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Abstract: Basing on the catalogue of earthquakes with a magnitude of M ≥ 4.5 for the period
1973–2017, a UT variation with an amplitude of ~10% in the number of earthquakes is revealed and
compared with a UT variation in the ionospheric potential (IP) with an amplitude of ~18%. We
demonstrate that the amplitude of the UT variation in the number of deep-focus earthquakes is
greater compared with that of crustal earthquakes, reaching 19%. The UT of the primary maxima
of both the IP (according to modern calculations) and of earthquake incidence coincides (near
17:00 UT) and is, by 2 h, ahead of the classical Carnegie curve representing the UT variation in the
atmospheric electric field on the ground surface. The linear regression equation between these UT
variations in the number of deep-focus earthquakes and the ionospheric potential is obtained, with
a correlation coefficient of R = 0.97. The results support the idea that the processes of earthquake
preparation are coupled to the functional processes of the global electric circuit and the generation
of atmospheric electric fields. In particular, the observed increase in thunderstorm activity over
earthquake preparation areas, provided by air ionization due to radon emanation, yields a clue as to
why the global thunderstorm distribution is primarily continental. Another important conclusion
is that, in observing the longitudinal distributions of earthquakes against the IP distribution, we
automatically observe that all such events occur in local nighttime hours. Considering that the
majority of earthquake precursors have their maximums at local night and demonstrating the
positive deviation from the undisturbed value, we obtain a clue as to its positive correlation with
variations in the ionospheric potential.

Keywords: ionospheric potential; global seismicity; ionospheric precursors of earthquakes; global
electric circuit

1. Introduction

Considering Wilson’s paper (1921) [1] as an anchor point, we can celebrate the 100th
anniversary of the conception of the global electric circuit (GEC). There are plenty of
comprehensive reviews of the GEC as a system connecting the atmosphere and ionosphere
through electromagnetic coupling and of the history of this concept’s development (Roble
and Tzur, 1986; Bering III et al., 1998; Williams, 2009; Williams and Mareev, 2014) [2–5].
Until recently, the main problem facing study of the GEC had been finding a realistic
balance of currents within the GEC by including—with the exception of thunderstorm
discharges—convection clouds and, especially, mesoscale convective systems (Williams and
Mareev, 2014) [5] as a source of positive charge. The most recent publications demonstrate
the trend of searching the different sources of the GEC’s variability, such as natural ground
radioactivity and solar activity (Slyunyaev et al., 2015) [6], seasonal variability (Ilin et al.,
2019] [7], and spatial variability, considering the ocean’s and land’s contributions to the
GEC (Slyunyaev et al., 2019; Ilin et al., 2020) [8,9].

It seems that, in this series of publications, too much attention is paid to the formal
parametrization of the GEC’s characteristics, rather than to the physical reasons for the
observed variability (Ilin et al., 2020) [9]. At the same time, a clear indication has appeared
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that seismic activity contributes essentially to the GEC’s variability (Pulinets, 2009; Pu-
linets and Davidenko, 2014; Pulinets and Davidenko, 2018) [10–12]. According to the
morphologies of the observed effects, the main factor in the GEC’s modification is changing
boundary layer conductivities (both increases and decreases), leading to the formation of
large-scale irregularities in the ionosphere (Morozov and Kupovykh, 2017) [13]. It should
be noted that the impact of conductivity variations on the ionospheric potential (IP) was
also considered theoretically in Slyunyaev et al. (2014) [14]. Especially interesting would
be results describing the variations of the IP outside thunderstorm clouds over seismically
active regions in fair-weather conditions.

From s solitary case of a seismically active region’s impact on the IP we can make the
logical transition to a global seismicity impact on GEC variability. Beginning at magnitude
1.5, we perceive nearly 2740 seismic shocks daily, distributed globally. Has this global
distribution of seismic activity any relation with the daily global variability of the electric
field? We made such a comparison and came to the striking conclusion that global seismic
activity has unitary variation as well, and even more striking—its correlation coefficient
with the Carnegie curve is R ≈ 0.86 (Pulinets and Khachikyan, 2020) [15].

This paper, then, is an attempt to understand the physical reasons for such a relationship—at
least, qualitatively.

2. Lightning Activity and Earthquakes

Beginning with Wilson (1921) [1], it has been generally accepted that the atmospheric
electric field is generated by the thunderstorm activity of the planet. Thunderstorm
models of atmospheric electricity (e.g., Hays and Roble, 1979) [16] use thunderclouds
as the main source for the generation of potential differences between the ground and
ionosphere, which supports observations of a positively charged electric current flowing
from the ionosphere to the negatively charged ground in fair-weather regions. The diurnal
distribution of global thunderstorm activity is considered a main reason for the form of the
unitary variations in the atmospheric electric field, called the Carnegie curve (Liu et al.,
2010) [17]. Regardless of some doubt having arisen over the contribution of lightning to
the GEC’s electric field (Mareev et al., 2008; Davydenko et al., 2009) [18,19], we will begin
with the traditional view of such contribution in the formation of the GEC.

Before considering the global spatial distribution of lightning, let us ask whether
there is any selectivity in the locations to which discharge will be directed. The lightning
formation process shows that the specific location of lightning’s discharge is determined at
the leader stage. If there is a high-rise ground structure (for example, a television tower or
a power-line support) directly under a thundercloud, then the emerging leader will move
towards the ground along the shortest path, that is, towards the leader, which extends
upward from the ground structure. Most often, lightning strikes those power facilities that
are effectively grounded and conduct electricity well. When of the same height, discharged
lightning strikes the object with better grounding and greater electrical conductivity. With
power facilities of different heights and different resistivities of their adjacent soil, it is
possible for lightning to strike the lower object, located on ground with better conductivity
(Figure 1).

As a rule, areas of soil and ground-based artificial structures with high conductivity
are most often affected.

Let us consider, now, the situation when, instead of soil, we have the increased conduc-
tivity of the low layers of atmosphere under the action of natural sources of radioactivity
(mainly 222Rn). It is shown in (Golubenko et al., 2020) [20] that 222Rn makes an essential
contribution to near-ground air conductivity. This paper considers normal conditions,
ignoring increased radon exhalation in seismically active areas of the globe. For example,
according to Chandrashekara et al. (2006) [21] radon concentration in the air of India’s
Mysore City is of order 20 Bq/m3. At the same time, according to Kobeissi et al. (2015) [22],
in the vicinity of active faults, radon concentration may reach 2000 kBq/m3—five orders of
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magnitude greater. This means that we may expect a high rate of lightning strikes within
zones of earthquake preparation during the final stage of the seismic cycle.
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Figure 1. Selective susceptibility to lightning discharges: soil with high electrical conductivity (a);
soil with low conductivity (b).

The process of ionization could be compared with the hydrogen explosion at Fukushima
NPP, when radioactive 131I, 134Cs and 137Cs were released into the atmosphere, leading
to air ionization. As a result, the atmospheric electric field, as measured at the distance
137 km from Fukushima, dropped by more than an order of magnitude (Yamauchi et al.,
2012) [23]. Moreover, during the whole day of 22 March 2011 the atmospheric electric field
registered at the Kakioka geophysical observatory had reversed direction in comparison
with its fair-weather direction and reached values greater than −60 V/m. This is equivalent
to the appearance of a positive charge at the ground surface (Figure 2a).

Geosciences 2021, 11, x FOR PEER REVIEW 4 of 18 
 

 

 
Figure 2. (a)Atmospheric electric field (red) measured at the Kakioka geophysical observatory (Japan) over 20–23 March 
2011 (Yamauchi et al., 2012) [23]; (b)Atmospheric electric field measured at the Paratunka geophysical observatory (Kam-
chatka peninsula) on 17 September 1999, one day before the M6 earthquake at Kamchatka (Mikhailov et al., 2004) [24]. 

This effect is similar to the atmospheric field reversal observed before earthquakes 
(Vershinin et al., 1999; Mikhailov et al., 2004) [24,25]. In Figure 2b one can see such a re-
versal, registered one day before the M6 earthquake at Kamchatka (Mikhailov et al., 2004) 
[24]; but, in this case, a one-order-stronger electric field (−500 V/m) was observed than that 
at Fukushima.  

Field reversal leads to an increase of the potential difference between the negatively 
charged lower edge of a thunderstorm cloud and the ground surface, which increases the 
effect of ionization and the probability of electric discharge to the ionized area.  

Experimental results (Liu et al., 2015) [26] show that lightning activities tend to ap-
pear around a forthcoming epicenter and are significantly enhanced a few—especially 17–
19—days before M ≥ 6.0 shallow (depth D ≤ 20 km)-land earthquakes. Moreover, the size 
of the area around the epicenter with a statistical significance for enhanced lightning ac-
tivity is proportional to the earthquake’s magnitude.  

Concluding this section, we can claim that lightning activity increases within the 
zones of shallow earthquake preparation (in Taiwan, 17–19 days before its strong M ≥ 6.0 
seismic event). The probable physical reason for this phenomena is increased radon activ-
ity during an earthquake’s preparation phase, which leads to an increase in the electric 
conductivity of the air within the earthquake preparation zone and to an EF reversal effect, 
increasing the potential difference between the bottom edge of the thunderstorm cloud 
and ground surface facilitation of the initiation of the counter discharge leader from the 
ground surface. 

3. Spatial Distribution of Lightning  
Looking at the global distribution of lightning-strike density (Figure 3), one immedi-

ately can mark the main feature of this distribution: lightning is distributed primarily over 
continents (Aich et al., 2018) [27]. The difference looks even more striking when observing 
the integral of the intensity of thunderstorm activity (Figure 4) obtained from multi-year 
observations by the Optical Transient Detector (OTD) (Christian et al., 2003) [28]. It is in-
teresting that there is no common understanding of the difference in lightning activity 

Figure 2. (a) Atmospheric electric field (red) measured at the Kakioka geophysical observatory
(Japan) over 20–23 March 2011 (Yamauchi et al., 2012) [23]; (b) Atmospheric electric field measured
at the Paratunka geophysical observatory (Kamchatka peninsula) on 17 September 1999, one day
before the M6 earthquake at Kamchatka (Mikhailov et al., 2004) [24].

This effect is similar to the atmospheric field reversal observed before earthquakes
(Vershinin et al., 1999; Mikhailov et al., 2004) [24,25]. In Figure 2b one can see such a
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reversal, registered one day before the M6 earthquake at Kamchatka (Mikhailov et al.,
2004) [24]; but, in this case, a one-order-stronger electric field (−500 V/m) was observed
than that at Fukushima.

Field reversal leads to an increase of the potential difference between the negatively
charged lower edge of a thunderstorm cloud and the ground surface, which increases the
effect of ionization and the probability of electric discharge to the ionized area.

Experimental results (Liu et al., 2015) [26] show that lightning activities tend to appear
around a forthcoming epicenter and are significantly enhanced a few—especially 17–19—
days before M ≥ 6.0 shallow (depth D ≤ 20 km)-land earthquakes. Moreover, the size of
the area around the epicenter with a statistical significance for enhanced lightning activity
is proportional to the earthquake’s magnitude.

Concluding this section, we can claim that lightning activity increases within the zones
of shallow earthquake preparation (in Taiwan, 17–19 days before its strong M ≥ 6.0 seismic
event). The probable physical reason for this phenomena is increased radon activity during
an earthquake’s preparation phase, which leads to an increase in the electric conductivity
of the air within the earthquake preparation zone and to an EF reversal effect, increasing
the potential difference between the bottom edge of the thunderstorm cloud and ground
surface facilitation of the initiation of the counter discharge leader from the ground surface.

3. Spatial Distribution of Lightning

Looking at the global distribution of lightning-strike density (Figure 3), one immedi-
ately can mark the main feature of this distribution: lightning is distributed primarily over
continents (Aich et al., 2018) [27]. The difference looks even more striking when observing
the integral of the intensity of thunderstorm activity (Figure 4) obtained from multi-year
observations by the Optical Transient Detector (OTD) (Christian et al., 2003) [28]. It is
interesting that there is no common understanding of the difference in lightning activity
between the land and ocean. There are a variety of explanations; the higher concentrations
of aerosols serving as condensation nuclei over continents (Christian et al., 2003) [28],
higher convection over continents (Williams and Mareev, 2014) [5], even including negative
gravitational anomalies (Ershova 2015) [29].
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We would like to propose one more explanation for the possibility of seismic activity’s
impact on the distribution of lightning discharge. As radon activity is much more inten-
sive over continents, seismically active regions may provide an essential contribution to
lightning activity due to the ionization of the air provoked by radon within the zones of
earthquake preparation. Taking into account that nearly 2749 earthquakes of M ≥ 1.5 are
registered daily, that increased radon exhalation lasts from several days to several months
prior to an earthquake and that radon’s half-decay period is 3.8 days, we can claim that the
atmosphere is continually impacted by increased emission within seismically active zones.
Now we can consider the distribution presented in Figure 3 from other point of view: we
see a linear distribution of increased lightning activity along the entire western shore of
the North American continent, including along seismically active California and Mexico.
In addition, the whole Maritime continent is one of the most seismically active regions on
our planet.

If we will consider aerosols as centers of nucleation for the formation of thunderstorm
clouds, we also should consider the ion induced nucleation (IIN) effect (Laakso et al.,
2002) [30], which is the second step in a chain of processes after air ionization provided
by radon activity. Our model explains the formation of the aerosol-size particles (1–3 µm)
which could be transported to the upper layers of the atmosphere and serve as condensation
nuclei for cloud formation (Pulinets et al., 2015) [31].

Concluding this section, we can add IIN and aerosol formation to the effects of
ionization and EF reversal, All these phenomena prevail over continents because of the
higher levels of radon over land than over oceans.

4. Carnegie Curve and Earthquakes

We have discussed, above, the effect of the GEC in regions of stormy weather, where
the EF is generated. Yet, the main characteristic of GEC—unitary variation—presents a
global dependence of the fair-weather electric field on universal time, called the Carnegie
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curve (Whipple, 1929; Harrison, 2013) [32,33], which demonstrates a steady increase
in field strength in fair-weather regions at ~19:00 UT (Figure 5). It was obtained, first,
from measurements of the fair-weather electric field over the oceans, from 1915–1921,
onboard the ship Carnegie and systematized by Mauchly (1926) [34]. These data are
currently available at the following website (https://malagabay.files.wordpress.com/20
14/06/carnegie-iv-v-vi-table.jpg?w=640). The thin curves in Figure 4 represent the UT
variations of the fair-weather electric field separately for four seasons: February–April,
FMA; May–July, MJJ; August–October, ASO; and November–January, NDJ. The thick line
shows the UT-variation averaged over the entire measurement period of 1915–1921.
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Figure 5. Averaged UT variation in the fair-weather electric field according to measurements from
the Carnegie in 1915–1921. (bold curve); thin curves represent UT variations averaged separately for
February–April, FMA; May–July, MJJ; August–October, ASO; and November–January, NDJ (Mauchly,
1926) [34].

Our early works (Pulinets et al., 1998; 2000) [35,36] demonstrated that seismoiono-
spheric coupling includes, as the main coupling elements, the Earth’s crust, atmospheric
electric field, and ionosphere, which, in turn, are the main structural elements of the Global
Electric Circuit. So, it was quite natural to check for relevant phenomena in the global dis-
tribution of seismic activity, in terms of universal time (Pulinets and Khachikyan, 2020) [15].
The results were fascinating, and they became the motivation for the present work.

In this study, we used data on earthquakes with a magnitude of M ≥ 4.5 recorded
globally during 1973–2017 (226,674 events) according to the Global Seismological Catalog
(NEIC) of the U.S. National Geological Survey (available at https://earthquake.usgs.
gov/earthquakes/search). The selection of the M4.5 lower threshold was determined
by our theoretical estimation of the ionospheric sensitivity to seismogenic electric fields’
penetration into the ionosphere (Pulinets et al., 2000) [36], which depends on the size of the
earthquake preparation zone (Dobrovolsky et al., 1979) [37]. Our calculations show that
the minimal size (radius) of the area should be 200 km. Given R = 200 km and using the
Dobrovolsky formula, R = 100.43M gives us the magnitude 5.35. On the other hand, our
experimental results demonstrate that sometime the ionosphere “feels” an earthquake’s
preparation from magnitudes slightly larger than 4. So, as a compromise between theory
and practice, the value 4.5 was selected to provide for the effectiveness of earthquake
preparation effects in the ionosphere.

Figure 6 demonstrates the UT variation in the number of globally registered earth-
quakes (Figure 6a, histogram and averaged distribution) and, separately, the UT distribu-
tion of shallow and moderate-depth earthquakes with a hypocenter depth up to 70 km

https://malagabay.files.wordpress.com/2014/06/carnegie-iv-v-vi-table.jpg?w=640
https://malagabay.files.wordpress.com/2014/06/carnegie-iv-v-vi-table.jpg?w=640
https://earthquake.usgs.gov/earthquakes/search
https://earthquake.usgs.gov/earthquakes/search
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(Figure 6b) and of deep focus earthquakes with a hypocenter depth of 71 km or more
(Figure 6c).
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Figure 6. Histograms of distributions by 1-h UT intervals of the number of earthquakes with
a magnitude of M ≥ 4.5 recorded on the planet from 1973–2017; the black curves show the 3-h
moving average for (a) earthquakes of all depths (226,674 events), (b) earthquakes with hypocenter
depths of up to 70 km (173,298 events), and (c) earthquakes with a hypocenter depth of 71–700 km
(53,376 events).

The high similarity of curves, which have almost identical character, supports the
non-randomness of the detected unitary variation in the seismic regime of the Earth. A
visual comparison of Figures 4 and 5 indicates that the character of UT variation in the
seismic regime has a rather close correspondence with the character of UT variation in the
atmospheric gradient of the electric field. For both parameters, the maximum values fall
within the time interval ~13:00–20:00 UT, and the minimum values are ~03:00–04:00 UT.
For the Carnegie curve, the peak value of the electric field gradient is observed at about
~19:00–20:00 UT (Figure 4), and the peak value in the number of earthquakes, both for
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crustal and deep-focus events, is observed at ~17:00–18:00 UT (Figure 6), i.e., 2 h earlier. For
the Carnegie curve (Figure 4), the potential gradient difference between the minimum value,
at 04:00 UT, and the peak value, at 19:00 UT, is ~38%; this ratio is lower in the seismic data.
According to the unsmoothed data in Figure 6 (bars), the difference between the maximum
and minimum number of all earthquakes (Figure 6a) is ~13.6%; for crustal earthquakes this
difference is ~12.6% (Figure 6b) but reaches ~19% for deep-focus earthquakes (Figure 6c).
This result indicates that the amplitude of the unitary variation in the seismic regime of the
Earth increases with an increase in hypocenter depth.

In this regard we can claim that this distribution is a kind of global natural phenomena
that should be seriously considered, including a search for its physical substantiation.

We were surprised by the 2-h difference in the peak time of the curves, which forced
us to look for some reasonable explanation—it appeared rather quickly. In one of the latest
publications by Slyunyaev et al. (2019) [8], they modeled the difference in UT distribution
for the ionospheric potential between land and ocean. It is demonstrated in their paper
that the contribution from land is shifted to an earlier time, by exactly two hours (as in our
distributions for seismic activity) and its amplitude variations lower to 19%, as we have
shown for deep earthquakes (Figure 7).
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Carnegie curve (B), after Harrison, (2013) [33]).

The results of a more recent paper from Ilin et al. (2020) [9] left us even more confident
in the relevance of seismic activity and ionospheric potential variation. In the first para-
graph of text, from the Conclusions of the cited paper, is written “the IP variation whose
shape is nearly identical to that of the classical Carnegie curve with a correlation coefficient
of 0.97, albeit with a smaller peak-to-peak amplitude (18% against 34% of the mean) and
maxima and minima shifted by 1–2 h”; we can replace “IP” with “seismic activity” and get
almost exactly our results with minor corrections: a peak-to-peak amplitude 19% instead
of 18%, and a correlation coefficient 0.86 instead of 0.97.

We calculated the cross-correlation coefficient between the Carnegie curve (line B in
Figure 7) and the UT curve for deep earthquakes, presented in the Figure 6c and taking into
account the 2-h shift). The solid line in Figure 8 represents the linear regression between
the ionospheric potential and the number of deep-focus earthquakes, with a correlation
coefficient of R = 0.86 and a standard deviation of SD = 7.0, at a probability of p = 95%.



Geosciences 2021, 11, 491 9 of 17
Geosciences 2021, 11, x FOR PEER REVIEW 10 of 18 
 

 

 
Figure 8. Distribution of hourly values of the potential gradient in the fair-weather electric field 
(Carnegie curve according to the data from 1915–1921) with respect to the hourly values of the num-
ber of deep-focus earthquakes h ≥ 71 km with a magnitude of M ≥ 4.5, according to the NEIC global 
seismological catalog for 1973–2017. 

The conducted the same procedure, but without a time shift, to calculate the cross-
correlation coefficient between the IP (line A in the Figure 7) and earthquake frequency. 
This result is presented in the Figure 9. 

 
Figure 9. Distribution of the hourly values of the IP (curve B in the Figure 7) depending on the 
hourly values of the global number of earthquakes with a magnitude of М ≥ 4.5 at varying depths 
from 1973–2017, according to the NEIC global seismological catalog. The straight line is the regres-
sion between the number of earthquakes and the modeled ionospheric potential with a correlation 
coefficient of R = 0.855 and a standard deviation SD = 0.03 at a probability of p = 95%. 

It is interesting to note that a large number of earthquakes are accompanied by larger 
values of the IP, or vice versa: at large values of the IP, a large number of earthquakes are 
observed.  

Now we arrive at the main question of the paper: how we can interpret this similarity 
in unitary variations of the ionospheric potential and global distribution of earthquakes? 
What does this unitary variation mean at all, considered from a geodetic point of view, if 
we suppose that the curve reflects the value of some parameter at 00 LT (16–18 h UT cor-
responds to 00 LT at longitudes 120–150 E)? 

Figure 8. Distribution of hourly values of the potential gradient in the fair-weather electric field
(Carnegie curve according to the data from 1915–1921) with respect to the hourly values of the
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global seismological catalog for 1973–2017.

The conducted the same procedure, but without a time shift, to calculate the cross-
correlation coefficient between the IP (line A in the Figure 7) and earthquake frequency.
This result is presented in the Figure 9.
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Figure 9. Distribution of the hourly values of the IP (curve B in the Figure 7) depending on the hourly
values of the global number of earthquakes with a magnitude of M ≥ 4.5 at varying depths from
1973–2017, according to the NEIC global seismological catalog. The straight line is the regression
between the number of earthquakes and the modeled ionospheric potential with a correlation
coefficient of R = 0.855 and a standard deviation SD = 0.03 at a probability of p = 95%.

It is interesting to note that a large number of earthquakes are accompanied by larger
values of the IP, or vice versa: at large values of the IP, a large number of earthquakes
are observed.

Now we arrive at the main question of the paper: how we can interpret this similarity
in unitary variations of the ionospheric potential and global distribution of earthquakes?
What does this unitary variation mean at all, considered from a geodetic point of view,
if we suppose that the curve reflects the value of some parameter at 00 LT (16–18 h UT
corresponds to 00 LT at longitudes 120–150 E)?
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5. Seismoionospheric Coupling Contribution to the GEC’s Dynamics

If we accept the possibility of a seismic activity contribution to the ionospheric poten-
tial through seismoionospheric coupling, let us consider in greater detail how this may
happen. In general, the ionosphere is controlled by solar activity, and the morphology of
ionospheric behavior is well known and modeled, both theoretically (Namgaladze et al.,
1988) [38] and empirically (Bilitza et al., 2017) [39]. In all cases, when we observe irregular
ionospheric variability we look for the source of such impact. To not become immersed in
the different kinds of ionospheric variability, we will directly consider seismicity-induced
effects in the ionosphere, and, especially, pre-earthquake effects (Ouzounov et al., 2018) [40].
Among the recent publications, we found one that could be key in the present discussion
(Pulinets and Davidenko, 2018) [12]. In the majority of earthquake cases, we observe the
nighttime positive TEC variation, which appears a few days (from 1 to 10) before the
seismic shock. Its remarkable feature is that such ionospheric disturbances appear after
sunset and last throughout the night, until sunrise. In Figure 10 such ionospheric variation
is shown for the case of the M7.5 earthquake on 25 March 2020 in the Kuril Islands area;
some explanation is necessary. We present the percentage deviation of the TEC (expressed
in color tones) in two temporal scales simultaneously: on the vertical scale, we have the
local time (every vertical bar is a whole day, from 00:00 to 24:00 UT). The horizontal scale
presents the numerically ordered day of the year (i.e., 25 March is 85 DOY). In such pre-
sentation, the ionospheric precursor is reminiscent of a red stalactite–stalagmite formation
(Pulinets et al., 2015) [31].
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Figure 10. Ionospheric GPS TEC percentage residual variations for March 2020 (GPS receiver pets).
The moment of the M7.5 earthquake that occurred east of the Kuril Islands is indicated by the
red triangle.

The question arises: is there any relationship of the positive variation in the ionosphere
with the ionospheric potential? According to the lithosphere–atmosphere–ionosphere
coupling (LAIC) model, the IIN initiated by the ionization produced by radon emanation
leads to the formation of large clusters of ions with extremely low mobility, the sharp
decrease of which contributes to air-column conductivity. We obtained an effect similar
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to the effect of dust storms, when, over the area of the dust storm, positive ionospheric
anomalies also appear (Pulinets and Davidenko, 2014) [11]. The effect of air-column
conductivity on the local modification of ionospheric potential was estimated by Morozov
(2011) [41]. He calculated that, under concentrations of aerosol particles of 5 × 1010 m−3

in the boundary layer of the atmosphere, the ionospheric potential will increase, from
300 kV to 330 kV. In our conditions, according to Pulinets and Davidenko (2018) [12], the
maximum concentration of large-scale clustered ions reached during the nighttime, when
the upper boundary of the planetary boundary layer (PBL) has an altitude near 200–300 m
and all particles created by ionization are pinned to the Earth’s surface, is what creates the
conditions of high aerosol concentration and low air conductivity.

We can now state that the positive variation of the TEC should be accompanied by the
positive deviation of the ionosphere potential. So, near-ground processes described by our
model (Pulinets et al., 2015) [31] pumping energy into the ionosphere through the global
electric circuit, and simultaneously contribute to the IP.

Taking this idea as a possible explanation of the observed UT dependence, we should
establish two things: the contributions of the different longitudinal regions of the planet
to its overall seismic activity, and revealing which longitudinal areas of the globe in local
night correspond to the maxima of the IP distributions. Let us conditionally separate the
areas of global seismic activity along three longitudinal zones (top panel of Figure 11), and
divide all 226674 cases from our sample into subsets of earthquakes registered within these
zones (Figure 11b)
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Figure 11. Top panel—longitudinal separation of the global seismic activity by three zones (a). Bottom
panel—hourly number of earthquakes in different longitudinal zones for the period 1973–2017 (b).
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One can see that the overwhelming majority of earthquakes takes place in the Asia–
Australia longitudinal sector, and they represent the largest contribution to global seismic
activity. We doubt if one will find the essential difference between the UT distribution
of global earthquakes and earthquakes in the Asia–Australia sector only for the period
1973–2017, as presented in the Figure 12, but absent the number of earthquakes in each set.
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Bottom panel—UT distribution of the seismic activity in the Asia-Australia longitudinal sector for
the period 1973–2017.

We can draw the conclusion that the Asian–Australian longitudinal sector makes
the largest contribution to the world’s earthquakes UT distribution maximum. Taking
into account that the main contribution to the IP is pre-earthquake anomalies occurring at
nighttime, we need to examine which longitudinal sector corresponds to the interval of
ionospheric potential’s UT distribution maximum; and, we obtained the expected answer—
the Asian–Australian longitudinal sector. So, the most seismoactive region on the globe
shows the largest contribution to the variation in IP coinciding in time with that UT interval
for which the IP maximum is observed.
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This conclusion is illustrated by Figure 13. We present three precursory periods for
the major earthquakes in the different zones of the Asian–Australian longitudinal sector to
examine which local times, in these sectors, correspond to 18:00 UT: they were the M6.3
Bushehr earthquake of 9 April 2013, the M9 Tohoku earthquake, in Japan, on 11 March
2011, and the M7.5 earthquake that struck east of the Kuril Islands on 25 March 2020.
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Figure 13. Night-time positive precursory anomalies for three major earthquakes: the M6.3 Bushehr earthquake of 9
April 2013, the M9 Tohoku earthquake in Japan on 11 March 2011, and the M7.5 earthquake that struck east of the Kuril
Islands earthquake on 25 March 2020 in comparison with the UT distribution of earthquakes in the Asian–Australian
longitudinal sector.

We can see from the Figure 13 that 18:00 UT corresponds to 22:30 LT in Iran, 03:00 LT
in Japan, and 06:00 LT (before sunrise) in the Kuril Islands.

We should also mention that positive irregularities, forming within the ionosphere,
scale with magnitude in size, according to Dobrovolsky et al. (1979) [37] as R(km) = 100.43M.
In the case of the M7.5 earthquake, R ≈ 1700 km. A differential map for the Kuril Islands’
earthquake of 25 March 2020 is shown in Figure 14. Taking 1700 km as the radius of the
anomalous zone in the ionosphere, we obtain the area of nearly nine million square kilome-
ters. Such a huge area will certainly modulate the ionospheric potential’s distribution.



Geosciences 2021, 11, 491 14 of 17Geosciences 2021, 11, x FOR PEER REVIEW 15 of 18 
 

 

 
Figure 14. Differential TEC map registered 6 days before the M7.6 earthquake east of the Kuril Is-
lands on 25 March 2020. Red star—position of the earthquake epicenter. 

6. Conclusions 
From the discussion above we can conclude that the global seismic activity is provid-

ing an essential contribution to the global electric current. This is expressed by the exist-
ence of a unitary variation in the global seismic activity having high correlation with the 
Carnegie curve and IP UT distribution. This contribution is observed in both domains of 
atmospheric electricity: in the effects of EF generation in thunderstorm activity areas, and 
in the effects of the ionospheric potential’s modulation in fair-weather areas:  

Contribution to lightning activity: (a) near-ground air ionization by increased radon 
activity in seismically active areas facilitates lightning discharges; (b) a sharp decrease or 
even direction reversal of the atmospheric electric field increases the potential difference 
between a thunderstorm’s bottom cloud edge and the ground surface; (c) the generation 
of aerosols due to IIN effects, which serve as condensation nuclei for the formation of 
thunderstorm clouds. 

One more argument for the relevance of the seismic activity UT distribution to thun-
derstorm activity is the similarity of this distribution with continental lightning activity 
[Whipple and Scrase, 1936; Siingh et al., 2015] [42,43] (Figure 15), where the flat distribu-
tion within the interval 12:00–20:00UT can be observed and which can also clearly be dis-
tinguished in the UT distributions of seismic activity. 

Figure 14. Differential TEC map registered 6 days before the M7.6 earthquake east of the Kuril
Islands on 25 March 2020. Red star—position of the earthquake epicenter.

6. Conclusions

From the discussion above we can conclude that the global seismic activity is providing
an essential contribution to the global electric current. This is expressed by the existence of
a unitary variation in the global seismic activity having high correlation with the Carnegie
curve and IP UT distribution. This contribution is observed in both domains of atmospheric
electricity: in the effects of EF generation in thunderstorm activity areas, and in the effects
of the ionospheric potential’s modulation in fair-weather areas:

Contribution to lightning activity: (a) near-ground air ionization by increased radon
activity in seismically active areas facilitates lightning discharges; (b) a sharp decrease or
even direction reversal of the atmospheric electric field increases the potential difference
between a thunderstorm’s bottom cloud edge and the ground surface; (c) the generation
of aerosols due to IIN effects, which serve as condensation nuclei for the formation of
thunderstorm clouds.

One more argument for the relevance of the seismic activity UT distribution to thun-
derstorm activity is the similarity of this distribution with continental lightning activity
[Whipple and Scrase, 1936; Siingh et al., 2015] [42,43] (Figure 15), where the flat distri-
bution within the interval 12:00–20:00UT can be observed and which can also clearly be
distinguished in the UT distributions of seismic activity.

Ionospheric potential modulation: Large-scale increases in the electron concentra-
tion in the ionosphere above areas of earthquake preparation lead to increases in the
ionospheric potential.

The universal time distribution of the global seismic activity, with consideration of
local nighttime intervals as the period in which ionospheric precursors are generated corre-
sponds with the longitudinal distribution of the intensity of seismic activity. The primary
maximum in the unitary distribution corresponds to the Asia–Australia longitudinal sector,
the most seismically active area on the globe.

Due to the problem’s complexity we consider this publication as a first open-discussion
paper, with which we hope to attract the attention of scientists to this intriguing problem
of geospheres’ interactions.



Geosciences 2021, 11, 491 15 of 17Geosciences 2021, 11, x FOR PEER REVIEW 16 of 18 
 

 

 
Figure 15. From top to bottom: Carnegie curve and global thunderstorm activity (after Whipple and 
Scrase, 1936) [40], and global seismic activity UT distributions. 

Ionospheric potential modulation: Large-scale increases in the electron concentra-
tion in the ionosphere above areas of earthquake preparation lead to increases in the ion-
ospheric potential. 

The universal time distribution of the global seismic activity, with consideration of 
local nighttime intervals as the period in which ionospheric precursors are generated cor-
responds with the longitudinal distribution of the intensity of seismic activity. The pri-
mary maximum in the unitary distribution corresponds to the Asia–Australia longitudi-
nal sector, the most seismically active area on the globe. 

Due to the problem’s complexity we consider this publication as a first open-discus-
sion paper, with which we hope to attract the attention of scientists to this intriguing prob-
lem of geospheres’ interactions. 

Author Contributions: Conceptualization, S.P.; Data curation, G.K.; Investigation, S.P. and G.K.; 
Methodology, S.P. All authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Wilson, C.T.R. Investigations on lightning discharges and on the electric field of thunderstorms. Mon. Weather. Rev. 1921, 49, 

241, doi:10.1175/1520-0493(1921)492.0.co;2. 
2. Roble, R.G.; Tzur, I. The Global Atmospheric-Electrical Circuit. In The Earth’s Electrical Environment; Studies in Geophysics Se-

ries; National Academy Press: Washington, DC, USA, 1986; pp. 206–231. 

Figure 15. From top to bottom: Carnegie curve and global thunderstorm activity (after Whipple and
Scrase, 1936) [40], and global seismic activity UT distributions.

Author Contributions: Conceptualization, S.P.; Data curation, G.K.; Investigation, S.P. and G.K.;
Methodology, S.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wilson, C.T.R. Investigations on lightning discharges and on the electric field of thunderstorms. Mon. Weather. Rev. 1921, 49, 241.

[CrossRef]
2. Roble, R.G.; Tzur, I. The Global Atmospheric-Electrical Circuit. In The Earth’s Electrical Environment; Studies in Geophysics Series;

National Academy Press: Washington, DC, USA, 1986; pp. 206–231.
3. Bering, E.A., III; Few, A.A.; Benbrook, J.R. The Global Electric Circuit. Phys. Today 1998, 51, 24–30. [CrossRef]
4. Williams, E.R. The global electrical circuit: A review. Atmos. Res. 2009, 91, 140–152. [CrossRef]
5. Williams, E.; Mareev, E. Recent progress on the global electrical circuit. Atmos. Res. 2014, 135–136, 208–227. [CrossRef]
6. Slyunyaev, N.N.; Mareev, E.A.; Zhidkov, A.A. On the variation of the ionospheric potential due to large-scale radioactivity

enhancement and solar activity. J. Geophys. Res. Space Phys. 2015, 120, 7060–7082. [CrossRef]
7. Ilin, N.V.; Shatalina, M.V.; Slyunyaev, N.N. Simulation of seasonal dynamics of the global electric circuit diurnal variation. Izv.

Phys. Atmos. Ocean 2019, 55, 76–84. [CrossRef]
8. Slyunyaev, N.N.; Ilin, N.V.; Mareev, E.A. Modeling Contributions of Continents and Oceans to the Diurnal Variation of the Global

Electric Circuit. Geophys. Res. Lett. 2019, 46, 5516–5525. [CrossRef]
9. Ilin, N.V.; Slyunyaev, N.N.; Mareev, E.A. Toward a Realistic Representation of Global Electric Circuit Generators in Models of

Atmospheric Dynamics. J. Geophys. Res. Atmos. 2020, 125, 032130. [CrossRef]
10. Pulinets, S. Physical mechanism of the vertical electric field generation over active tectonic faults. Adv. Space Res. 2009, 44,

767–773. [CrossRef]

http://doi.org/10.1175/1520-0493(1921)49&lt;241a:IOLDAO&gt;2.0.CO;2
http://doi.org/10.1063/1.882422
http://doi.org/10.1016/j.atmosres.2008.05.018
http://doi.org/10.1016/j.atmosres.2013.05.015
http://doi.org/10.1002/2015JA021039
http://doi.org/10.1134/S0001433819050086
http://doi.org/10.1029/2019GL083166
http://doi.org/10.1029/2019JD032130
http://doi.org/10.1016/j.asr.2009.04.038


Geosciences 2021, 11, 491 16 of 17

11. Pulinets, S.; Davidenko, D. Ionospheric precursors of earthquakes and Global Electric Circuit. Adv. Space Res. 2014, 53, 709–723.
[CrossRef]

12. Pulinets, S.A.; Davidenko, D.V. The Nocturnal Positive Ionospheric Anomaly of Electron Density as a Short-Term Earthquake
Precursor and the Possible Physical Mechanism of Its Formation. Geomagn. Aeron. 2018, 58, 559–570. [CrossRef]

13. Morozov, V.N.; Kupovykh, G.V. Global Electric Circuit and Near-Ground Layer Electricity, Federal Service of Hydrometeorology and
Environment Monitoring; Voieikov Main Geophysical Observatory, ASTERION Publ.: Sankt-Petersburg, Russia, 2017; 306p. (In
Russian)

14. Slyunyaev, N.N.; Mareev, E.A.; Kalinin, A.V.; Zhidkov, A.A. Influence of Large-Scale Conductivity Inhomogeneities in the
Atmosphere on the Global Electric Circuit. J. Atmos. Sci. 2014, 71, 4382–4396. [CrossRef]

15. Pulinets, S.A.; Khachikyan, G.Y. Unitary Variation in the Seismic Regime of the Earth: Carnegie-Curve Matching. Geomagn. Aeron.
2020, 60, 787–792. [CrossRef]

16. Hays, P.B.; Roble, R.G. A quasi-static model of global atmospheric electricity. I. Lower atmosphere. J. Geophys. Res. 1979, 84,
291–305. [CrossRef]

17. Liu, C.; Williams, E.R.; Zipser, E.J.; Burns, G. Diurnal Variations of Global Thunderstorms and Electrified Shower Clouds and
Their Contribution to the Global Electrical Circuit. J. Atmos. Sci. 2010, 67, 309–323. [CrossRef]

18. Mareev, E.A.; Yashunin, S.A.; Davydenko, S.S.; Marshall, T.C.; Stolzenburg, M.; Maggio, C.R. On the role of transient currents in
the global electric circuit. Geophys. Res. Lett. 2008, 35, L15810. [CrossRef]

19. Davydenko, S.S.; Marshall, T.C.; Stolzenburg, M. Modeling the electric structures of two thunderstorms and their contributions to
the global circuit. Atmos. Res. 2009, 91, 165–177. [CrossRef]

20. Golubenko, K.; Rozanov, E.; Mironova, I.; Karagodin, A.; Usoskin, I. Natural Sources of Ionization and Their Impact on
Atmospheric Electricity. Geophys. Res. Lett. 2020, 47, 2020–088619. [CrossRef]

21. Chandrashekara, M.; Sannappa, J.; Paramesh, L. Studies on atmospheric electrical conductivity related to radon and its progeny
concentrations in the lower atmosphere at Mysore. Atmos. Environ. 2006, 40, 87–95. [CrossRef]

22. Kobeissi, M.A.; Gomez, F.; Tabet, C. Measurement of anomalous radon gas emanation across the Yammouneh Fault in southern
Lebanon: A possible approach to earthquake prediction. Int. J. Disaster Risk Sci. 2015, 6, 250–266. [CrossRef]

23. Yamauchi, M.; Takeda, M.; Makino, M.; Owada, T.; Miyagi, I. Settlement process of radioactive dust to the ground inferred from
the atmospheric electric field measurement. Ann. Geophys. 2012, 30, 49–56. [CrossRef]

24. Mikhailov, Y.M.; Mikhailova, G.A.; Kapustina, O.V.; Buzevich, A.V.; Smirnov, S.E. Power spectrum features of the near-Earth
atmospheric electric field in Kamchatka. Ann. Geophys. 2004, 47, 237–245. [CrossRef]

25. Vershinin, E.F.; Buzevich, A.V.; Yumoto, K.; Saita, K.; Tanaka, Y. Correlations of seismic activity with electromagnetic emissions
and variations in Kamchatka region. In Atmospheric and Ionospheric Electromagnetic Phenomena Associated with Earthquakes; Terra
Scientific Publishing Company: Tokyo, Japan, 1999; pp. 513–517.

26. Liu, J.Y.; I Chen, Y.; Huang, C.H.; Ho, Y.Y.; Chen, C.H. A Statistical Study of Lightning Activities and M ≥ 5.0 Earthquakes in
Taiwan During 1993–2004. Surv. Geophys. 2015, 36, 851–859. [CrossRef]

27. Aich, V.; Holzworth, R.; Goodman, S.J.; Kuleshov, Y.; Price, C.; Williams, E. Lightning: A New Essential Climate Variable. Eos
2018, 99. [CrossRef]

28. Christian, H.J.; Blakeslee, R.; Boccippio, D.J.; Boeck, W.L.; Buechler, D.E.; Driscoll, K.T.; Goodman, S.J.; Hall, J.M.; Koshak, W.J.;
Mach, D.M.; et al. Global frequency and distribution of lightning as observed from space by the Optical Transient Detector. J.
Geophys. Res. Space Phys. 2003, 108, ACL 4-1–ACL 4-15. [CrossRef]

29. Ershova, T.V. Spatial inhomogeneity of thunderstorm activity and Earth’s gravity field anomalies. Vestn. Tomsk State Pedagog.
Univ. 2015, 11, 169–173.

30. Laakso, L.; Mäkelä, J.M.; Pirjola, L.; Kulmala, M. Model studies on ion-induced nucleation in the atmosphere. J. Geophys. Res.
Space Phys. 2002, 107, AAC 5-1. [CrossRef]

31. Pulinets, S.A.; Ouzounov, D.; Karelin, A.V.; Davidenko, D. Physical bases of the generation of short-term earthquake precursors:
A complex model of ionization-induced geophysical processes in the lithosphere-atmosphere-ionosphere-magnetosphere system.
Geomagn. Aeron. 2015, 55, 521–538. [CrossRef]

32. Whipple, F.J.W. On the association of the diurnal variation of electric potential gradient in fine weather with the distribution of
thunderstorms over the globe. Q. J. R. Meteorol. Soc. 1929, 55, 1–18. [CrossRef]

33. Harrison, R.G. The Carnegie Curve. Surv. Geophys. 2013, 34, 209–232. [CrossRef]
34. Mauchly, S.J. Studies in atmospheric electricity based on observations made on the Carnegie, 1915–1921. Carnegie Inst. Wash. Publ.

1926, 175, 385–424.
35. Pulinets, S.A.; Khegaï, V.V.; Boyarchuk, K.A.; Lomonosov, A.M. The atmospheric electric field as a source of variability in the

ionosphere. Phys. Uspekhi 1998, 41, 515–522. [CrossRef]
36. Pulinets, S.; Boyarchuk, K.; Hegai, V.; Kim, V.; Lomonosov, A. Quasielectrostatic model of atmosphere-thermosphere-ionosphere

coupling. Adv. Space Res. 2000, 26, 1209–1218. [CrossRef]
37. Dobrovolsky, I.P.; Zubkov, S.I.; Miachkin, V.I. Estimation of the size of earthquake preparation zones. Pure Appl. Geophys.

PAGEOPH 1979, 117, 1025–1044. [CrossRef]
38. Namgaladze, A.A.; Korenkov, Y.N.; Klimenko, V.V.; Karpov, I.V.; Bessarab, F.S.; Surotkin, V.A.; Glushchenko, T.A.; Naumova,

N.M. Global model of the thermosphere-ionosphere-protonosphere system. Pure Appl. Geophys. 1988, 127, 219–254. [CrossRef]

http://doi.org/10.1016/j.asr.2013.12.035
http://doi.org/10.1134/S0016793218040126
http://doi.org/10.1175/JAS-D-14-0001.1
http://doi.org/10.1134/S0016793220060110
http://doi.org/10.1029/JA084iA07p03291
http://doi.org/10.1175/2009JAS3248.1
http://doi.org/10.1029/2008GL034554
http://doi.org/10.1016/j.atmosres.2008.08.006
http://doi.org/10.1029/2020GL088619
http://doi.org/10.1016/j.atmosenv.2005.09.026
http://doi.org/10.1007/s13753-015-0058-1
http://doi.org/10.5194/angeo-30-49-2012
http://doi.org/10.4401/ag-3275
http://doi.org/10.1007/s10712-015-9342-2
http://doi.org/10.1029/2018EO104583
http://doi.org/10.1029/2002JD002347
http://doi.org/10.1029/2002JD002140
http://doi.org/10.1134/S0016793215040131
http://doi.org/10.1002/qj.49705522902
http://doi.org/10.1007/s10712-012-9210-2
http://doi.org/10.1070/PU1998v041n05ABEH000399
http://doi.org/10.1016/S0273-1177(99)01223-5
http://doi.org/10.1007/BF00876083
http://doi.org/10.1007/BF00879812


Geosciences 2021, 11, 491 17 of 17

39. Bilitza, D.; Altadill, D.; Truhlik, V.; Shubin, V.; Galkin, I.; Reinisch, B.; Huang, X. International Reference Ionosphere 2016: From
ionospheric climate to real-time weather predictions. Space Weather. 2017, 15, 418–429. [CrossRef]

40. Ouzounov, D.; Pulinets, S.; Hattori, K.; Taylor, P. Pre-Earthquake Processes; Wiley: Hoboken, NJ, USA, 2018; p. 384.
41. Morozov, V.N. Mathematical Modeling of the Atmosphere-Electric Processes Taking into Account the Effect of Aerosol Particles and

Radioactive Substances; Russian State Hydrometeorological University (RSHU) Publ.: Sankt-Petersburg, Russia, 2011; 252p. (In
Russian)

42. Whipple, F.J.W.; Scrase, F.J. Point discharge in the electric field of the Earth. Geophys. Mem. Lond. VII 1936, 68, 1–20.
43. Siingh, D.; Singh, R.; Kumar, S.; Dharmaraj, T.; Singh, A.K.; Singh, A.K.; Patil, M.; Singh, S. Lightning and middle atmospheric

discharges in the atmosphere. J. Atmos. Sol. Terr. Phys. 2015, 134, 78–101. [CrossRef]

http://doi.org/10.1002/2016SW001593
http://doi.org/10.1016/j.jastp.2015.10.001

	Introduction 
	Lightning Activity and Earthquakes 
	Spatial Distribution of Lightning 
	Carnegie Curve and Earthquakes 
	Seismoionospheric Coupling Contribution to the GEC’s Dynamics 
	Conclusions 
	References

