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• Atmospheric discharges - called sferics can be sensed by living organisms.
• The symptoms are mainly headache, fatigue, sleep disorders etc.
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a b s t r a c t
Atmospheric electrical discharges during thunderstorms, and the related electromagnetic ﬁelds (EMFs)/waves
called sferics, can be sensed by humans at long distances through a variety of symptoms, mainly headache, fatigue, etc. Up to today there is no explanation for this association. Sferics consist of partially polarized electromagnetic pulses with an oscillating carrier signal in the very low frequency (VLF) band and a pulse repetition
frequency in the extremely low frequency (ELF) band. Their ELF intensity may reach ~5 mV/m at global ranges,
and ~0.5 V/m at ~1000 km from the lightning. The health symptoms associated with sferics are also associated
with antennas of mobile telephony base stations and handsets, which emit radio frequency (RF) radiation pulsed
on ELF, and expose humans at similar or stronger electric ﬁeld intensities with sferics. According to the Ion
Forced-Oscillation mechanism, polarized ELF EMFs of intensities down to 0.1–1 mV/m are able to disrupt any living cell's electrochemical balance and function by irregular gating of electro-sensitive ion channels on the cell
membranes, and thus initiate a variety of health symptoms, while VLF EMFs need to be thousands of times stronger in order to be able to initiate health effects. We examine EMFs from sferics in terms of their bioactivity on the
basis of this mechanism. We introduce the hypothesis that stronger atmospheric discharges may reasonably be
considered to be ~70% along a straight line, and thus the associated EMFs (sferics) ~70% polarized. We ﬁnd that
sferics mainly in the ELF band have adequate intensity and polarization to cause biological/health effects. We provide explanation for the effects of sferics on human/animal health on the basis of this mechanism.
© 2017 Elsevier B.V. All rights reserved.
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One of the natural electromagnetic phenomena, associated with electromagnetic ﬁelds (EMFs)/electromagnetic radiation (EMR) with frequencies within the bands of the very low frequency (VLF) (3–30 kHz),
and the extremely low frequency (ELF) (3–3000 Hz), is generated by
thunderbolts and the lightning during thunderstorms. These natural
EMFs/EMR are known to affect both the natural inanimate terrestrial environment and the living organisms. They consist of short-duration and
dampened oscillating electromagnetic impulses of approximately sinusoidal shape, generated by the atmospheric discharges (lightning) (Barr
et al., 2000; Tomko and Hepner, 2001; Schienle et al., 1998, 2001). Atmospheric discharges also simply called atmospherics or sferics occur due to
the huge voltage differences developed by electric charge exchange between clouds, or between clouds and atmospheric particles, or between
clouds and the Earth's surface (sea or ground). When the voltage difference becomes large enough, creating electric ﬁelds on the order of
≥10 kV/cm (=106 V/m),1 and at the same time the atmospheric conductivity increases due to moisture before or during thunderstorms, the conditions are suitable for the formation of spark discharges which neutralize
the strong electric ﬁelds by transferring electric charges to the opposite
charged side of the developed ﬁeld in the form of very sudden and intense
electric currents on the order of tens of kA. The generated electromagnetic
waves during the discharges are reﬂected by both the lower ionosphere
and the Earth's surface propagating around the globe in a guided fashion
between the Earth-ionosphere boundaries which form a natural waveguide (Francis, 1960; Nasser, 1970; Alexopoulos, 1973; Barr et al., 2000;
Wood and Inan, 2004; Nagano et al., 2007; De et al., 2010; Inan et al.,
2010). Due to this, they can be used to study the characteristics of lightning, as well as those of the lower ionosphere (Inan et al., 2010). From
meteorological viewpoint, changes in the reception of electromagnetic
waves from atmospheric discharges by proper receivers (antennas) are
predictors of weather changes in a speciﬁc region when no other measurable signs (such as related changes in temperature, atmospheric pressure,
humidity, etc.) are present (Vaitl et al., 2001a).
The continuous reﬂection of the global lightning electromagnetic
waves within the Earth-ionosphere (quasi) spherical shell cavity creates
an electromagnetic resonance which can be measured in the lower ELF
band between 5 and 60 Hz. That was ﬁrst discovered by Schumann
(1952) and became known as the Schumann resonance effect. It was
originally calculated that these resonances have a fundamental frequency at 10.6 Hz, with overtones at 18.4, 26.0, 33.5, and 41.1 Hz. A few years
later Schumann's predictions were roughly conﬁrmed experimentally
by ELF noise spectra measurements and analysis and was found that
these resonances have maxima at 7.8, 14.2, 19.6, 25.9, and 32.0 Hz
(Balser and Wagner, 1960, 1963; Barr et al., 2000). The resonances
were found to be a sensitive measure of temperature ﬂuctuations in
the tropical atmosphere, and consequently a measure of global climate change. A 2 °C change in temperature was found out to be
able to create a 20-fold change in lightning activity (Williams,
1992). It is remarkable that the fundamental frequency of the electromagnetic atmospheric resonances is very close to the alpha
rhythms of the electrical oscillations of the human brain (8–13 Hz)
as recorded by electroencephalograms (EEG) (Schienle et al., 1997,
2001; Vaitl et al., 2001a, 2001b; Walach et al., 2001). Experiments
conducted in the early 1960's with volunteers who spent several
weeks in an underground bunker completely shielded electromagnetically, showed that when the natural electromagnetic atmospheric (Schumann) resonances were ﬁltered out from the bunker, the
individuals began feeling sick, experiencing headaches, emotional
problems, stress and depression. By turning on an electric pulse generator producing an oscillating EMF with a frequency at 7.83 Hz, the
problems retreated and disappeared (Wever, 1979).
During their propagation, sferics undergo attenuation with regard to
their amplitude and changes in their frequency composition, especially
1

The dielectric resistance of dry air is ~3 × 106 V/m (Alexopoulos, 1973).
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in the VLF band, due to scattering/dispersion and dampening effects.
The associated electric and magnetic ﬁeld amplitudes diminish with distance from the thunderstorm area, especially in the VLF band, and due
to the fact that different frequencies/wavelengths undergo different attenuations (see Eq. (1) below), the frequency composition of the sferics
changes with the distance. As for their ELF components, these are significantly more penetrating than VLF, and can be more readily detected
around the globe, constituting the “Schumann resonances” mentioned
above (Schumann, 1952; Barr et al., 2000). The attenuation in the
lower ELF band (3–60 Hz) is very small and amounts to only ~ 0.3 dB
per 1000 km at 10 Hz, increasing with frequency to about 1 dB per
1000 km at 60 Hz (Barr et al., 2000).
The difference in attenuation with the distance between ELF and VLF
electromagnetic waves is explained by the Rayleigh law which shows
that the intensity of scattered EMR is inversely proportional to λ4
(where λ is the wavelength of EMR) when the dimensions of the scattering particles are smaller than the wavelength (Alexopoulos, 1966)
(which is the case for sferics):
J scat ∝

1
λ4

ð1Þ

Besides their signiﬁcance as indicators of thunderstorm activity,
there is evidence that the electromagnetic impulses created by lightning
can be sensed by animals including humans and are considered a possible trigger for changes in the somatic and emotional well-being of
humans, referred to as weather sensitivity or meteoropathy (Höppe,
1997; Schienle et al., 1998; Walach et al., 2001; Martin et al., 2013). It
has been suggested that the organisms' sensitivity to sferics may be
the basis for weather sensitivity. In other words, it has been suggested
that meteoropathy is actually a type of electro-hypersensitivity (EHS).
It was observed that different patient groups displayed pain symptoms
one or two days before an upcoming weather change when there were
no visible signs for this change but the sferics activity had already increased (Reiter, 1960; Schienle et al., 1998). Despite the difﬁculties inherent in statistical/epidemiological studies based on questionnaires,
the perception of weather changes by patients seems a reality hardly
disputable (Becker, 2011; Yang et al., 2011).
In the present study we shall attempt to provide an explanation for
the sensing of atmospheric discharges by living organisms on a biophysical/cellular basis.
1.1. Reported effects on human population
For human subjects, positive correlations have been reported between the sferics activity (number of recorded lightning ﬂashes per
min and intensity of recorded impulses) and the occurrence of headache, pain symptoms, heart attacks, epileptic seizures, sleep disorders,
errors made in a concentration task, and changes in the alpha and
beta rhythms of the EEG, among others. These symptoms are recorded
at long distances (thousands of km) from the thunderstorm area
(Reiter, 1960; Laaber, 1987; Ludwig, 1973; Pelz and Swantes, 1986;
Ruhenstroth-Bauer et al., 1984, 1985, 1987; Schienle et al., 1998,
2001; Martin et al., 2013).
It is reported that 30–78% of headache sufferers demonstrate sensitivity to weather changes, and more speciﬁcally to the intensity and
number of atmospheric discharges (”ﬂashes”) detected per min. A statistically signiﬁcant connection was veriﬁed (Walach et al., 2001). In another study, 54% of the German and 61% of the Canadian subjects
reported that their health was affected by weather conditions (Von
Mackensen et al., 2005). The most frequent symptoms caused by lightning on humans as reported in the same statistical study on German
population, were headache/migraine (61%), lethargy (47%), sleep disturbances (46%), fatigue (42%), joint pain (40%), irritation (31%), depression (27%), vertigo (26%), concentration problems (26%) and scar
pain (23%) (Von Mackensen et al., 2005). In another study, sferics
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activity was signiﬁcantly correlated with the occurrence of migrainetype headaches, and 59% of the women indicated that they suffered
from headaches before a weather change (Vaitl et al., 2001a). In a
more recent study the signiﬁcant correlation of migraine-type headaches with lightning was veriﬁed again (Martin et al., 2013). Moreover artiﬁcially produced electromagnetic pulses of similar
characteristics with those of atmospheric discharges (sferics) were
found to affect the EEG of humans, especially the alpha (8–13 Hz)
and beta (13–30 Hz) bands (Schienle et al., 1997, 2001; Vaitl et al.,
2001a; Walach et al., 2001). Up to today, there is no physical/biological explanation for these biological/health effects caused by the sferics on human population (Schienle et al., 1998; Vaitl et al., 2001a;
Walach et al., 2001).
It is most unfortunate though, that in all of the above studies, there
was no attempt to specify whether the recorded health symptoms
were correlated with the VLF carrier frequency or with the ELF pulse repletion frequency of the sferics (Fig. 1). In almost all of the above studies
only the VLF carrier frequency was measured and there was no measurement of the ELF frequency or intensity of the detected sferics, and
in the Martin et al. (2013) study there was no attempt to implicate
the frequency of the associated EMFs at all. It seems that the ELF pulse
repetition frequency was largely underestimated and only the VLF carrier frequency was actually noted. But according to the mechanism proposed below, it is the intensity of the ELF pulse repetition frequency of
the sferics which is the most bioactive parameter, and much lesser the
VLF.
It is noteworthy that similar symptoms with those above reported to
be due to sferics, except for joint and scar pains, have been reported for
populations residing close to mobile telephony base stations, and have
been classiﬁed as “microwave syndrome” (Navarro et al., 2003;
Salama and Abou El Naga, 2004; Hutter et al., 2006; Blettner et al.,
2009; Kundi and Hutter, 2009; Viel et al., 2009; Singh et al., 2016).
Moreover, it is well known that EMFs - especially in the ELF and RF
bands - affect the human EEG, primarily the alpha and beta bands
(Reiser et al., 1995; Huber et al., 2000, 2002; Krause et al., 2000, 2006;
Croft et al., 2002, 2008; Curcio et al., 2005; Valentini et al., 2007; Regel
et al., 2007; Roggeveen et al., 2015).
1.2. Characteristics of atmospheric discharges
It is estimated that about 2000 thunderstorms are taking place
around the earth at any time creating about 100 lightning discharges
per second (Orville and Spencer, 1979). The atmospheric lightning discharge is an electrical discharge creating a breakdown current ﬂowing
between cloud and ground (CG discharges), or between two different
clouds (intra-cloud or IC discharges). CG discharges are more rare and
usually more intense than IC, taking place on mountain tops, on high

trees, tall buildings, but also on the sea surface due to the high conductivity of sea water.
The ratio of horizontal to the vertical component of atmospherics
was found to be a function of the local conductivity of the earth surface
and independent of source parameters (Divya and Rai, 1986). Later the
same investigators measured these polarized components of electric
ﬁelds at 5 kHz and from this obtained the value of soil conductivity
(Divya and Rai, 1990).
A deeper look into the characteristics of lightning showed that CG
lightning during thunderstorms is short duration discharges that contain electromagnetic impulses in the ELF range. More speciﬁcally, it
was found that these ELF pulses have a carrier frequency in the VLF
range (~ 10 kHz) (Fig. 1). The total lightning discharge - named a
“ﬂash” and lasting about 0.2 s - is comprised of several (1–30, but typically 4) pulses (‘strokes’) separated from one-another by about 50–
60 ms intervals of approximately zero ﬁeld/current (Fig. 1). Each pulse
lasts for a few to tens of milli-seconds (typically 1–10 ms). The production of lightning lasts for an average duration of the thunderstorm
~ 10 min. The majority of lightning create ELF electric and magnetic
ﬁelds on the order of 0.02–2 mV/m and ~3 pT respectively, as recorded
at global ranges and constitute the “Schumann” background (Barr et al.,
2000; De et al., 2010).
The 50–60 ms (=0.05–0.06 s) separation between successive individual pulses (strokes) within a single ﬂash results in an ELF pulse repetition frequency of 17–20 Hz (Fig. 1). Nevertheless, lower values for the
pulse repetition frequency (at the range 0–3 Hz) have been recorded as
well (Schienle et al., 2001). We can reasonably consider that these CG
discharges are more or less vertical to the ground and thus the produced
ELF pulses are partially vertically polarized.
Distinguishable lightning events that exceed the global background of root mean square (rms) amplitude ~1 mV/m or ~3 pT in the band 5–
50 Hz - by a factor of three or more, occur at a rate of about one or two
per minute having a duration of the total lightning discharge (ﬂash) on
the order of 0.5 s. The majority (~70%) of these distinguishably strong
discharges are CG and produce large amplitude ELF sferics with a positive E-ﬁeld polarity in regard to the ground. In other words, these
distiguishble discharges lower positive charge to the Earth and they
are assigned as +CG, in contrast to the majority of the ususal CG lightning discharges which are –CG and lower negative charge to Earth
(Kemp, 1971; Huang et al., 1999; Barr et al., 2000). The fact that the majority of CG discharges lower negative charge to the Earth seems to be
the reason for the development of the terrestrial static electric ﬁeld with an average intensity at zero height on the order of 130 V/m - in
which the atmosphere is positively charged in regard to the ground
(Watt, 1960; Presman, 1977).
At distances on the order of 100 km from a thunderstorm the electric
and magnetic ﬁelds of recorded ELF sferics may reach values on the

Fig. 1. Graphical representation of atmospheric discharge electric ﬁeld/current (“ﬂash”) - in arbitrary scale - comprised of bipolar alternating damping pulses (“strokes”) (P) with a VLF
carrier, and a pulse repetition at the ELF band.
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order of a few (1−10) V/m and a few μT respectively, while at distances
on the order of 1000 km the electric ﬁeld reaches values around
~ 0.5 V/m decreasing linearly with the distance. At the same time, the
electric ﬁeld in the VLF band (around 5 kHz) reaches similar values
(up to ~5 V/m at 100 km, and less than ~0.5 V/m at 1000 km distance)
(Watt, 1960; Pathak et al., 1982; Reiter, 1995; Schienle et al., 1998).
The corresponding electromagnetic waves travel long distances with
the velocity of light and with small attenuation, especially in the ELF
band. Is it then possible that these partially polarized sferics can be
sensed by living organisms thousands of km away from the thunderstorm? The answer seems to be absolutely positive as we shall explain
below.
2. A crucial hypothesis on the polarization of Sferics
Electromagnetic waves produced by atmospheric discharges are
long accepted to be predominantly vertically polarized (Stanford,
1971). Moreover, ELF sferics which are expected to be more bioactive
than VLF - as we shall explain below - are mainly produced by CG lightning or the vertical component of IC lightning discharges. In other
words, the ELF sferics are associated with vertically polarized electric
ﬁelds and breakdown electric currents (Barr et al., 2000).
Thus, we are referring to ELF impulses at a frequency up to ~20 Hz,
with an rms maximum intensity ~ 5 mV/m at global ranges, ~ 0.5 V/m
at approximately 1000 km, and ~5 V/m at approximately 100 km, and
with a vertical average orientation. This vertical average orientation of
these ELF pulses makes them polarized in a signiﬁcant degree (the produced electromagnetic waves can be considered plane waves with a
partial vertical polarization).
In any case, each individual lightning has a speciﬁc average resultant direction in the sky and we may reasonably approximate it by a
straight line of a speciﬁc direction. As each speciﬁc lightning may be
postulated as partially having a speciﬁc direction, it follows that the
produced electric and magnetic ﬁelds are polarized in a signiﬁcant
degree.
We can conservatively assume that the strong (“distinguishable”)
CG discharges are ~70% along a speciﬁc direction (vertical most usually), in other words we can postulate they are ~ 70% polarized. Thus,
their totally polarized ﬁeld strength is ~ 5 mV/m × 0.7 = ~ 3.5 mV/m
at global ranges, ~0.5 V/m × 0.7 = ~0.35 V/m at 1000 km from thunderstorm, and ~5 V/m × 0.7 = ~3.5 V/m at 100 km. This hypothesis of polarization is crucially important for the mechanism of sensing the sferics
by living organisms that we shall present below.
3. The sensing of sferics by living organisms according to the “ion
forced-oscillation” mechanism
According to a published biophysical mechanism describing the action of weak polarized EMFs on living cells (Panagopoulos et al., 2000,
2002, 2015a), polarized ELF ﬁelds can easily alter the function of any living cell by irregular gating of electrosensitive cation channels on the cell
membranes and consequent disruption of the cell's electrochemical balance, at very low ﬁeld intensities on the order of ~1 mV/m. The mechanism predicts that the bioactivity of the ﬁeld doubles for pulsed EMFs
(such as those of the atmospheric discharges). This theoretical biophysical mechanism based on molecular data on voltage-gated cation channels and intracellular ionic oscillations, was veriﬁed for its plausibility
by numerical test (Halgamuge and Abeyrathne, 2011). According to
this theory, the forced-oscillation of ions in the vicinity of the voltagesensors of voltage-gated ion channels induced by an externally applied
EMF can exert forces on these sensors equal to or greater than the electrostatic forces - exerted by changes in the transmembrane electric ﬁeld
- known to physiologically gate these channels. Irregular gating of these
channels can potentially disrupt any cell's electrochemical balance and
function (Alberts et al., 1994), leading to a variety of biological/health
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effects including the most detrimental ones, such as DNA damage, cell
death, or cancer (Pall, 2013).
A review of the whole EMF-bioeffects literature reveals that the most
bioactive EMFs are the lower frequency ones, especially the ELF ﬁelds
(Goodman et al., 1995). Moreover experimental data indicate that
pulsed EMFs are more bioactive than continuous ﬁelds of the same
rest characteristics (Goodman et al., 1995; Veyret et al., 1991; Penaﬁel
et al., 1997). The pulse repetition frequency is always a low frequency,
most usually ELF. As we already described, sferics are partially polarized,
pulsed ELF ﬁelds that expose living organisms usually at intensities up
to ~10 V/m (Barr et al., 2000).
All critical biomolecules are either electrically charged or polar
(Alberts et al., 1994; Stryer, 1996). The sum electric ﬁeld from an inﬁnite
number of individual electric pulses of random polarizations (as e.g.
with natural light), tends to zero
n !
∑ Ei ¼

lim

n→∞

i¼1

!
!
!
!
E1 þ E2 þ E3 þ…þ En ¼0

ð2Þ

and thus, unpolarised EMFs at any intensity cannot induce any speciﬁc/
coherent oscillation on these molecules (Panagopoulos et al., 2015a).
On the contrary, polarized EMFs will induce a coherent and parallel
forced-oscillation on every charged/polar molecule within biological
tissue. This is fundamental to our understanding of the biological phenomena. Atmospheric discharges are polarized in a signiﬁcant degree
as explained, and thus able to induce such an oscillation on charged/
polar biological molecules. This oscillation will be most evident on the
free (mobile) ions which carry a net electric charge and exist in large
concentrations in all types of cells or extracellular tissue determining
practically all cellular/biological functions (Alberts et al., 1994). Although all molecules oscillate randomly in every direction with much
higher velocities due to thermal motion, this has no biological effect
other than increase in tissue temperature. But a coherent polarized oscillation of even millions of times smaller energy than average thermal
molecular energy (Panagopoulos et al., 2013a) can initiate biological
effects.
Most cation channels (Ca+2, K+, Na+, etc.) on the membranes of all
animal cells, are voltage-gated, or as they are usually called,
“electrosensitive” (Alberts et al., 1994). They interconvert between
open and closed state, when the electrostatic force on the electric
charges of their voltage sensors due to transmembrane voltage changes,
transcends some critical value. The voltage sensors of these channels are
four symmetrically arranged, transmembrane, positively charged helical domains, each one designated S4. Changes in the transmembrane
potential on the order of 30 mV are normally required to gate
electrosensitive channels (Noda et al., 1986; Liman et al., 1991).
Several ions may interact simultaneously each moment with an S4
domain from a distance on the order of 1 nm, since - except for the
single ion that may be passing through the channel pore while the
channel is opened - a few more ions are bound close to the pore of
the channel at speciﬁc ion-binding sites (e.g. three in potassium
channels) (Miller, 2000).
Consider e.g. four potassium ions at distances on the order of 1 nm
from the channel-sensors (S4), and an externally applied oscillating
EMF. The electric (and the magnetic) force on each ion due to any unpolarized EMF/EMR is zero (Eq. (2)). On the contrary, the force due to a polarized ﬁeld with an electrical component E, is F = Ezqe. It is shown that
for a sinusoidal alternating ﬁeld Ε = Εo sinωt, the movement equation of
a free ion of mass mi, is (Panagopoulos et al., 2000, 2002):
2

mι

d r
dt

2

þβ

dr
þ mι ωo 2 r ¼ Eο z qe sin ω t
dt

ð3Þ

where r is the ion displacement due to the forced-oscillation, z is the
ion's valence (z = 1 for potassium ions), qe = 1.6 × 10−19 C the elementary charge, β the damping coefﬁcient for the ion displacement
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(calculated to have a value within a channel β ≅ 6.4 × 10− 12 kg/s), ωo
= 2πνo (νo the ion's oscillation self-frequency taken equal to the
ion's recorded spontaneous intracellular oscillation frequency on
the order of 0.1 Hz), ω = 2πν (ν the frequency of the ﬁeld/radiation),
and Eo the amplitude of the ﬁeld.
The general solution of Εq. (3), is:
r ¼

Eo zqe
Eo zqe
cos ωt þ
βω
βω

ð4Þ

o zqe
in the solution, represents a constant displacement, but
The term Eβω
o zqe
has no effect on the oscillating term Eβω
cosω t. This constant displaceo zqe
ment doubles the amplitude Eβω
of the forced-oscillation at the moment

when the ﬁeld is applied or interrupted, or during its ﬁrst and last periods, and the ion's displacement will be twice the amplitude of the
forced-oscillation. For pulsed ﬁelds (such as those associated with atmospheric discharges, or the ﬁelds of modern digital telecommunications) this will be taking place constantly with every repeated pulse.
Thus, pulsed ﬁelds are - theoretically - twice more drastic (bioactive)
than continuous/non-interrupted ﬁelds of the same other parameters,
in agreement with several experimental data (Goodman et al., 1995;
Veyret et al., 1991; Penaﬁel et al., 1997).
The amplitude of the forced-oscillation (ignoring the constant term
in Eq. (4)), is:
ð5Þ

The force acting on the effective charge q of an S4 domain, via an os1
e
 qq
, (r is the distance of
cillating single-valence free cation, is: F ¼ 4πεε
r2
o
the free ion from the effective charge of S4). Each oscillating cation
displaced by dr, induces an additional force on each S4 sensor, due to
its displacement:
q  qe
dr
2πεεo r 3

ð6Þ

!
While in the case of a non-polarized applied ﬁeld ∑d r = 0, and ∑
!
d F = 0, in the case of a polarized applied ﬁeld (or signiﬁcantly polarized such as those of CG sferics), the sum force on the channel sensor
from all four cations, is:
4dF ¼ −2

Eo ≥0:25ν  10−3
ðν in Hz; Eo in V=mÞ

q  qe
dr
πεεo r 3

The effective charge of each S4 domain is found to be: q = 1.7 qe
(Liman et al., 1991). The minimum force on this charge required normally to gate the channel - equal to the force generated by a change of
30 mV in the membrane potential (Liman et al., 1991) - is calculated
(Panagopoulos et al., 2000) and found to be:
dF ¼ 8:16  10−13 N:
The displacement of one single-valence cation within the channel,
necessary to exert this minimum force is then calculated from Eq. (6)
to be:
dr ¼ 4  10−12 m
For 4 cations oscillating in phase and on parallel planes due to an external polarized ﬁeld, the minimum displacement is decreased to: dr =
10−12 m.
Therefore, any external polarized oscillating EMF able to force free
ions to oscillate with amplitude

Eo zqe
βω

≥ 10−12 m, is able to irregularly

gate cation channels on cell membranes. For z = 1 (potassium ions),

ð7Þ

For double-valence cations (z = 2) (e.g. Ca+ 2) the condition becomes,
Eo ≥ν  10−4
ðν in Hz; Εo in V=mÞ

ð8Þ

For pulsed ﬁelds (such as those associated with sferics) the second
part of Condition 8 is divided by 2, and becomes:
Eo ≥0:5ν  10−4
ðν in Hz; Eo in V=mÞ

ð9Þ

For atmospheric ﬁelds producing ELF pulses with a pulse repetition
frequency ν = 20 Hz (conservatively taking the highest one) (Barr et
al., 2000), Condition 9 becomes:
Eo ≥0:001 V=m ð¼ 1 mV=mÞ

ð10Þ

For 2 Hz sferic EMFs that have been recorded (Schienle et al., 2001):
Eo ≥0:0001 V=m ð¼ 0:1 mV=mÞ

Eo zqe
A¼
βω

dF ¼ −

and substituting the values for qe, β on the last condition, we get:

ð11Þ

Thus, polarized and pulsed ELF electric ﬁelds generated during thunderstorms stronger than 0.1–1 mV/m are potentially able to disrupt the
function of any living cell.
The maximum ELF intensity for totally polarized atmospheric discharges at global ranges (many thousands of kilometers away from
the location of a thunderstorm) was calculated above to be
~ 3.5 mV/m, and thus the bioactivity conditions 10, 11 are satisﬁed
both for the lowest (2 Hz) and highest (20 Hz) ELF sferic frequencies.
For N number of parallel sferics reaching simultaneously at certain
locations of constructive interference, the last value may be divided by
N (Panagopoulos et al., 2015a).
Thus, the value of 3.5 mV/m totally polarized electric ﬁeld intensity
calculated above for the stronger CG discharges at global ranges, and
even more the values of 0.35 V/m at 1000 km and 3.5 V/m at 100 km,
are certainly able to induce irregular gating of electrosensitive ion channels on animal cell membranes and thus be sensed by sensitive
individuals.
For 10 kHz VLF sferics EMFs, Condition (9) gives: Eo ≥0.5 V/m. Strong
VLF sferics may posses such intensities for distances up to ~1000 km
from a thunderstorm as mentioned above.
It becomes clear that the amplitude of the ions' forced-oscillation
given by Eq. (5) is the ﬁnal parameter to quantitatively estimate the
ability of an externally applied polarized EMF to induce biological/
health effects. We shall call this amplitude, “Bioactivity of the EMF”.
Thus:
EMF‐Bioactivity ¼

Eo zqe
Eo
¼k
βω
ν

ð12Þ

zqe
where k = 2πβ
is a constant quantity for any speciﬁc ion type in the vi-

cinity of a voltage-gated ion channel in a cell membrane, Eo the amplitude and ν the frequency of the applied electric ﬁeld.
Eq. (12) shows that the biological activity of an oscillating EMF is
proportional to the ﬁeld's maximum intensity (amplitude) (Eo) and inversely proportional to the ﬁeld's frequency (ν). Thus, lower frequency
ﬁelds are more bioactive than higher frequency ones with the same
other parameters. This refers to all types of polarized harmonically oscillating EMFs. Non-harmonically oscillating EMFs may also be approximately described in terms of their bioactivity by Eq. (12).
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For pulsed EMFs with harmonically oscillating pulses, the bioactivity
equation doubles:
Pulsed‐EMF‐Bioactivity ¼ 2k

Eo
ν

ð13Þ

We do not distinguish between externally applied EMFs and internally induced ones within living tissue, especially in the case of ELF for
the following reasons: 1. Living tissue is not metal to shield from electric
ﬁelds and certainly is not ferromagnetic metal (Fe, Co, Ni) to shield from
magnetic ﬁelds. Moreover, it is known that especially ELF ﬁelds cannot
be easily shielded even by Faraday cages and in order to signiﬁcantly
minimize them it is recommended to totally enclose them in closed
metal boxes (Panagopoulos et al., 2015a). Even sea water which has a
considerably higher conductivity than living tissue is penetrated by
ELF electromagnetic waves up to certain depths allowing in this way
communication with submarines (Barr et al., 2000). Thus, ELF electric
ﬁelds penetrate living tissue with certain degree of attenuation, and
magnetic ﬁelds penetrate with zero attenuation. 2. Even in case that
the ELF ﬁelds were signiﬁcantly attenuated in the inner tissues of a living body, the eyes, the brain, the skin cells, or the myriads of nerve ﬁber
terminals that end up on the outer epidermis, are directly exposed to
the ﬁeld intensities measured externally on the surface of the living
tissue.
Moreover, it has been shown that tissue preparations (such as bovine ﬁbroblasts or chicken tendons) respond to externally applied
pulsed or sinusoidal ELF electric ﬁelds (by changes in DNA or protein
synthesis rates, proliferation rates, alignment with respect to the ﬁeld
direction, etc.), at very low thresholds ~ 10− 3 V/m (Goodman et al.,
1995; McLeod et al., 1987; Cleary et al., 1988; Lee et al., 1993). These
thresholds are very close to those predicted above by the described
mechanism.
Except for direct electric ﬁeld exposure by an external ﬁeld, there
can be an electric ﬁeld within tissues induced by an externally applied
oscillating magnetic one, which - as explained - penetrates living tissue
with zero attenuation.
Thus, we have shown that - according to the presented “Ion ForcedOscillation Mechanism” - the ELF EMFs associated with atmospheric discharges (lightning) at global rages and the VLF ﬁelds at distances up to
~1000 km, are strong enough to affect any living cell's electrochemical
balance and function, and consequently be sensed by living organisms.
At distances around ~100 km, the intensities of associated ELF and VLF
sferics are both on the order of ~5 V/m, and the ratio of ELF Bioactivity versus VLF Bioactivity of sferics as it comes by applying Eq. (13), substituting
Eo ELF = 5 V/m, νELF = 10 Hz, and EoVLF = 5 V/m, νVLF = 10 kHz, is:
ðELF=VLFÞ Bioactivity ¼

EoELF  ν VLF
≅103
EoVLF  ν ELF

ð14Þ

Thus, the bioactivity of ELF sferics at 100 km from a thunderstorm is
about 1000 times greater than the bioactivity of VLF sferics at the same
distance. For longer distances the ratio becomes even larger, as the VLF
components attenuate considerably faster than ELF.
4. Discussion
In the present study we provided for the ﬁrst time a plausible explanation on a biophysical basis for the effect of sensing atmospheric discharges by living organisms, and more speciﬁcally by humans. We
showed that strong CG atmospheric electrical discharges considered
vertical to the ground - or in any case straight (polarized) at ~70% degree - are associated with ELF electric ﬁelds (frequency 0–20 Hz) with
intensity up to ~5 V/m (or ~ 3.5 V/m totally polarized) at 100 km, and
up to ~ 0.5 V/m (or ~ 0.35 V/m totally polarized) at 1000 km distance
from a thunderstorm. According to the “Ion Forced-Oscillation
Mechanism” for the action of weak, polarized ELF EMFs on cells
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(Panagopoulos et al., 2000, 2002, 2015a), such ﬁelds can potentially disrupt any living cell's electrochemical balance causing cellular stress and
thus they can be sensed by living organisms/humans through a variety
of symptoms such as headache, fatigue, etc. This is already conﬁrmed by
many statistical studies on human population as well by clinical studies
showing effects of simulated electric pulses similar to those associated
with atmospheric discharges (sferics) on human EEG (Schienle et al.,
1997; Vaitl et al., 2001a; Walach et al., 2001; Von Mackensen et al.,
2005; Martin et al., 2013). Artiﬁcially produced electromagnetic pulses
of similar characteristics with natural sferics and employed in experimental clinical studies are totally polarized and thus even more bioactive than natural sferics.
Thus according to our present study, the sensing of upcoming thunderstorms by humans/animals through a variety of somatic/emotional
symptoms is not anymore a strange or unexplained phenomenon, but
it is actually a type of EHS.
The Ion Forced-Oscillation theory and its bioactivity Eq (13) (and Eq.
(14)) imply that the effects of sferics on human/animal health are mainly due to the ELF components of the sferics (pulse repetition frequency).
According to the bioactivity Eq. (13), a 10 kHz (VLF) ﬁeld is ~103 times
less bioactive than a 10 Hz (ELF) ﬁeld of the same intensity Eo and other
parameters. While a 10 Hz ﬁeld can be bioactive at very small intensities
down to Eo ≥ 0.5–1 mV/m, a 10 kHz ﬁeld will be bioactive for intensities
Eo ≥ 0.5 V/m. Such VLF intensities are accounted at distances up to
~1000 km from the lightning source (Pathak et al., 1982). Thus, in locations closer to the thunderstorm area where the VLF components of the
sferics are of this order of magnitude (≥0.5 V/m), the reported biological
effects can literally be due to both the VLF and ELF sferic components,
but actually it is about a thousand times more likely that the effects
are due to the ELF. The frequency of the sferics that will eventually affect
the organism (ELF or VLF) should not necessarily have an effect on the
quality of the symptoms. Polarized EMFs of different frequencies will
all cause irregular channel gating of electrosensitive ion channels on animal cell membranes once they have adequate (different) intensities.
Thus, we showed that ELF sferics can be sensed by animals around
the glob, while VLF sferics can be sensed at distances up to ~ 1000 km
from a thunderstorm, but even at such distances any recorded biological/health effects are far more likely (~ 1000 times) to be due to the
ELF than to the VLF sferics produced by this particular thunderstorm.
Simultaneous atmospheric discharges of similar polarization and
other characteristics can even create phenomena of momentary constructive interference at certain locations where living organisms will
be exposed momentarily to even stronger ﬁeld intensities than from
single discharges (Panagopoulos et al., 2015a).
Natural EMFs in the terrestrial environment are never totally polarized in contrast to all man-made EMFs, but when they are polarized in
a signiﬁcant degree and at the same time signiﬁcantly varying in their
intensities and their other parameters, they can be sensed by living organisms through biological alterations associated with disruption of electrochemical cellular balance as described by the Ion Forced-Oscillation
Mechanism. Terrestrial electric and magnetic ﬁelds are static and signiﬁcantly polarized but normally with small variations in their intensities.
Living organisms are adapted to these natural invariant ﬁelds for billions
of years throughout Evolution. But during larger variations on the order
of ±20% of their normal intensities, occurring every ~11 years and lasting
for a few weeks due to variations in solar activity called magnetic storms,
signiﬁcant health implications in human/animal populations take place
(Dubrov, 1978; Presman, 1977; Panagopoulos et al., 2015b). In a very
similar way, voltage-gated (electrosensitive) cation channels in all animal
cell-membranes do not alter their status (open or closed) while the electric ﬁeld of the membrane (static and signiﬁcantly polarized) keeps its
normal value (~100 mV) (Alberts et al., 1994). But when changes on
the order of 30 mV occur, the generated electrostatic forces on the channels' voltage sensors are adequate to alter the condition of the channel
(Liman et al., 1991; Panagopoulos et al., 2000). Similarly, living organisms
on Earth are adapted to the natural EMFs of atmospheric discharges. For
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this reason most organisms do not have stress symptoms against such
ﬁelds at usual intensities. On the contrary, these ﬁelds seem to be vital
for the function of their biological clock. The unpleasant symptoms are
expected to be experienced by EHS individuals during intense thunderstorms creating the strongest and more polarized CG discharges referred
to above. Moreover, humans in general may be more sensitive than other
animals/organisms, as they have become more delicate, especially in
modern urban environments. The sensing patterns against sferics may
be different in different species, and similarly the symptoms against any
type of externally induced cellular stress. Certainly, man-made highly
variable and totally polarized EMFs are expected to be signiﬁcantly
more bioactive than the most bioactive (partially polarized) natural ones.
Except for the mechanism of sensing atmospheric discharges by living organisms (including humans) described in the present study, it is
important to note that the natural ELF atmospheric electromagnetic resonances due to global lightning activity (also referred to as Schumann
resonances) have their basic frequencies very close to the alpha-rhythm
of the human brain electrical oscillations. Thus, it seems that the ELF frequencies of the atmospheric electrical discharges operate as a stimulus
for the human/animal brain electrical activity and thus they constitute
a very signiﬁcant part of the animals' biological clock in addition to
the diurnal light-dark cycle in the terrestrial environment
(Panagopoulos, 2013). This is in complete agreement with the Wever
(1979) experiments that we referred to in the Introduction. Moreover,
remarkable similarities of analogue characteristics between sferic
EMFs and axonal action potentials in animal brain nerve cells have
been reported (Persinger, 2012).
Speciﬁc cells in speciﬁc sensory organs of all animals, different for a
variety of external (or internal to the animal body) physical factors
(electromagnetic stimuli, chemical stimuli, mechanical pressure, etc.),
are responsible for the reception and adaptation by the organism in response to each different factor. The ion channels on the cells' plasma
membranes play a very important role on that. On the plasma membranes of all animal cells there are ion channels sensitive to a variety
of external factors (lingant-gated channels sensitive to chemical factors,
mechanically-gated channels sensitive to pressure, and voltage-gated
channels sensitive to electromagnetic signals are the most important
classes of ion channels) (Stryer, 1996). The percentage of each type of
ion channel on a speciﬁc cell depends upon the speciﬁcity of the cell
and the organ of which the cell is part of. The voltage-gated channels
which are primarily cation channels on the cells' plasma membranes
of all animals are thus expected to play a major role on the sensing of
sferics and on conveying the information of the Schumann resonances
necessary for the function of the animal's biological clock.
Electromagnetic sensitivity to sferics might be an important factor in
some headache patients and especially for so called “weather sensitive
patients” (Walach et al., 2001). Weather sensitivity and the incidence
of symptoms or exacerbation of diseases related to weather changes is
known as impairment on well-being (Von Mackensen et al., 2005).
This, apart from the effects on health and well-being, can have important socio-economic consequences. Subjects who had scored high on
weather sensitivity symptoms and reported signiﬁcantly greater pain
intensity and duration, displayed prolonged EEG changes due to simulated sferics exposure and perceived the exposure as more exhausting
and emotionally distressing (Schienle et al., 2001).
Walach et al. (2001) proposed that it may be of clinical importance
that some headache patients could be sensitive to electromagnetic radiation emitted by various electric devices as mobile phones and others.
This is in complete agreement with our remark in the Introduction of
the present study, that similar symptoms except for joint and scar
pains have been reported for populations residing close to mobile telephony base stations, and have been classiﬁed as “microwave syndrome”
(Navarro et al. 2003; Salama and Abou El Naga, 2004; Hutter et al., 2006;
Blettner et al., 2009; Kundi and Hutter, 2009; Viel et al., 2009; Singh et
al., 2016). Moreover, Walach et al. (2001) hypothesis is also in complete
agreement with the fact that EMFs - especially in the ELF and RF (pulsed

on ELF) bands - affect the human EEG, primarily the alpha and beta
bands (Reiser et al., 1995; Huber et al., 2000, 2002; Krause et al., 2000,
2006; Croft et al., 2002, 2008; Kramarenko and Tan, 2003; Curcio et
al., 2005; Valentini et al., 2007; Regel et al., 2007; Roggeveen et al.,
2015). Some investigators suggest that the increase in electromagnetic
pollution in recent years is the cause of a real epidemic of electro-sensitive (EHS) people worldwide (Hallberg and Oberfeld, 2006). Our present study shows that the sensing of sferics through a variety of
described symptoms by humans is actually a type of electrohypersensitivity.
Thus, the reported association between headache and weather, and
the fact that headache sufferers frequently describe weather changes as
triggers (Becker, 2011; Yang et al., 2011), is now plausibly explained by
our present study. Weather patterns reﬂect a complex interaction
among multiple meteorological factors. For this reason it is difﬁcult to
analyze them and until now conventional methods have not shown to
be adequate to investigate this. Yang et al. (2011) analysed separately
the temporal relationship between headache and individual weather
variables (pressure, humidity, temperature, wind speed etc.) during
warm and cold periods with a novel statistical system (Method of Empirical Mode Decomposition: EMD) and they found that the cold fronts
show the highest correlations with symptoms. Precisely cold fronts are
associated with severe storms and therefore with stronger sferics (Vaitl
et al., 2001b). Thus, according to our present study, it is expected that
cold fronts may have a stronger correlation with health symptoms.
In our present study we make the point that the bioactive factor of
the atmospheric discharges is mainly their ELF pulse repetition frequency, and secondarily the VLF pulse carrier frequency. Older studies have
connected a-priori the bioactivity of sferics with their VLF frequency, although in those studies both VLF and ELF components were present and
there was no attempt to study separately those components and ﬁnd
out which one is really the bioactive one (Jacobi et al., 1981; Schienle
et al., 1998). Although there are several studies that have recorded effects on human EEG (especially on the alpha rhythm) only by ELF stimulation (without VLF) (Lyskov et al., 1993; Schienle et al., 1998; Cook et
al., 2004; Marino et al., 2004; Ghione et al., 2005), we found no studies
that have recorded similar effects by VLF exposure alone (without the
co-existence of ELF). These data further verify our conclusions. Moreover, plenty of data indicate a variety of biological effects caused by
ELF EMFs (Marino and Becker, 1977; McLeod et al., 1987; Cleary et al.,
1988; Polk, 1991; Lee et al., 1993; Goodman et al., 1995; Stavroulakis,
2003; Panagopoulos et al., 2013b).
The results of our present theoretical research should be tested experimentally, especially by colleagues specialized on experimental techniques with simulated sferics. In order to verify whether indeed ELF are
more bioactive than VLF we suggest they should compare the effects on
EEG and on subjective symptoms between a continuous VLF signal
(without ELF pulses), and a VLF signal of the same intensity and frequency pulsed on ELF. Then compare both these signals with an ELFalone signal comprised of single monopolar pulses repeated on ELF
frequency.
In any case, it seems that there is an increased sensitivity of living organisms to ELF EMFs. That was pointed out earlier by other investigators
who had attributed this increased bioactivity of the ELF on the fact that
living organisms were exposed at the beginning of biological evolution
on Earth to intense thunderstorm activity and therefore, to stronger
sferics and associated ELF ﬁelds (König et al., 1981; Schienle et al.,
1998). According to our present study, such speculations are not anymore necessary. The increased animal sensitivity to ELF EMFs is simply
explained by the physics and biology of the voltage-gated cation channels in all animal cell membranes and the increased ability of the ELF
ﬁelds to irregularly gate these channels disrupting in this way the electrochemical balance of the cells/organisms, as explained by the Ion
Forced-Oscillation theory.
In the present study we showed theoretically that partially polarized
ELF EMFs from sferics can be sensed by EHS individuals through a
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variety of mild unpleasant health symptoms. It follows that the totally
polarized man-made EMFs which almost always include ELF components (power line 50–60 Hz ﬁelds, digital wireless communications RF
ﬁelds always pulsed on ELF, etc.) exposing people usually at signiﬁcantly stronger intensities than sferics (up to ~20 V/m ELF pulses from mobile phones at close proximity to the body/head or up to ~10 kV/m close
to power lines or transformers), may be signiﬁcantly more bioactive inducing unpleasant health symptoms at signiﬁcantly higher degrees, especially to EHS individuals (Panagopoulos et al., 2010, 2013b).
In our present study we provided a novel biophysical explanation of
sensing atmospheric discharges (sferics) by living organisms including
humans. We do hope that our present work will initiate more research
on this topic which is of great importance for the well-being of a large
portion of the human population worldwide.
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