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Lorentz Force Contribution to Thunderstorm’s Electrical
Characteristics
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Abstract—In this paper, the exerted electric and geomagnetic forces on the electrified hydrometeors
in thunderclouds are compared. The parameters of geomagnetic field are acquired from International
Geomagnetic Reference Field (IGRF) model. First, the calculations showed that the magnitude of the
electric force exerted on a charged hydrometeor dominated the magnitude of the geomagnetic force in
troposphere. These results revealed the significance of electric force in the formation of thunderclouds’
charge structure. Moreover, as the electric field increases in thunderstorm conditions, (regarding the
dependence of the induction mechanism of cloud electrification to the intensity of the electric field), the
increased electric field strengthens the induction mechanism of cloud electrification and influences the
electrical properties of thunderstorm. Second, using satellite-based/ground-based data and reports, an
inverse relation has been revealed between the total geomagnetic field and the mean annual lightning
activity in most of the hot spots on the Earth. Moreover, a comparison between the global annual
thunder days’ map and the map of global total geomagnetic field showed an inverse relation between
these two maps. Furthermore, regarding the horizontal and vertical correlation coefficient matrices of the
geomagnetic field and the global mean annual lightning activity (in the global tropics and subtropics),
approximately in latitudes and longitudes with high lightning density, the reverse relation between the
average annual lightning activity and the total geomagnetic field is stronger.

1. INTRODUCTION

There exists a vertical fair weather electric field (around 102V m~!) near the Earth’s surface which
results from the negative charges on the surface of the Earth and the positive charges in the air prior to
the lightning initiation. The electric field in the thundercloud rises, but this field is much smaller than
the conventional breakdown threshold field of the air which is 3.2 x 105V m~! at ground pressure [1-4].
The separation of charges in the thundercloud may eventually produce an electric field that becomes so
large (around 3 x 10° ~ 4 x 10° V m~!) that it could initiate the lightning stroke [5]. One fact agreed
by most of researchers [6-12] is the contribution of intense lightning discharges to the global electric
circuit (GEC). The substantial role of the lightning and thunderstorm in GEC would justify the need
to investigate the charge structure of thunderclouds.

Researchers pointed out that there could be other unknown methods for describing the causes of
cloud electrification, electric field development, and lightning initiation [1]. The effects of the electric
and magnetic forces might be two of the important methods which may take part in electrical properties
of thunderclouds.

The goal of this study is to compare the electric and magnetic forces exerted on the electrified
hydrometeors in thunderclouds. This study is structured as follows. First, the data and methods
are presented. Second, we discuss the results. Ultimately, in the final section, we provide a concise
conclusion of the study.
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2. DATA AND METHOD

2.1. Effects of the Lorentz Force on the Charge Structure of Thunderstorms

The Lorentz force (the exerted force on a moving charged particle due to the combined electric and
magnetic fields) may be a possible contributor to the formation of tornados [13]. Regarding the Lorentz
force equation, after hydrometeors’ electrification (by each process of cloud electrification) the moving
positive and negative charges could be influenced by both of the electric and magnetic forces

F=q - (VxB)+q-E (1)

where ﬁ,q,v,é and E stand for the Lorentz force, hydrometeor’s charge, velocity of hydrometeor,
geomagnetic field, and atmospheric electric field, respectively.

The charged areas of the cloud tend to place between 3km and 10km above the Earth’s surface
[14]. Water droplets and ice crystals in the clouds are thought to be the charge carriers which produce
huge electric fields necessary for lightning initiation [13]. In thunderstorms, small particles (1-2 mm in
diameter) have often been observed to carry charges of a few hundred Pico-coulombs [5, 15].

In this subsection of the study, the geomagnetic field components are extracted from IGRF model
in order to investigate the geomagnetic force acting on an electrified hydrometeor in thunderstorm. The
IGRF model is a standard mathematical description of the geomagnetic field which is created by fitting
parameters of a mathematical model of the magnetic field to the measured magnetic field data from
surveys, observatories, and satellites across the globe. The IGRF has been produced and updated under
the direction of the International Association of Geomagnetism and Aeronomy (IAGA) since 1965.

The IGRF function is valid between the heights of —1km (1km below the Earth’s surface) and
600 km (above the Earth’s surface); this model also contains the data of the geomagnetic field in different
years (from 1900). The geocentric components of the geomagnetic field could be obtained from IGRF
model [16]. In this study, we select the Cartesian coordinate system (in which z, y, and z represent
northward, eastward, and radially inwards directions, respectively).

The geomagnetic field vector could be described by the orthogonal components: B, (northward
intensity), B, (eastward intensity), and B, (downward intensity). The horizontal intensity (Bp) is

described as the net of B, and B, (Bg = (/B2 + BZ2). The total intensity of the geomagnetic field
(Br) is the net of B,, By, and B, (Br = /B2+ B2+ B2 = \/B}; + B2). Inclination (I) is the

angle between the horizontal plane and the geomagnetic field vector, measured positive downwards
(I =tan~!(B,/Bpy)). Declination (D) is the horizontal angle between the true north and the field vector,
measured positive eastwards (D = tan~!(B,/B,)) [17]. Using IGRF model, both of the Inclination and
Declination of the geomagnetic field could be obtained in degrees.

Some observational results [18,19] are clues which specify the significance of the hydrometeors’
velocity in the formation of the thunderclouds’ charge structure. A strong correlation between the
hydrometeors’ velocity and the lightning activity is reported by some researchers [20-23].

Observations of cloud electrification showed that both the intensity and direction of the
hydrometeor’s velocity crucially impact the thundercloud’s electrical properties. Therefore, it could
be useful to investigate the role of the hydrometeors’ velocity in thundercloud’s electrical properties
considering the geomagnetic field as a medium regarding the magnetic term of the Lorentz force equation
(the first term of Eq. (1)).

In this study, it is supposed that the electrified hydrometeor’s velocity has three components (V,
Vy, and V, which symbolize the northward, eastward, and downward components, respectively). The
signs of the updraft motion and upward magnetic force are considered negative (—). Based on Eq. (2),
the geomagnetic force (emanated from both of the geomagnetic field and the velocity of the electrified
hydrometeors) has three components (based on the magnetic term of the Lorentz force equation, in
Cartesian coordinate, the geomagnetic force could be as follows):

F, =q(VyB, - V.By), Northward Magnetic Force
Fy=q(V.B, — V;B,), Fastward Magnetic Force (2)
F, =q(Vo, B, — V,B,), Downward Magnetic Force
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The amount of the geomagnetic field’s components (B, By, B.), which could be acquired from IGRF
model, depends on the location of the hydrometeor in troposphere. Different components of the velocity
(V, Vy, V) with regard to the geomagnetic field lead to geomagnetic force (F, Fy, F;)); Fr stands for
the total geomagnetic force which is the net of the northward, eastward, and downward components of

the geomagnetic force (Fr = /F2 + 2 + F2).

2.2. Effects of the Electric Field on the Electrical Properties of Thunderstorms

The diurnal cycle of the atmospheric potential gradient (the vertical electric field) had been measured
on the research ship Carnegie in a series of cruises between 1909 and 1929 [24]. The diurnal variation in
the atmospheric potential gradient is correlated with the diurnal variation in the global thunderstorm
activity [25].

There is a good correlation between the magnitude of the current measured on fair-weather days
and the presence of the jet stream. This relation indicates that a jet stream may carry a higher positive
charge sufficient to enhance the typically positive fair-weather field under the area of the jet stream. A
jet stream is often observed in the vicinity of strong thunderstorms or other stormy regions, including
tornadoes [26].

Inductive mechanism of cloud electrification depends on the fair weather electric field to induce
charges in hydrometeors so that particle rebounds can separate the opposite charges and strengthen the
field [27]. Jet stream (which will give rise to fair weather electric field) could influence the inductive
mechanism. As a result, it could be stated that the inductive mechanism will have a stronger effect
on thunderstorm electrification (than when there is just fair weather electric field). Some observations
were reported about the correlation between the atmospheric electrical activity and the jet stream.

In reference [28], it is indicated that abnormally strong electric fields should be considered
in mathematical modeling (and analyzing the physical processes causing intensification) of tropical
cyclones, hurricanes, and thunderstorms generating the tornadoes.

The electromagnetic phenomena play a significant role in many of the atmospheric processes.
Electromagnetic forces could influence both generation (and maintenance) of the charged structure and
the motion of tropical cyclones [29]. In reference [30], it is reported that the electrostatic forces could
contribute to the warming of climate by increasing the concentration of large particles in atmospheric
dust.

The goal of this study is to compare the electric and magnetic forces exerted on moving charged
hydrometeors in thunderclouds. It is firstly required to have a rough perspective of the order of forces
that act on electrified hydrometeors. In this study, the calculation of forces (force of gravity, electric
force, and magnetic forces) is presented based on three amounts of observed charges on particles. Tiny
charged water droplets (from 0.01 um to 1pm in diameter) with charges in the range of 9.8 x 1078 to
2.5 x 1071* Coulombs were considered in [13] while in this study, electrified hydrometeors are supposed
to have radiuses from 10 um to 1000 um with charges of about 10~® to 10719 Coulombs.

2.3. Effects of the Geomagnetic Field on Electrical Properties of Thunderstorms

One of the aims of this study is to statistically investigate the influence of the geomagnetic field
on thunder phenomena. Although because of the complexity of thunderstorms (and the rare in-situ
measurements and observations), the underlying physical mechanisms could not be clearly identified,
the role of the geomagnetic field in both inductive and non-inductive mechanisms of cloud electrification
could be analyzed through conducting an evidence-based survey of the influences of the magnetic field
on some features of the hydrometeors. Some researchers (e.g., [31-35]) investigated the experimental
evidences for the impacts of the magnetic field on physical and chemical properties of water (viscosity,
enthalpies, surface tension, amount of evaporated water, electric conductivity, dielectric constant,
thermal conductivity, etc.).

The inductive mechanism of cloud electrification strongly depends on electrical conductivity of
droplets [36]. On the other hand, regarding the aforementioned observations and experiments, the
electrical conductivity of water will be affected with magnetic field application. Therefore, we propose
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that the geomagnetic field could cause some changes in the inductive mechanism of cloud electrification
through alteration of hydrometeors’ electrical conductivity (which are moving in troposphere).

The main non-inductive mechanism of thunderstorms’ electrification is the riming electrification
(which mainly occurs during collisions between graupel particle and ice crystal) [37]. The factor that
controls the sign of charge transfer during collisions is the relative diffusional growth rates (RDGR)
of the interacting ice particle surfaces [36]. The crystal growth rate [38] depends on some parameters
(e.g., the capacitance of water, the latent heat of sublimation, and the saturation vapor pressure). The
capacitance of water depends on magnetic field (regarding the variations in dielectric permittivity of
water after magnetic field treatment [33]). Moreover, the latent heat of sublimation varies with magnetic
field application (because the hydrogen bonding of water molecules could be affected with magnetic
field application [31]). Furthermore, the magnetic field could alter the saturation vapor pressure (as the
surface tension and the saturation vapor pressure of water are correlated [32]). All in all, we propose
that the geomagnetic field plays a role in determining the sign of charge transfer (in non-inductive
collisional charge separation process), by changing the hydrometeor’s microphysical parameters and
affecting the RDGR of colliding particles, because at least three parameters of the crystal growth rate
(capacitance, latent heat of sublimation, and saturation vapor pressure of water) could be affected with
the geomagnetic field.

Scientists presented evidences about the relations between the geomagnetic field and the
meteorological phenomena (e.g., pressure patterns). In reference [39], it is implied that in the upper
troposphere, cyclones (anticyclones) prevail where the geomagnetic field is weak (strong). The intensity
of the geomagnetic field could have a controlling effect on the meteorological pressure patterns in
the troposphere [40]. In reference [41], it is reported that the spatial and temporal changes of the
geomagnetic field may be associated with climatic changes (by controlling the precipitation of charged
particles from the magnetosphere).

Some researchers studied the possible connection of the geomagnetic field with cloud formation,
precipitation, temperature, and climate [42—44]. Their achievements showed that the cosmic rays
generate electrically charged particles when they hit the atmosphere. These particles absorb the water
molecules from the air and cause them to clump together until they condense into clouds. When (as a
consequence of the stronger geomagnetic field) fewer cosmic rays hit the atmosphere, fewer clouds form,
which causes warming.

There are several researches [45-50] indicating the relation between the cosmic rays and the
atmospheric electricity (e.g., lightning frequency). Because the geomagnetic field protects the Earth
from cosmic rays, there could be relations between the geomagnetic field and the atmospheric electricity.

Altogether, with regard to the aforementioned studies, there might be relationships between the
geomagnetic field and both meteorological phenomena and atmospheric electricity. In fact, it could be
concluded that as a consequence of the stronger geomagnetic field, fewer cosmic rays hit the atmosphere,
and fewer clouds form, which causes lower risk of the lightning initiation. On the other hand, decrement
of the geomagnetic field will result in penetration of more cosmic rays, and as a consequence the
probability of the lightning initiation will be higher.

In general, we cannot ignore the magnetic field as an interface between electrical energy and
mechanical energy. There are many devices which are designed with regard to the magnetic field
as a medium (motors, generators, etc.). The important role of the magnetic field in different contexts
triggers the idea that the geomagnetic field could affect the thunderstorms which are of main parts of
the atmospheric electricity in GEC model.

Therefore in this study, some regions from five continents are selected in order to analyze the
relation between the maps of the geomagnetic field (which are extracted from IGRF model) and the
mean annual maps of both lightning activity and thunder day events (which are acquired from satellite-
based /ground-based data and reports).

3. RESULTS AND DISCUSSION

In this study, three forces (geomagnetic force, electric force, and force of gravity) exerted on the moving
electrified hydrometeors are calculated in order to analyze and compare the role of these forces in
thunderstorms. Furthermore, the relations between the maps of the geomagnetic field and the mean
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annual maps of both lightning activity and thunder day events are investigated.

3.1. Calculation of the Forces

In this subsection of the study, in order to investigate the effects of the electric and geomagnetic fields
on thunderclouds, calculation of the forces (geomagnetic force, electric force, and force of gravity) is
presented based on three amounts of the observed charges on hydrometeors.

As it is aimed to compare the electric force with the geomagnetic force in thunderclouds, the other
forces (e.g., pressure gradient force, apparent Coriolis force, friction force, and apparent centrifugal
force) are neglected in this study (and just the force of gravity is considered). Table 1 shows the
calculation of forces based on three amounts of the observed charges on hydrometeors. In reference
[13], tiny charged water droplets (from 0.01 um to 1pum in diameter) with charges in the range of:
9.8 x 10718 to 2.5 x 104 Coulombs were considered while in this study, the electrified hydrometeors
with radiuses from 10 um to 1000 um and charges of about 107 to 107! Coulombs are considered.
The hydrometeors’ masses are calculated based on the water droplet density (for ice crystal, the density
is different).

Table 1. Calculation of the forces (geomagnetic force, electric force, and force of gravity) exerted on
the charged hydrometeors in thunderclouds.

Reference of observed
charges on particles [55] 15 15, 56]
Parameters and Forces,
(Unit), [Symbol]
Radius, (pum) 10 100 1000
Charge, (C), [q] 107" 1072 10710
Mass, (kg)Note D) [m] 419%x 1072 | 419%x107° | 4.19x%x107°
Fi = E-q, (N) (Eftair weather ~ 102V m™) 10718 10~ 1078
Fy = E-q, (N) (Ethundercloud = 10* ~ 106V m™1) 107 ~107° | 107°~1077 | 1076 ~107*
F3=m-g, (N) 411 x 107" | 411 x107® | 411 x107°
Fy=q-(vx B)Nete2 (N) 1.8x107% | 1.8x107% | 1.8x 107

Note 1: The masses are calculated based on water droplet density (and the density of ice crystal is different).
Note 2: B(geomagnetic fietd) = 6 X 107° (T); Hydrometeor’s velocity: v = 30 (m s~ 1).

It is clear that the electric force and the force of gravity approximately have the same orders, and
they are much stronger than the geomagnetic force (at least 5 orders). In fact, the calculations presented
in Table 1 confirm that the electric force and the force of gravity are salient, and the geomagnetic force
is negligible in the vertical direction. It should be noted that the increment or decrement of the
geomagnetic force depend on both the location (elevation, latitude, and longitude) and the velocity of
charged hydrometeors.

It is an important point that the force of gravity is in the vertical direction (Z), but the electric
force and the geomagnetic force could be in any direction (Z, ¥, Z), and the directions of forces are not
considered in Table 1 (although in fair weather conditions the electric force is just in vertical direction,
but in thunderclouds there could be horizontal electric fields generated from horizontal opposite charge
layers). Therefore, the effect of horizontal geomagnetic force (the combination of north/southward and
east/westward components of the geomagnetic force) acting on the electrified hydrometeors could not
be ignored in horizontal direction. All in all, the electric force and the force of gravity are much stronger
than the geomagnetic force in vertical direction, and the electric force and geomagnetic force could not
be ignored in horizontal direction.

In general, as a comparison between the electric force and geomagnetic force, it could be concluded
that the electric force (in both of fair weather and thunderstorm conditions) plays a remarkable (more
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important and impressive) role in the troposphere rather than the geomagnetic force and could strongly
influence the formation of the thunderclouds’ charge structure.

3.2. Effects of the Geomagnetic Field on the Electrical Properties of Thunderstorms

In this subsection of the study, some regions from five continents are selected in order to analyze the
relation between the maps of the geomagnetic field (extracted from IGRF model) and the mean annual
maps of both lightning activity and thunder day events (which are acquired from satellite-based /ground-
based data and reports).

3.2.1. Africa

First, using the data from reference [51], the average level of lightning activity throughout the year
(Flashes km~2 yr~1) for 48 regions in Africa are compared with the geomagnetic field components, and
the correlation coefficients are extracted.

Table 2 shows the correlation coefficients between the geomagnetic field components and the mean
annual lightning flash rate data.

Table 2. Correlation between the geomagnetic field components (extracted from IGRF model) and the
mean annual lightning flash rate (km™2 yr=1) for 48 regions of Africa (from [51]).

Parameters (mean annual lightning and geomagnetic field) Correlation Coefficient

Mean annual lightning flash rate & D (Declination) —0.044

Mean annual lightning flash rate & I (Inclination) —0.42264

Mean annual lightning flash rate & B, (Northward geomagnetic field) —0.03964

Mean annual lightning flash rate & B, (Eastward geomagnetic field) —0.12046

Mean annual lightning flash rate & B, (Downward geomagnetic field) —0.50379
Mean annual lightning flash rate & By (Horizontal geomagnetic field) —0.0413

Mean annual lightning flash rate & Br (Total geomagnetic field) —0.45792

The results reveal good correlations between (the Downward, Total, and Inclination components
of) the geomagnetic field and the mean annual lightning activity data in Africa (the absolute value
of the correlation coefficients are from 0.4 to 0.5 for these parameters). The reverse relation between
lightning activity and total geomagnetic field could be reported.

The Tropical Rainfall Measuring Mission (TRMM) Lightning Imaging Sensor (LIS) collected the
observations of lightning in the global tropics and subtropics (roughly 38°S to 38°N). This space-based
instrument has been used to detect the distribution and variability of total lightning [52]. The TRMM
LIS operated successfully for over 17 years, from launch in December 1997 until April 2015. The
satellite-based lightning data (from TRMM LIS) of Africa, for the regions between 35°S (—35) and
35°N (435) latitudes; 20°W (—20) and 50°E (+50) longitudes, are extracted and compared with the
total geomagnetic field. A comparison between the lightning density map (Fig. 1(b)) and the simulation
results of the total geomagnetic field (Fig. 1(a)) in Africa reveals that approximately, regions with higher
geomagnetic field almost have lower lightning density (which conform to the results obtained from Table
2 for the total geomagnetic field).

3.2.2. America

First, the satellite-based lightning data are considered so that these data cover the regions between
38°S (—38) and 38°N (+38) latitudes; 125°W (—125) and 35°W (—35) longitudes. Using the spatial
distribution of the total geomagnetic field (Fig. 2(a)) which is extracted from IGRF model, a comparison
is made between this map and the map of satellite-based lightning data (Fig. 2(b)) in America which
shows that regions with lower geomagnetic field almost have higher lightning density.
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Figure 1. A comparison between (a) map of the total geomagnetic field (extracted from IGRF model)
and (b) the annual lightning density map in Africa acquired from satellite-based lightning data (from
TRMM LIS); the horizontal axis shows the longitude (degree) and the vertical axis depicts the latitude
(degree).
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Figure 2. A comparison between (a) the map of total geomagnetic field (extracted from IGRF model)
and (b) the annual lightning density map in America acquired from satellite-based lightning data (from
TRMM LIS); the horizontal axis shows the longitude (degree) and the vertical axis depicts the latitude
(degree).

As the data of TRMM LIS have a restriction of being bounded between 38°S (—38) and 38°N (4-38)
latitudes, it is not possible to consider the northern high latitudes (regions with latitudes more than
38°N) in America for the comparison which is made in this subsection.

Second, the thunder days’ map (the average annual numbers of thunder events) of USA is considered
in order to find some evidences for the relation between the total geomagnetic field and the thunderstorm
activity (for the regions between 23°N (+23) and 50°N (+50) latitudes; 120°W (—120) and 50°W (—50)
longitudes). The map of average annual number of thunder events in USA is adapted from reference [1].

A comparison between the thunder days’ map (Fig. 3(b)) and the map of the total geomagnetic
field (Fig. 3(a)) in the USA reveals that regions with lower total geomagnetic field almost have higher
density of thunder days.
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Figure 3. A comparison between (a) the map of total geomagnetic field (extracted from IGRF model)
and (b) the map of average annual numbers of thunder events of USA (adapted from [1]); the horizontal
axis shows the longitude (degree) and the vertical axis depicts the latitude (degree).
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Figure 4. A comparison between (a) the map of total geomagnetic field (extracted from IGRF model)
and (b) the lightning density map in Middle East acquired from satellite-based lightning data (from
TRMM LIS); the horizontal axis shows the longitude (degree) and the vertical axis depicts the latitude
(degree).

3.2.53. Asia

The satellite-based lightning data have been extracted from TRMM LIS for Middle East (the regions
between 10°N (+10) and 38°N (+38) latitudes; 24°E (+24) and 64°E (+64) longitudes) in order to
investigate the relation between the total geomagnetic field and the lightning data.

A comparison between the satellite-based lightning data (Fig. 4(b)) for Middle East and the total
geomagnetic field (Fig. 4(a)), which is acquired from IGRF model, reveals that regions with lower total
geomagnetic field almost have higher lightning density.

3.2.4. Australia

The geomagnetic field components in Australia are extracted from IGRF model. First, it is intended
to compare the data of the geomagnetic field components with the data of the mean annual lightning
activity and thunder day events. The values of the average annual CG flash density (IVy), obtained by
ground-based lightning detection instruments, total flash density (/V;), and thunder days (7y), obtained
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by NASA satellite-based instruments, in 39 locations of Australia are derived from reference [53]. The
data of N, V¢, and Ty for 39 locations of Australia are compared with the geomagnetic field components,
and the correlation coefficients are extracted. The second column of Table 3 shows the correlation
coefficients between the geomagnetic field components and the CG lightning (Ny) activity data. The
results reveal good correlations between (the Northward, Downward, Horizontal, Total, and Inclination
components of) the geomagnetic field and the N, in Australia (the absolute value of the correlation
coefficient coefficients are from 0.58 to 0.6 for these parameters). Moreover, the third and fourth columns
of Table 3 show the correlation coefficients between the geomagnetic field components and both total
lightning (N¢) activity and thunder day events (7). Approximately, the same results (as the second
column) could be obtained from the comparison between these data. However, it should be noted that
there are stronger relations between the geomagnetic field components and the data of thunder days

(Ta).

Table 3. Correlation coefficients of the geomagnetic field components (extracted from IGRF model)
with both lightning activity and thunder days data for 39 locations of Australia (derived from [53]).

LIGHTNING AND
THUNDER DAYS CLOUD TO GROUND TOTAL THUNDER
GEOMAGNETIC FIELD LIGHTNING (N,) LIGHTNING (V;) DAYS (T,)
COMPONENTS
B, (Northward) 0.584423 0.537543 0.645302
B, (Eastward) 0.108966 0.256888 0.127181
B. (Downward) 0.600571 0.556216 0.671563
By (Horizontal) 0.589095 0.550634 0.65073
Br (Total) —0.58116 —0.55045 —0.65024
D (Declination) 0.017919 0.1608 0.023816
I (Inclination) 0.6082 0.556341 0.679544

Second, the spatial distribution of the total geomagnetic field is compared with the map of the
average annual numbers of thunder events (as derived from [53]) in Australia (the regions between 38°S
(—38) and 10°S (—10) latitudes; 115°E (4115) and 155°E (+155) longitudes). A comparison between
the thunder days’ map (Fig. 5(b)) and the simulation results of the total geomagnetic field (Fig. 5(a))
reveals that regions with lower total geomagnetic field almost have higher density of thunder days.

Third, the satellite-based lightning (Fig. 6(b)) data (from TRMM LIS) for the regions between
38°S (—38) and 10°S (—10) latitudes; 110°E (4110) and 160°E (+160) longitudes are extracted and
compared with the total geomagnetic field (Fig. 6(a)). A comparison between the lightning density
map (Fig. 6(b)) and the high resolution simulation results of the total geomagnetic field (Fig. 6(a)) in
Australia reveals that regions with lower total geomagnetic field almost have higher lightning density.

3.2.5. Europe

In this subsection of the study, as the satellite-based lightning data of TRMM LIS have a restriction of
being bounded between 38°S (—38) and 38°N (+38) latitudes, it is not possible to consider the northern
high latitudes (regions with latitudes more than 38°N) in Europe. Therefore, the lightning data of the
Europe are derived from the Earth Networks Global Lightning Network (ENGLN), which monitors the
combination of in-cloud and cloud-to-ground lightning strikes [54] over 100 countries with over 1,800
sensors. The data include the in-cloud lightning, cloud-to-ground lightning, total lightning, and thunder
days for 34 regions in Europe during 2019. The first 13 countries with highest amounts of lightning
activity in Europe are selected, and the relations between the geomagnetic field components and both
thunder days and lightning activity are investigated for these countries; the correlation coefficients are
extracted. The second column of Table 4 shows the correlation coefficients between the geomagnetic
field components and the thunder days’ data. Moreover, the third column of Table 4 is dedicated to the
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Figure 5. (a) Total geomagnetic field (nT), extracted from IGRF model for Australia; (b) Values of
the average annual Thunder days (Ty), derived from [53] for Australia.
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Figure 6. A comparison between (a) the map of total geomagnetic field (extracted from IGRF model)
and (b) the lightning density map in Australia acquired from satellite-based lightning data (from TRMM
LIS); the horizontal axis shows the longitude (degree) and the vertical axis depicts the latitude (degree).

correlation coefficients between the geomagnetic field components and the total lightning activity data.
The results reveal a good (reverse) correlation of the total geomagnetic field with the thunder day’ data
in Europe (the absolute value of the correlation is about 0.42).

With regard to the calculated correlation coefficients (in Table 2, Table 3, and Table 4), it could be
concluded that in the hotspot regions, the thunderstorms’ electrical properties are inversely correlated
with the total geomagnetic field. It should be noted that the thunderstorms’ electrical properties in some
regions might (at the same time) be correlated with I, B,, B, and By. This is probably influenced by
the relations between the components of the geomagnetic field (as the total geomagnetic field is the net
of northward, eastward, and downward components of the geomagnetic field and also the inclination and
horizontal components of the geomagnetic field are related to the total geomagnetic field). Moreover,
it is an important point that the sign of the total and the horizontal geomagnetic field in all latitudes
and longitudes are positive, but the sign of the inclination, declination, and (northward, eastward,
and downward) components of the geomagnetic field depends on the location. For instance, the sign
of the correlation between the downward component of the geomagnetic field and the thunderstorms’
electrical properties is positive in Australia and negative in Africa and Europe. All in all, the total
geomagnetic field in most of the hotspots on the Earth has an inverse relation with thunderstorms’
electrical activities.
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Table 4. Correlation between the geomagnetic field components and thunderstorm (lightning) activity
data for the first 13 countries with highest amounts of lightning activity in Europe during 2019.

LIGHTNING AND THUNDER DAYS

GEOMAGNETIC FIELD COMPONENTS

Thunder Days

Total Lightning

Br (Total)

—0.41707973

—0.33455215

By (Horizontal)

0.426575187

0.465433061

B, (Downward)

—0.437092269

—0.413718252

By (Eastward)

—0.256986987

0.009548218

B, (Northward)

0.430869297

0.461177915

I (Inclination)

—0.432599283

—0.455626069

—0.38822674

—0.104962392

D (Declination)

3.2.6. Worldwide

First, the satellite-based lightning data of TRMM LIS (which covers the regions between 38°S (—38)
and 38°N (+38) latitudes; 180°W (—180) and 180°E (+180) longitudes) are considered in this section.
Moreover, the geomagnetic field values are extracted from IGRF model in order to show the relation
between the geomagnetic field and the global average annual lightning distribution.

A comparison between the map of the total geomagnetic field (Fig. 7(a)) and the map of the global
lightning distribution (Fig. 7(b)) shows that the regions with lower amount of total geomagnetic field
almost have higher lightning activity.

Furthermore, the correlation coefficients between the total geomagnetic field and the global mean
annual lightning activity are extracted. With regard to the TRMM LIS data, the latitude accuracy is
0.1° for latitudes from 38°S to 38°N; therefore, 760 rows will be generated in lightning activity matrix.
The longitude accuracy is 0.1° for longitudes from 180°W to 180°E; therefore, 3600 columns will be
generated in lightning activity matrix. In this study, the global mean annual lightning activity matrix
and the total geomagnetic field matrix have the same dimensions of 760 x 3600.

The first row of the lightning activity matrix is compared with each row of the total geomagnetic
field matrix, and these values of correlation coefficients establish the first row of the horizontal correlation
matrix. In this way, a matrix with the dimensions of 760 x 760 will result which is illustrated in Fig. 8.

Annual Flash Density (per square km)

Geomagnetic Field (nT)

Latitude
Latitude

-130 -80 -30 20 70 120 170 -130 -80 -30 20 70 120 170
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“ : -

r r
30 40 50 60
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Figure 7. A comparison between (a) the map of total geomagnetic field (extracted from IGRF model)
and (b) the global lightning density map acquired from satellite-based lightning data (from TRMM LIS);
the horizontal axis shows the longitude (degree) and the vertical axis depicts the latitude (degree).
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This figure shows that in regions with latitudes from 38°S to 12°N and from 33°N to 38°N the reverse
relation between the lightning activity and the total geomagnetic field is stronger. This should be noted
that almost the highest lightning activity occurs in these latitudes.

The first column of the lightning activity matrix is compared with each column of the total
geomagnetic field matrix, and these values of correlation coefficients establish the first column of the
vertical correlation matrix. In this way, a matrix with the dimensions of 3600 x 3600 will result which
is illustrated in Fig. 9.

This figure shows that in regions with longitudes from 80°W to 40°W, from 15°W to 40°E, and
from 75°E to 120°E, the reverse relation between the lightning activity and the total geomagnetic field is
stronger. It should be noted that approximately the highest lightning activity occurs in these longitudes.

Second, the global thunder days’ map (the average annual numbers of thunder events) is considered
(Fig. 10(b)) in order to find some evidences for the relation between the total geomagnetic field
(Fig. 10(a)) and the thunderstorm activity (for the regions between 80°S (—80) and 80°N (4-80) latitudes;
180°W (—180) and 180°E (+180) longitudes). A comparison between these two maps shows that the
regions with lower amount of total geomagnetic field almost have higher thunderstorm activity.
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Figure 9. The vertical correlation matrix which
is established from the correlation between each

Figure 8. The horizontal correlation matrix
which is established from the correlation between

each row of the lightning activity matrix (obtained
from the satellite-based lightning data) and
each row of the total geomagnetic field matrix
(extracted from IGRF model).
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Figure 10. A comparison between (a) the map of total geomagnetic field (extracted from IGRF model)
and (b) the map of average global annual numbers of thunder events.
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4. CONCLUSION

In the present study, a comparison has been made between the electric and geomagnetic forces acting
on the electrified hydrometeors in thunderstorms. First, the calculations showed that the intensity
of the electric force (in both of fair weather and thunderstorm conditions) plays a more impressive
role in troposphere than the geomagnetic force and could remarkably influence the formation of the
thunderclouds’ charge structure.

Moreover, as the electric field increases in thunderstorm conditions (regarding the dependence of the
induction mechanism of cloud electrification to the electric field), the increased electric field strengthens
the induction mechanism of cloud electrification and influences the electrical properties of thunderstorm.
It should be emphasized that while specifying the geomagnetic field and the electric field as important
factors which could influence the thunderclouds’ properties, we do not lessen the contribution of other
factors (e.g., the pressure gradient force and the Coriolis force).

Second, through drawing a comparison between the spatial distribution of the geomagnetic field
(obtained from IGRF model) and the mean annual spatial distribution of both lightning activity and
thunder day events (acquired from satellite-based /ground-based data and reports), an inverse relation
between the geomagnetic field and both annual lightning density and thunder day events in most of the
hot spots on the Earth has been revealed.

Furthermore, the correlation coefficients of the global geomagnetic field and the global mean annual
lightning activity are extracted (in the global tropics and subtropics). Analysis of both horizontal and
vertical correlation matrices showed that approximately in latitudes and longitudes with high lightning
density, the reverse relation between the average annual lightning activity and the total geomagnetic
field is stronger. Moreover, a comparison between the global annual thunder days’ map and the map of
geomagnetic field revealed an inverse relation between these two maps.

All in all, based on the results of this study, two main conclusions could be reported; first, there is
an inverse relation between the spatial distribution of the total geomagnetic field and the mean annual
spatial distribution of both lightning activity and thunder day events; second, the influence of the
electric force on thunderclouds’ electrical properties is more powerful than the effect of the geomagnetic
force.
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