 11 year cycles in a frequency of volcanic eruptions, while some studies showed
close relationships between earthquakes, volcanic eruptions and solar activity proxies in the
Earth atmosphere [7, 21, 22].

There was a clear correlation detected between the occurrences of large earthquakes at
any terrestrial location and high-speed solar wind streams active during solar minima [22-24]
and high energy protons, whose densities are known increasing during the maxima of solar
activity defined by averaged sunspot numbers [25, 26]. This suggests that geomagnetic storms
occurring in the terrestrial atmosphere during maximum years of solar activity can affect the
properties of the faults and gestate in some regions with large earthquakes and associated
volcanic eruptions [2, 3, 7, 21, 27].

A number of authors discussed existing relationships between proxies for solar activity
and climate, including variations in ozone, temperatures, winds, clouds, precipitation, and
modes of variability such as the monsoons and the North Atlantic Oscillation (NAO) [see,
for example, [6, 7] and references therein]. The volcanic aerosols serve as sources for het-
erogeneous chemical reactions destroying stratospheric ozone, that can lower absorption of
the solar UV radiations and reduces the radiative heating in the lower stratosphere [6]. Most
of the authors still support the idea that volcanic activity is increased during minima of solar
activity [15, 17, 20], although without providing the confidence levels of their analysis.

The increase of frequency of strong volcanic eruptions during the minima of solar activity
was suggested to be associated with the variations of circulation of atmospheric masses in the
terrestrial atmosphere induced by the solar input linked to a solar cycle [7]. The further link of
volcanic eruptions with solar activity can involve some induced changes in the basic state of
the atmosphere caused by the effects energetic particles from solar flares, which can change
atmospheric circulation patterns. This was suggested to alter the Earth’s spin that, in turn, can
lead to moderate earthquakes and volcanos relieving the tension of the volcanic magma [17].
This mechanism could reduce a probability of powerful volcanic eruptions while increase the
number of moderate eruptions [17].

Anderson [28] suggested an alternative model, in which the presence of sufficient quan-
tities of volcanic aerosols can change the circulation of the terrestrial atmosphere to such
the extent that it would change the velocity of the Earth rotation that, in turn, leading to
an increase of earthquakes and eruption of powerful volcanos. At the same time, Bumba
[29] demonstrated possible links of longitudinal distribution of solar magnetic fields with
geomagnetic disturbances.

Hence, despite definite inks are not clear yet between volcanic eruptions and solar activity,
these eruptions can have essential consequences for terrestrial environment by the emergence
of volcanic lava and ashes, which can affect terrestrial atmosphere, its energy exchanges,
air quality and living conditions in neighbouring cities [5, 6, 17]. Thus, effects of volcanic
eruptions, if their frequencies are noticeable, should be included in one or another ways into
any models of the global climate changes [30].

Although, there was a recent development of finding a new proxy of solar activity, the
eigen vectors of the solar background magnetic field (SBMF) derived with the principle
component analysis (PCA) from the synoptic magnetic maps captured by the full-disk mag-
netograph of the Wilcox Solar Observatory, US [31, 32]. The modulus of the summary curve
of the two principal components of SBMF fits rather closely the averaged sunspot numbers
currently used as the solar activity index [31-33]. The advantage of the new proxy, the sum-
mary curve of PCs, is that it not only provides the amplitudes and shapes of solar activity
cycles but also captures the leading magnetic polarities in these cycles and links not only to
the sunspot index but also to various solar flare indices [33].

The solar activity was shown to be defined by the solar dynamo action in the two layers
of the solar interior producing two magnetic waves having close but not equal periods of
about 11 years. The interference of these two magnetic waves leads to a grand period of about
350-400 years for their amplitude oscillations when the normal magnetic wave (and cycle)



amplitudes approach grand solar minima (GSM) caused by the wave’s beating effect [32].
Such grand periods coincide with well-known GSMs as Maunder minimum (MM), Wolf and
Oort and other grand minima [34]. In fact, the Sun was shown to enter in 2020 the period of
a modern GSM lasting until 2053 [32, 35].

Recently, Velasco Herrera et al. [36] using the Bayesian algorithm applied to the averaged
sunspot numbers obtained the similar results reporting the modern Grand Solar Minimum to
occur in cycles 25-27, similar to that reported by Zharkova et al. [32]. Furthermore, these
prediction results about the modern GSM in cycles 25-27 were confirmed by some other
researchers [37, 38], who used the same WSO synoptic magnetic field data and obtaining the
spectra of the zonal harmonics of the SBMF approaching the GSM, which were interpreted
with 3D solar dynamo models.

During the most recent GSM, MM, there was a reduction for solar radiation [39] and
the terrestrial temperature by about 1C [40], which, in turn, was proxied by the absence of
sunspots and active regions on the solar surface during the MM [34]. Although, the terres-
trial temperature was found increasing since Maunder minimum by 0.5C per century [41, 42],
which was first assigned to the increase of solar activity producing a modern warming period
[43]. However, from cycle 21 the solar activity became systematically decreasing that coin-
cided with a decrease of the solar background magnetic field in the approach of the GSM
[31, 32]. And indeed, from cycle 21 the solar activity became systematically decreasing that
coincided with a decrease of the solar background magnetic field in the approach of the grand
solar minimum (GSM) [32, 33].

On the other hand, in the past few hundred years the Sun was shown to provide some
additional radiation to the Earth by moving closer towards the Earth orbit because of the
solar inertial motion (SIM) caused by the gravitation of large planets [44, 45]. These periodic
variations of the Sun-Earth distance, and the solar irradiance, occur every 2100-2200 years,
called Hallstatt’s cycles, which were independently derived from the isotope abundances in
the terrestrial biomass [46, 47]. In the current Hallstatt’s millennial cycle, the Sun-Earth dis-
tances are decreasing from the MM until 2600 that leads to the increase of solar irradiance
deposited to the atmosphere of the Earth (and other planets) [45]. This SIM effect is likely
to contribute to the terrestrial atmosphere heating, in addition to any heating caused by the
greenhouse gasses considered in the terrestrial models that requires further investigation.

However, the most essential effect of SBMF in the next few decades will come from
a reduction of solar activity, or the modern grand solar minimum, which started in 2020
and will last until 2053 [32]. Geomagnetic storms can be associated with volcanic eruptions
[2,3,7,21] either by causing sporadic electric currents [2], or by inducing the currents leading
to piezoelectric tension of the breaks on the surface [7]. The scope of the current paper is to
establish more definite links between the frequency of volcanic activity and the variations of
solar activity using both the sunspot numbers [48] and the new proxy of solar activity linked
to eigen vectors of the solar background magnetic field [32, 33].

[I.  ANNUAL FREQUENCY OF VOLCANIC ERUPTIONS

The information about the volcanic eruptions was derived from the Smithsonian Institution’s
GVP database [49]. including the volcanoes that are known or suspected to have erupted within the
Holocene or Pleistocene. The GVP website provides access to the raw data and a history of
volcanic eruptions. The main list of Holocene volcanoes contains 1408 volcanoes associated
with 9928 eruptions (version 4.10.0 dated May 14, 2021) [49]. The dates of volcanic eruptions
are determined by different methods and with varying precision. There are 2 criteria, which a
volcanic eruption must satisfy, in order to be included into this research: it must be accurately
dated, and it must be historically confirmed.

Fig. 1 shows the annual frequency of volcanic eruptions, N,,, (violet line) that were
recorded from 1700 to 2020 (4961 in total, of which 3822 with VEI > 2), which are are used
for investigation of volcanic eruptions numbers links with a solar cycle in section 3.1 and the
wavelet spectral analysis in section 3.2. In order to eliminate random variations of the annual
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volcanic eruption frequencies, Ny,, the data was smoothed with the running averaging filter
over an 11 year window and plotted as the averaged (black) curve in Fig. 1. This is the fre-
quency of volcanic eruptions (VEs), which is used in the future statistical analysis in section
3.5.

Also in Fig. 1 we built the envelope curve (red line) along the maximal magnitudes of the
averaged curve of volcanic eruption occurrences (black curve). In order to built this curve, we
needed to do some interpolation of the data in the gaps when none of the data available. In the
last century, the frequency of observed volcanic eruptions, N,,, is higher, and in the twentieth
century (1900-1999), 2944 eruptions were observed (of which 1940 with VEI > 2). However,
the fixation of a larger number of the eruptions in recent years is most likely due to changes
in the method registrations of the eruptions. Completeness of the dates of volcanic eruptions
for VEI > 5 begins since 1800, for VEI > 4 - since 1900 and for VEI > 3 - since 1960.

Hence, for building this red curve only in Fig. 1, the interpolation by the cubic spline
was carried out for the intermediate magnitudes of the VE averaged frequencies marked by
the black curve to produce the red line, during the times when volcanic data were missing,
by assuming that in the past three centuries the maximal numbers of volcanic eruptions were
similar to that in the past few decades. In this operation we assumed that the data gaps in
volcanic eruptions of different strength are a random process that is reasonable assumption
for the timescale of 200 years applied, and the trends in the early data have been eliminated
by a cubic spline. For all other research in this paper the real counts of VEs are used.

1750 1800 1850 1900 1950 2000
Data, yr

Fig. 1:  Total numbers, Ny, of the annual volcanic eruptions in the period of 1750-2020 (violet line). The annual
numbers of volcanic eruptions (VEs) averaged with a running filter of 11 years (black line) over-plotted with the
envelope curve (red line) marking the maximal magnitudes in the black curve (see text in section 2 for details).
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Fig. 2: The averaged sunspot numbers (red curve) describing solar activity in 1750-2020 (top) versus the annual
frequencies for volcanic eruptions of different significance (from lower (top line) to higher (bottom line) marked
by colour bars. Colours of the bars below the redd curve define the phases of solar activity cycles when eruptions
occurred: blue - ascending, yellow - maxima, red - descending and light blue - minima.



[1I. DATA ANALYSIS

3.1 Eruptions frequencies versus averaged sunspot numbers

Solar activity is currently defined by the average number of sunspots and groups on a solar
disk at a given day or month. [48]. There is a well-known 11-year cycle of solar activity [48],
or a 22-year cycle, during which a complete reversal of the magnetic polarity of the sunspots
occurs. The annual numbers of sunspots were taken from the Solar Influences Data Analysis
Center (SIDC) at the Royal Observatory of Belgium .

The 25 cycles of solar activity occurred during the period of 270 years from 1750 until
2020 are shown in Fig. 2, top plot. The averaged sunspot numbers are plotted versus the
available frequencies of the eruption of volcanos of different significance. It is seems that the
very strong volcanic eruptions (VEI > 5) occur during the minima of solar activity defined by
the sunspot index.The further analysis of these links is presented in section 3.4 below.

3.2 Periods of volcanic activity from the wavelet analysis

If the volcanic activity has a periodicity and the dominant one is about 11 years then this
would be a good verification of the connection between solar and volcanic activity. This
point was investigated following the fruitful results for other active terrestrial features [18]
by applying a wavelet spectral analysis with Morlet mother wavelet to the frequencies of
volcanic eruptions (VEs) plotted by the black curve in Fig. 1 discussed in section 2, and the
result is plotted Fig. 3.

Wavelet transform of signals is the spectral analysis method providing a two-dimensional
scan of the analysed signal (time and frequency, or period), in which the coordinates of
the time and frequency are independent variables. This representation allows one to explore
the properties of the signal simultaneously in time and frequency domains. This makes the
wavelet analysis as an excellent tool for examining the series with time-varying frequency
characteristics. By considering the time series in the frequency-time space it is possible to
derive dominant periods and their variations in time. The mother wavelet was selected as the
Morlet wavelet (the real part of it is damped function of cosine), because with this choice one
can obtain a high frequency resolution, which is important for our task.

The power of the wavelet spectrum is shown in Fig. 3 by a colour bar plotted next to
the wavelet spectrum. The cone of influence (COI) marked by the black dashed line, defines
the parts of the spectrum with the essential boarder effects in the starting and finishing parts
of the time series, because of a limited statistical data (boarder effects). Consequently, the
results outside the COI are excluded from the further investigation, in particularly, in the
calculations of the global wavelet spectrum. In order to verify the spectral features derived
from the wavelet analysis, Fourier spectrum of the VE frequencies is also calculated and
presented by the indigo line in Fig. 3.

The wavelet spectrum of the temporal series of volcanic eruptions (VEs) in 1750-2020
years reveals the two powerful peaks: one occurring at 21.4 + 1.4 years (corresponding to a
double 11 year cycle) and the second one occurring at 55.6+ 10.5 years (its nature is unknown
yet); although the latter is loosely close to the one of 80 years reported by Stothers [17]. At
the same time, the peak near the period of 10.7+0.9 (close to the duration of a single solar
activity cycle) previously reported by some researchers [see for example, [17] and references
therein] is much less pronounced than the one of 22 years. This double cycle feature indicates
the importance of some factors associated with 22 year cycles.

This motivates us to investigate further the link of volcanic eruptions with the solar activity
and to use the proxy of solar activity where such the double period naturally occurs. Namely,
we need to compare the variations of VE frequencies with the variations of the two eigen
vectors (EVs) of SBMF linked to magnetic polarities for each solar cycle, thus, accounting for
a double solar cycle of about 22 years. The basics of how these eigen vectors were obtained
and what they represent [32] are reiterated below.

Thttp://www.sidc.be/silso/
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3.3 Solar background magnetic field as a new solar activity proxy

Recently [32, 33, 50], the Principle Component Analysis was applied to the low-resolution
full disk solar background magnetic field (associated with the poloidal magnetic field)
measured by the Wilcox Solar Observatory from the synoptic full disk magnetic maps.

We use the temporal variations of the initial vectorX of latitudinal magnetic waves, ff,
obtained from the full disk synoptic magnetic maps with 30 strips in latitude averaged over
360 points in longitudes. By calculating the covariance matrix C = varX, one can find the
eigen values A; of this vector X by equating the determinant to zero, e.g. det(C — Al) = 0,
where [ is the unity matrix. For each eigen value A; one can calculate the corresponding
components Y; of eigen vectors Y = AX where A is the matrix of regression coefficients. One
can find that var( fi) = J;. The covariance matrix can be also written as C = ADAT, where
AT is the transported matrix A and D is the diagonal matrix of the derived eigen values. In
this definition the components Y; of the new vectors ¥ can be assigned to a separate process
supported by the variance derived for this component. The components Y; with the largest
variance are called principal components (PCs).

The sets of eigen values A; and eigen vectors l;, were derived from the observed mag-
netic synoptic maps and sorted by the variance of the data contributing to each eigen vector,
revealing that the eigen values and corresponding eigen vectors come in pairs: first two eiigen
values covering for 39% of the observed magnetic data variance, the next two - 18% and for
the all four pairs covering for about 95% of the magnetic data variance [33]. The first pair of
two largest eigen values with the maximum variances of the data corresponding to the two
largest eigenvectors, EVs, were considered to be the Principal Components (PCs).

VE Power
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Fig. 3. Top plots: Time series of the annual volcanic eruptions in the period of 1750-2020 (top left) with the power
bar for the wavelet spectrum (top right). Bottom plots: The wavelet spectrum with periods (Y-axis) derived from
frequencies of volcanic eruptions (bottom left) obtained using the Morlet wavelet. The Cone of Influence (COI)
marked by the black dashed line. The global wavelet spectrum (the solid black line) and Fourier spectrum (the indigo
line) (bottom right). The black dashed line presents 95% confidence interval for the global wavelet spectrum (see the
text in section 3.2 for details).




These two eigen vectors (EVs) were added into a summary curve and suggested as a
new, additional proxy of solar activity [32]. These PCs are considered to represent the two
dynamo waves in the solar background (poloidal) magnetic field generated by the dynamo
mechanism from the dipole magnetic sources [32]. The PCs were described analytically by
a series of a few cosine functions by applying the symbolic regression analysis based on the
Hamiltonian principle [51] and deriving the mathematical formulae describing the amplitude
and phase variations of the resulting waves [31, 32]. The polarity of the summary curve
changes periodically from from cycle to cycle being either southern or northern one that
indicates which hemisphere of the Sun is more active. The similar indication of the increased
activity in a given hemisphere is often reported for each cycle in sunspots [52, 53].

This summary curve of these two PCs derived for cycles 21-23 and predicted for cycle
24-26 [31, 32] is plotted in Fig. 4 (top plot) also showing the variations of the dominant solar
background magnetic field: northern for positive and southern for negative amplitudes. The
prediction of the summary curve to cycles 25 and 26 presented in Fig. 4 (top plot) taken
from Fig. 2, bottom plot in Zharkova et al. [32]) shows a noticeable decrease of the predicted
average sunspot numbers in cycle 25 to = 80% of that in cycle 24 and in cycle 26 to ~
40% that is linked to a reduction of the amplitudes of solar cycles and an increase of phases
between the two eigen vectors of SBMF derived with PCA leading to grand solar minima
(GSMs) [32, 50]. The formula for the summary curve, which has a 22 year cycle when the
same polarity returns, allows us to do its prediction by thousand years backward and forward
presented in Fig.3 [32]. This prediction revealed the occurrence of grand solar cycles of 330-
380 years, separated by Grand Solar Minima (GSMs), whose timing reproducing reasonably
well the well-known grand minima: Maunder, Wolf, Oort, Homeric and many other ones .

This summary curve was proposed by Zharkova et al. [32] as a new (additional) solar
activity proxy since the module of the summary curve fits rather closely the averaged sunspot
numbers currently used as a solar activity index (Fig. 4, bottom plot). A close resemblance
was found between the modulus summary curve and the curves describing the averaged
smoothed sunspot numbers in cycles 21-23 [32] and 21-24 [33] shown here with some small
exception for the descending phase of cycle 23, which was later explained by the strongly
inflated sunspot numbers used at Locarno observatory [54]. After their correction, the aver-
aged sunspot numbers in cycle 23 fit rather closely the modulus summary curve presented in
Fig. 4, bottom plot. Recently, the two PCs, and other eigen vectors of SBMF, were derived
from the SBMF data for cycles 21-24 confirming the previous eigen vectors derived from
cycle 21-23 [33]. Moreover, the authors demonstrated the links of the summary curve of these
PCs to the averaged sunspot numbers for the whole period of sunspot observations from 1700
to 2020 [55] and also shown that other three pairs of eigen vectors are linked to the indices of
a flare activity in soft X-ray and radio emission recorded for cycles 21-24 [33].

Hence, from the one hand, this modulus summary curve is found to be a good proxy of
the traditional solar activity contained in the averaged sunspot numbers as recently confirmed
by [55, 56]. On the other hand, this summary curve is a derivative from the principal com-
ponents of SBMF with clear mathematical functionalities representing at the same time the
real physical processes - poloidal field dynamo waves - generated by the solar dynamo [32].
These points motivated the authors [32] to suggest the summary curve of the two PCs as a
new, or additional, proxy of solar activity representing poloidal magnetic field of the Sun, in
addition to the sunspot index supposedly linked to the toroidal magnetic field [55].

The suggestion for usage for evaluation of the solar activity of the solar background mag-
netic field obtained from the same WSO magnetic synoptic maps reported earlier [31, 32] has
been recently utilised for the prediction of solar activity in cycle 25, which is expected to have
smaller activity compared to cycle 24 [37, 38]. This is in line with our prediction of the mod-
ern grand solar minimum (2020-2053) [32, 35]. Some other predictions of cycle 25 based on
the analysis of the existing sunspot index in the past 370 years using Artificial Intelligence
methods also confirmed the conclusions of lower activity in cycle 25-27 [36, 57].
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Fig. 4: Top plot: The summary curve in arbitrary units, of EVs, or PCs, for cycles 21-26 derived from the data for
cycles 21-23 and extrapolated for cycles 24, 25 and 26 (a courtesy of [32]). Bottom plot: Modulus summary curve, in
arbitrary units, derived from the summary curve above for cycles 21-24 overplotted on the averaged sunspot numbers
used as the current solar activity index (a courtesy of [33]) confirming the summary curve of EVs as an additional
proxy of solar activity for cycles 21-24.
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Fig. 5: Top plot: Volcanic eruption (VE) numbers added for the time intervals of four quartiles (see Table 1 and the
text for details) of a symbolic 11-year solar cycle (cosine function, yellow line) for the intervals from 1750 until 2020
for the cycles defined by sunspots (blue line) and by eigen vectors, EVs ( the red line). The total number of volcanic
eruptions is = 4960). Bottom plot - Volcanic eruption (VE) numbers counted for the times of quartiles (see the text for
details) of a symbolic 22 year solar cycle (yellow line) emulating the summary curve of eigen vectors (EVs) of SBMF
(see Fig. 4, top plot) for the two periods: 1750-1868, 1000 VEs (black line) and 1868-1950, 1800 VEs (magenta line).
The total numbers of VEs is ~ 2800. The leading magnetic polarities (northern and southern) of the summary curve,
or the most active solar hemisphere [52, 53], are indicated below X-axis in the positions of 11 year cycle maxima.
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3.4 Volcanic eruptions versus solar activity phases

In order to compare volcanic frequencies at different phases of solar cycles, let us define the
quartiles of a single 11 year cycle associated with sunspot index and for double 22 year cycle
associated with the eigen vectors of SBMF. For each solar cycle of 11 years having a quasi-
normal distribution, the maximal and minimal numbers of sunspots are calculated, and the
temporal interval between them was divided by 8 to obtain smaller intervals, so that each
cycle with two minima and one maximum has 16 points. Then for the ascending (growth)
and descending (descent) phases we use 4 intervals counted from the minimum but before
maximum, within which a number of VEs are added. For the maximal phase we use four
intervals (two from the each side from the maximum) and for the minimal phase we use the
four intervals (two from the each minima occurred before and after this cycle). Therefore,
each quartile covers approximately even time intervals for different phases of the cycles. The
total number of volcanic eruptions was 4960 occurring over the whole time interval from
1750 until 2020.

For the eigen vector cycles of 22 years the rectangles along the time on axis X show the
intervals of maxima and minima of double cycles (separating the maxima and minima by the
two plus two intervals of the ascending, or descending phases of a 11 year cycle) so that the
two lower points go to minimal interval and the two higher points go to the maximal inter-
val. We also indicate for a 22 cycle the leading magnetic polarities in a given 11 year cycle
(northern with a positive sign and southern with a negative one). For this case we consid-
ered only about 2800 volcanic eruptions occurred in 1750-1950 when their numbers were not
potentially affected by the open air nuclear weapon testing >. For a comparison with EVs we
also divided the total number of VEs into the two periods: 1750-1868 (1000 volcanic events,
in total) and 1868-1950 (1800 VEs, in total) following the differences in their occurrences
during these intervals (see section 3.5 for more details) caused by either the Earth North pole
movement or by weaker solar activity, in general.

The distributions of total numbers of volcanic eruptions in the four quartiles of an 11-year
solar cycle (yellow line) shown by the rectangles on the axis X: growth, maximum, descent
and minimum are presented in Fig. 5 (top plot) for the whole volcanic dataset (4890 eruptions
defined by the violet curve in Fig. 1 defined either by sunspots (blue line, see also Table 1)
or by modulus summary curve of EVs (red line). The distributions of the VE subset recorded
in 1750-1950 excluding the VEs which are likely to be affected by the open nuclear weapon
testing 3 (2800 eruptions, in total, taken from the data plotted by the violet curve in Fig. 1) is
shown in Fig. 5 (bottom plot). The symbolic cycle of 11 years is represented by yellow cosine
function (with the Y-axis on the right) showing maximal magnitude of unity) and minimal
magnitude of 0 (zero).

If 11-year solar cycles are defined by sunspots, then the largest numbers of volcanic erup-
tions are found to occur during the descending and minimal phases of the solar activity that
agrees with the previous findings [17, 20, 27]. However, if the 11-year solar cycle is defined
by the modulus summary curve (MSC) of the eigen vectors (EVs) of SBMF defining the solar
activity via the complementary poloidal magnetic field [32], then the total numbers of vol-
canic eruptions (VEs) in the quartiles of the MSC cycles shown by the red lines in Fig. 4,
top plot, are maximal during the maxima of MSC and minimal during its minima. These dif-
ferences in the distributions of the numbers of VEs over the sunspot and MSC solar activity
curves (blue and red rectangles, respectively) can indicate either some critical differences in
the solar cycles definitions derived from sunspots and from the SBMF, occurring either per-
manently or during particular periods when the sunspot data availability was not very good,
or point out to the real physical differences in solar activity proxies defined from toroidal
(sunspots) and poloidal (background) magnetic fields [55].

Furthermore, we can consider a symbolic double cycle of solar activity of 22 years (see
Fig. 5, bottom plot) comprising two 11 cycles with the opposite polarities e.g. the MSC for
cycles 21 and 22 in Fig. 4, bottom plot, where cycle 21 has EVs of the northern polarity and

Zhttps://www.armscontrol.org/factsheets/nucleartesttally
3https://www.armscontrol.org/factsheets/nucleartesttally



cycle 22 has EVs of the southern polarity. as shown in Fig. 4, top plot. The magnitudes of
these symbolic 11 year cycles marked by yellow lines are shown in the right Y-axis of Fig. 5
varying from 1 (maximum) to 0 ( minimum). Then the total numbers of VEs in each quartile
versus double cycle of EVs are shown here (see Fig.5, bottom plot) for the selected maximal
and minimal quartiles during the intervals of 1750-1868 (black curve), where the numbers of
VEs are nearly constant and of 1868-1950 when the maximal numbers of VEs occurs during
the maxima of 11 year cycles with southern polarity and the minima of VE numbers - during
the maxima of 11 year cycles of with northern polarity of the summary curve indicating a
dominant activity in the southern hemisphere of the Sun.

Indeed, in the case of 22-years, or double cycles, there is a clear indication that for the
period of 1868-1950 the VE frequencies (indigo lines in Fig.5, bottom plot) are maximal dur-
ing the magnetic cycle maximum in the 11-year cycles having the EVs with southern magnetic
polarity (the second 11-year cycle in Fig.5) compared to the minima occurring during the
maximum of magnetic 11 year-cycle with northern polarity. This finding showing the max-
imal frequencies of volcanic eruptions occurring during the maxima of solar magnetic field
activity is closer to the other studies of volcanic and earthquake occurrences in the recent cen-
tury linking the increase of a geomagnetic activity during the periods of dominant activity in
the southern solar hemisphere, e.g. dominant southern polarity of the interplanetary magnetic
field [23-26].

While for the earlier period of 1750-1868, the number of volcanic eruptions there is
some very small or insignificant increases of VE numbers (black line) during the maxima of
magnetic cycles with either northern or southern polarity. These differences between the VE
numbers to be nearly constant during a solar 11 years cycle for the early years of the 17-18
centuries while revealing the maximal VE numbers during the maxima of solar 11 year activ-
ity with southern polarity in the later years (from the second half of the 19 century) can point
out to some natural terrestrial phenomena (e.g. a north pole migration) causing these steady
VE numbers during the early years as discussed in section 4.1 below. However, the fact that
the distributions of VE numbers in the quartiles are nearly constant for all quartiles for the
definition of solar activity by the eigen vectors of SBMF while reveal maximal magnitudes
during the descending and minimal phases of the solar activity defined by sunspots allows us
to conclude that there are some discrepancies in the solar cycle definitions related either to
the objective lack of observations or their dating in the early years before the second half of
the 19 century [55].

Table 71: The total number of volcanic eruptions N occurred for a given phase of a solar cycle and % from the total
number of eruptions in the cycle derived for several VEI in the period of 1750-2020.

Growth Max Descent Min All
VELI"'N' T % | N | % | N | % | N | % | N
1 171 | 150 | 269 | 23.6 | 324 | 284 | 375 | 32.9 | 1139
2 523 | 17.0 | 723 | 23.5 | 961 | 31.3 | 864 | 28.1 | 3071
3 99 | 164 | 140 | 23.3 169 | 28.1 194 | 32.2 | 602
4 27 | 224 20 159 37 29.4 42 333 126
5 5 29.4 3 17.6 2 11.8 7 41.2 17
6 0 0 2 40.0 1 20.0 2 40.0 5
7 0 0 0 0 0 0 1 100. 1
All 825 | 16.7 | 1157 | 23.3 | 1494 | 30.1 | 1485 | 29.9 | 4961

3.5 Statistical links of volcanic eruptions with the eigen vector variations
Let us explore furtherthe temporal variations of the frequencies of volcanic eruptions (VE)
and variations of the summary curve of the PCs (Fig. 5, bottom plot), or the eigen vectors,
EVs, of the SBMF [32] defining the solar activity during the solar cycles from 1750 to 2020.
In order to compare the frequencies of volcanic eruptions with variations of the summary
curve of the PCs of SBMEF, the arbitrary amplitudes of the summary curve variations were
normalised by its maximal magnitude. The comparison of these two series with the frequen-
cies of volcanic eruptions inverted from minima on the top to maxima at the bottom is shown
in Fig. 5: in the top plot - for a symbolic 11 year cycle defined by averaged sunspot num-
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bers and in the bottom plot - for symbolic double solar cycle defined by 22-year. e.g. two 11
cycles, of the summary curve of eigen vectors (EVs) of SBMF, one cycle with the northern
and another with the southern magnetic polarity.

The volcanic eruption (VE) frequencies are presented versus a symbolic 22 year solar
cycle (two cosine functions (yellow line) with the opposite polarities as shown in Fig. 5,
bottom right plot), imitating two 11 year cycles of a summary curve of eigen vectors (EVs)
of SBMF (Fig. 4, top plot). The summary VE frequencies were calculated for the intervals
marked by rectangular, for the 2 EV cycles for the two intervals: 1750-1868 (black line) and
1868-1950 &1990-2020 (indigo line).

In the period 1868 - 1950 and 1990-2020 the total number of volcanic eruptions (see Fig.
5, right plot) reveals a clear pattern with their maxima following the maxima or descending
phase of the magnetic field curve with the southern polarity and minima follow the maxima
or ascending phase of the magnetic field maxima with the northern polarity. While in ear-
lier years (1750-1868) this link is not observed, e.g. the total numbers of volcanic eruptions
are nearly the same in any intervals of a 22 year cycle having either northern or southern
polarities.

Let us now compare directly these two time series representing temporal evolution of the
normalised summary curve of eigen vectors (EV) and the curve of volcanic eruption (VE)
frequencies as plotted in Fig. 6: top plot - for real EV of SBMF and VE and bottom plot - for
the inverted EV, curve EV1, multiplied by minus unity. The inversion of EV is done so that
the maxima of EV1 correspond to the EV cycles with southern polarity and coincide with
maxima in VEs, while the minima of VEs correspond to the EV cycles with northern polarity
as shown in Fig. 6, bottom plot.

Since we found from Fig. 6 that there were two distinct temporal intervals where the
volcanic frequencies show different properties: 1750-1868 and 1868-2020, let us look at the
correlation coefficients of these series in Fig. 6 not only for a whole period but also for these
two periods, e.g. ’by parts”. From comparing directly the curves VEs and EVs in Fig. 6, top
plot, it is evident that the curve of VEs shows, indeed, different level of correspondence with
the curve of EVs in the periods of 1750-1868,1868-1950, 1950-1990 and 1990-2020.

There are close correspondences in the curves during the periods of 1868-1950 and 1950-
2020, while not clear links between VEs and EVs before 1868 and during the period of
1950-1990. There is a rather weak correspondence of the EV and VE curves in the early years
before 1868 whose nature we need to explore. The disappearance of a link of VEs with the
solar or terrestrial magnetic fields in 1950s to 1980s can be linked to the open nuclear bomb
testing as the link is restored a few decades after this testing was banned and nearly stopped,
so this period was omitted from the consideration.

The Spearman correlation analysis of the overall VE and EV1, or the inverted EV data,
was carried out using the IBM SPSS Statistics package (v28) for a) the whole interval from
1750 until 2020, b) for the early interval 1750-1868 and c) for the later interval 1868—1950
&1990-2020. The correlation for the whole interval of the datasets VE and EV1 (1750-2020)
produced a positive correlation coefficient of 0.21. This low correlation between VE ad EV1
is likely to be affected by the problems with the datasets reported for the periods before 1868
and between 1950-1990. For the period b) of volcanic eruption in 1750-1868 the correlation
coefficient of VEs with EV1, or the inverted EVs, was -0.33, while for the volcanic eruptions
in the period c) of 1868-1950& 1990-2020 the correlation reaches the high magnitude of
0.84. Definitely, tin the period c) from 1868 onwards (excluding 1950-1990) there is a strong
correlation of volcanic eruptions VEs with EVs of the solar magnetic field when it has the
southern polarity. This defines a strong correlation of VEs with the summary curve of EVs
having southern polarity and minima at EVs with EVs with northern polarity.

The correlation results are also presented for the key two periods b) and c¢) with the scatter
plots seen in Fig. 7 for 1750-1868 (top plot) and for 1868-1950 &1990-2020 (bottom plot)
following the links between VE and EV demonstrated in Fig. 6 (top plot). In the plots we
present the data fitting for the correlation coefficients with linear and quadratic functions
which seem to be rather close. The standard deviations (STDs) from the fits are shown by
the inner set of lines about the fits, while the confidence intervals for a 95% confidence level
are shown by the outer lines for the both data sets revealing very close fit of the correlation
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coefficient in the second period (1868-1950) and much more scattered one in the first one
(1750-1868).

Hence, the volcanic eruption (VE) frequencies have maxima every 22 years during the
periods when the summary curves of eigen vectors (EVs) have the southern polarity. This
coincides with the period of 22 years found from the volcanic eruption frequencies in the
wavelet section using the Morlet wavelet shown in Fig. 3. Also this confirms the total numbers
of volcanic eruptions shown in Fig. 5 (bottom right plot) during a 22 year cycle (red line) for
the period of 1750-1868 (black curve) and 1868-1950 (magenta curve) and the findings that
the maximum volcanic eruptions occur during the maxima of solar activity cycles of EVs of
SBMF with southern magnetic polarity. Furthermore, this link between VEs and EVs can also
explains not only the short term 11/22 year periods of volcanic eruptions but also the longer
period of 350 years detected in volcanic eruptions [17], which coincides with the grand solar
cycle periods of 350-380 years detected in the EVs of SBMF.

Therefore, a strong correlation of 0.84 (with p value of 0.01) of the frequencies of vol-
canic eruptions in 1868-1950 and solar magnetic cycles with the southern magnetic polarity
of the summary curve, or more active southern hemisphere of the Sun, can be understood
in the terms of the accepted views that the increase of geomagnetic disturbances often cor-
respond to an increase in the interplanetary magnetic field of the southern polarity (see, for
example, [23, 58—62]). This finding is in line with the other studies showing the high speed
solar wind streams during minima of solar activity or possible mass circulation during max-
ima caused by solar flares and energetic proton fluxes to be the likely drivers of the most
powerful earthquakes [24-26] and, possibly, volcanic eruptions [5—7, 17]. A possible reason
for the lower correlation in the early years of 1750-1868 is suggested in section 4.1 below.

V. DiscussioN AND CONCLUSIONS

4.1 Volcanic eruptions and motion of the North pole

The Carrington solar event in 1859, the largest recorded solar magnetic event, has been asso-
ciated with the external field changes with the minimum -1760 nT at the Colaba magnetic
Observatory in Bombay [63, 64]. Also, there is the evidence that a geomagnetic jerk has
occurred around 1860 [65, 66]. The geomagnetic jerk is a relatively abrupt change in the
rate of secular variations in one or more parameters of the Earth’s magnetic field. One of the
most powerful geomagnetic jerks was observed during of 1969-1970. Until about 1971, the
northern magnetic pole moved more or less uniformly at a speed of about 10 km/year, then
suddenly began to accelerate. This acceleration of the pole motion can be associated with the
so-called geomagnetic jerk that occurred in 1969-1970 [65, 66].

The geomagnetic jerk, which took place around 1860, may help to explain the change in
direction of the northern magnetic pole, which was suggested when considering earthquakes
4. Another possible confirmation of the internal restructuring of the Earth in the 60s of the
19th century may be a sharp change in the direction of the motion of the Earth’s magnetic
pole (Fig. 8) according to model calculations . The green curve defines the pole movement
in 1590-1750, the blue line - in 1750-1860 and the indigo ccurve in 1860-2025 with the small
arrows indicating the direction of movement.

We present in Fig. 8 the calculation of the pole movement from 1590 up to 2025 includ-
ing the shift in 1590-1860 of the magnetic pole far away from it geographic position first to
lower latitudes in 1590-1750 (green line), then further shift to lower latitude nearly along the
parallel in 1750 - 1860 (blue line) and then turning the pole movement towards its geograph-
ical location in 1860-2025 (the indigo line), approaching in 2025 the locationl of 38°057 of
the eastern longitude and 85°.778 of the northern latitude. The smaller movements are also
recorded in the Southern pole not shown here.

These pole shifts can cause a reduction of the interaction of the terrestrial magnetic field
with the solar magnetic field of any polarity that is likely occurred in the early years of obser-
vations of solar activity in the 16-17 centuries. Although, after 1860 the pole began returning

“https://earthquake.usgs.gov/earthquakes/search/
Shttps://www.ngdc.noaa.gov/geomag/GeomagneticPoles.shtml
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back by rapidly approaching the geographic pole position of the Earth that simplified this
interaction of the terrestrial magnetic field with the solar magnetic field. This geographical
pole position was approached as close as possible in 2018, and after this time the magnetic
pole kept moving away again. These dates of the pole movement coincide very well with
the periods identified by us from a comparison of the number of volcanic eruptions and the
SBMF variations that suggests that the pole movement in the Earth can be the reason of poor
interaction of the terrestrial and solar magnetic fields that affects the tension and activity in
the terrestrial crusts leading to volcanic eruptions.

4.2 Volcanic eruptions linked to a 22 year magnetic cycle

In this paper we explored the frequencies of volcanic eruptions (VEI > 2, 3829 eruptions)
in the past two centuries and their possible links to the variations of solar activity and solar
background magnetic field. In the period 1868 - 1950 and 1990-2020 the total numbers of
volcanic eruptions are maximal during the maxima or the descending phase of the magnetic
field curve with the southern polarity, and minimal during the maxima or ascending phase
of the magnetic field maxima with the northern polarity. While in the earlier years (1762-
1868) this link disappeared, the total numbers of volcanic eruptions are nearly the same in
any intervals of a cycle having either northern or southern polarities if solar activity is defined
by either by sunspots or eigen vectors of solar background magnetic field.

By applying the Morlet wavelet analysis to frequencies of VEs, we detected the dominant
period of volcanic eruptions to be about 21.4+1.4 years, while there is also a weaker period of
10.7 years similar to that found earlier [17]. This dominant period corresponds to the 22 year
period of variations of the summary curve of eigen vectors derived from the solar magnetic
field. Curiously enough, the another period of 350 years obtained from the frequency of VEs
reported by Stothers [17] can be also accounted by the variations of EVs in a grand solar cycle
of 350-380 years reported for SBMF variations [32]. The smaller period of about 50-62 years
detected by us is loosely close to the large period of 80 years detected by Stothers [17].

In the next step a direct comparison was carried for the two time series, frequencies of
volcanic eruptions, VE, with the summary curve of eigen vectors, EVs, of solar background
magnetic field by running the correlation analysis with the SPSS software. During the period
of 1868-1950 plus 1990-2020 we derived a rather high positive correlation 0.84 of the number
of volcanic eruptions VEs with the southern polarity of the summary curve of EVs derived
from the solar background magnetic field representing more active southern hemisphere of the
Sun, while during the period 1750-1868 this correlation dropped to the negative one of - 0.33.
These correlation coeflicients are supported by the scatter plots demonstrating mean fitting
curves with standard deviations marked in 95% confidence interval. The strong correlation
between the VEs and the summary curve of EVs recorded for 11 cycles of EVs after 1868
suggests that possible physical mechanisms of volcanic eruptions are linked to the processes
associated with the increased solar activity features in the southern hemisphere.

This strong link of volcanic eruptions with the summary curve of eigen vectors of south-
ern polarity, or more active southern hemisphere of the Sun, is likely to include the increased
electro-magnetic interaction of the solar magnetic field of southern hemisphere with the ter-
restrial magnetic field causing geomagnetic disturbances [23, 58—61] that can lead to shifts
of the crusts, most powerful earthquakes [24] and volcanic eruptions. This can be also influ-
enced by the perturbations of solar wind particles and waves on the Earth’s air masses during
minima of solar activity [17, 24] or an increase in precipitation of energetic particles dur-
ing the maxima of solar activity[5—7, 17] that can lead to an increase in the tectonic/volcanic
instability.

The possible reasons of a reduced correlation between the volcanic eruptions and solar
activity index recorded in the period of 1750-1868 can be associated with the migration of
the Earth’s North pole towards lower latitudes that disrupts the interaction of the solar mag-
netic field of southern polarity with the terrestrial magnetic field that can affect the status of
the Earth crusts and lead to volcanic eruptions. Although, some of the differences between
the distributions of eruption frequencies over the phases of solar cycles of 11 years can be
related to the differences in solar activity indices defined by sunspots and the eigen vectors of
magnetic fields, that is related to actions different types of solar magnetic fields, toroidal and
poloidal [55]. While the increase of volcanic eruptions and the lack of correlation in 1950-



1980 can be linked to the open air nuclear bomb testings that distorted natural effects of the
interaction of magnetic fields of the Sun and Earth.

In summary, the increase of volcanic eruptions established during the solar activity cycles
with the southern polarity of SBMF emphasises the importance of the solar-terrestrial inter-
action in volcanic eruptions and their effects on the terrestrial climate [30]. This link can also
play an important role in the next few decades affected by the modern Grand Solar Minimum
(2020-2053) [32, 35] because in cycle 26 the summary EV of the solar background magnetic
field will have the southern polarity. Hence, despite the links between volcanic occurrences
and solar activity become only established for 8 solar cycles in the past century and in the last
four cycles of this century, the consequences of volcanic eruptions for the terrestrial atmo-
sphere can be noticeable during cycle 26 with the southern polarity of solar magnetic field.
This can affect the terrestrial atmosphere transparency [8] and can result in further reduction
of the terrestrial temperature during the modern GSM (2020-2053).
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Fig. 6: Top plot: The summary curve of eigen vectors (EV) of the solar background magnetic field [32] (red curve)
normalised by its maximum (the right Y-axis) versus the averaged normalised number of volcanic eruptions (VEs)
(blue curve) (the left Y-axis). Positive magnitudes of the summary curve correspond to the northern polarity and
negative ones to the southern polarity of SBMF. Bottom plot: the volcanic eruption (VE) numbers (left Y-axis, blue
line) versus the inverted summary curve of eigen vectors (EV1) (the right Y-axis, red line) with positive magnitudes
corresponding to southern polarity and negative to the northern one. For the correlation coefficients between these

two curves see the text and Fig.7.
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Scatterplot of corre_lation in 1750-1868
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Fig. 7: Top plot: A scatter plot of correlation of the normalised volcanic eruption (VE) frequency with the inverted
summary curve of eigen vectors (EV1) of SBMF for the data from 1750-1868 with Spearman correlation coefficient
of -0.325., p value 0.01 Bottom plot: The scatter plot of 2 correlation of VE frequency with the inverted summary
curve of eigen vectors (EV1) for 1868-1950 with Spearman correlation coefficient of 0.840, p value of 0.01. This
defines a strong correlation of VEs with the summary curve of EVs having southern polarity and minima at EVs with
EVs with northern polarity. The central lines provide the best linear and quadratic fits (with formula) of correlation
coeflicients, the near lines define standard deviations of the fits and the outer lines show the 95% confidence intervals
for the derived correlation.
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4 0

Fig. 8: Reconstructed locations of the North magnetic pole from 1590 to 2025, namely in 1590-1750 (green curve),
1750-1860 (blue curve) and 1860-2025 (violet curve) (see for details section 4.1).
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