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A relationship between the heliospheric magnetic field, atmospheric electric field, lightning
activity, and secondary cosmic rays measured on the high mount of Lomnicky Stit
(2,634 m a.s.l), Slovakia, during the declining phase of the solar cycle 24 is
investigated with a focus on variations related to solar rotation (about 27 days). The
secondary cosmic rays are detected using a neutron monitor and the detector system
SEVAN, which distinguishes between different particles and energies. Using spectral
analysis, we found distinct ~27-day periodicities in variations of B, and B, components of
the heliospheric magnetic field and in pressure-corrected measurements of secondary
cosmic rays. The 27-day variations of secondary cosmic rays, on average, advanced and
lagged the variations of B, and B, components by about 40° and —-140°, respectively.
Distinct 27-day periodicities were found both in the neutron monitor and the SEVAN upper
and middle detector measurements. A nondominant periodicity of ~27 days was also
found for lightning activity. A cross-spectral analysis between fluctuation of the lightning
activity and fluctuation of the heliospheric magnetic field (HMF) showed that fluctuation of
the lightning activity was in phase and in antiphase with B, and B, components of the HMF,
respectively, which is in agreement with previous studies investigating the influence of solar
activity on lightning. On the other hand, the ~27-day periodicity was not significant in the
atmospheric electric field measured in Slovakia and Czechia. Therefore, no substantial
influence of B, and B,, on the atmospheric electric field was observed at these middle-
latitude stations.

Keywords: cosmic rays, heliospheric magnetic field, solar wind, atmospheric electric field, lightning

INTRODUCTION

It is well known that the heliospheric magnetic field (HMF) influences the intensity of cosmic rays
(CRs) entering the Earth’s atmosphere (Usoskin et al., 1998; Owens and Forsyth, 2013). Primary
(galactic) cosmic rays consist of high-energy particles, mainly protons with energies of ~GeV and
higher that interact with the Earth’s atmosphere, creating a shower of different species of charged

Abbreviations: CR, cosmic rays; CSD, cross-spectral density; EFM, electric field mill; GSE, geocentric solar ecliptic (coordinate
system); HCS, heliospheric current sheet; HMF, heliospheric magnetic field; LS, Lomnicky Stit; NM, neutron monitor; PG,
potential gradient; PSD, power spectral density; SCR, secondary cosmic rays; SW, solar wind; WWLLN, World Wide Lightning
Location Network; WT, wavelet transform.
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particles, neutrons, and gamma ray photons. These showers, also
called secondary cosmic rays (SCRs), are usually measured using
neutron monitors (NMs). The count rates measured using NMs
depend not only on the intensity of CRs but also on the strength
and orientation of the geomagnetic field and the altitude of the
measuring site. Therefore, many NMs are located at high latitudes
or high altitudes where the so-called cutoff rigidity is lower, which
means that larger count rates are measured as particles with lower
momentum can reach such sites (Shea and Smart, 2000; Lopez-
Comazzi and Blanco, 2020). It was found that the intensity of CRs
is anticorrelated with solar activity, exhibiting about 11-year cycle
variations (Usoskin et al., 1998). The lower the solar activity, the
higher the intensity of CRs that is observed because more galactic
CRs penetrate the heliosphere and reach the Earth. Voiculescu
and Usoskin (2012) and Voiculescu et al. (2013) showed using
statistical studies that solar activity and the HMF might impact
cloud cover in specific regions on long timescales. Variations of
CRs in the Earth’s atmosphere are important from many aspects
which are as follows: a possible link between climate and intensity
of CRs via potential influence of CRs on cloud condensation
nuclei (Kristjansson et al., 2008; Kirkby 2008; Svensmark et al.,
2009; Gray et al, 2010), the dominant role of CRs in the
production rate of isotope *C used for dating (e.g., Gosse and
Klein, 2015), modulation of doses received by humans and
electronics on board aircrafts (Yang and Sheu, 2020), and
possible influence on seed electrons for lightning initiation
(Dwyer and Uman, 2014).

Periodicities or quasiperiodicities shorter than the 11-year
period of the solar cycle were also identified in the CR
intensity. For example, Kudela et al. (2002), Kudela et al.
(2010), and Chowdhury and Kudela (2018) focused on periods
longer than the solar rotation and studied Rieger-type
fluctuations around ~154 days and quasiperiodicities around
~1.3, 1.7, and 2.25years. The intensity of these periodicities
usually varied during the solar cycle, and their origin is still
under debate (Bazilevskaya et al., 2014). The Rieger-type
fluctuations (~154 days) mainly occur around the solar
maximum and were first investigated by Rieger et al. (1984).
On the other hand, Saad Farid (2019) and Lépez-Comazzi and
Blanco (2020) also analyzed shorter periods such as the period of
solar rotation (~27 days) and its harmonics (mainly ~13.5 days)
besides the quasiperiodicities around 130 days and the Rieger-
type fluctuations and quasiperiodicities in the range of
250-470 days.

The period of solar rotation (~27 days), which is the main
focus of this study, arises from the tilt of the solar magnetic dipole
with respect to the rotation axis, coronal-hole high-speed streams,
and corotating interaction regions characterized by the
interaction of fast and slow solar wind (Gosling and Pizzo,
1999; Grieder, 2001; Lopez-Comazzi and Blanco, 2020). The
much weaker fluctuations at the period of ~13.5 days might be
just the second harmonics; however, the presence of the
heliospheric current sheet (HCS) that separates oppositely
oriented field lines of the HMF and occurs two times during
the solar rotation (Owens and Forsyth, 2013) might also
contribute to the observed fluctuations of SCRs at ~13.5 days.
In an ideal Parker spiral (Parker, 1958), the polarity of the
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dawn-dusk component B, and the sunward component B, of
the HMF changes from away from the Sun (B, < 0 and B, > 0) to
toward the Sun (B, > 0 and B, < 0), exhibiting one cycle during
one solar rotation; the geocentric solar ecliptic (GSE) coordinate
system is considered here. Interestingly, a dependence of the
atmospheric pressure and atmospheric electric field on the
polarity of B, was found in the polar regions, mainly in the
winter Antarctic when the air was relatively isolated from the rest
of the world (Mansurov et al., 1974; Burns et al., 2008; Lam and
Tinsley, 2016). It is assumed that the pressure dependence on B,
results from an external electric field that is superposed at high
latitudes on the internal electric field, which is maintained by
thunderclouds in the atmospheric global electric circuit (Rycroft
et al., 2000). The external electric field occurs because of the
relative motion and the interaction of the solar wind (SW) with
the Earth’s magnetosphere, and its value in the SW sensed in the
Earth frame (GSE coordinates) is given by the vector product E =
-v x B, where v is the speed of the SW and B is the HMF,
respectively. The component of the external electric field parallel
with the Earth’s axis is then E, = —(vxB, —v,By) = —v,B, as
(V| >> |vy|. The relative fluctuations of B, are much larger than
the relative fluctuations of v,; consequently, E, is mainly
controlled by B, (Lam and Tinsley, 2016). The E, component
is directed along the Earth’s axis and does not change during the
Earth’s rotation if B, is constant (Lam and Tinsley, 2016). A
dominant component of the external electric field perpendicular
to the Earth’s axis is the dawn-dusk component E, = —(v,B, -
v¢B;) = v, B, which exhibits 1-day periodicity due to the Earth’s
rotation. The E, component, controlled by B,, dominates in the
polar regions. It maps along the Earth’s magnetic field lines to the
ionosphere and contributes to the total potential difference
between the ionosphere and the Earth at high latitudes (Burns
et al,, 2008). The mechanism by which the atmospheric pressure
is influenced by this external electric field is, however, unknown.
It is hypothesized that an increase in the atmospheric vertical
current that is associated with the increase in the potential
difference between the ionosphere and the Earth’s surface

influences the cloud microphysics, especially at cloud
boundaries. This might result in different growths of
condensation nuclei and hence in different radiation

properties (opaqueness) of clouds or release of latent heat
(Nicoll and Harrison, 2009; Gray et al., 2010; Lam and
Tinsley, 2016). No direct dependence of atmospheric pressure
and the electric field on B, has been observed at middle or low
latitudes. Variations of the electric field associated with global
thunderstorm activity, local weather, cloud electrification, and
changes of air conductivity owing to fluctuations of aerosol
concentration dominate here. However, several studies have
discussed how lightning occurrence over Great Britain and
Japan likely depends on the B, polarity and the solar rotation
period (Owens et al., 2014; Owens et al., 2015; Miyahara et al.,
2018).

This study presents measurements of SCRs taken using an NM
and the Space Environment Viewing and Analysis Network
(SEVAN) located at the mountain peak of Lomnicky Stit (LS)
in the High Tatras, Slovakia, and their comparison with SW and
HMEF data and nearby measurements of the atmospheric electric
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field. The aim is to search for similarities in these data series,
especially similarities related to the period of solar rotation, and to
discuss a potential influence of the HMF and SCRs on
atmospheric electricity.

MEASUREMENT SETUP

The near-Earth components of the SW velocity (v, vy, and v,)
and the B,, B,, and B, components of the HMF used in this study
were downloaded from NASA/GSFC’s Space Physics Data
Facility’s OMNIWeb service (https://omniweb.gsfc.nasa.gov/).

The SCRs are measured using two different types of detectors
located on the peak of LS (49.195°N, 20.213°E) at the altitude of
2,634 m. The first is an NM installed on the top of LS in 1981. It is
of the NM-64 type and consists of eight SNM-15 counting tubes
with a length of 200 cm and a diameter of 15 cm, filled with BF;
(Kudela and Langer, 2009). The NM at LS is a part of the global
neutron monitor, which means that the data are included in the
Neutron Monitor Database (NMDB). Cutoff rigidity of the NM at
LS is 3.84 GV. The second is the SEVAN system, which has three
separated plastic scintillators as detectors (Chilingarian et al.,
2018). The upper and lower scintillators have the dimensions
100 x 100 x 5 cm and are separated from the middle scintillator
by 4.5-cm-thick and 100 x 100 cm-wide lead absorbers. The
middle detector is composed of five plastic slabs and has the
dimensions 50 x 50 x 25 cm. The upper detector—channel 1—is
mainly sensitive to low-energy charged particles, mainly
electrons, and partly also to gamma rays (Chilingarian et al,
2018). The estimated energy threshold, considering the roof
above the detector, is 7-8 MeV (Kudela et al., 2017). The
middle scintillator—channel 2—mainly detects neutrons or
high-energy gamma photons. It might be partly sensitive to
electrons with energies of several tens of MeV. The lower
detector—channel 3—registers high-energy charged particles,
mainly muons with energies exceeding ~250 MeV. Besides the
count rates in individual channels, different combinations of all
three channels are also evaluated. Specific combinations can be
used to identify the type of incident particles. For example,
combinations [1,0,0], [0,1,0], and [1,1,1] mean that a particle
was registered only in channel 1, only in channel 2, and in all
channels simultaneously, respectively. The combination [1,0,0] is
mainly used for detection of electrons or positrons (partly also
photons) with energies around ~10 MeV. On the other hand, the
combination [0,1,0] provides information about detection of
neutrons, and the [1,1,1] combination provides information
about the detection of high-energy (>250 MeV) charged
particles, mainly muons (Chilingarian and Reymers, 2008;
Chilingarian et al.,, 2021).

The electric field is measured on LS using an electric field mill
EFM 100 sensor made by the Boltek company (Kudela et al,
2017). Relatively large values of the electric field are measured on
the top of LS as it is a sharp, rocky mountain peak (Kudela et al.,
2017; Chum et al., 2020). It should be noted that the mountain of
LS represents a relatively conductive material, relative to the
ambient air, and therefore locally enhances the intensity of the
electric field. The EFM 100 at LS is in operation only during

Solar Wind and Earth’s Atmosphere

summer to prevent damage to its rotor due to the frequent ice
coverage in winter. Therefore, the data of the electric field
measured in Czechia at the stations of Panskd Ves (50.527°N,
14.568°E, altitude 318 m) and Studenec (50.258°N, 12.518°E,
altitude 666 m) are also provided for completeness and
comparison. These stations are the closest available stations
providing electric field data at a similar latitude and are part
of a global atmospheric electricity monitoring network (Nicoll
et al.,, 2019). More precisely, the electric field data are given as
potential gradient (PG), which means that positive values
correspond to the downward pointing electric field (electrons
are accelerated upward). All the EFM 100 sensors used are
installed in inverted positions to minimize precipitation noise.

To evaluate lightning activity, we used data provided by the
World Wide Lightning Location Network (WWLLN), which
operates about 70 sensors in the frequency range from 3 to
30kHz (Rodger at al, 2004). Localization of individual
discharges is based on the detection of sferics, impulsive
signals radiated by lightning and propagating in a waveguide
formed by the Earth’s surface and the bottom of the ionosphere.
The WWLLN provides the exact times and locations of the
detected lightning together with their estimated energy, energy
error, and number of the stations used for the estimation of the
relevant locations and energies. In this study, we used lightning
detections which occurred between latitudes 48° and 51°N and
longitudes 11° and 23°E. This region roughly covers the area of
Czechia and Slovakia. The detection efficiency of the WWLLN
did not change during the analyzed period.

METHODS

To investigate the influence of the SW and the HMF on SCRs and
the atmospheric electric field, we search for similar fluctuations in
the HMF, SW, SCRs, and atmospheric electric field by performing
spectral analysis, namely, Fourier transform and wavelet
transform (WT). Because various quantities have different
absolute values and units, it is useful to work with normalized
unitless quantities. All the quantities are therefore normalized by
applying Eq 1 before performing the spectral analysis as follows:

a—mean(a
Anorm = 7”) (1)
Oq

where a is the analyzed quantity (components of SW velocity,
components of the HMF, counts measured by the NM and the
SEVAN, and the PG), and ¢, is the standard deviation of the
distribution of the quantity a. The normalization allows for an
easy comparison of fluctuations and the spectral content of
various quantities.

All the data are available with 1-min resolution. It is necessary
to consider that the data might contain outliers. For example,
enhancements of SCRs related to the large atmospheric electric
field were observed during thunderstorms (Kudela et al., 2017;
Chum et al.,, 2020). The extreme values are therefore first removed
from the 1-min data before the application of Eq 1. The extreme
values or outliers were removed following the approach taken by
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FIGURE 1 | Scatterplots between measured counts (2-h mean values of 1-min data) and atmospheric pressure on LS. Green lines indicate linear regressions. (A)
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Lopez-Comazzi and Blanco (2020). It means that all the values
lying outside the range [Q;-1.5(Q3-Q;), Qs+1.5(Q3-Q;)] were
considered outliers, where Q; and Q3 are the first quartile and
the third quartile, respectively. The extreme values were removed
for all the data, except the lightning counts in the considered area
(48-51°N, 11-23°E). To reduce data volume and to speed up the
data processing, we computed 2-h mean values from the original
1-min data. It should be noted that we are interested in
fluctuations in the order of days. As the 2-h mean values act
as a low-pass filter with a cutoff period of 2 h, the 2-h mean values
were calculated with a 1-h step to fulfill the sampling theorem
(sampling frequency should be at least twice the highest
frequency in the signal). The mean values were only calculated
if more than 50% of the data were available in the given 2-h
intervals. Otherwise, the values were substituted by linear
interpolation before the spectral analysis.

It should also be noted that only a rough proxy for fair-weather
electric field data is obtained by removing extreme values from
PG data using the method mentioned in the previous paragraph.
The PG data might be influenced by the presence of moderately
charged clouds, fog, or aerosols that significantly change the air
conductivity and hence the PG. However, this approach can be
justified as we are interested in the spectral content of the PG
signal, rather than in absolute values. It is necessary to have as few
data gaps as possible for spectral analysis. The main aim is to
search for periodicities related to solar rotation, and it is unlikely

that periodicities of fog or aerosol concentrations would follow
the periodicities of solar rotation. Moreover, we found that we
obtained a similar Carnegie curve for the Panska Ves station to
that obtained in the study by Nicoll et al. (2019), who used
another, stricter proxy for fair-weather data.

We chose the period from 2016 to 2019 for the study as for this
period, all the data of interest are available for most of the time.

The measured values of SCRs depend on atmospheric
pressure, as is documented in Figure 1A-D, which shows
scatterplots between the counts recorded in SEVAN channel 1
([1,0,0] combination), channel 2 ([0,1,0] combination),
combination [1,1,1], and in the NM. To remove the pressure
influence on the measured values of SCRs, the counts were first
corrected on pressure using the linear relationships displayed in
the individual plots in Figure 1 by green lines. Actually, the
relationship between the counts and atmospheric pressure is
expected to be exponential. However, the scatterplots indicate
that linear correction does not introduce a substantial error in the
observed range of pressure variations. Obviously, the counts for
combination [1,1,1] (Figure 1C) exhibit the most complicated
fluctuations and pressure correction is the least effective. The
residual counts, obtained by subtracting the linear regression
curves (green lines) from the measured counts, are used for
spectral analysis after their normalization using Eq 1.

In addition to Fourier and wavelet transform, cross-spectral
analysis is performed for the quantities that exhibit similar
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FIGURE 2 | Components of the HMF (A, B) and components of SW velocity (C, D) in GSE coordinates.

spectra, namely, a distinct peak around the period of solar RESULTS
rotation. The cross-spectra make it possible to investigate a
phase relation between quantities of interest. For example, Heliospheric Parameters and Cosmic Rays

cross-spectral densities (CSDs) for normalized pressure-  Figure 2A,B shows the components of the HMF, together with its
corrected NM counts Nyys and the normalized B, component absolute value B, and the components of SW velocity
of the HMF are calculated using relation Eq. 2 as follows: (Figure 2C,D), including its absolute value v, for the years
2016-2019 in GSE coordinates. The B, and B, components

CSD(w) = Ny (w) - B} (w) have similar amplitudes and are mostly anticorrelated, which

- ’ N (w)l . | B.( w)l . et [omu (@-gp (@] @) is an expected situation for the Parker spiral (Owens and Forsyth,

2013). The dominant component of the SW velocity is the v,
component (Figures 2C, D). The mean value of v, in the GSE
coordinates calculated over the displayed period of time is
-425km/s. The negative sign means that the SW velocity is
directed from the Sun to the Earth. Figure 3 shows the power
spectral densities (PSDs) of the normalized components of the
HMEF and SW velocity (normalized quantities of those displayed
in Figure 2). The PSDs are displayed as a function of the period,
¢ (@) = oy (@) = 9, (@). () rather than of the frequency. Only periods up to 40 days are

presented. Figure 3A shows that the PSDs of B, and B, have a

The NM counts advance the B, variations for positive ¢ (w) and  distinct peak around the period of 27.5 days. Both peaks have
vice versa. similar values, and the peak for B, (red) is only slightly larger than

where Nyy (w) is the Fourier transform of the normalized
residual NM counts, B} (w) is the complex conjugate of the
Fourier transform of the normalized B, component of the
HMF, and i* = -1. The phase shift ¢(w) between the two
signals at a given frequency is then obtained as follows:
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FIGURE 3 | Power spectral densities (PSD) of normalized components of the HMF (A, B) and velocity of SW (C, D).

that for B, (blue). Figure 3B demonstrates that no significant
peak around the period of solar rotation (~27 days) was observed
for the B, component. Figure 3C shows that the PSD of the v,
component of SW velocity has two distinct peaks associated with
solar rotation, namely, at the periods of 25.7 and 27 days. A likely
explanation for these two peaks is a differential rotation of the
Sun (Owens and Forsyth, 2013). SW originating from coronal
holes around the solar pole exhibits a period of around 25 days,
whereas SW arriving from the equatorial regions of the Sun is
characterized by a period of around 27 days. Obviously, the
periodicity of v, propagates into the periodicity of the absolute
value of SW velocity v (Figure 3D).

Figure 4 shows time fluctuations of the normalized pressure-
corrected counts recorded in SEVAN channel 1 ([1,0,0]
combination), channel 2 ([0,1,0] combination), combination
[1,1,1], and in the NM. To ensure homogeneity of the data,
only counts from June 10, 2016 to April 15, 2019 are used for the
analysis. Before this selected interval, changes in the acquisition

electronics of the SEVAN were made. After this interval, many
data gaps and discontinuities in SEVAN data occurred. Figure 5
presents the PSD of the normalized counts that are displayed in
Figure 4. The PSD of SEVAN [1,0,0] and [0,1,0] combinations
and the PSD of NM counts exhibit remarkable peaks at the period
of solar rotation, around 27 days. However, no such distinct peak
was observed for the SEVAN [1,1,1] combination (Figure 5C)
that detects high-energy charged particles (muons). A likely
explanation for that is that the HMF and SW are not able to
sufficiently modulate the CR particles of high energies that are
responsible for muon production because of the large gyro-radii
of high-energy particles. There is a relatively good similarity
between the spectra obtained for the B, and B, components of the
HMF and the PSD obtained for the SEVAN [0,1,0] combination
and NM counts. Both these detectors are mainly sensitive to
neutral particles, the SEVAN [0,1,0] combination being also
partly sensitive to high-energy gamma rays. A partial
similarity with the PSD of B, and B, is also observed for the
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SEVAN [1,0,0] combination, sensitive to low-energy charged
particles (approximately above 7MeV), electrons and
positrons. A partial detection of gamma rays cannot be excluded.

It is useful to investigate the time evolution of the spectra.
Figure 6A-F presents the wavelet transform of the normalized
B,, v,, and normalized counts recorded using the SEVAN [1,0,0],
[0,1,0], and [1,1,1] combinations and the NM, respectively. The
peak around the period of ~27 days in the WT of B, is most
distinct in 2016 and in the beginning of 2017, which corresponds
to the declining phase of the solar cycle 24. A second harmonic,
~13.5 days, is also clearly visible in the WT of B,. The time
evolution of the second harmonic, however, does not follow the
intensity observed at the period of ~27 days. An almost identical
result was obtained for the WT of B, (not shown). Periods of ~27
and ~13.5days can also be clearly identified in the WT of
normalized v,. Intensities observed at the periods of ~27 and
~13.5 days are comparable, which can also be seen in the PSD
displayed in Figure 3C. It should be noted that a frequency

resolution of the WT is not sufficient to distinguish the periods of
25.7 and ~27 days observed in Figure 3C. Figures 6C, D, F show
that the fluctuations of SCRs measured using the SEVAN [1,0,0]
and [0,1,0] combinations and the NM exhibit relatively broad
peaks around the period of ~27 days. These peaks are more or less
randomly distributed during the analyzed period of time.
Intervals with relatively high intensities (distinct peaks) are
followed by intervals with lower intensities. Therefore, it is
likely that the fluctuations of SCRs are also modulated by
other mechanisms besides the HMF and SW velocity. The
exact origin of these mechanisms is unknown. We note that
the counts were corrected to the local ambient pressure. However,
we cannot exclude that a pressure or temperature profile in the
atmosphere above the SEVAN and the NM could modulate the
recorded counts (Riadigos et al., 2020). A potential influence of
some other, unconsidered parameters of the solar and
geomagnetic activity and of the atmospheric state can also not
be excluded.
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FIGURE 5 | Power spectral densities (PSD) of normalized pressure-corrected counts measured using the SEVAN (A, B, C) and an NM (D) on LS.

Atmospheric Electric Field
Figure 7 presents the normalized PG recorded at Studenec,

Panskd Ves, and LS. As mentioned in the Introduction,
measurements on LS were not performed in winter to prevent
damage from icing on the rotor of the EFM 100 sensor. It can
be noticed that a higher PG was usually observed in winter than
in summer. Large concentrations of aerosols and/or fogs
during winter inversions is a likely reason for the relatively
large PG in winter. A seasonal dependence of the PG also
makes it difficult to analyze a potential influence of the B,
polarity on the PG using anything other than spectral
methods. Figure 8 shows the PSD of the normalized PG that
is displayed in Figure 7. Figure 8 demonstrates that no significant
peak around the period of solar equatorial rotation (~27 days)
was observed in the PG data. Therefore, unlike the studies in
polar regions (Burns et al., 2008; Lam and Tinsley, 2016), no
influence of the B, polarity on the PG was observed at the

considered middle-latitude stations. However, a local,
nondominant peak at the period of around ~25.7days
corresponding to solar rotation at high solar latitudes was
found in the PSD for all three stations. It should be
remembered that a peak at this period was also observed in
the PSD of v,. However, the spectra of v, and the PG do not
exhibit similarities at other periods.

The PSD of PG data measured in Panskd Ves and Studenec
also exhibits sharp peaks at the periods of ~0.5 and 1 day. It
means that the Carnegie curve has two peaks (Nicoll et al., 2019).
Interestingly, the PSD of PG data recorded in Panska Ves (partly
also in Studenec) has a peak at the period of 7 days. It could
possibly indicate a weekend reduction of industrial aerosol
concentrations (Silva et al., 2014) as Panskd Ves lies the
closest to urban areas of all these three stations. A detailed
analysis of this phenomenon is outside the scope of the
present study.
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Phase Relations and Lightning Activity

As we have found a relatively good correspondence between the
power spectral density peaks at the period of ~27 days for B, and
B, and for the SCR counts corresponding to the low-energy
charged particles and neutrons measured using the SEVAN
[1,0,0] and [0,1,0] combinations, respectively, and for the NM
counts (compare Figure 3A with Figures 5A, B, D), it is useful to
investigate phase relations (time delays) between these variables
around the period of ~27 days. Figure 9 presents the CSD of the
normalized B, and NM counts, calculated according to Eq 2. Only
data from the time interval from June 10, 2016 to April 15, 2019
were used to analyze the same period of time for both data series.

Figures 9A, B show the absolute value and the phase of the CSD,
respectively. The phase difference between the NM and B, counts
fluctuates around 40° at the period of ~27 days, which clearly
dominates in the cross-spectrum. In other words, the count
variations observed using the NM advance the variations of
the near-Earth B, component of the HMF at the period of
~27 days by approximately 3 days. Very similar results were
obtained for cross-spectral analyses of the SEVAN [1,0,0] and
[0,1,0] combinations and B, (not shown). Calculating the cross-
spectrum of B, and B, it is easy to verify that the phase difference
between B, and B, is very close to 180°. Consequently, the count
variations recorded using the NM and the SEVAN [1,0,0] and
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FIGURE 7 | Normalized PG (proxy for fair weather) at Studenec (A), Panska Ves (B), and LS (C).

[0,1,0] combinations lag the variations of B,. The phase difference
is around -140° and exhibits a frequency dependence, as is
demonstrated in Figures 9C-H, which show the absolute
values and phase differences of the CSD for the NM-B,,
SEVAN [1,0,0]-B,, and SEVAN [0,1,0]-B, data series.
Asterisks in the individual plots of Figure 9 mark the
maximum of the absolute values of the CSD and values larger
than % of this maximum, including the corresponding phase
differences. The phase differences change around the maxima;
nevertheless, they are relatively stable for the frequencies
(periods) of interest, marked by the asterisks, unlike the values
of phase differences outside the maxima.

It is useful to remember that it is assumed that SCRs might
play an important role in lightning initiation by providing

seed energetic electrons and the ionization necessary for
breakdown processes (e.g., Dwyer and Uman, 2014). Recently,
Shao et al. (2020) performed a detailed radio frequency
interferometry of the fast positive breakdown process that
started a normal intracloud lightning and concluded that the
breakdown process was ignited by a cosmic ray shower. Thus,
there is a possibility that the discovered ~27-day modulation of
SCRs that is primarily caused by the ~27-day periodicity in the
HMF and solar wind, which influences the primary CRs entering
the Earth’s atmosphere, could also modulate lightning
occurrence. Indeed, some previous statistical studies indicate
that the polarity of B, and corotating interaction regions that
often embed the HCS modulate lightning activity in middle
latitudes (Owens et al,, 2014; Owens et al., 2015; Miyahara
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etal,, 2018). It should be noted that the polarity of B,, (B,) reverses
in the HCS.

On the other hand, the high electric field in thunderclouds
might also be responsible for enhancements of SCRs. Such
enhancements were also observed on Lomnicky Stit (Kudela
et al,, 2017; Chum et al., 2020). In these cases, however, the
seed energetic electrons generated by cosmic rays were likely
multiplied in the process called relativistic runaway electron
avalanche (RREA) suggested by Gurevich et al. (1992).
Thunderstorm ground enhancements (TGEs) of SCRs were
usually observed only in SEVAN channel 1, except one
extreme event, for which the TGE was also reliably detected
using the NM and the SEVAN [0,1,0] combination, which
indicated a possibility of photonuclear reactions in the

atmosphere and/or the material surrounding the detectors
(Chum et al, 2020). It should be remembered in this respect
that the significant enhancements of SCRs due to high electric
fields—the several minutes-long TGEs—represented outliers in
our dataset and were removed from the analysis, as was described
in the section “Methods.” Therefore, the observed ~27-day
periodicity of SCRs is modulated by the HMF/SW and not by
thunderstorms.

We investigated the periodicity of lightning activity in the area
with the coordinates 48-51°N, 11-23°E, covering roughly Czechia
and Slovakia. Figure 10A presents the number of lightnings
recorded by the WWLLN in subsequent 1-h intervals for the
period 2016-2019. Obviously, the lightning counts are high in the
summer seasons. The seasonal variability produces a spectral

Frontiers in Earth Science | www.frontiersin.org

11

July 2021 | Volume 9 | Article 671801


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Chum et al.

Solar Wind and Earth’s Atmosphere

FIGURE 9 | Cross-spectral densities (absolute values and phase differences) of (A, B) normalized pressure-corrected NM counts and Bx, (C, D) normalized
pressure-corrected NM counts and B,, (E, F) normalized pressure-corrected SEVAN [1,0,0] counts and By, and (G, H) normalized pressure-corrected SEVAN [0,1,0]
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peak around the period of one year and partly around lower
harmonics (~half, ~third, ~quarter, and ~fifth of the year). The
spectral peaks related to the seasonal variability are therefore
sufficiently far from the period of ~27 days on the frequency
(period) axis. To calculate the spectra, lightning counts were first
normalized using the method described in the section “Methods.”
Figure 10B shows the PSD of normalized lightning counts. The
most distinct and sharp spectral peak is observed for the period of
1 day (Figure 10B) as the lightning activity usually peaked
between 14-15 UT over Czechia and Slovakia in the analyzed
period. Besides the dominant peak at the 1-day period, several
relatively flat peaks of similar amplitudes also occurred. One of
these flat peaks is at the period of ~27 days. Figures 10C, D
display results of cross-spectral analysis between the lightning
counts and B,; specifically, the absolute values of CSD and phase
differences are shown, respectively. The distinct peak at the
period of ~27 days of absolute values of the CSD is mainly

caused by the high power spectral density of B, at this period.
Asterisks in the individual plots of Figure 9 mark the maximum
of the absolute values of the CSD at the period of ~27 days and
values larger than % of this maximum, including the
corresponding phase differences. It should be noted that the
phase difference around the maximum is relatively stable. The
observed phase difference is about 180°, which indicates that a
probability of lightning occurrence is in antiphase with B,. In
other words, the probability of lightning occurrence decreases for
By, > 0 and increases for B, < 0. Consequently, it is in phase with
B, (not shown) as fluctuations of B, and B, are anticorrelated at
the period of ~27days. It should be emphasized that the
dependence of lightning activity on the values/polarity of B,
and B, is only weak as the spectral peak at ~27 days in the
spectrum of lightning counts (Figure 10B) is not dominant.
Nevertheless, this finding is an interesting result which is in
agreement with the previous statistical study performed by
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Owens et al. (2014), who showed that the lightning occurrence
over the UK was modulated by the polarity of the HMF and found
that the lightning occurrence was lower for the orientation of the
HMF away from the Sun (B, < 0 and B,, > 0) than it was for the
orientation toward the Sun (B, > 0 and B, < 0).

CONCLUSION

Effects of the HMF on SCRs and on atmospheric electricity at
middle latitudes were studied by using measurements of SCRs in
Slovakia (LS), the electric field in Slovakia (LS) and Czechia
(Panskd Ves and Studenec), and lightning activity in Czechia and
Slovakia. By analyzing the spectra of the near-Earth HMEF,
velocities of SW, atmospheric electric field, and SCRs
measured using the NM and SEVAN detectors located on the
mount of Lomnicky Stit, Slovakia, it was found that the variations
with the period of solar rotation (~27days) and its second

harmonic (~13.5 days) are well expressed both in the HMF
and SW and in SCR data. Especially, count variations
registered by the NM and by the SEVAN low-energy and
neutron channels ([1,0,0] and [0,1,0] combinations,
respectively) exhibit distinct peaks at the period of ~27 days.
We also investigated the phase difference between the B, and B,
components of the HMF and the variations of the NM and
SEVAN counts and found that the variations of NM and SEVAN
[1,0,0] and [0,1,0] data advance, on average, the fluctuations of
the B, component of the HMF by roughly 40°, which corresponds
to about a 3-day time-shift at the period of 27 days. As B, and B,
are practically in the antiphase as predicted by Parker (1958), the
variations of NM, SEVAN [1,0,0], and SEVAN [0,1,0] data lag the
fluctuations of the B, component of the HMF by roughly -140°.

No reliable signatures of the ~27-day periodicity were found in
the electric field (PG) measurements in Czechia and Slovakia.
Therefore, we conclude that the B, component of the HMF does
not influence the PG measured at these middle-latitude stations.
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This differs from the observation at polar stations, mainly
stations in the winter Antarctic, where the fair-weather PG
substantially depended on the B, polarity (Mansurov et al,
1974; Burns et al, 2008). On the other hand, minor
signatures of ~25.7-day periodicities were found in the
analyzed PG observations. Such a periodicity was also
observed in the SW velocity. Because of the large differences
between the PG and SW spectra, it is difficult to reliably
determine whether the 25.7-day periodicity in PG data is
induced by SW, as it is likely a random coincidence. Our
observations show that variations of the PG measured in
Czechia and Slovakia are likely fully controlled by processes in
the troposphere.

The lightning activity in Slovakia and Czechia and its
periodicity were investigated using data from the WWLLN.
We observed a minor peak of the lightning activity at
the period of solar rotation of about 27 days. The fluctuation
of lightning counts at this period was in phase with the B,
component of the HMF and was in antiphase with the B,
component. In other words, lightning was more probable
for the orientation of the HMF toward the Sun (B, > 0 and
B, < 0) than for the orientation away from the Sun (B, < 0 and
B, > 0). It should be noted that this effect is weak and that
the lightning activity is mainly controlled by processes in
the troposphere. A similar relation was also observed for the
lightning occurrence in the UK by Owens et al. (2014), who
used, however, a statistical approach in their study. The
fact that similar results were obtained using different methods
and for different regions enhances the credibility of these
findings.

A more detailed investigation of the phase differences between
the measured SCR, lightning occurrence, and B, (B,) for different
phases of the solar cycle, together with investigation of other
characteristics of solar activity, and analysis of the physical
mechanisms leading to the observed relations is a potential
subject for future study.
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