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Abstract

The Global Electric Circuit (GEC) is a circuit that is formed between the Earth’s
surface, which is a good conductor of electricity, and the ionosphere, a weaklyionized plasma at ∼80 km altitude. Thunderstorms are believed to be the major
charging sources of this circuit. In this dissertation, we present our studies on
the contribution of thunderstorms to the Global electric Circuit. We examine the
current that is driven to the ionosphere and to the ground before, during and after
single negative cloud-to-ground (CG) and intra-cloud (IC) lightning discharges. A
numerical model has been developed, that calculates the quasi-electrostatic field
before the lightning, due to the slow accumulation of the charge in the thundercloud, and after the lightning by taking into account the Maxwellian relaxation
of the charges in the conducting atmosphere and accounting for the dissipation
stage of the thunderstorm development. From these results, the charges that are
transferred to the ionosphere and to the ground are calculated. We demonstrate
the significance of considering the pre-lightning and the dissipation stages and accounting for realistic distribution of the conductivity inside of the thundercloud for
the accurate calculation of the charge flow to the ionosphere and to the ground. We
show that the charge transfer to the ionosphere depends mainly on the altitudes
of the charges inside the thundercloud and their spatial separation. The amount
of charge that is transferred to the ground, due to currents flowing in the vicinity
of the thundercloud during a transient time period following a lightning discharge,
is significantly affected by the conductivity distribution in the thundercloud and
can be several times smaller than the amount of charge that is transferred to the
ionosphere during the same time period. Moreover, we show that the duration
of each of the thunderstorm life cycle stages affects the results. Furthermore, we
show the influence of the corona currents on the overall current system.
We extend the model to include the whole domain of the GEC. We investigate
different types of boundary conditions for the proper modeling of the global current
iii

flow in the presence of a single storm and the resulting potential difference that is
created. We compare this model in the steady state limit with a static model that
has been developed in previous published studies.
We apply the model to a case of an experimentally measured thunderstorm.
We investigate the Wilson current that flows from its top towards the ionosphere
as a function of a sequence of different types of lightning discharges, the flash rate
and the conductivity distribution. We compare the results with the measurements
and we make conclusions regarding the validity of the modeling concept.
We develop a time-dependent fluid model that is able to calculate self consistently the time dynamics of the conductivity distribution along with the time
dynamics of the thunderstorm electrical properties. This model takes into account
several atmospheric processes such as the ionization due to the galactic cosmic rays
radiation, the ion-ion recombination, and the attachment of ions to cloud particles. We study the regimes at which the previous models that assume constant
conductivity over time are valid and we quantify the similarities and differences
between these two models.
Finally, we model the lightning discharge channel using a three-dimensional
cartesian fractal model. The purpose of this model is to simulate several types of
lightning discharges that occur in realistic thunderstorms and calculate the amount
of charge that is removed or neutralized from each thunderstorm. At the same time
we used this model to quantify the potential differences produced in a developing
IC lightning discharge for given thunderstorm electric configurations. We present
a case of a +IC lightning discharge in a realistic thunderstorm configuration that
leads to a very high (∼300 MV) potential difference, and show how a delay in the
development of the negative leader with respect to the positive one in a bidirectional leader system can facilitate a high potential difference in the negative leader
head region, which favors the production of terrestrial gamma ray flashes. Terrestrial gamma ray flashes are high energy (up to 100 MeV) photon bursts originating
from the Earth’s atmosphere in association with IC lightning discharges.
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Jaroslav Jánský, Joe Tucker, and Hao Xi, for they help and support.
I feel also obligated to thank my former advisor Dr. Ioannis Tigelis. I see the
Ph.D. as a continuation of my career, which started during my B.Sc. at University
of Athens. Dr Tigelis was my first advisor and the person who introduced me to the
research method and helped me to build the foundations for my next professional
steps. Without his help, support, and guidance I would have chosen most probably

xviii

a different path, and from the point of view I have right now, this path would not
be suitable for me.
Last, but not least, I would like to thank all my friends and relatives back in
Greece (they know who they are). Their psychological support all these years can
not be quantified, and for me it has been priceless.
Sotirios Mallios,
University Park, PA
April 2, 2015
This research was supported by the National Science Foundation under the
grants AGS-0652148 and AGS-1135446 to the Pennsylvania State University.

xix

Dedication

To my mother and father,
Maria and Anastasios Mallios
and to my brother
Ioannis Mallios

xx

Chapter

1

Intoduction
1.1

The Global Electric Circuit

The Global Electric Circuit (GEC) is a circuit that is formed between the Earth’s
surface, which is a good conductor of electricity, and the ionosphere, a weaklyionized plasma at ∼80 km altitude [e.g., Rycroft et al., 2008]. In the absence
of any source, the GEC behaves as a leaky spherical capacitor, with the ground
being the one plate and the ionosphere the other, which discharges through the
weakly conducting atmosphere creating fair-weather current which is about 1 kA
integrated over the entire Earth surface [e.g., Bering et al., 1998].
In Figure 1.1 a schematic of the Global Electric Circuit is presented along
with the three current sources that keep the circuit charged. There are three
quasi-DC sources of electromotive force that drive the circuit: thunderstorms,
a dynamo interaction between the solar wind and the magnetosphere, and the
dynamo effect of atmospheric tides in the thermosphere [Bering et al., 1998, and
references therein]. Among these three sources, thunderstorms are believed to be
the most powerful by a factor of three [Roble, 1991], and this work is focused on
the study of their contribution to the Global Electric Circuit.
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Figure 1.1. The Global Electric Circuit [http://sisko.colorado.edu/FESD/ ]

1.2

Physical Mechanism of Contribution of the
Storms to the Global Electric Circuit

The atmosphere is a conducting medium, because of the presence of ions, which
are created by ionization due to the galactic cosmic rays radiation. In the absence
of any thunderstorm there is a current that flows between the ionosphere and the
ground (fair weather current) due to the potential difference between these two
surfaces. As thunderstorms or other electrified non-lightning producing clouds are
formed, they become electrified due to two major mechanisms. The first one is the
convective mechanism, which causes a large scale charge separation inside the cloud
due to the updraft and the terminal velocity of the charged cloud particles and ions
[e.g., Rakov and Uman, 2003, p. 85]. The second mechanism, called the graupelice mechanism [e.g., Rakov and Uman, 2003, pp. 86–88], causes the production of
electric charges by collisions between the precipitation particles (graupel) and cloud
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particles (small ice crystals). Depending on the presence or not of a large scale
electric field during the collisions, this mechanism can be divided into inductive and
non-inductive mechanisms, respectively, [e.g., Mansell et al., 2005, and references
therein]. The result of the electrification of the clouds is the formation of layers of
charges, which persist over time due to the conductivity reduction inside the clouds
because of the attachment of atmospheric ions to cloud particles [e.g., Riousset
et al., 2010, and references therein]. These charge layers are often approximated by
three vertically stacked point charges (or spherically symmetrical charge volumes),
positive at the top, negative in the middle, and smaller positive at the bottom,
located above a perfectly conducting ground [Rakov and Uman, 2003, p. 68]. The
polarity of these layers causes the production of a large scale electric field that has
direction from the cloud top towards the ionosphere.This large scale electric field
produces the following currents that flow in the GEC:

1.2.1

Conduction Currents

The large scale thundercloud electric field that exists in the conducting atmosphere
produces a conduction current that flows upward from the cloud top towards the
ionosphere and is called Wilson current. The atmospheric conductivity remains
isotropic and increases with altitude up to the altitude of 60-70 km. Above this
altitude the conductivity becomes anisotropic due to the presence of the geomagnetic field. This anisotropy, forces a part of the current to flow along the magnetic
field lines to the magnetic conjugate hemisphere. Finally the current returns back
to the Earth’s surface, as fair weather current, and the circuit is closed.

1.2.2

Lightning Currents

As the charge keeps accumulating inside the storm, the large scale thundercloud
electric field increases. When the field exceeds a threshold Einit which is around
2.16 kV/cm at sea level [Krehbiel et al., 2004; Marshall et al., 2005], a lightning
discharge occurs. The discharge neutralizes the charges inside the storm causing a
temporal decrease of the electric field. This sudden charge neutralization modifies
the Wilson current above the storm. There are several types of lightning discharges,
that cause different modification to the Wilson current and therefore have different
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effect on the behavior of the GEC. In [Mareev et al., 2008] it was explained that due
to the conservation of charge the net amount of charge transferred to the ionosphere
and to the ground due to the combined fast (lightning discharge) and slow transient
stages are equal in magnitude and opposite in polarity, and they represent the
real flash contribution to the global electric circuit. The term of efficiency was
introduced which is the amount of charge that is transferred to the ionosphere
over the amount of charge removed/neutralized by a lightning discharge. In this
dissertation, following a similar concept we define efficiency as the amount of charge
that is transferred to the ionosphere over the absolute value of the maximum charge
that is accumulated in the thundercloud. Considering that the global electric
circuit can be seen as a capacitor whose positive plate is the ionosphere and the
negative plate is the ground, positive value of the efficiency means a transfer of
additional positive charge to the ionosphere, which leads to the charging of the
system and negative value of the efficiency means a transfer of negative charge to
the ionosphere, which leads to the discharging of the system. The introduction of
the efficiency helps us to quantify the contribution of a thunderstorm to the global
electric circuit. The efficiency represents a fraction of the charge created inside
of the thundercloud that leads to the charging or discharging the global electric
circuit.

1.2.3

Precipitation Currents

Inside the thundercloud the charged cloud particles experience collisions. These
collisions lead to the merging of small particles to larger ones (usually raindrops).
As the size of the raindrops increases, they become heavier and acquire a terminal
velocity falling to the ground. The falling raindrops become charged by capturing atmospheric ions. This fall of the charged raindrops defines the precipitation
current that is present in the GEC [Soula et al., 2003]. Not all the thunderclouds produce precipitation current, and this has to do with their meteorological
properties such as their humidity, their altitude, their cloud particle density, their
pressure and their temperature distributions. Up to now there is no robust analytical expression to describe the properties of the precipitation current. The study
of this type of current requires a model that takes into account the microphysics

5
of the cloud, and although there are many models that study this regime, they are
not applicable to larger spacial and temporal scales due to their complexity and
the computational requirements. The effects of the precipitation currents are not
studied in the present work.

1.2.4

Corona Currents

Finally, when the electric field near the ground exceeds a few kilovolts per meter, ions are produced by corona discharge and flow upward to the base of the
cloud [Tzur and Roble, 1985]. This is called corona current and Kasemir [1978]
emphasized the importance of corona discharges in the overall current system.
The corona discharge appears in the presence of a conductor in an electric field.
When the potential gradient between the conductor’s surface and the surrounding
medium becomes higher than a threshold , which depends on the geometry and the
physical properties of the conductor, the region around the conductor is ionized
and become conductive leading to the compensation of this gradient. Standler and
Winn [1979] measured corona current densities of about 1nA/m2 in a 8 kV/m field
at the ground. They suggested that the ions released in the air limit the maximum
electric field at the ground to 10 kV/m. The minimum electric field required to
produce corona is about 5 kV/m depending upon the surface roughness and the
vegetation growth [Standler , 1980]. This indicates that not all thunderstorms are
producing corona currents.
From the above mechanisms it is clear the importance of the thunderstorms as
current generators in the GEC. They cause several types of currents, that depend
on the type of the storm and specifically its meteorological properties and location.

1.3

Published Numerical Models of the Global
Electric Circuit

In [Holzer and Saxon, 1952] an analytical thunderstorm model was developed for
steady state conditions and it was shown that the conduction currents that are generated by concentrated charge centers in the conducting atmosphere have sufficient
amplitude to support the fair-weather current of the global circuit.

6
Illingworth [1972] computed the recovery time of the electric fields due to lightning as a function of the location of the charge centers using a numerical timedependent model. It was shown that the electric field recovery curves at the ground
due to lightning depend on the distance from the storm and are a result of the
redistribution of the induced charge in the atmosphere.
Dejnakarintra and Park [1974] showed that higher frequency components of the
electric field produced by lightning could be transmitted to the ionosphere more
efficiently than lower frequency components. They also suggested that lightning
can induce localized electric fields in the middle-altitude ionosphere and magnetosphere.
Hays and Roble [1979] modeled thunderstorms as positive and negative pairs
of quasi-static point current sources, and concluded that large scale thunderstorms
maintain the large electric potential difference between the ionosphere and the
Earth’s surface, and produce electric currents that flow through the magnetosphere
along geomagnetic field lines.
Makino and Ogawa [1984] used the results that were derived in [Hays and Roble,
1979] regarding the total upward current of the bipolar point current sources,
averaged the upward thunderstorm currents and used these average currents as
sources in the GEC.
Tzur and Roble [1985] developed a quasi-static numerical axisymmetric model
with a detailed electrical conductivity profile and viewed the thundercloud as a
volumetric dipole distribution of negative and positive charge centers. This model
was the first model capable of resolving small-scale phenomena in the vicinity of
the thundercloud.
In [Few et al., 1988] the integrated upward current, Iup , from thunderstorms
and multi-cell thunderstorm complexes was computed. It was shown that because
of the strong geometric divergence of the electric fields above the sources and the
strong divergence of current in the ionosphere, the middle atmosphere region, in
the altitude range 30-50 km, appears to be the most promising region in which
to measure the contribution of thunderstorms and thunderstorm complexes to the
global electric circuit.
Driscoll et al. [1992] demonstrated that a simple analytical expression derived
from the continuity equation of the electric current, can express thunderstorm’s
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average current contribution to the global electric circuit in terms of the generator current within the thundercloud, the intra-cloud (IC) lightning current, the
cloud-to-ground (CG) lightning current, the altitudes of the charge centers and the
conductivity profile of the atmosphere.
In [Stansbery et al., 1993] an axisymmetric numerical model in an Earthcentered spherical coordinate system was created to calculate the electric field
distribution and current distribution from a thunderstorm source in the global
electric circuit. The model included a hemisphere in which the thunderstorm is
located, an atmosphere and ionosphere with anisotropic height-variable conductivities, and a passive magnetic conjugate hemisphere. The current output from
the thunderstorm spreads out in the ionosphere and flows along the magnetic field
lines into the conjugate hemisphere. Results show that approximately half of the
current that reaches the ionosphere flows into the conjugate hemisphere, and the
rest is redirected to the fair-weather portion of the storm hemisphere. Thus, it
is important to include a realistic model of the ionosphere to evaluate the spread
of current in the ionosphere and the mechanism of thunderstorm charging of the
global electric circuit. We note that Stansbery et al. [1993] studied the electric potential distribution throughout the global atmosphere caused by a thunderstorm
generator. The model is focused mainly on the current that flows to the ionosphere
(Wilson current) by considering a constant source current (which may represent the
charge separation current that electrifies the cloud or the corona current below the
cloud) and by calculating the steady state solutions for the slow charge separation
phase. The lightning is considered by approximating the steady state calculations
of the gross effects of lightning by a local conductivity perturbation that prevents
excessively high electric fields from developing. As already mentioned above, the
main results of this work show that half of the current flowing into the ionosphere
(Wilson current) travels to the passive magnetic conjugate hemisphere and half of
this current generates a downward fair-weather current far from the cloud region
in the storm hemisphere.
In [Davydenko et al., 2004] a layered system of external currents was used to
model the electrical environment of a Mesoscale Convective System (MCS), in
order to determine the electric field and the current inside and in the vicinity of
a stationary MCS as well as the net vertical current above the thunderclouds.
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These authors showed that the relatively large horizontal scale of an MCS ensures
a more effective coupling to the ionosphere than for an isolated thunderstorm and
that an MCS can serve either as an effective generator in the global circuit or as a
discharger of it depending on the polarity, magnitude and thickness of the layers
of the external currents. In accordance with Davydenko et al. [2004] the term
“ external current ”represents an effective source current without describing the
actual physical current or its means of generation. Most of the external currents
are located inside the MCS [Davydenko et al., 2004].
Marshall et al. [2005] presented balloon-borne data which show that slow transients of cloud-to-ground lightning discharges (CG) act as generators of the global
circuit and slow transients of intra-cloud lightning discharges (IC) discharge the
global circuit.
In [Rycroft et al., 2007] the commercially available computer program PSpice
was used for the simulation of upward currents that close through the global electric circuit and which are driven by several processes acting below, in and above
thunderstorms and in electrified shower clouds. The electric potentials and fields
at specific points in the global electric circuit were calculated, before during and
after CG lightning flashes of either negative or positive polarity, and also following a sprite discharge. Knowing the global average rate of lightning discharges, it
was found that negative CG discharges increase the ionospheric potential by ∼4%,
and that positive CG discharges reduce it by ∼3%. It was concluded that the
net upward current to the ionosphere due to the lightning is ∼20 A and that the
conduction and convection currents associated with “batteries” within thunderclouds and electrified shower clouds contribute essentially equally (∼500 A each)
to maintaining the ionospheric potential.
Mareev et al. [2008] developed a numerical model of the transient electric field
due to CG and IC flashes and their Maxwell relaxation (slow transients) and
calculated the electric field, the current distributions, the decay time of the electric
field and the total charge that is transferred to the ionosphere and to the ground.
Defining the efficiency of the lightning as the ratio of the total charge transferred
to the ionosphere to the net charge neutralized during the lightning, they showed
that typical CG flashes have efficiencies of 55-75% and typical IC flashes 5-15%.
In [Maggio et al., 2009] the above-cloud charge transfers due to lightning tran-
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sients were estimated for five IC and five CG flashes from four thunderstorms that
occurred in New Mexico, USA in 1999, using in-cloud and above-cloud electric field
data from balloons, ground-based electric field data, and Lightning Mapping Array
data. For the five CG flashes (which transferred -4 to -13 C to the ground), the
transient currents moved +1 to +5 C of charge upward from the cloud toward the
ionosphere, with an average transient charge transfer of about 35% of the charge
transferred to the ground. For the five IC flashes (which neutralized 6 to 21 C inside the cloud), the transient currents moved -0.7 to -3 C upward, with an average
charge transfer of about 12% of the lightning charge. Estimates for three thunderstorms indicated that the transient currents made only a small contribution to the
global electric circuit compared to the quasi-stationary Wilson currents because of
the offsetting effects of IC and CG flashes in these storms [Maggio et al., 2009].
Rycroft and Odzimek [2010] constructed a quantitative model of the global
electric circuit using the PSpice electrical engineering software package, mentioned
above in the context of previous work of Rycroft et al. [2007]. The circuit consists
of currents (∼1 kA) above thunderstorms and electrified rain/shower clouds that
raise the potential of the ionosphere (equipotential surface at 80 km altitudes) to
∼250 kV with respect to the Earth’s surface, and is completed by currents flowing
down through the fair weather atmosphere in the land/sea surface and up to the
cloud systems. Using a model for the atmospheric conductivity profile, the effects
of both positive and negative CG lightning discharges on the ionospheric potential
have been estimated. Moreover, estimates have been made of the return stroke
current and the thundercloud charge moment change of a positive CG discharge
required to exceed the threshold breakdown field, or the threshold field for creating
and sustaining negative or positive streamers. It was also found that the current
flowing in the highly conducting sprite reduces the ionospheric potential by ∼1
V. We emphasize, that this estimate indicates a negligible contribution of a single
sprite event to the global electric circuit.

1.4

Problem Formulation

In the previous section we listed numerous works that had one main goal. The
quantification of the contribution of thunderstorms to the GEC. There are two
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kinds of models. The models that study the effects of a thunderstorm in the
steady state limit and the time-dependent models that are able to study the time
dynamics of the electrical properties of a storm. The steady state limit models
are unable to calculate the contribution of transients (e.g., lightning discharges),
but they can be applied on very large scales and simulate the whole GEC. On the
other hand, the time-dependent models that are able to study transients, have not
been applied on large spatial scales and on long time scales.
This dissertation aims to combine these two models. The purpose of this dissertation is the development of a time-dependent model, that is able to be applied
on large spatial and temporal scales. The resultant model is able to study the
contribution of a storm to the GEC by taking into account all the thunderstorm
phases, is able to study the contribution of lightning discharges in the GEC, and
is able to simulate the global circulation of the current caused by the electrical
evolution of a thunderstorm. Moreover, an extended investigation is performed regarding the importance of several physical quantities that influence the electrical
evolution of the storm, in the quantification of the contribution of a thunderstorm
to the GEC. Finally, several physical assumptions that have been made in the past
(such as steady state, constant conductivity over time) are tested.

1.5

Organization of the Dissertation

Chapter 1 is an introduction to the concept of the Global Electric Circuit. In
Chapter 2, we introduce the details of the charge relaxation model that is used
in our studies. This model is able to study the time dynamics of the electrical properties of a single thunderstorm during its whole life cycle. Moreover, we
present results regarding the modeling of the physical mechanism of the transfer
of charge to the ionosphere and to the ground during thunderstorms. In Chapter
3, we present a quantitative parametric study for the factors that influence the
charge transfer to the ionosphere and to the ground. In Chapter 4, we present
an expansion of the model that was presented in Chapter 2, to a model representation that is able to treat the global current flow in the whole Global Electric
Circuit. In Chapter 5 we model an experimentally measured thunderstorm. We
attempt to reproduce the electrical behavior of a given thunderstorm, calculate
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the currents that flow from its top towards the ionosphere and study the influence
of different kinds of lightning discharges, flash rates and conductivity distributions
on this current. In Chapter 6, we present a time-dependent fluid model that is
able to study the effects of thunderstorms to the Global Electric Circuit, and is
able to calculate self consistently the time dynamics of the conductivity, according
to the time dynamics of the source charge density during the formation of thunderstorms/electrified clouds. This model takes into account several atmospheric
processes such as ionization due to galactic cosmic rays radiation, ion-ion recombination, and ion attachment to cloud particles, and since these parameters vary
with respect to the latitude and the longitude, this model can study the contribution of storms at different geographical locations to the GEC. In Chapter 7, we
present results regarding an application of the fractal model for the study of the
conditions under which high potential difference between the intra-cloud lightning
discharge channel and the ambient thundercloud potential can be produced in the
context of the production of terrestrial gamma ray flashes. In Chapter 8, based on
the results of this dissertation, we make suggestions for possible future research.

1.6

Scientific Contributions

The research accomplished as part of the doctoral studies makes several contributions to the fields of atmospheric electricity which can be summarized as follows:
1. A time-dependent model has been developed, which is applicable to long time
scales, and is able to study the time dynamics of the electrical properties of
a storm during its whole life cycle. This model revealed the importance of
considering all the phases of a thunderstorm for the proper quantification of
its contribution to the GEC.
2. This model was extended to be applicable to large spatial scales, and is able
to study the global current flow generated by a single storm in the whole
GEC. This model has been compared in the steady state limit with a static
model similar to one that has been published in the literature in the past,
for two different types of boundary conditions.
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3. An extensive parametric study has been accomplished for the investigation
of the influence of several quantities on the contribution of thunderstorms to
the GEC.
4. A comparison has been made with actual measurements of a specific thunderstorm. A study has been made regarding the electrical behavior of a storm
with respect to a sequence of different types of lightning discharges, the flash
rate and the conductivity distribution.
5. A time-dependent fluid model has been developed, which is able to study
besides the time dynamics of the electrical properties of the storm, the time
dynamics of the conducting atmosphere in the presence of the storm. This
model captures more accurately the electrical evolution of the storm, and
because the atmospheric processes that are taken into account depend on
the location, is able to to investigate the contribution of several types of
storms at different locations to the GEC.
6. A fractal model for the lightning propagation has been developed and applied
for the studies of the conditions under which high potential difference between
the intra-cloud lightning discharge channel and the ambient thundercloud
potential can be produced in the context of the production of terrestrial
gamma ray flashes.
The model and the results presented in Chapter 2, as well part of the results
presented in Chapter 3, have been published in the form of a full-length paper in the
Journal of Geophysical Research-Space Physics [Mallios and Pasko, 2012]. Moreover, they were discussed additionally in a reply-to-comments paper, published in
Journal of Geophysical Research-Space Physics [Mallios and Pasko, 2014]. The
results presented in Chapter 7 have been published in the form of a full-length
paper in the Journal of Geophysical Research-Space Physics [Mallios et al., 2013].

Chapter

2

Charge Transfer to the Ionosphere
and to the Ground During
Thunderstorms
In this chapter, a two-dimensional axisymmetric model of charge relaxation in the
conducting atmosphere is introduced and used to demonstrate how the different
phases of a thundercloud as well different kinds of lightning discharges influence
the Global Electric Circuit (GEC).

2.1

Model Formulation

To investigate the temporal dynamics of thunderclouds we use a quasi-static twodimensional approach to calculate the electric field before, during and after Cloudto-Ground (CG) and Intra-Cloud (IC) lightning flashes, and the resultant charges
that are transferred to the Earth and to the ionosphere. We treat the quasielectrostatic fields as the slowly varying and long enduring electric component of
the total electromagnetic field which is generated by the removal of charge from
the cloud, neglecting any short-duration electromagnetic pulses generated mainly
by the return stroke currents. These quasi-electrostatic fields are established in the
mesosphere and lower ionosphere due to the accumulation of thundercloud charge
and its evolution in time as a portion of this charge is removed from the cloud due
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to a CG lightning or neutralized in the cloud due to an IC discharge.
A cylindrical two-dimensional coordinate system (r, z) is used, with the z− axis
representing the altitude. The system is considered to be symmetric about the z−
axis. The ground (z0 =0 km), upper (zmax =40 km) and the side (r=80 km) boundaries are assumed to be perfectly conducting. The choice of the upper boundary
is justified by the fact that the current flow between 40 km and the ionosphere is
mainly vertical [e.g., Mareev et al., 2008], and several simulations with the upper
boundary positioned at higher altitudes indicate that the relative difference between the results does not exceed ∼3%. The choice of the radial distance for the
side boundary introduces an error less than 10% in the vicinity of the boundary
for the calculation of the potential [e.g., Pasko et al., 1997]. This error decreases
as one approaches the center of the simulation domain. We emphasize that the
charge flow through the side boundary is at least 2 orders of magnitude lower than
the charge flow through the upper and bottom boundaries and thus the choice of
r=80 km does not affect the results of the current analysis.
The thundercloud charges ±Q (also named source charges in this document)
form a vertical dipole, which is assumed to develop over a time τf =400 s. The
negative charge or both the negative and positive charges, in the case of negative CG flashes and IC flashes, respectively, are then removed linearly in time
by decreasing the magnitude of the charge to zero within a time interval τs =400
ms. This value of τs was chosen to be equal to ∼3 times the relaxation time (i.e.,
0 /σ) at the maximum altitude of the simulation domain, so that numerical errors
that appear because of the sudden charge removal can be avoided. This chosen
τs value does not affect any conclusions of the present work. After the lightning,
the source charges either remain constant until the end of the simulation, or are
allowed to dissipate in the conducting atmosphere due to the gradual increase of
the thundercloud conductivity to ambient pre-thunderstorm values (see discussion
below).
For the case of a negative CG lightning, the continuous thundercloud charge
distribution dynamics can be represented in the following mathematical form:
ρs (r, z, t) = f+ (r, z)

t
t
+ f− (r, z) ,
τf
τf

0 ≤ t ≤ τf
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ρs (r, z, t) = ρs (r, z, τf ) − f− (r, z)

t − τf
,
τs

ρs (r, z, t) = ρs (r, z, τf + τs ),

τf < t ≤ τf + τs

τf + τs < t

where f± (r, z) are the spatial distributions of the positive and negative charges.
The f± (r, z) in the present work are considered to be Gaussian of the following
form:



Q±
(z − h± )2
r2
f± (r, z) =
exp −
− 2
(2π)3/2 αz αr2
2αz2
2αr

where αz =1 km and αr =1 km are the vertical and horizontal scales of the charge
distributions, h± are the altitudes of their centers and Q± =±1 C are the total
values of the positive and negative charges that are deposited/removed to/from
the system. We note at this point, that the chosen value of 1 C for the source
charges is much less than the required amount of charge for the lightning discharge
initiation. However, because of the linearity of the problem, this low charge value
can be scaled to realistic values without affecting the efficiency values that have
been calculated (the amount of the charge that is transferred to the ionosphere
will be multiplied by the same scale factor and thus the ratio of the amount of
charge that is transfered to the ionosphere over the amount of positive charge that
is accumulated in the thundercloud will be the same).
For the case of an IC lightning the corresponding mathematical expression that
describes the dynamics of the thundercloud charge distribution is as follows:
ρs (r, z, t) = f+ (r, z)
ρs (r, z, t) = ρs (r, z, τf ) − f+ (r, z)

t
t
+ f− (r, z) ,
τf
τf

0 ≤ t ≤ τf

t − τf
t − τf
− f− (r, z)
,
τs
τs

ρs (r, z, t) = 0,

τf < t ≤ τf + τs

τf + τs < t

The temporal variation of the source charges produces time and space-varying
induced charges ρf and electric potentials φ inside and outside the thundercloud.
~ are given by
The set of equations that relates the quantities ρs , ρf , φ and E
Poisson’s equation and the charge conservation equation:
∇2 φ = −

ρt
0

(2.1)
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∂ρf
~ · ∇φ
~ = − σρt
− ∇σ
∂t
0

(2.2)

~ = −∇φ
~
E

(2.3)

where σ is the atmospheric conductivity and ρt = ρs +ρf is the total charge density.
~ = −σ ∇φ.
~
In the above equations the conduction current J~ is defined as J~ = σ E
The conductivity σ(r, z) at any location of the simulation domain is expressed
similarly to [Riousset et al., 2010] as follows:


c
c
1 − tanh( r−r
) 1 − tanh( z−z
)
α
α
1−
σ(r, z) = σ0 e
×
| {z }
2
2
{z
}
(I) |
z/l

(2.4)

(II)

where σ0 =5×10−14 S/m is the conductivity at ground level, l=6 km is the altitude
scaling factor, zc =20 km and rc =20 km are the vertical and horizontal extents of the
cloud, and α=800 m is the thickness of the conductivity transition region between
the cloud and the surrounding air. The values for the zc and the rc are chosen large
enough so that there is no mixing between the charges in the thundercloud and the
charges that are induced on its boundaries. The width of the transition boundary
α, between the inner cloud and the surrounding atmosphere can be small. Small
values of α can lead to instabilities in the numerical scheme and errors. That’s why
we choose a value that ensures a numerically smooth transition between the inner
cloud and the outer atmosphere and minimizes the numerical error (∼2%), so that
in practical calculations the transition region contains 5 to 8 grid points. The term
(I) represents the conductivity profile of the surrounding to the cloud atmosphere
and it is appropriate for altitudes less than 60 km where the total conductivity is
dominated by the ion conductivity [e.g., Pasko et al., 1997, and references therein].
For higher altitudes, where the total conductivity is dominated by the electron
conductivity, term (I) should be appropriately modified [e.g., Riousset et al., 2010].
Moreover a proper scaling should be applied for different time intervals during
diurnal cycle, since the conductivity profile changes between daytime and nighttime
[e.g., Rakov and Uman, 2003, p. 9]. The term (II) is introduced to express the
fact that inside the cloud the electrical conductivity has very low value because
atmospheric ions quickly attach to cloud particles [e.g., Riousset et al., 2010, and
references therein].

17
The so defined conductivity distribution effectively leads to a zero conductivity
value inside the thundercloud. This assumption is adopted from previous modeling [Krehbiel et al., 2008; Riousset et al., 2010] and does not significantly alter the
principal conclusions of the current work. In the framework of the present modeling, the chosen conductivity model allows to explicitly highlight the effects of
low conductivity inside of the thundercloud. Effects of more accurate conductivity
distributions will be discussed in dedicated future studies.
Because of the low conductivity inside the thundercloud, after the completion
of the transient processes related to the lightning discharge there is an amount of
volumetric charge left between the ionosphere and the ground (some of it is located
inside the thundercloud as the remaining charge after a CG lightning discharge,
and some of it is distributed at the boundaries of the thundercloud). In order to
study the contribution of the dissipation phase of the thunderstorm development
to the global electric circuit, we add an additional phase during which we linearly
increase the conductivity inside the thundercloud during a time interval equal
to 450 s to the value of the conductivity of the surrounding atmosphere. This
additional phase can be seen as the cloud relaxation which takes place at the end
of the thunderstorm evolution. In this way, we can quantify the contribution of the
whole thunderstorm evolution to the global electric circuit. All the charges that
are created during the several stages of the thunderstorm will either neutralize due
to IC lightning and dissipate due to the existence of the conducting medium or will
be transferred to the ionosphere and to the ground (either due to CG lightning
or due to the conducting currents). As clearly mentioned above, at the end of
the entire thunderstorm evolution equal amounts of charge of opposite polarity are
expected to be deposited to the upper (ionosphere) and lower (ground) boundaries
[Mareev et al., 2008].
Having defined σ by equation (2.4), we solve the system (2.1)-(2.3) for the three
~ and ρf . Poisson’s equation (2.1) is solved using the Successive
unknowns φ, E
Overrelaxation Method (SOR), while the continuity equation is solved using the
Two-Step Lax-Wendroff scheme. Finally, the charges transferred to the ground and
the ionosphere are calculated by integrating the conducting current over horizontal
planes, corresponding to the lower and upper boundaries.
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Figure 2.1. Charge dynamics in the case of a negative CG lightning with deposited
source charges Q± =±1 C, at altitudes h+ =10 km and h− =5 km. (a) Cross-sectional
representation of the charge distribution right before the lightning (t=400 s). (b) Crosssectional representation of the charge distribution right after the lightning (t=400.4 s).

2.2

A Single Thundercloud with a Single Negative Cloud-to-Ground Lightning Discharge

Figure 2.1 illustrates the charge dynamics in the case of a negative CG flash. The
positive charge is assumed to be located at h+ =10 km, the negative charge is
assumed to be at h− =5 km and both charges Q± =±1 C are generated in the thundercloud during a period of 400 s. The electric potential at the center of the positive
thundercloud charge at the end of 400 s is ∼5.4 MV and at the center of negative
thundercloud charge is ∼-5.1 MV. The positive charge is located at higher altitude than the negative one and negative screening charge is induced at the upper
boundary of the thundercloud due to the response of the conducting atmosphere
to the imposed charge configuration. At the end of the charge accumulation stage
and because of the dimensions of the cloud, negative charge is induced around the
thundercloud (Figure 2.1a). We note that if the radial width of the thundercloud
were decreased, the positive charge would be induced at the lower half part of the
side boundary. The results for the pre-lightning phase and for the IC flash case do
not depend on the choice of the radial width. On the other hand, the results for
the CG flash case have a strong dependence on the choice of the radial width of the
thundercloud. If the radial width is chosen to be 10 km instead of 20 km, then the
charge that is transferred to the ionosphere during the CG flash stage is increased

19

1
Positive Q

Q (C)

0.5
0

Negative Q

−0.5
−1

(a)
500

Time (sec)

Q (C)

0

1
0.8
0.6
0.4
0.2
0
−0.2
−0.4
−0.6
−0.8
−1 (c)
−1.2
0

1000

0.6
0.4
0.2
0
−0.2
−0.4
−0.6
−0.8
−1
(b)
−1.2
0

Positive Q

Total Induced Q

Negative Q

500

Time (sec)

-0.27
-0.62
-0.98

1000

0.81
Ionospheric Q

Ground Q

500

Time (sec)

0.55
0.27

-0.83
-0.95

1000

Figure 2.2. Charge dynamics in the case of a negative CG lightning with deposited
source charges Q± =±1 C, at altitudes h+ =10 km and h− =5 km. (a) Time dynamics
of the source charges. (b) Time dynamics of the volumetric induced charge. (c) Charge
transferred to the upper and lower boundaries.

by ∼28% and the charge that is transferred to the ground is increased by ∼74%.
After the occurrence of the lightning and the removal of the negative charge of the
thundercloud, the excess of positive charge leads to the appearance of additional
negative screening charge at higher altitude (Figure 2.1b). This induced charge at
the end of the relaxation stage is distributed around the thundercloud. Both the
remaining positive charge inside the thundercloud and the induced charge that is
distributed at the thundercloud boundaries dissipate completely during the cloud
relaxation phase.
Figure 2.2a shows the evolution of the charges inside the thundercloud. During
the first 400 s, the source charges are accumulating linearly in time inside the
thundercloud up to the value of 1 C. Then the negative charge is removed because
of the lightning and the positive charge remains until the end of the simulation (i.e.,
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1250 s). On the other hand, negative charge is induced around the thundercloud
during the charge accumulation stage and then, after the lightning, further negative
charge is induced which is distributed around the thundercloud (Figure 2.2b). Note
that the induced charge does not reach the value of -1 C at the end of 850 s, because
it can not “ enter ” the thundercloud, and is merely a response of the conducting
atmosphere to the electric field at some distance from the source charge. During
the last stage of the simulation and the relaxation of the cloud, as conductivity
increases, more charge is induced and eventually the total induced charge is equal to
-0.98 C which is opposite and is only 2% lower than the remaining positive source
charge in the cloud (the total induced charge is not equal to -1C because more
time beyond 1250 s is required for the complete relaxation of the thundercloud).
The charge that is transferred to the ionosphere due to Wilson current during
the slow charge accumulation stage is equal to +0.27 C while the charge that is
transferred to the ground is almost equal to zero. After the lightning occurs, the
additional charge that is transferred to the ionosphere is equal to +0.28 C and
the charge that is transferred to the ground is equal to -0.95 C (-1 C because
of the lightning discharge and +0.05 C during the relaxation process after the
lightning occurrence) (Figure 2.2c). Finally, during the thundercloud dissipation
phase +0.26 C are transferred additionally to the ionosphere and +0.12 C are
transferred to the ground. At the end of the simulation both ionosphere and
the ground have the same amount of charge which is equal to 0.81 C (the small
difference of +0.02 C which remains in the volume between the ionosphere and
the ground at t=1250 s will eventually go to the ground and will be added to
-0.83 C that are present at the end of the simulation). So eventually the system
will be charged with an amount of charge equal to 0.81 C, and the efficiency of
this model thunderstorm with a single CG lightning discharge and with charges
located at the given altitudes is 0.81 (or 81%). If we sum up the charges inside
the thundercloud, the charges that are induced in the atmosphere and the charges
that are transferred to the upper and lower boundaries at every time step, then we
find that the total charge is zero, which ensures the conservation of the charge in
the system. As a result of the scenario discussed above, the GEC will be charged
with an amount of charge equal to +0.81 C at the ionosphere and -0.81 C on the
ground.
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Figure 2.3. Charge dynamics in the case of a negative CG lightning calculated using the
equivalent model of Mareev et al. [2008]. (a) Time dynamics of the volumetric induced
charge. (b) Charge transferred to the upper and lower boundaries.

We note that the charge that is transferred to the ionosphere after the occurrence of the lightning (+0.54 C) is ∼2 times larger than the charge that is
transferred during the electrification phase of the thunderstorm (+0.27 C), and
that the charge that is transferred to the ground after the lightning discharge
(+0.17 C) is only 17% of the charge that is transferred directly to the ground due
to the lightning (-1 C).
Mareev et al. [2008] used a simpler model to calculate the charge that is deposited to the ionosphere and to the ground after the lightning. They did not
take into account the difference in conductivity between the interior part of the
thundercloud and the surrounding atmosphere and they used an equivalent model
(which was discussed in [Pasko et al., 1997] in the context of modeling of high
altitude transient luminous events called sprites) to study the effects of the lightning. According to this model, the charge removal caused by the lightning can be
viewed as a “ placement ” of an identical charge of opposite sign. This means that
the negative CG lightning can be modeled as a deposition of an equal amount of
positive charge at the same altitude as the negative charge that is removed by the
lightning.
Figure 2.3 shows the time evolution of the charge dynamics for the case of a CG
lightning derived from the model that was presented by Mareev et al. [2008]. At the
beginning 1 C of positive charge is deposited at altitude equal to 5 km. Then the
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system is allowed to relax for a period of 450 s. Figure 2.3a shows the evolution of
the volumetric induced charge. At the end of the simulation, the induced charge
is -0.98 C and it has screened almost completely the deposited positive charge,
since in this model there is no low conductivity cloud region that limited the
charge relaxation in the previous model case. Figure 2.3b shows the charge that is
deposited to the upper and to the lower boundaries. The conservation of charge
dictates that the total amount of the charge that is deposited to the boundaries is
equal to the total amount of charge that it is induced in the atmosphere. At the end
of the simulation the total amount of charge that is deposited to the boundaries is
equal to 0.98 (there is a small amount of charge equal to 0.02 C which remains in
the simulation domain because of the large relaxation time at the ground), which
is indeed the amount of charge that is induced in the atmosphere. From this
amount of +0.98 C, +0.55 C are deposited to the upper boundary and +0.43 C
are deposited to the lower boundary (the remaining +0.02 C that are left in the
simulation domain will eventually be transferred to the ground, so the total charge
on the ground will be +0.45 C).

2.3

A Single Thundercloud with a Single Positive Intra-Cloud Lightning Discharge

The linearity of the problem allows us to make conclusions for the case of a positive
CG lightning discharge, by inverting the polarities of the charges of the negative
model CG discharge case. By placing 1 C of negative charge at 10 km altitude and 1
C of positive charge at 5 km altitude, during the pre-lightning phase positive charge
will be distributed around the thundercloud and negative charge equal to -0.27 C
will be transferred to the ionosphere. The removal of the positive charge from the
thundercloud will lead to an excess of negative charge and thus positive charge
will be induced which eventually will be distributed around the thundercloud and
negative charge equal to -0.28 C will be transferred to the ionosphere. Although the
efficiency will be the same as for the case of the negative CG lightning discharge,
the negative charge that is transferred to the ionosphere causes the discharge of
the GEC [Mareev et al., 2008; Rycroft et al., 2007].
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Figure 2.4. Charge dynamics in the case of an IC lightning with deposited source
charges Q± =±1 C, at altitudes h+ =10 km and h− =5 km. (a) Cross-sectional representation of the charge distribution right before the lightning (t=400 s). (b) Cross-sectional
representation of the charge distribution right after the lightning (t=400.4 s).

2.4

A Single Thundercloud with a Single Positive Intra-Cloud Lightning Discharge

Figure 2.4 shows the time evolution of the charge dynamics in the case of an IC
lightning. The positive charge is assumed to be located at h+ =10 km, the negative
charge is assumed to be at h− =5 km and both charges Q± =±1 C are generated in
the thundercloud during a period of 400 s. The dynamics and distribution of the
screening charges in Figure 2.4a are identical to that discussed with relationship
to Figure 2.1a. After the occurrence of the lightning and the neutralization of the
charges inside the thundercloud, the excess of negative charge leads to the induction
of positive charge at higher altitudes (Figure 2.4b). This induced charge at the end
of the relaxation stage is distributed around the existing negative charge at the
boundaries of the thundercloud. These remaining charge layers at the boundaries
of the thundercloud eventually neutralize completely during the cloud dissipation
phase.
Figure 2.5a shows the evolution of the charges inside the thundercloud for the
IC lightning case. During the first 400 s, the source charges are accumulating
linearly in time inside the thundercloud up to the value of 1 C. Then the charges
are neutralized because of the lightning and no charge remains in the cloud until the
end of the simulation. On the other hand, negative charge is induced around the
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charges Q± =±1 C, at altitudes h+ =10 km and h− =5 km. (a) Time dynamics of the
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thundercloud during the charge accumulation stage and then, after the lightning,
positive charge is induced which is distributed around the thundercloud and screens
the existing negative charge (Figure 2.5b). Note that the although the total net
volumetric induced charge at the end of the 800 s is equal to zero, there are
0.04 C of positive and 0.04 C of negative charge that form two layers at the
boundary of the cloud. These charges will eventually neutralize during the cloud
dissipation stage. The charge that is transferred to the ionosphere during the slow
(pre lightning) charge accumulation stage is equal to +0.27 C while the charge that
is transferred to the ground is almost equal to zero. After the lightning occurrence
the negative charge of -0.27 C is transferred to the ionosphere (because positive
charge is induced and is deposited around the thundercloud). The charge that is
transferred to the ground is again equal to zero (Figure 2.5c). We note that during

25

0.99

1
Positive Q

Q (C)

0.5
0

0.01

−0.2
-0.98

100

200

Time (s)

Ground Q

0

Ionospheric Q
Negative Q

−1 (a)
0

0.23

0.2

Total induced Q

−0.5

0.4

300

400

-0.22

(b)

−0.4
0

100

200

Time (s)

300

400
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the cloud dissipation phase a very small (negligible) amount of charge is transferred
to the ionosphere. The total charge that was deposited to the ionosphere and to
the ground during the entire thunderstorm evolution with a single IC lightning
discharge discussed above is zero, and thus the efficiency of this thunderstorm is
zero, which means that this thunderstorm does not contribute to the global electric
circuit. Similarly to previously considered cases, if we sum up the charges inside
the thundercloud, the charges that are induced in the atmosphere and the charges
that are transferred to the upper and lower boundaries at every time step, then
we find that the total charge is zero, which ensures the conservation of the charge
in the system.
Figure 2.6 illustrates the time evolution of the charge dynamics for the case
of an IC lightning derived from the model that was presented by Mareev et al.
[2008]. The neutralization of the positive and negative charges that occurs during
an IC lightning can be viewed using the equivalent model as a deposition of the
same amount of negative and positive charges at respective altitudes. At the
beginning 1 C of negative charge is deposited at altitude equal to 10 km and 1
C of positive charge is deposited at altitude equal to 5 km. Then the system is
allowed to relax for a period of 450 s. Figure 2.6a shows the evolution of the
volumetric induced charge. At the end of the simulation, 0.99 C of positive charge
and 0.98 C of negative charge have been induced and have screened the deposited
charges. Figure 2.6b shows the charge that is deposited to the upper and to the
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Figure 2.7. Charge transferred to the ground and to the ionosphere for the case of a
thunderstorm that does not produce lightning (see text for details).

lower boundaries. The conservation of charge dictates that the total amount of the
charge that is deposited to the boundaries is equal to the total amount of charge
that it is induced in the atmosphere. At the end of the simulation the total amount
of charge that is deposited to the boundaries is equal to 0.01 C which is indeed
the amount of the induced charge that is present in the atmosphere. We note that
-0.22 C are deposited to the upper boundary and +0.23 C are deposited to the
lower boundary and 0.01 C is the difference between these charge amounts. The
total induced charge is not zero at the end of the simulation because of the slow
relaxation rate of the atmosphere at the ground. Eventually this amount of charge
will be transferred to the ground.

2.5

A Single Electrified Cloud

The model presented in this document (Chapter 2) can be used to estimate the
charge that is transferred to the ionosphere and to the ground for electrified clouds
that do not produce lightning. To illustrate this case we charge the system for a
time interval equal to 400 s with 1 C positive (at 10 km) and 1 C negative (at
5 km) charge and then we let the system relax by increasing linearly in time the
conductivity inside the thundercloud up to the value of conductivity in the sur-
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rounding atmosphere (Figure 2.7). We notice for this case that the GEC at the
end of the process is charged with charge equal to 0.25 C. We also note that this
amount of charge is transferred to the ionosphere mainly during the electrification
of the cloud, and to the ground mainly during the dissipation phase of the thunderstorm. We note that in the quantitative context of the modeling conducted in this
document the contribution of a single electrified cloud to the global electric circuit
is ∼3 times less than the contribution of a single thunderstorm that produces a
negative CG lightning (assuming that both systems possess charges at the same
altitudes and with the same values).
Davydenko and Mareev [2014] questioned this treatment of the electrified clouds
stating that the permanent source current forms a steady state system of the
conduction currents inside and in the vicinity of the cloud. Ideally, in the steady
state, the conduction currents become equal to the permanent source currents, and
there is no further charge accumulation inside the cloud. Given the fact that inside
the cloud, the conductivity can be up to several orders of magnitude lower than the
fair weather conductivity at the same altitude, the ideal steady state may not be
achieved during the life cycle of the cloud. Therefore, there can be always a slow
charge accumulation (the permanent source currents are larger than the conduction
currents) without the electric field being able to reach the lightning initiation
threshold. Our approximation describes this case. Because the conductivity inside
the cloud is zero for reasons mentioned above, the described by Davydenko and
Mareev [2014] steady state is not achieved and there is a charge accumulation.
In Chapter 6 we demonstrate that the conductivity inside the storm can decrease
more than two orders of magnitude, supporting the idea that achievement of a
steady state is not always possible.

2.6

Conclusions

The conclusions of this chapter can be summarized as:
1. Based on the model and the data presented, it was shown that the charge
accumulation stage should be taken into account for the study of the charge
transfer to the ionosphere and to the ground in association with lightning discharges. The amount of induced charge that is transferred to the ionosphere
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during the charge accumulation phase prior to the lightning is comparable to
the charge that is transferred during the slow transients after the lightning
occurrence.
2. In addition to the charge accumulation and the lightning phases, the quantitative description of the thunderstorm dissipation phase is also important for
understanding of the overall contribution of the thunderstorms to the GEC.
3. For all kind of lightning discharges the time dynamics of the charge flow to
the ground are different from the time dynamics of the charge flow to the
ionosphere. These dynamics are sensitive to the conductivity distribution
in the vicinity of the thundercloud. For the model conductivity distribution
studied in the present work, there is a charge flow to the ionosphere during all
phases of the thunderstorm evolution, but there is charge flow to the ground
only by the direct deposition of charge during the CG lightning discharge
and the cloud dissipation phase.

Chapter

3

Parametric Study of Factors that
Influence the Charge Transfer to the
Ionosphere and to the Ground
In this chapter, we perform a comprehensive quantitative study on different parameters of the two-dimensional axisymmetric model that was presented in Chapter
2, in order to point out the physical quantities that influence mostly the presented
results.

3.1

Dependence on the Altitude of the Source
Charges

Figure 3.1 describes results of simulations when two charges of ±1 C are slowly
generated (deposited) in the thundercloud. This figure illustrates the dependence
of the charge transferred to the ground and to the ionosphere on the altitude
of the positive charge (Figure 3.1a) and on the altitude of the negative charge
(Figure 3.1b). In Figure 3.7a, we see that while the altitude of the deposited
positive charge increases, the transferred charge to the ionosphere also increases
because the electric field is stronger at higher altitudes due to the presence of the
positive charge. On the other hand in Figure 3.1b, we see that while the altitude
of the deposited negative charge increases, the transferred charge to the ionosphere
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Figure 3.1. Charges transferred to the ground and to the ionosphere at the moment
right before the occurrence of a lightning (t=400 s) as a function of (a) h+ with h− =2
km and (b) h− with h+ =13 km. The charges at that time are equal to Q± =±1 C.

decreases. This happens because as the negative charge comes closer to the positive
charge, the electric field gets stronger in the area between them and decreases in
the area between the positive charge and ionosphere. From these results we can
conclude that the charge transfer to the ionosphere during the cloud electrification
phase depends on the spatial separation of the accumulated charges and it ranges
between 0.2 C and 0.59 C. For the chosen thundercloud conductivity model, the
amount of charge that is transferred to the ground is one order of magnitude less
than the amount of charge that is transferred to the ionosphere, it depends mainly
on the altitude of the negative charge and it ranges between -0.006 C and 0.022 C.
Figure 3.2 shows the charge transferred to the ionosphere and to the ground
after a CG flash (for the case of removal of -1 C) as a function of the altitude
of the positive charge (Figure 3.2a) and the altitude of negative charge (Figure
3.2b). We note that in contrast to Figure 3.2c, the charge deposited to the ground
shown in these graphs does not include the -1 C transferred by the negative CG
and therefore illustrates the net deposition of the charge to the ground due to the
flow of the conduction current following the lightning discharge. For the case of
the negative CG flash, the charge that is transferred to the ionosphere is almost
independent on the altitude of the positive charge. Figure 3.2a shows that if the
altitude of the positive charge is increased by 7 km (116%) , the charge that is
transferred to the ionosphere is increased by 3%. On the other hand, the charge
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Figure 3.2. Charges transferred to the ground and to the ionosphere 450 s after the
occurrence of a negative CG lightning (t=800 s) as a function of (a) h+ with h− =2
km and (b) h− with h+ =13 km. These charges represent the deposited charges to the
ground/ionosphere because of the removal of -1 C of negative charge from the thundercloud.

that is transferred to the ionosphere depends mainly on the altitude of the negative
charge that is removed (Figure 3.2b). From Figure 3.2 it can be seen that the charge
that is transferred to the ionosphere ranges between 0.11 C and 0.495C. Similarly
to the previous case (i.e., Figure 3.1), the transferred charge to the ground is
approximately one order of magnitude less than the charge that is transferred to
the ionosphere, it depends on the altitude of the removed negative charge as well
as the distance between the positive and the negative charge and it ranges between
0.022C and 0.042 C.
Figure 3.3 shows the charge transfer to the ionosphere and to the ground after
an IC flash (for the case of removal of ±1 C) as a function of the altitude of the
positive charge (Figure 3.3a) and the altitude of negative charge (Figure 3.3b).
From these figures it is clear that the charge that is transferred to the ionosphere
due to an IC flash depends mainly on the distance between the removed positive
and negative charges (the larger the distance, the larger the amount of charge
that is transferred) and it ranges between -0.2 and -0.6 C. The charge that is
transferred to the ground is negligible compared to the charge that is transferred
to the ionosphere, it depends mainly on the altitude of the removed negative charge
and it ranges between -0.02 C and 0.004 C.
It is important to emphasize that for the IC case the positive charge transferred
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Figure 3.3. Charges transferred to the ground and to the ionosphere 450 s after the
occurrence of a IC lightning (t=800 s) as a function of (a) h+ with h− =2 km and (b) h−
with h+ =13 km. These charges represent the deposited charges to the ground/ionosphere
because of the neutralization of -1 C of negative charge with 1 C of positive charge in
the thundercloud.

to the ionosphere during the pre-lightning phase (Figure 3.1) is exactly compensated by the negative charge deposition following the lightning (Figure 3.3) so
that IC discharge does not contribute to the GEC, consistent with results shown
in Figure 3.5c.
The results of Figures 3.1-3.3 show that the charge that is transferred to the
ionosphere during a thunderstorm, changes linearly with the charge moment (i.e.,
charge multiplied by altitude) of the placed/removed charges to/from the thunderstorm. Rycroft et al. [2007] reached a similar conclusion and specifically they
concluded that the ionospheric potential changes linearly with the charge moment
related to a negative CG lightning discharge.
Figure 3.4 shows results for a negative CG case in terms of the charge transfer
to the ionosphere and to the ground at the end of the cloud dissipation phase as a
function of the altitude of the remaining positive charge. We note that this stage
corresponds to the last +0.26 C deposition to the ionosphere and +0.13 C to the
ground between ∼800 s and 1250 s time evolution, corresponding to the negative
CG scenario shown for h+ =10 km in Figure 3.2c. From Figure 3.4 it is clear that
the charge that is transferred to the ground decreases as the altitude of the remaining positive charge increases. At the same time, the charge that is transferred to
the ionosphere initially increases as the altitude of the remaining charge increases,
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Figure 3.4. Charge transferred to the ground and to the ionosphere at the end of cloud
relaxation phase (t=1250 s) as a function of the altitude of the remaining positive charge.
These charges represent the deposited charges to the ground/ionosphere because of the
dissipation of the 1 C of positive charge and the screening charge that is distributed at
the boundaries of the thundercloud.

but as the remaining positive charge approaches the upper boundary of the thundercloud, the charge that is transferred to ionosphere starts decreasing. Thus we
can say that the charge that is transferred to the ground depends on the altitude
of the remaining charge inside the thundercloud and the charge that is transferred
to the ionosphere depends on the altitude of the remaining charge as well as its
distance from the upper boundary of the thundercloud. We also note that during
this phase of the thunderstorm the charge that is transferred to the ground is not
negligible compared to the charge that is transferred to the ionosphere and for
some smaller h+ values is up to two times larger.

3.2

Dependence on the Ambient Conductivity
Profile

Figure 3.5 shows the charge that is transferred to the ionosphere and to the ground
for the case of a negative CG lightning for two different conductivity profiles. For
the first profile the term (I) of equation (2.4) has σ0 =5×10−14 S/m and scale height
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Figure 3.5. Charge dynamics in the case of a negative CG lightning with deposited
source charges Q± =±1 C, at altitudes h+ =10 km and h− =5 km for two different conductivity profiles. Profile 1 has σ0 =5×10−14 S/m and scale height l=6 km, while Profile
2 has σ0 =6×10−13 S/m and scale height l=11 km. (a) Conductivity profiles as a function of altitude. (b) Charge deposited to the upper boundary as a function of time. (c)
Charge deposited to the lower boundary as a function of time.

l=6 km [Dejnakarintra and Park , 1974], while for the second profile the term (I)
has σ0 =6×10−13 S/m and scale height l=11 km [Holzworth et al., 1985](Figure
3.5a). For both of these two profiles the term (II) is the same. The second profile
has lower values at high altitudes than the first profile and thus the charge that is
transferred to the ionosphere is lower (Figure 3.5b). On the other hand, the second
profile has larger values for low altitudes and thus the charge that is transferred
to the ground is larger than in the case of the first profile. For the conductivity
profile 1 the altitude at which the electric field becomes vertical is ∼40 km (thus
the upper boundary of the simulation domain is set at 40 km) and for profile 2
this altitude is at ∼55 km (the upper boundary of the simulation domain is set at
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55 km).

3.3

Thundercloud Top Boundary

Davydenko and Mareev [2014] have discussed implications of the definition of the
cloud top and the cloud bottom altitude. An insightful analytical approximation
that they include in their comment, shows that there is a dependence between
the charge that is transferred to the ionosphere and the altitude of the cloud top.
According to their comment, in the electrostatic approximation considering two
source charges placed between two perfectly conducting planes, and in the limit
where the radius of the cloud is large while the source charges are point charges,
the charge that is induced at the top boundary during the electrification or the
dissipation phase of the storm is:
Qup =

−Q+ h+ − Q− h−
zc − α

where Q± are the deposited source charges, h± are their centers, zc is the altitude
of the cloud top, and α is thickness of the transition region between the cloud and
the surrounding air.
In the case of the IC discharge, both the charges between the planes are neutralized, and almost all induced charges disappear by the end of the relaxation
stage. This means that the Qup in this stage is equal to the Qup of the charge
accumulation stage with the opposite sign.
In the case of the negative CG discharge, the top positive charge only remains
between the planes, and the net induced charge at the top plane changes by:
∆Qup =

3.4
3.4.1

−Q+ h−
zc − α

Thundercloud Bottom Boundary
Cloud-to-Ground Lightning Case

Figure 3.6 shows the charge flow to the ionosphere and to the ground in the case
of a negative CG flash, for the cases that the thundercloud extends to the ground
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Figure 3.6. Charge flow to the upper and lower boundaries in the case of an CG lightning with Q± =±1 C, at altitudes h+ =11.84 km and h− =6.72 km. Case I corresponds
to the case that the thundercloud extends to the ground, and Case II corresponds to the
case when the lower boundary of the cloud is positioned at 2 km above the ground.

(Case I) and for the case when the lower boundary of the cloud is positioned at
2 km altitude above the ground (Case II). The positive charge is assumed to be
located at h+ =11.84 km, the negative charge is assumed to be at h− =6.72 km and
both charges Q± =±1 C are generated in the thundercloud during a period of 354
s. The conductivity inside the thundercloud is assumed to be equal to zero.
The difference in the time charge dynamics can be explained as follows. Since
the positive charge is located at higher altitudes, negative charge is induced at the
upper boundary and in both cases positive charge is transferred to the ionosphere.
At the same time when there is a lower cloud boundary at 2 km, positive charge is
induced because of the existence of the negative charge at the lower altitudes and
thus negative charge is transferred to the ground. When the thundercloud extends
to the ground, the charge that is transferred to the ground is zero, because the
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lack of conductivity inside the cloud prevents the induction of charge below the
negative source charge.
When the negative charge is removed from the cloud, negative charge is induced
because of the excess of positive charge and thus positive charge is transferred to the
ionosphere and to the ground. In the case of the thundercloud with low boundary,
the positive charge that is transferred to the ground is much higher than in the
case of the thundercloud that reaches to the ground, because of the existence of
the positive charge at the low boundary, which attracts higher amount of negative
charge. Moreover, because of the fact that the thundercloud is closer to the ground,
large amount of negative charge is driven form the ground which increase the
negative charge at the boundaries of the thundercloud. As this negative charge
increases, the increase of the negative electric field at the upper boundary of the
thundercloud leads to attraction of positive charge and thus negative charge starts
transferring to the ionosphere which neutralizes the existing positive charge and
reduces the amount of the charge that is transferred there.
Right before the dissipation phase 1 C of positive charge remains in the thundercloud. For the case of the cloud that extends to the ground negative charge has
been induced in the upper and side boundaries and for the case of the cloud that
extends at 2 km there is negative charge at the lower boundary as well. During the
dissipation phase, positive charge is transferred to the ionosphere for both cases
because the amount of the remaining positive charge is larger than the negative
charge in the upper boundary and thus negative charge is driven form the ionosphere. Regarding the charge that is transferred to the ground and for the case of
the cloud that extends to the ground, negative charge is driven from the ground as
the conductivity inside the cloud increases because of the existence of the positive
charge which leads to the transfer of positive charge to the ground. For the case of
the cloud that extends to the ground and because of the existence of the negative
charge at the lower boundary, positive charge is driven form the ground which
leads to the transfer of negative charge to the ground.
Finally we note that in the case of the cloud that extends to the ground the
system is charged with charge ∼0.86 C, while for the case that the cloud extends
to 2 km, the system is charged with charge ∼0.76 C.
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Figure 3.7. Charge flow to the upper and lower boundaries in the case of an IC lightning
with Q± =±1 C, at altitudes h+ =11.84 km and h− =6.72 km. Case I corresponds to the
case that the thundercloud extends to the ground, and Case II corresponds to the case
when the lower boundary of the cloud is positioned at 2 km above the ground.

3.4.2

Intra-Cloud Lightning Case

Figure 3.7 shows the charge flow to the ionosphere and to the ground in the case of
an IC flash, for the cases that the thundercloud extends to the ground and at the
altitude of 2 km above the ground. The positive charge is assumed to be located
at h+ =11.84 km, the negative charge is assumed to be at h− =6.72 km and both
charges Q± =±1 C are generated in the thundercloud during a period of 354 s. The
conductivity inside the thundercloud is assumed to be equal to zero.
The difference in time charge dynamics during the electrification case has the
same explanation as for the case of the negative CG lightning.
In the case that the thundercloud extends to the ground, after the neutralization
of the source charges there is an amount of negative charge that remains at the
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Figure 3.8. Charge flow to the upper and lower boundaries in the case of an electrified
cloud with Q± =±1 C, at altitudes h+ =11.84 km and h− =6.72 km. Case I corresponds
to the case that the thundercloud extends to the ground, and Case II corresponds to the
case when the lower boundary of the cloud is positioned at 2 km above the ground.

boundaries of the thundercloud. This charge causes the induction of positive charge
that is driven from the ionosphere and thus negative charge is transferred to the
ionosphere which neutralizes the deposited positive charge during the electrification
case. The induced positive charge forms a layer above the negative charge at the
thundercloud boundaries and during the dissipation phase these layers neutralize
each other without any transfer of charge to the ionosphere or to the ground.

3.4.3

Electrified Cloud Case

Figure 3.8 shows the charge flow to the ionosphere and to the ground in the case of
an electrified cloud, for the cases that the cloud extends to the ground and at the
altitude of 2 km above the ground. The positive charge is assumed to be located
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at h+ =11.84 km, the negative charge is assumed to be at h− =6.72 km and both
charges Q± =±1 C are generated in the thundercloud during a period of 354 s. The
conductivity inside the thundercloud is assumed to be equal to zero.
The reasoning analyzed in the previous cases of CG and IC lightning can be
applied to explain the difference between the results of the two cases.

3.5

Thundercloud Conductivity

Few conductivity measurements have been made inside clouds [MacGorman and
Rust, 1998, p. 171]. Rust and Moore [1974] made measurements of atmospheric
electricity at a mountain-top observatory with some instruments at the earth’s
surface and with others carried aloft by captive balloons into the bases of thunderclouds overhead. The properties measured included the charge on individual
precipitation particles, the electric current density carried by precipitation, the local electric field vector, and the electric conductivity of the air. The polar electrical
conductivity of cloudy air found to be about 1/10 that of the clear air at the same
altitude.
Despite the lack of measurements, several models have been developed regarding the electrification of the clouds that give estimations about the conductivity
[e.g., Griffiths et al., 1974; Chiu, 1978; Kamra, 1979; Zhou and Tinsley, 2012]. All
these models indicate that the conductivity inside the thundercloud depends on the
small ion density as well as the large ion density (cloud droplets and raindrops).
During the first stages of the evolution of the cloud the conductivity depends
mainly on the small ion density. However, because the small ions quickly attach to
cloud particles [e.g., MacGorman and Rust, 1998; Rakov and Uman, 2003], their
density is at least 2 orders of magnitude less than the ion density of the clear air,
which leads to very low values of cloud conductivity. As the cloud gets electrified,
the increase of the electric field affects the contribution of large ions to conductivity. A sharp increase in conductivity occurs in a sufficiently strong field due
to the corona effect around the strongly charged particles. Griffiths et al. [1974]
calculated that when the corona threshold is reached the conductivity inside the
thundercloud can increase to higher values than the conductivity of the clear air
at the same altitudes.
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Figure 3.9. Charge flow to the ionosphere (a) and to the ground (b) in the case of an
CG lightning with Q± =±1 C, at altitudes h+ =11.84 km and h− =6.72 km for several
values of conductivity inside the thundercloud.

The conductivity of the thundercloud plays an important role to our model and
consequently affects the amount of charge that is transferred to the ionosphere and
to the ground.

3.5.1

Cloud-to-Ground Lightning Case

Figure 3.9 shows the charge flow to the ionosphere (Figure 3.9a) and to the ground
(Figure 3.9b) in the case of a negative CG flash, for the cases that the thundercloud
extends to the altitude of 2 km above the ground, and the conductivity inside the
thundercloud is zero (Case A), 10 times (Case B), 20 times (Case C) and 40 times
(case D) lower than the fair weather conductivity. The positive charge is assumed
to be located at h+ =11.84 km, the negative charge is assumed to be at h− =6.72
km and both charges Q± =±1 C are generated in the thundercloud during a period
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of 354 s.
The charge that is transferred to the ionosphere and to the ground during the
electrification phase is not affected by the conductivity inside the thundercloud
and it depends only by the amount of the deposited positive and negative charge.
After the lightning, the amount of positive charge that is transferred to the
ionosphere decreases as the conductivity inside the thundercloud increases. This
happens because as the conductivity increases, more negative charge is induced
inside the thundercloud and neutralizes the deposited positive charge. So, the
excess of the positive charge after the negative CG lightning decreases as the
conductivity increases. For the same reason the positive charge that is transferred
to the ground decreases as the conductivity inside the thundercloud increases.
The dissipation phase is also affected by the conductivity inside the thundercloud. As the conductivity inside the thundercloud increases, the remaining positive charge inside the thundercloud decreases. This leads to lower difference between the amount of the remaining positive charge and the negative charge at the
upper boundary of the thundercloud. The lower this difference is the lower amount
of negative charge is driven from the ionosphere and thus the lower amount of positive charge is transferred to the ionosphere during the dissipation phase. The same
reasoning hold for the case of the charge that is transferred to the ground and the
amount of negative charge that exists at the lower boundary of the thundercloud.
When the conductivity inside the thundercloud is less than 20 times less than
the fair weather conductivity the dissipation phase influences the charge transfer
to the ionosphere. Moreover, when the conductivity is less than 40 times less than
the fair weather conductivity, the charge that is transferred to the ionosphere and
to the ground converges to the value of the case of zero conductivity.

3.5.2

Intra-Cloud Lightning Case

Figure 3.10 shows the charge flow to the ionosphere (Figure 3.10a) and to the
ground (Figure 3.10b) in the case of an IC flash, for the cases that the thundercloud
extends to the altitude of 2 km above the ground, and the conductivity inside the
thundercloud is zero (Case A), 10 times (Case B), 20 times (Case C) and 40 times
(case D) lower than the fair weather conductivity. The positive charge is assumed
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Figure 3.10. Charge flow to the ionosphere (a) and to the ground (b) in the case of
an IC lightning with Q± =±1 C, at altitudes h+ =11.84 km and h− =6.72 km for several
values of conductivity inside the thundercloud.

to be located at h+ =11.84 km, the negative charge is assumed to be at h− =6.72
km and both charges Q± =±1 C are generated in the thundercloud during a period
of 354 s.
Similarly to the case of the negative CG lightning, the electrification phase is
not affected by the conductivity inside the thundercloud. Because of the existence
of the conductivity inside the thundercloud, the amount of the accumulated source
charges is lower than the amount of the deposited charges. Moreover, because the
conductivity increases with altitude and the positive source charge is at higher
altitude than the negative source charge, right before the lightning the negative
accumulated charge is larger than the positive. The removal of equal amount of
positive and negative charge, leaves a remaining amount of negative charge which
is larger as the conductivity inside the thundercloud is larger. This amount of the
remaining negative charge influences the charge that is induced and is transferred
to the ionosphere and to the ground after the IC lightning. As this remaining
charge increases (the conductivity increases) less positive charge is driven from the
ground and less negative charge is driven from the ionosphere, and this results the
lower values of the charge that is transferred to the ground and to the ionosphere.
We note that in the IC case if the conductivity is 40 times less than the fair
weather conductivity the results do not converge to the case of the zero conductivity
case. The conductivity inside the thundercloud should be around 100 times less
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Figure 3.11. Charge flow to the ionosphere (a) and to the ground (b) in the case of an
electrified cloud with Q± =±1 C, at altitudes h+ =11.84 km and h− =6.72 km for several
values of conductivity inside the cloud.

than the fair weather conductivity in order a convergence to exist.

3.5.3

Electrified Cloud Case

Figure 3.11 shows the charge flow to the ionosphere (Figure 3.11a) and to the
ground (Figure 3.11b) in the case of an electrified cloud, for the cases that the
cloud extends to the altitude of 2 km above the ground, and the conductivity
inside the cloud is zero (Case A), 10 times (Case B), 20 times (Case C) and 40
times (case D) lower than the fair weather conductivity. The positive charge is
assumed to be located at h+ =11.84 km, the negative charge is assumed to be at
h− =6.72 km and both charges Q± =±1 C are generated in the thundercloud during
a period of 354 s.
The reasoning analyzed in the previous cases of CG and IC lightning can be
applied to explain the difference between the results of the four cases.

3.6

Charging Time

The charging time of thunderstorms depends on the size of the thunderstorm (e.g.,
small, medium, large) as well as the stage of the thunderstorm lifecycle (e.g.,
growing stage, mature stage and final stage) [Jacobson and Krider , 1976; Livingston and Krider , 1978]. The values of the charging time vary between ∼1 s
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and ∼200-300 s [Jacobson and Krider , 1976; Livingston and Krider , 1978; Krider
and Blakeslee, 1985; Deaver and Krider , 1991]. The charge that is transferred
to the ionosphere and to the ground depends on the relaxation time of the atmosphere, which decreases exponentially as a function of altitude, and thus the
duration of the charging period of the thunderstorm affects the charge transfer.
For the demonstration of this dependance in Figure 3.12 we present 3 different
cases of charging time for a negative CG lightning. The first case is a very short
time period of 1 s which is much less than the relaxation time at the ground and
at the cloud top. The second case is a charging period of 64 s which is larger than
the relaxation time at the cloud top but smaller than the relaxation time at the
ground. Finally the third case is a charging period of 200 s which is larger than
the relaxation time at the ground and at the cloud top.
In Figure 3.12a the comparison of the charge that is transferred to the ionosphere and to the ground for the cases of 1 and 64 s is shown. The charge that
is transferred to the ground in both cases is almost zero because in both cases
the charging time is much less than the relaxation time of the atmosphere at the
ground. The charge that is transferred to the ionosphere is larger in the case of 64
s than in the case of 1 s because larger portion of the atmosphere has relaxed.
In Figure 3.12b the comparison of the charge that is transferred to the ionosphere and to the ground for the cases of 64 and 200 s is shown. The charge that
is transferred to the ionosphere in both cases is the same. Which means that if
the charging time is greater or equal than the relaxation time of the cloud top, the
charge that is transferred to the ionosphere does not depend on the charging time.
On the other hand, the charge that is transferred to the ground is larger in the
case of 200 s because for this case the charging time is larger than the relaxation
time of the atmosphere at the ground.
From Figures 3.12a and 3.12b we can conclude that the smaller the charging
time in comparison to the relaxation time at the cloud top and at the ground,
the less charge is transferred to the ionosphere and to the ground, respectively. If
the charging time is larger than the relaxation time at the cloud top and at the
ground, then it does not affect the charge that is transferred to the ionosphere and
to the ground respectively.
In Figure 3.12c the charge is shown that is transferred to the ionosphere and
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Figure 3.12. (a) Charge flow to the ionosphere and to the ground in the cases of 1 s
and 64 s charging periods. (b) Charge flow to the ionosphere and to the ground in the
cases of 64 s and 200 s charging periods. (c) Total charge flow to the ionosphere and to
the ground in the cases of 1 s, 64 s, and 200 s charging periods for a thunderstorm with a
negative CG lightning. (d) Total charge flow to the ionosphere and to the ground in the
cases of 1 s, 64 s, and 200 s charging periods for a thunderstorm with an IC lightning.

to the ground at the end of the thunderstorm cycle with a negative CG for the
three different cases of charging time mentioned above. It is clear that although
different amount of charge is transferred to the ionosphere and to the ground at the
end of the charging period for each one of these three cases, at the end the overall
contribution to the GEC is the same. The reason for this is the following. After
1 s of charging time less charge is transferred to the ionosphere than the cases of
64 s and 200 s. This means that less charge is induced around the thundercloud.
After the negative CG lightning occurs and 1 C of negative charge is removed,
the excess of positive charge in the case of 1 s charging is higher than in the case
of 64 s and 200 s because less negative charge exists at the cloud top. Since the

47

Q (C)

1
0.8
0.6
0.4
0.2
0
−0.2
−0.4
−0.6
−0.8
−1
−1.2
0

Ionospheric Q
for 20 sec

Ground Q
for 20 sec

500

Time (sec)

Ionospheric Q
for 200 sec

Ground Q
for 200 sec

1000

Figure 3.13. Charge flow to the ionosphere and to the ground in the cases of 20 s and
200 s relaxation periods after the occurrence of a negative CG lightning.

excess of the positive charge is larger, the induced negative charge right after the
lightning is larger. This larger amount of negative charge that is induced after the
lightning, balances the difference of the negative charge that was induced during
the electrification phase. So at the end, the charge that is transferred to the
ionosphere is the same regardless the charging time. The same reasoning holds
for the charge that is transferred to the ground. So, the overall contribution of a
thunderstorm with a single negative CG lightning to the GEC does not depend on
the duration of the electrification phase.
In Figure 3.12d the charge is shown that is transferred to the ionosphere and to
the ground at the end of the thunderstorm cycle with an IC for the three different
cases of charging time mentioned above. It is clear that the conclusions made in
the case of a negative CG lightning hold for the case of an IC lightning as well.

3.7

After Lightning Relaxation Time

After a lightning discharge, the charge that is left in the thundercloud will either
relax/redistribute or new charge separation will occur leading to a formation of a
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new dipole [Inan et al., 1996]. In our study we consider that after the lightning
discharge the remaining charge relaxes/redistributes. The duration of the charge
relaxation again depends on the type of the thunderstorm and its stage. The charge
relaxation period varies between ∼20 s to ∼200 s [Blakeslee et al., 1989; Deaver and
Krider , 1991]. Similarly to the charging period, the charge that is transferred to
the ionosphere and to the ground depends on the relaxation period and specifically
on how fast is the relaxation period in comparison with the relaxation time of the
atmosphere at the cloud top and at the ground. In Figure 3.13 the total charge
that is transferred to the ionosphere and to the ground is shown, for two different
cases of relaxation time. In one case we consider that the system relaxes for 20 s
and in the second case we consider that the system relaxes for 200 s.
From Figure 3.13 it is clear that the relaxation time affects the total charge that
is transferred to the ionosphere and to the ground and thus the total contribution
of the thunderstorm to the GEC. For relaxation period equal to 20 s more charge
is transferred to the ionosphere and to the ground than the case of 200 s. This
can be explained as following. After the removal of the negative charge because
of the negative CG lightning, the excess of the positive charge leads to induction
of negative charge. For the case of 20 s relaxation time, which is much less than
the relaxation time of the atmosphere at the ground the induced negative charge
originates mainly from the ionosphere and thus more positive charge is transferred
there. For the case of 200 s relaxation time, which is larger than the relaxation
time of the atmosphere at the ground, there is induction of negative charge from
the ground. So, less positive charge is transferred to the ionosphere and at the
same time the positive charge that is transferred to the ground reduced the negative charge that was transferred during the lightning. So, overall less charge is
transferred to the ionosphere and to the ground than in the case of fast relaxation.

3.8

Corona Currents

Kasemir [1978] emphasized the importance of corona discharges in the overall
current system. When the electric field near the ground exceeds a few kilovolts per
meter, ions are produced by corona and flow upward to the base of the cloud [Tzur
and Roble, 1985]. Standler and Winn [1979] measured corona current densities
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of about 1nA/m2 in a 8 kV/m field at the ground. They suggested that the ions
released in the air limit the maximum electric field at the ground to 10 kV/m.
the minimum electric field required to produce corona is about 5 kV/m depending
upon the surface roughness and growth [Standler , 1980].
We include the corona currents in our model, by assuming a current source on
the ground at points where the electric filed exceeds the corona threshold Ec which
is considered to be 5 kV/m. The corona current density is calculated using the
following formulas:




Ez0
Jc0 = σ0 Ez0 − σ0 Ec exp
−1
Ec


z
Jc (z) = Jc0 exp −
hl /10
where Jc0 is the corona current density at the ground, σ0 is the conductivity at the
ground, Ez0 is the electric field at the ground, and hl is the altitude of the lower
boundary of the cloud. A similar formulation for the corona currents has been
used by Tzur and Roble [1985], and Helsdon et al. [2002]. From this expressions it
is clear that while the electric field is lower than the corona threshold, the corona
current current density is much smaller than the conduction current density and
thus it does not influence the system. As the electric field exceeds the corona
threshold, the corona current density becomes comparable and even larger than
the conduction current density and therefore leads to a decrease of the electric field
on the ground. Moreover, the corona current density is maximum at the ground
and decreases exponentially with altitude up the the base of the thundercloud hl .
Figure 3.14 illustrates the difference of the charge distribution if corona currents
are not taken into account (Figure 3.14a) and if they are taken into account (3.14b).
Figure 3.15a illustrates the difference in the vertical electric field distribution
along the axis of the simulation domain for the case of existence and absence
of corona currents. The main difference between these two cases is located at
the ground where the electric filed in the case of existence of corona currents is
maintained to values lower than the corona threshold. As the altitude increases,
then the corona current density decreases and both cases converge to the same
results.
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In Figure 3.15b, the amount of charge that is transferred to the ionosphere and
to the ground is shown, for the cases of existence and absence of corona currents.
Since the corona currents are dominant at the ground, the amount of charge that
is transferred to the ionosphere is not affected by the presence of corona currents
and both cases give the same results. On the other hand, regarding the amount
of charge that is transferred to the ground, the electric field decreases due to
the existence of corona currents and leads to a smaller amount of charge that
is transferred to the ground. We also want to note, that in the case of absence
of corona current, the amount of charge that is transferred to the ionosphere is
equal and opposite the amount of charge that is transferred to the ground when
the system reaches the steady state. In the presence of the corona currents the
amount of charge that is transferred to the ionosphere is not equal to the charge
that is transferred to the ground. This happens because there is a certain amount
of volumetric charge that exists near the ground because of the corona discharge.
In Figure 3.15c, the corona current density as a function of the electric field is
shown. It is clearly shown that when the electric field exceeds the corona threshold,
the corona current’s influence increases exponentially.
We can conclude that the corona currents play a significant role in the overall
current system. The influence of the corona currents depends first of all on the morphology of the ground. Furthermore it depends on the electric field that is created
by any given thunderstorm and thus it depends on the electrical characteristics of
the thunderstorm.

Chapter

4

Time-Depended Model of the
Global Electric Circuit
This chapter contains results regarding the development of a time-depended model
that is able to study the effects of thunderstorms on the whole Global Electric
Circuit. We expand the model described in Chapter 2 in order to simulate the
current dynamics in the Global Electric Circuit. We compare the model in the
steady state with a static model published in the literature for two different types
of ionospheric boundary conditions.

4.1

Model Formulation

We expand the model described in Chapter 2 in order to be able to simulate
the whole Global Electric Circuit. Since the described model is two-dimensional
cylindrical, while the actual system is three-dimensional spherical, it is important
for the simulation domain of the model to have the same electrical characteristics
with the actual system, and specifically to have the same resistance. The global
resistance is defined by the expression:
Z
Rtot =
0

rmax

2πrdr
Rc

−1
[Ω]

(4.1)
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where Rc is the column resistance
Z
Rc (r) =
0

hmax

dz
[Ω m2 ]
σ(r, z)

(4.2)

It is clear that the resistance depends on the surface area of the domain. We
choose rmax =2×REarth =12756 km, which ensures that the surface area of the simulation domain is the same as the surface area of the spherical Earth. The height
of the simulation domain is chosen to be equal to hmax =70 km, which provides an
approximation to the lower ionosphere in our modeling. Above this altitude, the
conductivity distribution becomes anisotropic, and the high values of the conductivity along the geomagnetic field lines allow the current to flow along these lines
to the magnetic conjugate hemisphere [Hays and Roble, 1979; Tzur and Roble,
1985].
The conductivity of the simulation domain is:
σ(z) = σ0 exp(z/l)

(4.3)

where σ0 =5×10−14 S/m is the conductivity at ground level and l=6 km is the
altitude scaling factor.
The spatial distributions of positive and negative source charge densities are
considered to be Gaussian of the following form:


Q± (t)
(z − h± )2
r2
ρs± (r, z, t) = 3/2
exp −
− 2
π αz αr2
αz2
αr
where αz =2 km and αr =6 km are the vertical and horizontal scales of the charge distributions , h− =8 km and h+ =15 km are the altitudes of their centers, Q± (t)=Is± t
are the total charge values that are deposited to the system, and Is± =±4.2 A. The
specified source charges produce Wilson current at 20 km altitude equal to 1 A,
consistent with measurements by Mach et al. [2009, 2010, 2011].
The equations we are solving for time dynamics of the source charge densities
ρs , the induced charge densities ρf , the electric potential φ, and the electric field
~ are the equations (2.1)-(2.3).
E
We use two different kinds of boundary conditions. The first type is the Neu-
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mann boundary conditions:
• φ = 0 at z = 0 km
• Ez = 0 at z = 70 km
• Er = 0 at r = 0 km and r = rmax .
In the real system the current partially spreads horizontally and returns back
to the Earth in the fair weather regions in the same hemisphere as the source, and
partially flows along the geomagnetic field lines and returns back to Earth in the
fair weather regions in the magnetic conjugate hemisphere. By applying this form
of boundary conditions, we force the current that reaches the upper boundary to
become radial, and thus to travel along the simulation domain and return back to
the ground in the fair weather region far away from the thunderstorm.
The second type of boundary conditions is the Dirichlet boundary conditions:
• φ = 0 at z = 0 km
• φ = 0 at z = 70 km
• Er = 0 at r = 0 km and r = rmax .
Having calculated the current that flows from the ground towards the ionosphere
(by integrating the positive current density at the ground over the surface of the
lower boundary), we calculate the constant potential of the upper boundary from
the Ohm’s law, φtop =IRtot , where Rtot is the global resistance of the domain, to
ensure zero current flow to the ground.
The results of the time-dependent model when it reaches a steady state are
compared with the results derived by using a static model. The spatial distributions of the positive and the negative source currents for the static model are
considered to be Gaussian of the following form:


Is±
(z − h± )2
r2
S± (r, z) = 3/2
exp −
− 2
π αz αr2
αz2
αr
where αz =2 km and αr =6 km are the vertical and horizontal scales of the current distributions, h− =8 km and h+ =15 km are the altitudes of their centers and
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Is± =±4.2 A are the total source current values. We solve the equation:
~ · σ ∇φ
~ = −S+ − S−
∇
The steady state of the time-dependent model is achieved when.
ρt = const ⇒

∂ρf
∂ρs
∂ρt
=0⇒
=−
= −S+ − S−
∂t
∂t
∂t

where ρt = ρs + ρf is the total charge density. Thus, the continuity equation takes
the same form as in static model:
~ · σ ∇φ
~ = −S+ − S−
∇

4.2
4.2.1

Results
Neumann Boundary Conditions

In Figure 4.1a, a cross-section of the charge density in the vicinity of the source
is shown. The arrows show the direction of the current density. At the upper
boundary the current becomes horizontal flowing along the boundary and returns
back to the Earth at the fair weather region far away from the source.
In Figure 4.1b, the current density distribution calculated at 20 km altitude by
both models is presented. Integrating the current density over a surface of radius
15 km, we find that the current at 20 km is 1.01 A.
In Figure 4.1c, the potential distribution along the upper boundary of the
simulation domain is shown. The resistance of the domain is Rtot =244.7 Ω, the fair
weather downward current that flows to the ground is I=0.74 A, and according to
Ohm’s law φtop =181.08 V. It is clear from this figure that because of the boundary
condition at the top boundary, the potential distribution along the r direction is
not constant. In order to verify that the results of our calculations are consistent
with the Ohm’s law, we perform the following steps:
• We divide the simulation domain in a series of vertical columns along the r

56

7

60

6

Altitude (km)

70

Jz(nA/m2)

50
40
30
20

4
3
2
1

10

0

(a)

00

2

5

20
4

x 10

40

(b)

−1
0

60

Radial Distance (km)

10

20

30

Radial Distance (km)

40

70

Altitude (km)

60

φtop (V)

1.5
1

0.5
0
0

50
40
30
20
10

(c)
5000

10000

Radial Distance (km)

15000

0
0

(d)
50

100

150

200

Fair Weather Potential (V)

250

Figure 4.1. Case for Neumann boundary conditions. (a) Cross-section of the charge
density in the vicinity of the source. The arrows show the direction of the current density.
(b) Current density distribution at 20 km altitude. (c) Potential distribution along the
upper boundary. (d) Fair weather potential at r=5000 km.

direction. In each of the columns the Ohm’s law can be written as:
φ(r, hmax ) = Jz (r, 0)Rc (r) ⇒
Jz (r, 0) =

φ(r, hmax )
Rc (r)

(4.4)

• Integrating equation (4.4) over the surface of the boundary we get:
Z

rmax

I = 2π
0

Z
IRtot = 2πRtot
0

φ(r, hmax )r
2πRtot
dr =
Rc (r)
Rtot

rmax

φ(r, hmax )r
dr = 2π
Rc (r)

Z

rmax

0

Z
0

rmax

φ(r, hmax )r
dr ⇒
Rc (r)

φ(r, hmax )Rtot r
dr
Rc (r)

(4.5)
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• From equations(4.3) and (4.2) we find that:
l
σ0

Rc (r) =

(4.6)

• From equations (4.5) and (4.1) we find that:
Rtot =

l
2
σ0 πrmax

(4.7)

• Substituting equations (4.6) and (4.7) to equation (4.5) we get:
Z
IRtot = 2π
0

rmax

φ(r, hmax )r
dr = 2π
2
πrmax

In equation (4.8) we defined hφtop i = 2π

R rmax

R rmax
0

0

φ(r, hmax )rdr
= hφtop i
2
πrmax

φ(r,hmax )rdr
2
πrmax

= 2π

R rmax
0

φtop rdr
2
πrmax

(4.8)

as the

average potential at the top boundary. The calculated average potential at the
top boundary from the simulation is hφtop i=180.6 V, which is consistent with the
value calculated by the Ohm’s law.
In Figure 4.1d the fair weather potential distribution along the altitude is illustrated. We note that the same results are obtained by both the dynamic model
when the steady state is reached and the static model.

4.2.2

Dirichlet Boundary Conditions

In Figure 4.2a, a cross-section of the charge density in the vicinity of the source
is illustrated. The arrows show the direction of the current density. We can see
that in this case, in contrast with the Neumann boundary conditions, the current
penetrated the upper boundary condition.
In Figure 4.2b, the current density distribution calculated at 20 km altitude by
both models is presented. Integrating the current density over a surface of radius
15 km, we find that the current at 20 km is 1.01 A. We can see, that the current at
20 km altitude above the thundercloud is not sensitive to the type of the boundary
conditions.
In Figure 4.2c, the potential distribution along the upper boundary of the
simulation domain is shown.The resistance of the domain is Rtot =244.7 Ω, the
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Figure 4.2. Case for Dirichlet boundary conditions. (a) Cross-section of the charge
density in the vicinity of the source. The arrows show the direction of the current
density. (b) Current density distribution at 20 km altitude. (c) Potential distribution
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upward current that flows from the ground is I=0.73 A. Since the total current on
the ground should be zero, the fair weather downward current that flows to the
ground should be I=0.73 A and thus the potential at the top boundary should be
φtop =178.8 V. Similarly to the case of the static model, the potential calculate by
the dynamic model using Dirichlet boundary conditions is very close to the average
potential calculated using Neumann boundary conditions. Although the large scale
quantities (as the average potential of the upper boundary) are very close for both
boundary conditions, the potential distribution along the axis depends on the
radial distance and it can be different for these two cases, as it can be seen from
Figures 4.2d and 4.1d. This happens because the potential in the cause of the
Neumann boundary condition varies as a function of the radial distance.
In Figure 4.2d the fair weather potential distribution along the altitude is illustrated. We note that the same results are obtained by both the dynamic model
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when the steady state is reached and the static model.

4.2.3

Conclusions

The conclusions of this chapter can be summarized as follows:
1. A time-dependent large scale GEC model has been developed for the study
of the current flow in the whole GEC.
2. The model has been compared in the steady state limit with a static model
similar to one that has been developed in the past in the literature.
3. Two different types of ionospheric boundary conditions have been considered
and it has been shown that in the steady state limit both cases give the same
results.

Chapter

5

The Role of Different Types of
Lightning Discharges, Flash Rates,
and Conductivity Distributions on
the Wilson Currents Above a
Thunderstorm, Based on
Experimental Measurements
This chapter contains results regarding the modeling of an experimentally measured thunderstorm. The goal of this study is to reproduce the electrical behavior
of a given thunderstorm, calculate the currents that flow from its top towards the
ionosphere and study the influence of different kinds of lightning discharges, flash
rates and conductivity distributions on this current.

5.1

Introduction

Mach et al. [2009, 2010, 2011] presented analyses of high-altitude aircraft observations regarding the currents that flow upward above thunderstorms and electrified
clouds (Wilson currents) during 850 overflights. The main findings of these works
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Figure 5.1. Storm currents for different kinds of storms [Mach et al., 2010].

are summarized in Figure 5.1.
Figure 5.1 shows that depending on the location, thunderstorms produce different Wilson currents, and therefore have different contribution to the GEC. Moreover, it is clear that storms with lightning activity produce higher Wilson currents
than the storms without lightning. This suggests the important role of the lightning
as a contributing phenomenon to GEC. Finally, we note that the positive Wilson
currents mentioned in the figure have direction from the cloud top upwards to the
ionosphere, while the negative Wilson currents have the opposite direction. The
difference in the direction is a result of the polarity of the storm, the dominant
type of lightning discharges, and the phase of the storm that the measurements
were taken (as it has been explained and demonstrated in Chapter 2).
In the case of lightning producing storms, we see that although the majority of
them produce Wilson currents ∼1 A, there are cases where the produced Wilson
currents ∼8 times higher than this mean value. For some of these high current
producing storms there are also measurements from Lightning Mapping Arrays
(LMA) and the Lightning Detection and Ranging (LDAR) system at the Kennedy
Space Center (KSC) regarding the lightning flash rate, and the lightning position,
as well as from the Weather Surveillance Radar-1988 Doppler (WSR-88D) radars,
also known as NEXt-generation RADar (NEXRAD), regarding the reflectivity due
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Figure 5.2. (a) Vertical cross-section of the radar reflectivity from the NSSL three
dimensional radar mosaic. (b) Horizontal cross-section of the radar reflectivity from the
NSSL three dimensional radar mosaic at 5 km altitude. (c) Lightning flash rates from
KSC’s LDAR system [Courtesy of Dr. Wiebke Deierling].

to the cloud particles. The combination of these measurements, give a better picture regarding the electrical activity and the properties of the storms that produce
these high Wilson currents.
In this chapter, we use the measurements regarding one of these storms, we
try to reproduce it with our model in order to understand what are the conditions
that influence the production of this high current. The parameters that will be
studied are the type of lightning discharges, the flash rate, and the conductivity
in the storm.

5.2

Model Formulation

In Figure 5.2 the vertical (Figure 5.2a) and the horizontal (Figure 5.2b) crosssections of the radar reflectivity of the studied thunderstorm are shown, derived
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from the National Severe Storms Laboratory (NSSL) three dimensional radar mosaic, measured by a NEXRAD. The NEXRAD is a Doppler weather radar operating at 10 cm wavelength and was developed by NSSL. There is a network of 158
NEXRADs nationwide. The operation wavelength of the NEXRAD makes it suitable for the detection and observation of large cloud particles (precipitation, graupels, ice crystals) inside thunderstorms (more information regarding the NEXRAD
can be found in the link http://www.nssl.noaa.gov/tools/radar/nexrad/). The
NEXRAD measurements can create a three dimensional mosaic of the entire studied thunderstorm, and information regarding the spatial characteristics of the
storm as well as estimations regarding the charge layer positions can be derived.
The maximum reflectivity regions in Figures 5.2a correspond to regions with the
highest concentration of large cloud particles, and correspond to the altitude of
the negative charge region, because it consists mainly of large and heavy cloud
particles as a result of the convection and the charge separation. The high reflectivity measurements at the ground correspond to reflectivity because of the
raindrops, which are the largest types of cloud particles. The main positive charge
region, which is located at higher altitudes than the negative, consists mainly of
smaller and lighter cloud particles and therefore it will be located at regions where
the radar reflectivity starts decreasing. From measurements regarding the storm
under consideration we find that the echo top height from radar is at 16 km, the
storm length is around 30 km, and the storm width is around 15 km [private
communication with Dr. Wiebke Deierling].
Radar measurements can be combined with LMA or LDAR system measurements for a better estimation of the spatial characteristics of the thunderstorm
charge layers. In Figure 5.2c the total, the cloud-to-ground, and the intra-cloud
lightning flash rates over the duration of the active stage of the thunderstorm
are shown. These rates were derived from the KSC’s LDAR system measurements. The LDAR system is an array of nine “time of arrival” sensors, which
operate at Very High Frequencies (VHF), and confirm a lightning event based on
the generated frequency. The LDAR sensors in pairs detect the difference in time
of arrival of radio pulses generated by step leaders and other in-cloud lightning
mechanisms and give information regarding the flash rate, and the lightning location (more information regarding the LDAR system can be found in the link
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Figure 5.3. Charge layer distributions and source currents of the studied thunderstorm.

http://kscwxarchive.ksc.nasa.gov/Reports/Lightning).
From the combination of the NEXRAD and the LDAR system measurements
it has been found that the main positive charge region is between 10-15 km, and
that the main negative charge region is between 7-10 km [private communication
with Dr. Wiebke Deierling]. The specific thunderstorm produces at 20 km altitude
current equal to 8 A [private communication with Dr. Douglas Mach].
For the modeling of the specific storm we assume that the top height of the
simulation domain is hmax =60 km, while the radius is rmax =150 km.
The conductivity of the simulation domain is:

 1 − 0.2 ×
σ(r, z) = σ0 ez/l ×
 1 − 0.2 ×

c)
1−tanh( r−r
αr
2
c)
1−tanh( r−r
αr
2

×
×

uc )
1−tanh( z−z
αz
2
z −z
1−tanh( dc
)
αz
2

if

zuc +zuc
2

≤z

(5.1)

otherwise

where σ0 =5×10−14 S/m is the conductivity at ground level, l=6 km is the altitude
scaling factor, zuc =16 km and zdc =5 km the top and bottom boundary of the cloud,
rc =19.5 km is the horizontal extent of the cloud and αz =350 m αr =1750 m are the
vertical and horizontal spatial scales of the conductivity transition region between
the cloud and the surrounding air. The conductivity inside the thundercloud is
assumed to be 5 times less than the ambient conductivity.
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In Figure 5.3 the charge layers as well as the electrification currents are shown.
We adopt the common description of a thundercloud, which is based on a tripole
model [e.g., Rakov and Uman, 2003, p.69], and consists of a main positive (Qp ),
a main negative Qn and a low positive Qlp charge layers. The charge layer at
the top of the cloud Qscr represents the screening charge layer that is created at
the boundaries of the cloud due to the conductivity gradient, as it is explained in
Chapter 2. The electrification of this structure is achieved by the electrification
currents I1 and I2 [Krehbiel et al., 2004]. We use the following current definitions
to describe more clearly the source currents in each region:
• Isp = I1
• Isn = I2 − I1
• Islp = −I2
The current Isp forms the layer Qp , the current Isn forms the layer Qn , and the
current Islp forms the layer Qlp .These currents are parameters that we investigate
in our study.
The spatial distributions of the main positive (p), the main negative (n), and
the low positive (lp) source charges are considered to be Gaussian of the following
form:

"
#
Qj (t)
(z − hj )2
r2
ρsj (r, z, t) = 3/2
exp −
− 2
π αzj αr2j
αz2j
αrj

(5.2)

where αzj and αrj are the vertical and horizontal scales of the j charge layer, hj is
the altitude of its center, Qj (t) = Isj t is the total charge value that is deposited to
the system, and j=p, n, lp.
• If j=p, then: αzp = 750 m, αrp = 4 km, and hp = 13 km.
• If j=n, then: αzn = 500 m, αrn = 4 km, hn = 8.5 km.
• If j=lp, then: αzlp = 500 m, αrlp = 2.2 km, hlp = 5 km.
The choice of altitudes for each layer is made by taking into account the NEXRAD
reflectivity and the LMA measurements regarding the altitudes of the layers in the
specific storm.
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Figure 5.4. Lightning currents and resultant current at 20 km for different types of
lightning discharges. (a) Low intra-cloud lightning (b) Cloud-to-ground lightning (c)
Intra-cloud lightning (d) Upper intra-cloud lightning.

For the simulations we set the conductivity profile equal to the profile of equation (5.1), and we start generating the charge layers. When the electric field
reaches a value equal to the lightning initiation threshold (2.16 kV/cm at sea
level), a lightning discharge is initiated. The type of the lightning discharge depends on the altitude at which the electric field reaches the threshold. This process
is repeated until the end of the simulation (2400 s).
Figure 5.4 shows the direction of the lightning current for different kids of
lightning discharges considered in our study, as well as the direction of the Wilson
current at 20 km altitude. We see that the Low Intra Cloud lightning (LIC), the
negative Cloud to Ground Lightning (-LG) ,and the Upper Intra Cloud Lightning
(UIC) produce an upward Wilson current, while the Intra Cloud lightning (IC)
produces a downward Wilson current. The direction of the produced Wilson current depends on the polarity of the remaining charge in the cloud as it has been
explained and shown in Chapter 2.
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The different types of lighting discharges are simulated using the following
procedure:
• If the electric field exceeds the lightning initiation threshold in the region
between the main negative and the low positive charge layer, and the main
negative layer has less than two times the charge of the low positive layer, a
low intra-cloud lightning occurs (Figure 5.4a).
• If the electric field exceeds the lightning initiation threshold in the region
between the main negative and the low positive charge layer, and the main
negative layer has more than two times the charge of the low positive layer,
a negative cloud-to-ground lightning occurs (Figure 5.4b).
• If the electric field exceeds the lightning initiation threshold in the region
between the main negative and the main positive charge layer, an intra-cloud
lightning occurs (Figure 5.4c).
• If the electric field exceeds the lightning initiation threshold in the region
between the main positive charge layer and the cloud top, an upper intracloud lightning occurs (Figure 5.4d).
The duration of an IC lightning discharge is assumed to be 400 ms. This value
is within the range of IC flashes duration as presented by Rakov and Uman [2003,
p. 325]. The duration of a CG lightning discharge is assumed to be 5 ms. This
value is within the range of CG flashes return stroke duration as presented by
Rakov and Uman [2003, p. 125]. The amount of charge that is removed during
the lightning discharges, and therefore the lightning currents (amount of charge
that is removed/neutralized during the lightning divided by the duration of the
lightning) are parameters under investigation in our studies. Finally, it is noted
that the values for the charge imbalance that is required for the occurrence of each
of the above lightning discharges, was found by developing a fractal model similar
to [Riousset et al., 2007].
As it is explained by Mach et al. [2009, 2010, 2011], the measured current above
a given storm during an overflight is calculated using the following reasoning.
It is assumed that the storm consists of a dipole that has reached an electrical
steady state. This means that the electric field distribution at the altitude of the
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overflight is a constant in time gaussian distribution along the horizontal direction
with the maximum value at the center of the storm and almost zero values at its
edges. During the overflight, the electric field and the conductivity were measured.
The temporal measurements of the electric field were mapped to the point of the
gaussian distribution that corresponds to the position of the plane with respect to
the center of the storm (e.g., the value of the electric field that was measured when
the plane was above the center of the storm corresponds to the maximum value
of the gaussian distribution). The resultant spatial electric field distribution that
is derived by these mapping measurements, is multiplied with the conductivity
measured during the same flights and the current density is derived. Finally, the
Wilson current at the altitude of the overflight is derived by integrating the current
density over the surface of the storm.
In order to test this reasoning, and to reproduce these measurements with our
model, we do the following. Since it is not known at which point of the storm’s
life cycle the overflight took place, we divide the whole simulation period in 95 sec
intervals (duration of the overflight) i (i=1, 2, 3, ...). Each interval is defined by
the parameters tstarti , which is the time point at which the overflight started, and
tendi , which is the time point that the overflight ended, as follows:
tstarti = (i − 1)dt
tendi = tstarti + 95
where dt is the time step of the simulation.
At each interval we calculate the mean value of the current at 20 km altitude
(the altitude of the overflight) Imeasuri :
Imeasuri =

tendi

1
− tstarti
Z

I20 (t) = 2π

Z

tendi

I20 (t)dt
tstarti

2αr

Jz (r, 20, t)rdr
0

By doing that we can check for variations of this mean value over the time and
check if indeed it is constant (in case of the steady state) or not. We define this
mean value as “measured” mean value.

69
Besides the “measured” mean value, we also calculate the mean value of the
current at 20 km from the start of the simulation until the end of each interval
Iacti .
Iacti =

1

Z

tendi

tendi

I20 (t)dt
0

This value shows the real mean value of the current produced by the storm. We
define this mean value as “actual” mean value. The “actual” mean value corresponds to the total charge that was transferred at 20 km from the beginning of the
storm until the end of the overflight. By doing that we can check if the measured
value of the current at 20 km corresponds indeed to the total storm contribution
up to the end of the overflight. Given the fact that the “actual” mean value at
the end of the simulation corresponds to the total contribution of the storm, the
evolution of this parameter gives insights regarding the point at which the storm
can be assumed to have reached a steady state. We also note that in the case that
the system reaches a steady state, both the “measured” and the “actual” mean
values will be the same.

5.3
5.3.1

Results
No Lightning Activity

The first step is to study the behavior of the system without the occurrence of
lightning discharges. We choose Isp =0.258 A, Isn =-0.3 A, Islp =0.042 A as values
for the charging currents. These values lead to electric field just below the lightning
initiation threshold.
We study two different cases regarding the conductivity distribution. In one
case there is no conductivity reduction. The sources are placed directly to the
conducting medium. In the second case we assume that the conductivity inside
the cloud is 5 times lower than the fair weather conductivity.
In Figure 5.5a we see that in the case when the conductivity was reduced,
the Wilson current at 20 km is higher than in the case with no conductivity reduction. In the case of no conductivity reduction the Wilson current reaches a
steady state value equal to 0.034 A, while in the case with conductivity reduction
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Figure 5.5. (a) Wilson Current at 20 km. (b) Electric field distribution along the axis.
Einit is the lightning in initiation threshold (2.16 kV/cm at sea level).

the Wilson current at 20 km reaches a steady state value equal to 0.057 A. This
happens because the electric field distribution is higher when a cloud is considered
and therefore the conduction current above it is higher (Figure 5.5b). When there
is a conductivity difference between the thundercloud and the surrounding atmosphere, the charge accumulates faster inside the thundercloud, and the electric field
reaches the lightning initiation threshold faster than in the case where no conductivity reduction is considered, for the same electrification current. Although the
electric field inside the thundercloud is 5 times larger when there is a conductivity
difference, the electric field at 20 km is 1.67 times larger, and the Wilson current
at 20 km is 1.67 larger than in the no conductivity reduction case.
Figure 5.5 shows the importance of considering the conductivity reduction in
the cloud, but also shows that a proper consideration for this reduction is needed
for the correct quantification of the contribution of the storms to GEC, because
different conductivity reductions will lead to different values of the electric field
and therefore to different Wilson currents at 20 km, for the same electrification
current inside the storm. Moreover, one could scale the electrification current of
the source by 5 times, in the case of no conductivity reduction, in order to get the
same electric field distribution for both cases, but this would lead to increase of
the electric field at 20 km by a factor of 5 and therefore and increase of the Wilson
current at 20 km by a factor of 5. So, in this case the Wilson current at 20 km
would be higher for the case with no conductivity reduction than in the case with
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Figure 5.6. Case of IC and LIC lightning discharges for Isp =5.82 A, Isn =-6.77 A,
Islp =0.95 A, and current for all the types of IC flashes equal to 110 A. (a) Wilson
Current at 20 km in the case of series of IC lightning discharges. (b) Magnified region
of (a). The ways of calculation of the currents Iacti and Imeasuri are illustrated.

conductivity reduction.

5.3.2

Intra-Cloud and Low Intra-Cloud Flashes

The second case study is about the occurrence of only IC and LIC lightning discharges. We set Isp =5.82 A, Isn =-6.77 A, Islp =0.95 A, and the lightning current
for all types of IC flashes equal to 110 A. This set of parameters leads a flash rate
equal to 8.7 flashes/min (1 flash per 6.9 s).
Figure 5.6a shows the Wilson current at 20 km during the simulation period if
only IC lightning discharges occur. Figure 5.6b shows a magnified region of Figure
5.6a. The sharp increases of the Wilson current correspond to the occurrence of
LIC discharges, while the sharp decreases of the Wilson currents correspond to
the occurrence of IC discharges. The increase of the Wilson current in the region
between the occurrence of two consecutive lightning discharges corresponds to the
electrification of the storm.
Figure 5.7a shows a comparison between the “actual” mean value and the
“measured” mean values as a function of the number of the 95 sec interval at which
the “measured” mean value has been calculated. It is clear from this plot that a
temporal measurement of the Wilson current that flows from the storm can give
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Figure 5.7. Case of IC and LIC lightning discharges for Isp =5.82 A, Isn =-6.77 A,
Islp =0.95 A, and current for all the types of IC flashes equal to 110 A. (a) Comparison
between the “actual” mean value and the “measured” mean value as a function of the
number of the 95 sec interval at which the “measured” mean value has been calculated .
(b) The relative difference between the “actual” mean value and the “measured” mean
value at every 95 sec interval.

completely different picture for the storm’s behavior and the storm contribution to
the GEC with respect to the actual contribution. The relative difference between
these two types of measurement can reach the 60% (Figure 5.7b). Opposing to the
“measured” mean value (which depends strongly on the time interval for which it
was calculated), the “actual” mean value shows that the Wilson current decreases
over time and reaches a steady state value equal to 0.062A. This is expected because
the number of IC flashes that occurred during the simulation was larger than the
number of the LIC flashes. Since the IC flash produce a downward current at 20
km, they reduce the total Wilson current.
We also note that for this study the electrification current is 22.5 times higher
than in the case of no lightning activity. Increasing the electrification current
in the no lightning case by a factor of 22.5, leads to an increase of the Wilson
current at 20 km to a value equal to 1.2825 A. Therefore we see that for the same
electrification current, and the same conductivity profile, the occurrence of a series
of IC lightning discharges reduces significantly the Wilson current at 20 km. This
shows the significant contribution of lightning discharges to the GEC.
The next investigation in this case has to do with the flash rate. There are two
ways according to which the flash rate can be modified. One way is by modifying
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Figure 5.8. Case of IC and LIC lightning discharges for Isp =5.82 A, Isn =-6.77 A,
Islp =0.95 A, and current for all the types of IC flashes equal to 70 A. (a) Comparison
between the “actual” mean value and the “measured” mean value as a function of the
number of the 95 sec interval at which the “measured” mean value has been calculated .
(b) The relative difference between the “actual” mean value and the “measured” mean
value at every 95 sec interval.

the electrification current. This influences the accumulation time of the total
charge inside the cloud and therefore how fast the electric field reaches the lightning
initiation threshold. The other way is by modifying the IC lightning current. By
keeping the IC lightning duration the same, modification of the IC lightning current
leads to different amounts of neutralized charge. This influences the reduction of
the electric field, and therefore the time that is needed until the electric field reaches
the lightning initiation threshold again (for the same electrification current).
At first, we increase the flash rate by reducing the IC lightning current. We
keep the same values of electrification current as in the previous case and we set
the IC lightning current equal to 70 A. The flash rate becomes 13.6 flashes/min (1
flash per 4.4 s). Figure 5.8a shows a comparison between the “actual” mean value
and the “measured” mean values as a function of the number of the 95 sec interval
at which the “measured” mean value has been calculated. In this case, the IC
lightning current was decreased by ∼36% . The flash rate was increased by ∼36%,
but the “actual” mean value (0.057 A) was decreased only by ∼8% compared
to the previous case. Because of the linearity of the problem, one would expect
that there would be no influence in the final results. The IC lightning current
decreases by a given factor, the neutralized charge decreases by the same factor,
but since the flash rate increases, the total neutralized charge is the same. This
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Figure 5.9. Case of IC and LIC lightning discharges for Isp =35 A, Isn =-40.62 A,
Islp =5.62 A, and current for all the types of IC flashes equal to 70 A. (a) Comparison
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number of the 95 sec interval at which the “measured” mean value has been calculated .
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is not the case, because different lightning current will lead to different sequence
of lightning discharges. Since the amount of charge that is neutralized by the
lightning is smaller, the electric field exceeds the lightning initiation threshold at
different locations and therefore different lightning discharges occur. Given the
fact that different types of IC discharges lead to different Wilson currents (Figure
5.4), this explains why the results are not the same with the previous case. The
conclusion that can be derived from this simulation is that the current of a single
IC lightning discharge influences the type of the lightning discharges that occur
after it and therefore influences the Wilson current at 20 km.
Next, we increase the flash rate by increasing the source current. We set the IC
lightning current equal to 70 A, we set the source currents to Isp =35 A, Isn =-40.62
A, Islp =5.62 A, and the flash rate becomes 86.2 flashes/min (1 flash per 0.7 s).
Figure 5.9a shows that in this case the “actual” mean value converges to a value
equal to 0.085 A. Comparing this case with pervious case where the IC lightning
current was also 70 A, we see that increase of the electrification current by ∼83%
leads to an increase of the “actual” mean value by ∼33%. As in the previous
case, the reason for this differences between the Wilson current at 20 km and
the electrification current is the fact that different values of electrification current
lead to different sequences of lightning discharges in the cloud. This indicates
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the importance of precise knowledge for both electrification current and the total
number of all the different types of lightning discharges that occur in the storm
for the correct evaluation of the contribution of the storm to the GEC.
From Figures 5.7b, 5.8b, 5.9b we see that as the flash rate increases the difference between the “actual” mean value and the measured mean value decreases.
Given the fact that for the given conductivity profile the relaxation time at 20 km
is equal to 6.3 s, if the time interval between the lightning discharges is larger than
the relaxation time at the altitude of the overflight, then there is a significant relative difference between the measured mean current and the actual mean current
at this altitude. Moreover, if the time interval between the lightning discharges
is smaller than the relaxation time at the altitude of the overflight, the temporal variation of the “measured” mean values can be considered negligible and the
steady state assumption holds.

5.3.3

All Types of Lightning

The third case under consideration is to allow all types of lightning to occur. We
set Isp =35 A, Isn =-40.62 A, Islp =5.62 A. Moreover we set the lightning current for
all types of IC lightning discharges equal to 110 A and the CG lightning current
equal to 1600 A. For this set of parameters the IC flash rate is equal to 66.21
flashes/min,the CG flash rate is equal to 10.73 flashes/min and the total flash rate
is equal to 76.94 flashes/min. This is the case shown in Figure 5.2b, for which we
expect the Wilson current at 20 km to be equal to 8 A.
In Figure 5.10a the two different types of mean values are shown as a function
of the number of the 95 sec intervals. We see that when the system reached the
steady state the measured mean value converges to 0.7 A, while the actual mean
value converges to 0.55 A. It is clear that the mean value over an interval of 95 s
leads to an overestimation of the mean current that flows above the thunderstorm.
This overestimation is around 30% in steady state as it is shown in Figure 5.10b.
Moreover the measured mean value is around 10 times lower than the actual measured value of 8 A. Although we managed to formulate quite accurately the charge
spatial distributions inside the storm as well as the measured flash rate, the modeling results do not match with the measurements. As we saw in Figure 5.5a, the
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types of mean values for the studied storm.

conductivity inside the storm influences the Wilson currents at 20 km. Moreover
the lightning discharges produce local ionization, increasing the ion density and
therefore creating temporal variations of the conductivity. This will have as a result modification of the Wilson current at 20 km. Thus, knowing the conductivity
inside the cloud is of high importance. In Chapter 6, we moved towards this direction and we developed a fluid model which is able to calculate self consistently
the conductivity distribution inside a storm.
Another point that has to be addresses from this simulation is the role of the
CG flashes. In Figure 5.9a we see that in the case of IC and LIC flashes and for IC
lightning current equal to 70 A, the Wilson current at 20 km is 0.085A. Moreover,
from Figure 5.7a and 5.8a we see that keeping the same electrification current but
increasing the IC lightning current from 70 A to 110 A leads to an increase of
the Wilson current by 8%, from 0.085 A to 0.0924 A. If we allow CG flashes to
occur, the Wilson current at 20 km becomes 0.5 A. The occurrence of negative CG
flashes leads to occurrence of UIC flashes. So there are three kinds of lightning
discharges (including the LIC flashes) that produce an upward current above the
thunderstorm (Figure 5.4), as opposed to the downward current produced by IC
flashes. Moreover the current of the CG lightning discharges is ∼14 times higher
than the current of the IC discharges. These have as a result the increase of the
Wilson current at 20 km.
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The next step is to investigate the effect of the CG flash rate. We set the IC
lightning current equal to 70 A and we keep all the other parameters the same.
For this set of parameters the IC flash rate is equal to 281.23 flashes/min, the CG
flash rate is equal to 31.79 flashes/min and the total flash rate is equal to 312.02
flashes/min. We note that this case leads to overestimation of the flash rate but
it helps to see clearly the effect of the CG flash rate. We note that the CG flash
rate increases by a factor of 3, the IC flash rate increases by a factor of 4 and the
total flash rate increases also by a factor of 4.
In Figure 5.11a we see that the “actual” mean value reaches the values of 1.37
A. The CG flash rate is ∼3 times larger than the previous case and the “actual”
mean value of the Wilson current above the thunderstorm becomes ∼2.5 times
larger. This shows that there is a strong correlation between the CG flash rate
and the Wilson current at 20 km. Additionally, there is a linear relation between
these two quantities. Increasing the CG flash rate by a given factor, will have as
a result the increase of the Wilson current at 20 km by the same factor.

5.4

Conclusions

The conclusions of this chapter can be summarized as follows:
1. If the time interval between the lightning discharges is larger than the relax-
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ation time at the altitude of the overflight, then there is a significant relative
difference between the measured mean current and the actual mean current
at this altitude.
2. There is a strong correlation between the mean Wilson current above thunderstorms and the total and negative CG flash rates. These parameters can
be used to estimate the current above thunderstorms without the knowledge
of the electrification current and the thundercloud conductivity, because they
depend on them.
3. The occurrence of negative CG lightning discharges increases the Wilson
current above thunderstorms. The higher the CG flash rate, the higher the
current.
4. The conductivity distribution inside the storm is important for the proper
evaluation of the Wilson currents at 20 km and therefore the contribution of
a storm to the GEC.

Chapter

6

A Time-Dependent Fluid Model for
the Characterization of the Global
Electric Circuit Sources
This chapter contains results regarding the development of a time-dependent fluid
model that is able to study the effects of thunderstorms to the Global Electric
Circuit, and is able to calculate self consistently the time dynamics of the conductivity, according to the time dynamics of the source charge density during the
formation of thunderstorms/electrified clouds.

6.1

Introduction

Much effort has been made for the understanding of the evolution of the electrical properties of thunderstorms along with their meteorological evolution. Many
models have been developed that study the electrification mechanisms of a storm,
how do they evolve over time, and what are the parameters that influence them.
These models take into account not only the evolution of the electrical properties
but also the evolution of the meteorological properties (e.g., pressure, temperature,
humidity, and cloud water content). A detailed summary of these models can be
found in [e.g., Rakov and Uman, 2003, pp. 67–93]. Although these models are able
to simulate the evolution of a storm quite accurately, and their results are in good
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agreement with measurements, their complexity makes them inapplicable on large
scales [e.g., Chiu, 1978; Helsdon et al., 2002; Mansell et al., 2005]. These models
have demonstrated that the charge layers in the cloud are not as simple as a dipole,
and that the atmospheric conductivity does not remain constant over time, but
it is modified since ions attach to cloud particles in a way that depends on the
cloud particle density, the radii of the cloud particles, and the ambient large scale
electric field. This dependence is a non-linear function of the large-scale electric
field that exists inside the storms and of the charges of the cloud particles.
In the present chapter we present a time-dependent fluid model that is applicable on larger scales, is suitable for the study of the contribution of single
thunderstorms/electrified clouds to the GEC, and describes more accurately the
dynamics of the electrical properties of the storms by taking into account several
atmospheric processes, such as the ionization due to the galactic cosmic rays radiation, the ion-ion recombination, and the attachment of ion to cloud particles. We
study the influence of each of these processes in the large scale electrical behavior
of the storm, and we compare our results with the results obtained by a linear GEC
model that assumes constant conductivity over time (named CC Model). Finally
we quantify the differences between these two models and we evaluate the regimes
at which both models give similar results.

6.2

Model Formulation

A cylindrical two-dimensional coordinate system (r, z) is used, with the z−axis representing the altitude. The system is considered to be symmetric about the z−axis.
The height zmax and the radius rmax of the simulation domain are zmax =60 km and
rmax =100 km, respectively.
The thundercloud charges ±Q (also named source charges) form a vertical
dipole, which is assumed to develop over a time τ =2000 s. The spatial distributions
of the positive and negative source charges ρs± are considered to be Gaussian of
the following form:


Q± (t)
(z − h± )2
r2
ρs± (r, z, t) = 3/2
exp −
− 2
π αz αr2
αz2
αr

(6.1)
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where αz =2 km and αr (parameter that we vary in our study in between 4 and
8 km) are the vertical and horizontal scales of the charge distributions, h− =8 km
and h+ =15 km are the altitude of their centers, Q± (t)=Is± t are the total charge
values that are deposited to the system and Is± =±1 A represents the electrification
current (also named source current in this chapter). The electrification current that
is an input parameter in our model, is the result of the electrification processes of
the storm due to the convective, the inductive and the non-inductive mechanisms.
In our study we assume, for simplification of the analysis, that the fair weather
conductivity scaling factor along the altitude is the same as the scaling factor of
the neutral atmospheric density. Since the atmospheric neutral density is not a
smooth exponent, we fit a smooth exponential profile to the actual neutral density
profile, and we use the calculated scaling factor as a scaling factor for the fair
weather conductivity profile. The initial fair weather conductivity profile of the
simulation domain is:
σfw (z) = σfw0 exp(z/l)

(6.2)

where σfw0 =5×1014 S/m is the conductivity at the ground, and l=7.1 km is the
altitude scaling factor.

6.2.1

Constant Conductivity Model

The time dynamics of the electrical properties of a storm such as the electric
~ the electric potential φ, the free charge ρf , and the current density J~ are
field E,
calculated by the following set of equations:
∂ρf
~ · σ ∇φ
~ =0
−∇
∂t

(6.3)

ρt
0

(6.4)

~ = −∇φ
~
E

(6.5)

~
J~ = σ E

(6.6)

∇2 φ = −

where ρt =ρs +ρf is the total charge density, and ρs =ρs+ +ρs− is the total source
charge density.
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The conductivity σ(r, z) at any location of the simulation domain is expressed
similarly to [Mallios and Pasko, 2012; Riousset et al., 2010] as follows:
n
h

i h

io
z−zuc
 1 − γ 1 − tanh r−rc
1
−
tanh
,
h
 br i h
 bz io
σ(r, z) = σfw n
 1 − γ 1 − tanh r−rc
1 − tanh zdcbz−z
,
br

zuc +zdc
2

≤z

zuc +zdc
2

>z
(6.7)

where zuc =h+ +3αz and zdc =h− −3αz are the upper and lower vertical boundaries
of the cloud, rc =3αr is the horizontal boundary of the cloud, bz =1 km and br =3 km
are the thicknesses of the conductivity transition region between the cloud and
the surrounding air in the vertical and the horizontal direction, and 0≤γ≤0.25 is a
parameter that denotes the conductivity reduction inside the cloud. For γ=0 there
is no reduction of the conductivity inside the cloud, and for γ=0.25 the conductivity
inside the cloud becomes very close to zero. The values for the bz and the br are
chosen in a way that ensures a numerically smooth transition between the inner
cloud and the outer atmosphere and in practical calculations the transition region
contains approximately 8 grid points. The terms on the right side of the bracket
are introduced to express the fact that inside the cloud the electrical conductivity
has very low value because atmospheric ions quickly attach to cloud particles [e.g.,
Riousset et al., 2010, and references therein]. We also note, that Poisson’s equation
(equation (6.4)) is solved using the Successive Overrelaxation Method (SOR), while
the continuity equation (equation (6.3)) is solved using the upwind scheme.

6.2.2

Fluid Model

In this representation, we treat the atmosphere as a fluid that consists of positive
and negative ions. The electrons are neglected because below the altitude of 60
km the electron density is several orders of magnitude lower than the ion density. The positive and negative ion densities n± determine the free charge density
ρf =e(n+ −n− ). The charge density of the positive free charge is ρf+ =en+ , and for
the negative free charge is ρf− =−en− .
Apart from the ion densities, cloud particle densities are also introduced in the
model. In an actual cloud there are different kinds of cloud particles, with sizes
that vary with respect to their densities, that interact with each other influencing
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the mechanical and electrical evolution of a storm. Several small scale models have
been developed in the past that describe these interaction and their small scale
effects [e.g., Rakov and Uman, 2003, pp. 67–93]. In our model, for simplicity, we
assume only one kind of particles with maximum density that lies in the range
of 5×107 ≤Ncmax ≤5×108 m−3 (typical values for clouds [Chiu, 1978]) and radius
rcp =10−5 m [e.g., Chiu, 1978]. Since the cloud particles have sizes several orders
of magnitude larger than the ions, we consider that when they are electrified (see
below) their electrical mobilities are several orders of magnitude smaller than the
mobilities of the ions, and therefore they do not contribute to the electrical conductivity. The cloud particle density distribution is described by a similar expression
as equation (6.7) since the conductivity reduction inside the cloud is a result of
the presence of cloud particles, and the lowest conductivity value corresponds to
the region with the highest particle density:
Nc
Nc (r, z) = max
4

h

i h

i
z−zuc
 1 − tanh r−rc
1
−
tanh
,
 bz i
h
 br i h
 1 − tanh r−rc
1 − tanh zdcbz−z
,
br

zuc +zdc
2

≤z

zuc +zdc
2

>z

(6.8)

These particles are electrified by the convective, the inductive, and the noninductive mechanisms, as well as by the attachment of ions to them. The time
dynamics of the cloud particle charge density ρc in this case are described by the
following equation:
∂ρc
∂ρs
=
+ e(β+ n+ − β− n− )
∂t
∂t

(6.9)

where β± are the attachment rates of positive and negative ions to cloud particles.
The first term on the right side of equation (6.9) describes, as in the CC Model,
the electrification of the cloud due to the convective, the inductive and the noninductive mechanisms.
The rest of the equations that describe the time dynamics of the electrical
properties of the storm and the fluid are:
∂n± ~
~ = q − αn+ n− − β± n±
± ∇ · (n± µ± E)
∂t
∇2 φ = −

ρt
0

(6.10)
(6.11)
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ρt = ρc + ρf

(6.12)

~ = −∇φ
~
E

(6.13)

~ = e(n+ µ+ + n− µ− )E
~
J~ = σ E

(6.14)

where µ± are the mobilities of the positive and negative ions, q is the ionization
rate due to the galactic cosmic rays radiation, and α is the ion-ion recombination
rate.
In order to simplify our studies we assume that the mobilities of positive and
negative ions are the same, and they are the only quantities that are scaled according to the atmospheric neutral density (the initial ion densities n0± , the ionization
rate q, and the ion-ion attachment rate α, are assumed to be constant as a function
of the altitude):
µ+ = µ− = µ0 exp(z/l)

(6.15)

where µ0 =1.25×10−4 m2 V−1 sec−1 is the mobility at the ground, and l=7.1 km is
the altitude scaling factor.
The initial fair weather ion densities n0± , are calculated from the fair weather
initial conductivity profile as n0+ =n0− =n0 =σfw0 /(2eµ)=1.25×109 m−3 . The ionion recombination rate α is adopted from [Tinsley and Zhou, 2006] at the ground
level, and is equal to α=1.63×10−12 m3 sec−1 . Knowing the n0 and α we calculate q
~
from equation (6.10) at the steady state limit and in fair weather conditions (E=0,
β± =0), q−αn20 =0, and we find q=2.55×106 m−3 sec−1 .
The attachment rates of ions to cloud particles β± are the most important
parameters in this formulation, since they strongly influence the conductivity variations in the domain and therefore the currents that flow in the domain, and the
relaxation time of the system. Many efforts have been made in the past for the
correct mathematical formulation of this process. Gunn [1954, 1956] showed that
the attachment process is a result of two mechanisms. The first one, called the
diffusion mechanism, appears in the close vicinity of the cloud particle, due to the
diffusion of ions on the particle, and due to the electrical attraction between the
particle and the ions because of the charge of the particle [Gunn, 1954]. The second mechanism is the conduction mechanism due to the presence of a large scale
electric field [Gunn, 1956]. Gunn [1954, 1956] studied these two mechanisms under
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the assumption that they act independently. Due to the lack of more accurate expressions in the case that these mechanism act simultaneously, it is assumed that
the overall mechanism comes from the superposition of the above mechanisms.
Several approaches have been proposed in the past for the superposition of these
two mechanisms. Fjeld and McFarland [1989] review these methods and propose a
new method that is applicable in a very broad spectrum of electric field and cloud
particle charge values, and is based on the combination of these two mechanism
along with a polynomial fit. Based on the work of Fjeld and McFarland [1989],
Lawless [1996] calculated an upper limit for the attachment rates, and introduced a
fractional area modification that reduces the diffusional component as the applied
external electric field becomes stronger. This method corrects in some regimes the
method proposed by Fjeld and McFarland [1989].
Apart from these works, cloud models that have been developed in the past
and take into account the attachment of ions to cloud particles, simply superpose
the two mechanisms in the following ways: (a) Simple superposition of the two
mechanisms [Helsdon et al., 2002]; (b) Consideration for the effect of the electrical
attraction due to the particle’s charge only in the conduction mechanism [Chiu,
1978].
In our model we use the attachment rate formulation proposed by Lawless
[1996], which is described by the following equations:
 


v−3w

f
, v > 3w


 exp(v−3w)−1

−v−3w
β+ = A+
−v + f exp(−v−3w)−1
, v < −3w

h
i




 3w 1 − v 2 + f
, − 3w ≤ v ≤ 3w
4
3w

(6.16)




v−3w

, v > 3w
v + f exp(v−3w)−1


 

−v−3w
β− = A− f exp(−v−3w)−1
, v < −3w

h
i




 3w 1 + v 2 + f
, − 3w ≤ v ≤ 3w
4
3w

(6.17)


1
f=


1
(w+0.475)0.575

, w < 0.525
, w ≥ 0.525

(6.18)
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where v=qc /qd , qc =ρc /Nc is the average charge of a cloud particle, qd =4πε0 rcp kT /e
is the magnitude of the charge on the particle for which the electric potential
that an ion will experience at the particle surface and the ion thermal energy are
equal, k is the Boltzmann’s constant, T is the altitude dependent temperature,
w=rcp |E|e/(kT ) is the ratio between the electric potential at the surface of the
~ and the kinetic energy of the
particle because of the large scale electric field |E|
ions in units of eV, and A± =µ± Nc 4πrcp kT /e. The fractional area f represents the
area of the particle that receives the maximum diffusion current. When f =1 the
diffusion mechanism is dominant, and when f =0, which holds for very large values
of w, the conduction mechanism dominates.
We also note that this formulation is valid under the assumptions that the
cloud particles can be seen as spherical conductors, and that they do not have
terminal velocities (terminal velocity is the steady state velocity that a particle
acquires as it falls to the ground, when the force of the air resistance that acts
upon it becomes equal to the gravitational force). The conductor assumption can
be justified by the fact that cloud particles consist of different forms of water, which
has very high conductivity [e.g., Gunn, 1954, and references therein]. The chosen
radius of the cloud particles in our model ensures that their terminal velocity is
zero (for the given radius, the terminal velocities of the cloud particles are a few
cm/s and for the whole simulation period the particles move a few tens of meters.
Therefore it can be considered that they do not move at all [Chiu, 1978]). As the
size increases, the particles become heavier and their terminal velocity can not be
neglected any more (e.g., in the case of raindrops). For this case the attachment
rates formulation must include an additional term, which depends on the terminal
velocity of the particles [e.g., Gunn, 1954, 1956; Chiu, 1978; Helsdon et al., 2002].
Figure 6.1 shows a comparison of attachment rates of positives ions β+ calcu~
lated by different models, for two different values of large scale electric field |E|
as a function of cloud particle charge qc . For negative cloud particle charge, the
β+ calculated by Helsdon et al. [2002] is always higher, because there is a double
consideration of the electrical attraction due to the cloud particle charge. For positive cloud particle charge, the β+ calculated by Chiu [1978] is higher because of
neglecting the electrical repulsion due to the cloud particle charge, when the diffusion mechanism is dominant. The β+ calculated by Lawless [1996] is in agreement
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Figure 6.1. Attachment rates of positive ions as a function of the cloud particle charge,
~
calculated by different models. (a) For the case of large scale electric field |E|=100
V/m.
~
(b) For the case of large scale electric field |E|=10
kV/m. For these calculations the
temperature is set equal to T =223.15 K.

with the previous models in the regimes when they work correctly, and corrects
them in the regimes when they overestimate the attachment rates. We note that
the attachment rate of negative ions β− is symmetric to β+ : β− (qc ) = β+ (−qc ).

6.2.3

Boundary Conditions

The boundary conditions that we use for the solution of the Poisson equation in
the two models are the following: φ = 0 at z = 0 km; Ez = 0 at z = zmax ; Er = 0
at r = 0 km, r = rmax .
The application of this type of boundary conditions leads to formation of a
small scale GEC in the simulation domain. The current flow in the domain is
similar to the current flow in the actual large scale system. The current flows up
from the top of the storm towards the upper boundary and then returns to the
ground in the fair weather area away from the storm (as is shown in Figure 6.3a).
Moreover, the current that flows in the GEC is the same for the large scale system
and the system under consideration in the current chapter. The only difference
is that the resistance of the domain is much higher than the actual system, and
therefore the calculated ionospheric potential is higher for a given current source
(for the proper scaling of the chapter results to the GEC values see section 6.4.3).
We also note that for the Fluid Model at the ground (z=0 km) we allow only
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the outgoing fluxes from the simulation domain. This can be seen as letting
the charges/ions flow to the ground, while there is no mechanism that allows
charges/ions flow from the ground to the domain (e.g., corona currents).

6.2.4

Simulation Strategy

We perform the following different studies for the comparison of the CC Model
with the Fluid Model:
We first neglect completely the attachment of ions to cloud particles (γ=0
for the CC Model, and β± =0 for the Fluid Model). We grow linearly in time
the source dipole directly in the conducting medium that has the fair weather
conductivity profile, and we examine the behavior of the two models and quantify
their similarities and differences.
We then include the attachment process. In the case of the CC Model we
increase the γ linearly in time from 0 to a final value in order to create the conductivity reduction inside the cloud in a time period of 10 sec. After that point
the conductivity profile remains constant. In the case of the Fluid Model we increase the Ncmax from 0 to a final value linearly in time for a period of 10 sec, and
then we keep this parameter constant for the rest of the simulation. The choice
of the 10 sec period for the deposition of the cloud particles is made to eliminate
any variations of the attachment rates due to the variations of the cloud particle
density (equations (6.16) and (6.17)). The cloud particles are deposited in the system in a very small period compared to the total duration of the simulation, and
therefore the variation of the attachment rates is mainly because of the variations
~ and the charge of the cloud
of the magnitude of the large scale electric field |E|
particles qc . We examine again the behavior of the two models and we quantify
their similarities and differences.

6.3
6.3.1

Results
Case without Attachment

Figure 6.2 shows the time dynamics for the average potential at the top boundary
(Figure 6.2a), and for the absolute value of the fair weather current at the ground
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Figure 6.2. Comparison between the two models in the case of a source dipole with
horizontal scale equal to αr =8 km.: (a) Time dynamics of the average potential at the
top boundary. (b) Time dynamics of the absolute value of the fair weather current at
the ground.

(Figure 6.2b) calculated by the two models, for the case of a source dipole that has
horizontal scale αr =8 km.R The average potential at the upper boundary is given by
the expression hφtop i=

2

rmax
rφtop dr
0
2
rmax

−
. For fair weather current at the ground Ignd
,

we consider the negative current that flows to the ground (we assume that the
positive direction is from the ground to the ionosphere). This current is calculated
by integrating the negative current density at the ground over the whole surface of
the domain. Although the constant conductivity model reaches a steady state, the
fluid model deviates very slowly from it. For the simulation period both models
approach to a similar value with relative difference less than 1%.
Figures 6.3a and 6.3b illustrate the cross-section of the total charge density
distribution calculated by the two models. The arrows in Figure 6.3a denote the
direction of the current density. The current flows from the dipole towards the
upper boundary, becomes horizontal and returns back to the ground away from the
source. This flow pattern of current is similar to that in the real GEC. Moreover, we
see that the charge density calculated by the two models has some differences. In
the case of the CC Model (Figure 6.3a), the main positive charge is located around
15 km altitude and negative charge is located around 8 km altitude, corresponding
to the source current location, and their magnitudes have the maximum value at
the center of the layers. In the case of the Fluid Model (Figure 6.3b), there is an
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Figure 6.3. Cross-section of the total charge density distribution in the case of a source
dipole with horizontal scale equal to αr =8 km calculated by the CC Model (a) and the
Fluid Model (b), at the end of the simulation (t=2000 s). The arrows denote the direction
of the current density. (c) Cross-section of the conductivity distribution at the end of
the simulation in the case of the fluid model for a source dipole with horizontal scale
equal to αr =8 km. (d) Conductivity distributions along the axis in the case of the fluid
model, at different moments of time during the simulation.

enhancement of the charge density at the lowest part of the positive charge and
the upper part of the negative charge, but this local effect does not influence the
large scale contribution (as seen in Figure 6.2).
Figure 6.3c shows a cross-section of the conductivity distribution at the end
of the simulation in the case of the fluid model and Figure 6.3d shows the evolution of the conductivity distribution along the axis at different time points of
the simulation. The enhanced conductivity regions are due to the accumulation of
ions on the top of the source charges (negative at the 15 km altitude and positive
at the 8 km altitude). At 11 km where the electric field is maximum, the posi-
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Figure 6.4. Magnitude of the vertical component of the electric field along the axis
calculated by the two models at the end of the simulation (t=2000 sec) in the case of
a source dipole with horizontal scale equal to αr =8 km. Einit is the lightning initiation
threshold (2.16 kV/cm at sea level).

tive ions are moving towards the negative source charge region, while the negative
move towards the positive. This decrease of both ion densities leads to a significant reduction of the conductivity. Moreover, this decrease of the ion densities
favors the accumulation of the total charge at these points (the free charge is not
enough to compensate the deposited source charge), and this leads to the creation
of the structure observed in Figure 6.3b. Furthermore, we observe a significant
reduction of the conductivity at the ground, because ions are moving under the
influence of the electric field and because of the boundary conditions at the ground
(since no influx is allowed, positive ions are moving towards the negative source
charge, while negative ions are lost at the ground) causing imbalance to the ion
densities which is also responsible for the appearance of enhanced total charge at
the ground (Figure 6.3b). Above the altitude of 25 km the conductivity is not
perturbed anymore and is the same as the fair weather conductivity.
Figure 6.4 shows the magnitude of the vertical component of the electric field
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along the axis calculated by the two models at the end of the simulation (t=2000 s).
It is clear that above the altitude of 30 km the distributions are the same for both
models, which along with the similarities of the conductivity distributions leads to
the same upward current from the dipole towards the top boundary, and therefore
similarities in the average potentials and the fair weather currents (as seen in
Figure 6.2). In the region of the dipole, the maximum electric field calculated by
the fluid model is higher but appears in a more narrow region. This is a result
of the enhancement of the charge density at the lower part of the positive source
charge and the upper part of the negative charge (Figure 6.3b). Moreover, there
is an enhancement of the electric field at the ground in the case of the fluid model,
which is the result of the enhancement of the free charge density at the ground
due to the ion imbalance. We note that in Figure 6.4 (as in all the figures of the
chapter that include electric field plots), we plot the magnitude of the electric field
that corresponds to the lightning initiation threshold Einit which is assumed to be
2.16 kV/cm at sea level [Krehbiel et al., 2004; Marshall et al., 2005] and is scaled
along the altitude in the same way as the neutral atmospheric density. Above this
threshold, a lightning discharge occurs and therefore the large scale electric field
in thunderstorms usually has its maximum value around this threshold. The Einit
plots provide a point of reference regarding the intensity of the calculated electric
field.
Figure 6.5 shows the time dynamics of the positive current at the ground (current that flows from the ground upwards) calculated by the two models. The positive current at the ground is calculated by integrating the positive current density
at the ground over the whole surface of the simulation domain. In the Fluid Model
the positive current is carried by negative ions impacting at the ground. It is apparent that although the two models are in good agreement with respect to the
average potential at the top boundary and the fair weather current (current that
returns to the ground), they give different results for the current that flow from the
ground upwards. This current appears below the source dipole (Figure 6.3a), and
opposing to the fair weather current. This difference in currents is influenced by
the local modifications of the conductivity and the electric field there (see Figures
6.3c, 6.3d and 6.4).
Figure 6.6 shows the time dynamics for the average potential at the top bound-
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Figure 6.7. Cross-section of the total charge density distribution in the case of a source
dipole with horizontal scale αr =4 km calculated by the CC Model (a) and the Fluid
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ary (Figure 6.6a), and for the absolute value of the fair weather current at the
ground (Figure 6.6b) calculated by the two models, for the case of a source dipole
that has horizontal scale αr =4 km. Reduction of the horizontal scale of the source
dipole leads to increase of the source current density for the same source current. In
this case the deviation of the fluid model from the steady state is more significant,
and the difference between the two models is more apparent. This indicates that
higher source current density leads to larger differences between the two models.
Figures 6.7a and 6.7b illustrate a cross-section of the total charge density distribution at the end of the simulation (t=2000 s) calculated by the two models. In this
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Figure 6.8. Magnitude of the vertical component of the electric field along the axis
calculated by the two models at the end of the simulation (t=2000 s) in the case of a
source dipole with horizontal scale αr =4 km. Einit is the lightning initiation threshold
(2.16 kV/cm at sea level).

case where the source current density is higher, the same amount of source charge
is deposited in smaller volume than in previous case. During the evolution of the
system the total deposited source charge in the volume becomes larger than the
existing ambient ionic charge (the total charges of the positive and negative ions
in fair weather conditions, in the volume at which the source charge is deposited.
See section 6.4.1.2). This means that the additional free charge that is induced
for the compensation of the source charge is comparable and even larger than the
one initially present in the system. Therefore, since the free charge is a result of
the imbalance of the ion densities, the perturbations of the initial ion densities are
more significant than the perturbations in the case studied earlier. This leads to
different charge density distributions with respect to the charge densities calculated by the CC Model. Moreover, higher ion density imbalances lead to higher
conductivity perturbations (Figures 6.7c, 6.7d) (for more detailed explanation, see
section 6.4.1.2).
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Figure 6.8 shows the magnitude of the vertical component of the electric field
along the axis calculated by the two models at the end of the simulation (t=2000 s).
The magnitude of the electric field above 25 km calculated by the Fluid Model is
higher than in the case of the CC Model, which leads to higher upward current
(since the conductivity above 25 km is the same for both models) that flows from
the source dipole towards the upper boundary, and therefore higher potential of
the upper boundary and higher fair weather current (as is seen in Figure 6.6).
Moreover, the differences in the charge densities, lead to differences in the electric
field distributions in the region of the dipole as well. We also note that in this case
the electric field is higher than the electric field calculated in the previous case.

6.3.2

Case With Attachment

For the comparison of the two models in the case that the attachment of ions to
cloud particles is taken into account, we set the horizontal scale of the source dipole
equal to αr =8 km and we do not consider it as a parameter under investigation.
The parameters under investigation are the cloud particle density Nc in the case
of the Fluid Model and the parameter γ in the case of the CC Model which defines the conductivity reduction inside the cloud with respect to the fair weather
conductivity.
Figure 6.9 shows results of simulations in the case of the Fluid Model for different values of the cloud particle density Nc . Figure 6.9a illustrates the time
dynamics of the average potential at the top boundary and Figure 6.9b the time
dynamics of the fair weather current at the ground. We see that in the range of
the cloud particle density 5×107 ≤Ncmax ≤5×108 m−3 the average potential of the
upper boundary and the fair weather current at the ground are not influenced by
the variation of the Nc . Moreover, we see that these quantities increase over time,
which means that the system has not reached a steady state.
In Figure 6.9c we see the conductivity distribution along the axis at the end of
the simulation (t=2000 s) for different values of Nc . It is seen that the conductivity
inside the cloud decreases as the cloud particle density increases. The attachment
rates depend on the cloud particle density Nc in two ways, as seen in equations
(6.16) and (6.17). The first way is a linear dependence on the coefficient A± ,
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Figure 6.9. Fluid Model simulation in the case of a source dipole with horizontal
scale equal to αr =8 km, and different values of the cloud particle density Nc . (a) Time
dynamics of the average potential at the top boundary. (b) Time dynamics of the fair
weather current at the ground. (c) Conductivity distribution along the axis at the end of
the simulation (t=2000 s). (d) Magnitude of the vertical component of the electric field
along the axis at the end of the simulation (t=2000 s). Einit is the lightning initiation
threshold (2.16 kV/cm at sea level).

which is proportional to the Nc . The second way is a non-linear dependence
on the quantity v which is inverse proportional to the Nc and proportional to
the cloud particle charge density ρc (which depends on the source charge density
ρs , as seen in equation (6.9)). For the chosen source current density, the first
way is dominant, and the attachment rates depend proportionally on the cloud
particle density Nc , and therefore the conductivity inside the cloud at the end of
the simulation decreases in a linear way as the Nc increases. Moreover we see that
the conductivity inside the cloud is reduced at least three orders of magnitude with
respect to the fair weather conductivity. The conductivity inside cloud is at least

98
two orders of magnitude lower than the fair weather conductivity at the ground.
This means that the relaxation time of the system at the end of the simulation is
at least two orders of magnitude higher than in the case of fair weather system
(τ =177 s). This explains why the system has not reached the steady state.
Figure 6.9d shows the magnitude of the vertical component of the electric field
along the axis at the end of the simulation (t=2000 s) for different values of the
cloud particle density Nc . The final electric field distribution is the same for all the
different values of the Nc . This can be explained by the fact that the conductivity
inside the cloud is very low. This leads to accumulation of the source charge
without its effective compensation by the free charge, since the ion density has
been reduced significantly. Therefore, at the end of the simulation the total charge
is composed mostly of the source charge, which is the same for all three cases and
produces the same electric field.
Figures 6.10a and 6.10b show a cross-section of the total charge density distribution and the conductivity distribution, respectively, at the end of the simulation
(t=2000 s) for the case that the cloud particle density is equal to Nc =108 m−3 . In
Figure 6.10a is seen the dipole that is formed inside the cloud which is composed
mainly of the source charge due to the significant reduction of the ion density
because of the attachment of ions to cloud particles. This reduction leads to a
significant decrease in the conductivity inside the cloud with respect to the fair
weather values (Figure 6.10b). At the boundaries of the cloud, where the ion
density increases since the cloud particle density decreases, the total charge is
composed of ions and its polarity depends on the enclosed source charge (negative
charge around the positive source charge, and positive charge around the negative
source charge). The gradual increase of the ion density that follows the gradual
decrease of the cloud particle from the interior of the cloud to the exterior, leads
to gradual increase of the conductivity to the ambient fair weather values (Figure
6.10b).
Figures 6.10c and 6.10d show the conductivity distribution and the magnitude
of the vertical component of the electric field, respectively, along the axis at different time instants of the simulation. We see that as the electric field increases
with time the conductivity inside the cloud decreases. This is expected, since from
the equations (6.16) and (6.17) we see that the attachment rate increases as the
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Figure 6.10. Fluid Model simulation in the case of a source dipole with horizontal scale
equal to αr =8 km, and cloud particle density equal to Nc =108 m−3 . (a) Cross-section
of the total charge density distribution at the end of the simulation (t=2000 s). (b)
Cross-section of the conductivity distribution at the end of the simulation (t=2000 s).
(c) Conductivity distribution along the axis at different time points. (d) Magnitude of
the vertical component of the electric field along the axis for different time points. Einit
is the lightning initiation threshold (2.16 kV/cm at sea level).

magnitude of the large scale field increases. Moreover, as the conductivity decreases the source charge will not be compensated and since there is a constant
source current, it will keep increasing over time. This will lead to increase of the
electric field over time, and additional decrease of the conductivity. In this case,
the system will never reach a steady state since the relaxation time of the system
τr = ε0 /σ will keep increasing as long as the constant source current is present. We
note that in reality the electric field will not keep increasing forever even if there
is a constant source current, since when the electric field will exceed the lightning
initiation threshold Einit (2.16 kV/cm at sea level) a lightning discharge will occur,
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Figure 6.11. Comparison between the Fluid Model with cloud particle density equal to
Nc =108 m−3 , and the CC Model for different values of the parameter γ. γ1 =0.225 (conductivity in the cloud is 10 times lower than the fair weather conductivity), γ2 =0.2475
(conductivity in the cloud is 100 times lower than the fair weather conductivity), γ3 =0.25
(the conductivity in the cloud is approximately equal to zero). The source dipole has
horizontal scale equal to αr =8 km. (a) Time dynamics of the average potential at the top
boundary. (b) Time dynamics of the fair weather current at the ground. (c) Conductivity distribution along the axis at the end of the simulation (t=2000 s). (d) Magnitude of
the vertical component of the electric field along the axis at the end of the simulation
(t=2000 s). Einit is the lightning initiation threshold (2.16 kV/cm at sea level).

which will have as a result the neutralization of a fraction of the thundercloud
charge and therefore decrease of the electric field.
Figure 6.11 shows a comparison between the Fluid Model with cloud particle
density equal to Nc =108 m−3 , and the CC Model for different values of the parameter γ. The parameter γ defines the conductivity reduction inside the cloud with
respect to the fair weather conductivity. The value γ1 =0.225 corresponds to a 10
times reduction of the conductivity in the cloud with respect to the fair weather
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conductivity, the value γ2 =0.2475 corresponds to a 100 times reduction, and the
value γ3 =0.25 corresponds to conductivity in the cloud approximately equal to
zero. Figure 6.11a illustrates the time dynamics of the average potential at the
top boundary and Figure 6.11b the time dynamics of the fair weather current at
the ground. We see that the dynamics calculated by the two models are different.
At the end of the simulation the results of the Fluid Model are close to the results
of the CC Model in the case that the conductivity inside the cloud is two orders
of magnitude less than the fair weather conductivity. Moreover, we see that in the
case of the CC Model, if the conductivity inside the cloud is less than two orders
of magnitude of the fair weather conductivity, the difference between the results
will be less than ∼12%, for the given simulation period.
Figures 6.11c and 6.11d show the conductivity distribution and the magnitude
of the vertical component of the electric field, respectively, at the end of the simulation (t=2000 s). In Figure 6.11c we see that the conductivity distribution in the
case of the Fluid Model is completely different than the conductivity distributions
in the case of the CC Model. The reason is that we assumed that the conductivity
distribution in the case of the CC Model has a similar expression with the cloud
particle density Nc (the regions at which the Nc is maximum are the regions where
the conductivity reduction is maximum). But in the case of the Fluid Model, the
conductivity reduction, which is a result of the attachment of ions to cloud particles, does not depend only on the cloud particle density but also on the electric
field. So, at the altitude of 20 km, although the particle density decreases, because
of the high values of the electric field, the attachment rate is still high and therefore
the conductivity is still very low with respect to the fair weather conductivity.
In Figure 6.11d we see that the electric field distribution in the case of the
Fluid Model, and in the case of the CC Model when γ≥γ2 , are similar with the
only exception of the electric field at the ground and the electric field between the
altitudes 20≤z≤30 km. The reason for these differences is the fact that the region
of the conductivity reduction is larger in the case of the Fluid Model as it was
explained above. This leads to larger accumulation of charge and therefore the
higher electric field.
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6.4
6.4.1

Discussion
Case without Attachment

In the section 6.3 we presented a comparison between the Fluid Model and the
CC Model during a period of 2000 sec for two different cases of source current
density. We demonstrated that the higher the current density the higher the
difference between the two models. Moreover, we demonstrated that the Fluid
Model does not reach a steady state, but as the source current density decreases
the time dynamics of the large scale quantities like the average potential of the
upper boundary, and the fair weather current at the ground can be approximated
really well by the CC Model. In the next paragraphs we analyze further these
findings.
6.4.1.1

Steady State

In the case of the CC Model, the steady state is achieved under the following
condition:

∂ρf
∂ρs
∂ρt
=0⇒
=−
∂t
∂t
∂t

This indicates that as the source current density

∂ρs
∂t

(6.19)

is present, the deposited source

charge will keep increasing, and the free charge will keep increasing as well with
the same rate (the negative sign indicates opposite polarities).
In the case of the Fluid Model, the steady state is achieved when:
∂n±
∂ρf
=0⇒
=0
∂t
∂t

(6.20)

This equation can not be satisfied as long as the source current density is not zero,
see equation (6.19). Equations (6.19) and (6.20) become identical when the source
current density becomes zero. As the source current density deviates from the zero
value and becomes higher, the difference between the two models will become more
pronounced.
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6.4.1.2

Role of the Ionization and Recombination Rates

The fair weather ion densities and therefore the fair weather free charge densities
(in the absence of the large scale electric field and cloud particle densities (β± =0))
depend on the ionization rate due to the galactic cosmic rays radiation q and the
ion-ion recombination rate α. The dynamics of the fair weather ion densities are
described by the equation:
∂n
= q − αn2
∂t

(6.21)

 
 
t
t
tanh
= n0 tanh
τ
τ

(6.22)

which has solution:
n=

 q 1/2
α

where τ = (qα)11/2 is the characteristic time scale of the system and indicates the time
that is needed for the ion density to increase from a value equal to zero, to a value
equal to n0 =(q/α)1/2 . The term n0 corresponds to the fair weather steady state ion
density and influences the fair weather free positive and negative charge densities
and the fair weather conductivity. The time scale τ influences the response of
the system described by equation (6.21) in the case that the ion densities become
larger or smaller than the fair weather steady state value.
We first discuss the role of the ambient ionic charge. In the cases studied in
the section 6.3.1, we kept the source current Is± the same and we modified the
volume in which the source charge in deposited. The higher source current density
corresponds to the deposition of the source charge in a smaller volume. At the
end of the simulation, in both cases 2000 C have been deposited in the system
(Qs± =Is± t), but they were distributed in different volumes. In the case at which
the horizontal scale is equal to αr =8 km the volumes at which the positive and
the negative source charges are deposited contain ions with total charge equal
R 2α R h +2α
to Qf± =2π 0 r h±±−2αzz rρf± drdz=±1287 C (since the spatial distribution of the
source charges is assumed to be Gaussian, as seen in equation (6.1), 99.5% of the
source charge is deposited in the volume enclosed by r=2αr and z=2αz around the
center of the source charge). At the beginning of the simulation, the positive and
negative ion densities are the same which leads to total free charge equal to zero.
As charge is deposited, ions are moving under the influence of the created electric
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field in a way that ions of the same polarity with the deposited source charge
exit the deposition volume of the source charge, while ions of opposite polarity
with the deposited source charge enter the deposition volume. This imbalance
of ions creates a net free charge that compensates the deposited source charge.
Since the net free charge that is required to compensate the deposited 2000 C is
comparable to the initial free positive and negative charge, the charge of the ions
that are moving towards and outwards the volume of the deposited source charge is
a fraction of the initial ambient ionic charge. The required ionic imbalance for the
creation of the net free charge sufficient to compensate the deposited source charge
can be easily achieved by local redistribution of the ion densities. Therefore the
total charge density distribution calculated by the two models is similar (Figures
6.3a and 6.3b), which leads to similar dynamics of the average potential at the top
boundary and the fair weather current at the ground (Figure 6.2). We note that as
it can be seen in Figure 6.2, variations between the two models appear at around
1300 sec, which is the point at which the deposited source charge becomes equal
to the ambient ionic charge.
In the case that the horizontal scale is equal to αr =4 km, the volumes at which
the positive and the negative source charges are deposited contain ions with total
charge equal to Qf± =±321 C. In this case the deposited source charge becomes
equal to the ambient ionic charge in the first ∼300 sec of the simulation, and then
it becomes larger. In this case the free charge that is required for the compensation
of the deposited source charge can not be achieved effectively by the local redistribution of the ions in the volume of the deposited source charge, but a significant
additional amount of ions is needed which is transferred by the nearby regions
creating strong ionic perturbations to them as well. These strong imbalances in
the ion densities, and therefore in the free charge densities, leads to different total charge densities calculated by the two models (Figures 6.7a and 6.7b), and
to different dynamics of the average potential at the top boundary and the fair
weather current at the ground (Figure 6.6). In Figure 6.6 it can be seen that the
variations between the two models appear at ∼300 sec, which is the point at which
the deposited source charge becomes equal to the ambient ionic charge.
We now discuss the role of the characteristic time scale τ . In our simulations the
values of q and α lead to a characteristic timescale equal to τ =490 s. We saw that
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increasing the source current density leads to a faster accumulation of deposited
source charge to values closer to the ambient ionic charge. As the source current
densities become higher, this accumulation time becomes smaller and closer to
the value τ . In the case at which the horizontal scale is equal to αr =8 km, the
deposited source charge becomes equal to the ambient ionic charge at t=1321 s.
This value is larger than the timescale τ , and although as is seen in Figure 6.2 from
this time instance variations between the two models appear, these variations are
very small. On the other hand, when the horizontal scale is equal to αr =4 km, the
deposited source charge acquires values equal to the ambient ionic charge at 321
sec, which is smaller than τ . In this case the differences between the two models
are significant.

6.4.2

Case with Attachment

We showed in the subsection 6.4.1.2 that the characteristic timescale of the ionization and ion-ion recombination rates, is a few hundred seconds. Figure 6.1 shows
that the characteristic timescale of the attachment of ions to cloud particles is a
few seconds, depending on the value of the electric field and the charge of the cloud
particle. This means that when attachment is present, it is the dominant process
in the system. In the case of the attachment the conductivity inside the cloud
reduces significantly with respect to the fair weather values and this leads to a significant increase of the relaxation time of the system. The conductivity decrease
depends on the cloud particle density and the large scale electric field. Moreover,
once conductivity is reduced below three orders of magnitude with respect to the
fair weather conductivity, further reduction of the conductivity does not influence
the average potential at the top boundary, and the fair weather current at the
ground, because the deposited source charge remains completely uncompensated
due to the high reduction of atmospheric ions. Considering the cloud as a region
with zero conductivity in the case of the CC Model leads to differences around
∼16% with respect to the Fluid Model at the end of the simulation period.
The source current density in this case is not as important as in the case without
attachment. Higher source current density leads to faster accumulation of charge
and faster increase of the electric field. This means that the conductivity inside
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the cloud decreases faster and the system will reach faster the lightning initiation
threshold Einit .
Finally comparing the Figures 6.9a and 6.9b with the Figures 6.2a and 6.2b, it is
seen that in the case that the attachment has been taken into account, the average
potential and the fair weather current that returns to the ground are higher than in
the case that the attachment was neglected. This happens because the conductivity
reduction inside the cloud caused by the attachment of ions to cloud particles
leads to higher accumulated total charge in the cloud, which is composed mainly
of the source charge as seen in section 6.3.2, compared to the total charge in the
case without attachment. Higher accumulated charge leads to higher electric field,
higher upward conduction current, higher average potential of the upper boundary
and higher fair weather current to the ground. This shows the importance of
considering the conductivity reduction inside the cloud in calculations regarding
the contribution of the storms to the GEC.

6.4.3

Scaling with Respect to the Large Scale Global Electric Circuit

Rycroft et al. [2007] showed that the fair weather part of the GEC could be represented by an equivalent electric circuit consisting of a resistance connected in
parallel with a capacitor. According to this approach the fair weather current that
returns back to the earth is given by the expressions:
−
Ignd
= IC + IR

dφtop
dt
φtop
IR =
Rfw

IC = C

(6.23)
(6.24)
(6.25)

where IC is the current that flows to the capacitor, IR is the current that flows
through the resistance, C is the capacitance of the GEC, and Rfw is the fair weather
resistance of the GEC. In the case that there are no sources and no cloud coverage,
the fair weather resistance Rfw is equal to the total resistance of the system Rtot ,
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which is given by the expression:
rmax

Z
Rtot =
0

2πrdr
Rc

−1
[Ω]

(6.26)

dz
[Ω m2 ]
σ(r, z)

(6.27)

where Rc is the column resistance
Z

hmax

Rc (r) =
0

In the case that there are sources or clouds, the fair weather resistance is given
again by equation (6.26) with the only difference that the integral is calculated
only in the fair weather regions of the domain.
It is clear that the resistance depends on the surface area of the domain. In
order the cylindrical domain to have the same resistance with the actual spherical
GEC system in the case of fair weather conditions, it needs to have maximum
horizontal extent equal to rmax =2×REarth =12756 km, which ensures that the surface area of the simulation domain is the same as the surface area of the spherical
Earth.
In steady state there are no temporal variations of the potential, and therefore
the IC becomes equal to zero. In this case the fair weather current that returns
to the earth is equal to the current that flows through the fair weather resistance.
The fair weather current is the same regardless the dimension of the domain, since
it depends on the source current density. In the case of the CC Model, which
reaches a steady state (Figures 6.2 and 6.6), the average potentials of the upper
boundary that are calculated in the current study (cs) can be scaled to the global
system according to the expressions:
hφtop ics
Rcs
=
hφtop iGEC
Rfw
Rcs =

hφtop ics
−
Ignd

(6.28)

(6.29)

where the hφtop ics is the average potential of the upper boundary calculated by the
model, and Rcs is the fair weather resistance of the simulation domain of the current
study. The fair weather resistance Rfw of the large scale GEC can be calculated
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by assuming that the global GEC domain consists of two cylinders. One cylinder
has the dimensions of the simulation domain of the study and has resistance equal
to the value calculated by equation (6.29), while the second cylinder encloses the
first one having inner radius equal to the radius of the first cylinder and outer
radius equal to rmax =2×REarth . For this cylinder, where the conductivity is an
exponential function of the altitude with no radial variations, equations (6.26) and
(6.27) can be applied. The fair weather resistance of the large scale GEC, Rfw , is
given by considering that the resistances of these two cylinders are connected in
parallel as follows:
Rfw =

Rcs Radd
Rcs + Radd

(6.30)

where Radd is the resistance of the second cylinder.
In the case of the Fluid Model, or in the case that the conductivity reduction
inside the cloud has been considered, the system does not necessary reaches a
steady state. It can been seen in Figures 6.2, 6.6, 6.9, and 6.11 that there is
−
a proportional relationship between the Ignd
and the hφtop i after t=1000 s. This

means that even if the system has not reached a strict steady state, the IC can
be neglected and that the fair weather current that returns to the ground is equal
to the current that flows through the resistor. Therefore for the scaling of the
results to the GEC, equation (6.28) still holds. Moreover, for the calculation of
the resistance of the domain that is used in the current study, equation (6.29) is
still valid because it does not require the current to be vertical as equations (6.26)
and (6.27) do.

6.5

Conclusions

The contributions of this chapter can be summarized as follows:
1. A time-dependent fluid model has been developed, which is able to calculate self-consistently the time dynamics of the conductivity, according to the
time dynamics of the source charge density during the formation of thunderstorms/electrified clouds. This model takes into account several atmospherical processes such as the ionization due to the galactic cosmic rays radiation,
the ion-ion recombination, and the attachment of ion to cloud particles, and
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is able to calculate the large scale contribution of the thunderstorm to the
GEC.
2. Since thunderstorms that occur in different locations are characterized by
the cloud particle density, the ionization rate at this location, and the ionion recombination rate at the location, which are input parameters of the
model, this model can be applied to different kinds of storms to quantify the
contribution to the GEC.
3. This model has been compared with a model that assumes constant conductivity over time and that has been developed in the past in the literature. The
differences and the similarities between the two models have been discussed
and quantified.
4. It has been shown that in the case that the attachment of ions to cloud
particles is neglected, the two models behave similarly when the source current density is low. This means that the total deposited source charge either
is lower than the ambient free charge due to the fair weather ion densities
during the whole simulation period, or it becomes equal or larger than that
at a time larger than the time scale τ , where τ is the characteristic time
scale of the system in the absence of the attachment process of ions to cloud
particles, and when the ionization and the ion-ion recombination processes
act at the same time.
5. When the attachment process is present, it has been shown that the Constant
Conductivity Model can be used to approximate the behavior of the Fluid
Model (the relative difference between these two models is less than 16%)
if the conductivity reduction inside the cloud in the case of the Constant
Conductivity Model is assumed to be more than two orders of magnitude
with respect to the fair weather conductivity.

Chapter

7

Production of Very High Potential
Differences by Intra-Cloud Lightning
Discharges in Connection with
Terrestrial Gamma Ray Flashes
This chapter contains a study that has been made using the fractal model similar
to the model that was developed by Riousset et al. [2007], regarding the conditions
under which terrestrial gamma ray flashes can be produced during the development
of intra-cloud lightning discharges.

7.1

Introduction

A leader discharge can be defined as a thin, highly ionized and highly conducting channel that grows from the strong field region along the path prepared by
preceding streamers [Raizer , 1991, p. 364]. The leader process is known to be a
valid propagation mechanism for intra-cloud (IC) lightning discharges [Ogawa and
Brook , 1964; Proctor , 1981; Uman, 1984, p. 10; Liu and Krehbiel , 1985; Shao and
Krehbiel , 1996; Rakov and Uman, 2003, p. 322]. Bidirectional leaders that initiate
IC discharges develop electric potential differences in their heads with respect to
the ambient potential on the order of tens of MV as they extend over distances of
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several kilometers [e.g., Celestin and Pasko, 2011, and references therein].
High altitude +IC flashes (the negative leader propagates up towards the upper
positive charge region, while the positive leader propagates down toward the lower
negative charge region) have been correlated with terrestrial gamma-ray flashes
(TGFs) [Williams et al., 2006; Stanley et al., 2006]. TGFs are high energy photon
bursts originating from the Earth’s atmosphere caused by the brehmsstrahlung
emission from energetic electrons. These bursts are observed by space-born detectors in low Earth orbit [Fishman et al., 1994; Smith et al., 2005; Marisaldi et al.,
2010; Briggs et al., 2010]. Shao et al. [2010] and Lu et al. [2010, 2011] observed
that TGFs occurred within the initial milliseconds of +IC flashes while the negative leader had developed upward. During this stage, the advancement of the
negative lightning leader is believed to be made by the stepping processes [Shao
et al., 2010; Lu et al., 2010].
Celestin and Pasko [2011] suggested that the high electric potential difference
between the leader head of long unbranched +IC lightning leaders and the ambient
potential can be harvested by electrons and can lead to the production of sufficient
number of thermal runaway electrons to explain TGFs without invoking further
amplification in relativistic runaway electron avalanches (RREAs) in the largescale ambient electric field of the thunderstorm [e.g., Gurevich et al., 1992; Dwyer ,
2008].
In this study, using a 3-D cartesian fractal model, we quantify the electric
potential produced in a developing +IC lightning discharge for given thunderstorm
electric configurations. This allows for determining the electric potential difference
between the lightning leader and the large-scale thunderstorm potential in the
region of the leader head. We present a case of a +IC lightning discharge in a
realistic thunderstorm configuration that leads to very high potential difference
between the leader head and the ambient potential (∼300 MV). We demonstrate
that specific thundercloud configuration can create very high potential cases, and
we show how a delay in the development of the negative leader with respect to the
positive one in a bidirectional leader system can produce a high potential difference
in the negative leader head region. The impact of these results on the production
of TGFs is discussed.
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7.2

Model Formulation

In this study, we model the IC lightning discharge using the 3-D Cartesian fractal
model described [Riousset et al., 2007]. We assume a dipolar charge structure
for the thundercloud (the main upper positive and lower negative charge layers),
and we set the two charge layers to be cylindrical disks (Figure 7.1c). The main
negative charge region is typically found in a temperature range roughly -10 to -25
◦

C [Rakov and Uman, 2003, p. 75], which corresponds to an altitude range 4 to

6 km. We choose the center of the main negative charge to be at altitude h− =6
km, while the altitude of the positive charge is chosen to be at h+ =11 km, which
is in the range of 10 to 14 km where the main positive charge region is typically
found [Rakov and Uman, 2003, p. 76]. The horizontal dimensions of active airmass thunderstorms range from about 3 km to >50 km [Rakov and Uman, 2003,
p. 68]. We choose the radii of the charge regions to be R± =15 km, that are in
this range. We note that for this configuration a factor of 3 difference between the
charge regions’ radii and the vertical distance between the charge regions creates
an electric field that is approximately uniform in the region between them. The
vertical widths of the charge regions are chosen to be W± =1.5 km.

7.3

Results

In Figure 7.1, we present results of the +IC lightning case calculated by our fractal
model. In our simulation, in order to maximize the potential difference between
the leader head and the ambient potential (see Discaussion section), we allow the
negative leader to start propagating only after the positive part of the lightning
discharge is fully built. To do this, the propagation threshold of the negative leader
is at first set to an artificially large value (∼10 times larger than the propagation
threshold of the positive leader) while the propagation of the positive leader is set
+
to Eth
=1 kV/cm at sea level [Raizer , 1991, p. 363]. When the positive part of the

lightning discharge can not develop anymore we set the propagation threshold of
−
the negative leader to a physical value of Eth
=-1 kV/cm at sea level. In Figure

7.1a, the electric field distribution along the central axis of the domain is shown as
a function of the altitude z, just before the development of the +IC lightning dis-
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Figure 7.1. Case of a +IC lightning. (a) Ambient electric field distribution along the
axis of the simulation domain. (b) Potential distribution along the axis of the simulation
domain before the lightning development (φamb ) and at the simulation step when the
potential difference between the negative leader tip and the ambient potential (∆φ) is
maximum (φt ) in the case of a delay in the negative leader propagation. (c) Cross-section
of the lightning discharge structure at the step when the potential difference between the
negative leader tip and the ambient potential (∆φ) is maximum in the case of a delay
of the negative leader propagation. (d) Potential difference between the negative leader
tip and the ambient potential (∆φ) at every simulation step. Point A denotes the start
of the horizontal development of the positive leader, while point B denotes the initiation
point of the negative leader.

charge. In Figure 7.1b, the ambient initial potential distribution and the potential
distribution after the propagation of the lightning discharge are shown along the
central axis of the simulation domain as a function of the altitude at the moment of
the maximum potential difference ∆φ. In Figure 7.1c, a projection of the lightning
discharge structure on the z−y plane at the moment of the maximum potential
difference ∆φ is shown. The potential difference ∆φ is shown in Figure 7.1d for
every step in the simulation.
In Figure 7.2, the dynamics of the total potential distribution in the presence
of the lightning discharge is shown for the case of the IC lightning with a delay in
the initiation of the negative leader with respect to the initiation of the positive
leader (as in Figure 7.1) at the steps marked in Figure 7.1d and at the end of the
simulation.
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Figure 7.2. Dynamics of the total potential distribution in the presence of the lightning
discharge along the central axis of the simulation domain, in the case of the IC lightning
with a delay in the initiation of the negative leader with respect to the initiation of the
positive leader at the steps marked in Figure 7.1d and at the end of the simulation.

7.4
7.4.1

Discussion
Charge Configurations Leading to Very High Potential Differences in Thunderclouds

If a perfectly conducting wire is placed in a region with a potential distribution,
the wire will acquire potential which lies between the minimum (φmin ) and the
maximum (φmax ) value of the ambient potential distribution in the region occupied
by the wire. For the case of a straight wire that is placed in a region with linear
potential distribution (constant electric field), because of the symmetry of the
system and the global neutrality of the isolated conducting wire, the potential
drops in the vicinity of the tips of the wire will be equal to (φmax −φmin )/2. If
the wire expands to regions with higher potential, then the potential in the wire
(φmax +φmin )/2 will be shifted to higher values. On the other hand, if the wire
expands to regions with lower potential, then the potential in the wire will be
shifted to lower values.
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The above concept is very valuable for defining the conditions under which
very high potential difference between the leader head and the ambient potential
can occur. The potential in a network of wires depends on the ambient potential
distribution. The potential distribution between two charge layers above the conducting ground depends on the total charge in the layers, the distance between
these layers, the distance of the lower layer from the ground, and their respective
radii. Celestin and Pasko [2011] quantitatively demonstrated that if TGFs are directly produced by +IC lightning discharges, the potential difference between the
leader channel and the ambient potential would have to be very high. Xu et al.
[2012] showed that potential differences higher than 100 MV would be necessary to
explain the average energy spectrum of TGFs observed by the RHESSI satellite. It
is therefore of great interest to explore the thundercloud configurations that would
lead to the highest electric potential variation (∆φamb,max ).
One can make a first order analytical estimate on the conditions that would
maximize the potential difference in the cloud as follows. First, to simplify the
discussion let us neglect the influence of the screening charges at the cloud boundaries and the influence of the image charges in the ground. Secondly, we assume
that the electric field is constant between the charge layers (i.e., the charge layer
radius is sufficiently large compared to the distance between the charge layers)
and is equal to the initiation threshold field at one point only. Therefore, due to
the scaling of the lightning initiation field proportionally to the air density, the
lightning discharge would always start from nearby the upper charge region. This
assumption is fulfilled in our simulations because the radii of the charge layers are
3 times larger than the distance between them and as it is clear from Figures 7.1a
and 7.1c, the initiation point of the lightning discharge is in the vicinity of the
upper positive charge region. The initiation threshold for a lightning discharge
Einit is decreasing exponentially as a function of altitude and thus the initiation
threshold at a point located at altitude hinit can be written as:
Einit (hinit ) = Einit (z = 0)e−

hinit
hs

(7.1)

Where hs is the atmospheric scale height in the troposphere. Since the electric field between the charge layers is assumed constant, the electrical potential
difference between the charge regions can be written as:
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Z

h+

∆φ =

E(z)dz = Einit (z = 0)e−

hinit
hs

h+

(h+ − h− ) ' Einit (z = 0)e− hs (h+ − h− )

h−

(7.2)
In (2), we substituted the hinit with h+ , because we assumed that the hinit is
in the close vicinity of h+ . In order to find the altitude h+ that maximizes the
potential difference for a given h− , we differentiate this expression with respect
to h+ and we set the result equal to zero. We find that for a given h− , the total
ambient potential difference is maximized for:
h+ − h− = hs

(7.3)

In the altitude range we are using here (≤15 km), the atmospheric scale height
provided by MSISE90 [Hedin, 1991] is hs '8.7 km. Hence, large distances between
thundercloud charges would favor high total ambient potential differences, which
in turn would favor the occurrence of TGFs. Since a distance between charge layers
approaching hs '8.7 km would imply tall thunderclouds, the maximization of the
total ambient potential in a thundercloud might explain why TGFs correspond to
high tropopause heights [Smith et al., 2010] in addition to the effect of penetration
of photons through the atmosphere [Williams et al., 2006]. It is also interesting
to note that in a limit of small h− h+ , equation (7.2) gives a maximum possible
potential difference in a cloud of Einit (z=0)hs /e'691 MV (for Einit (z=0)=2.16
kV/cm and hs =8.7 km).
Moreover, using RHESSI data, Splitt et al. [2010] have concluded that, unlike
sprites, there was no strong correlation between the extent of the thundercloud
and the occurrence of TGFs. Table 1 illustrates high values of ∆φamb,max for
different thundercloud charges configurations. We note that for every configuration
presented in Table 1, the amount of charge in column 1 is the amount that creates
electric field which exceeds the initiation threshold for a lightning discharge (2.16
kV/cm at seal level) by 10%. It is interesting to look at the four first rows in
Table 1 with regard to this observational result. Indeed, in these four rows, all
other parameters being equal (except the charge that is adapted to keep the field
consistently 10% above the threshold), only the radius is changed. When the radius
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Table 7.1. Maximum ambient potential difference (column 5) of two cylindrical charge
layers for different values of their total charge (column 1), their altitudes (columns 2 and
3) and their radii (column 4).

Q± (C) h− (km) h+ (km) R± (km)
577.35
6
11
15
278.17
6
11
10
86.73
6
11
5
40.07
6
11
3
37.08
6
12
3
41.45
6
10
3
40.86
6
9
3
38.57
6
8
3
46
5
8
3
36.35
7
10
3
27.61
9
12
3

∆φamb,max (MV)
343
334.1
312.6
284.2
279.6
268.4
228.8
167.65
256.3
204.17
155.6

becomes greater than the distances between the charge layers, the total variation
of the electric potential in the cloud converges to a high value (∼ 350 MV) that
is independent of the radius of the charge layers, effectively reflecting convergence
to one-dimensional geometry of the electric field.
The chosen altitudes, distances and radii of the charge distribution for the case
of the +IC lightning discharge presented in Figure 7.1, correspond to a potential
difference equal to 343 MV between the positive and the negative charge layers.
Indeed, in order to explain the production of the highest energy TGFs detected to
date [Tavani et al., 2011], Celestin et al. [2012] assumed that the TGF-producing
lightning leader had a potential difference ∆φ=350 MV with the ambient potential.
In Figure 7.1a, the z−component of the ambient electric field as a function of
altitude is shown, and it is clear that this configuration of charges produces an
electric field that is overall lower than the lightning initiation threshold except for
a limited region from which the +IC lightning can be initiated.

7.4.2

Experimental Evidence of the Delay in Initiation of
the Negative Leader

As we mentioned above, the initiation of an IC lightning discharge is believed to be
characterized by the development of a bidirectional lightning leader. The electric
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field thresholds for initiation and propagation of positive and negative leaders are
only documented for laboratory experiments and are known to depend strongly on
ambient conditions [Gallimberti et al., 2002]. Therefore, the actual electric field
thresholds are only approximately known and their exact values would depend on
specific ambient conditions. Moreover, in lightning triggered by rockets carrying
an ungrounded wire and in lightning triggered by airplanes the positive leader is
sometimes reported to start 3-6 ms earlier than the negative leader [Mazur , 1989;
Laroche et al., 1991; Lalande et al., 1998; Rakov and Uman, 2003, p. 354]. Furthermore, due to the fact that the positive leaders radiate weakly in the VHF range and
might be missed by the Lightning Mapping Arrays, the precedence of one or the
other polarity at the initiation of a natural intra-cloud lightning flash is not known
[Stanley et al., 1994; Krehbiel et al., 1994; Shao et al., 1999]. A delay between
positive and negative leaders in the development of a +IC lightning discharge is
therefore possible. One of the goals of the present study is to demonstrate and
quantify the effects of such a delay.

7.4.3

Effect of the Delay in the Initiation of the Negative
Leader on Maximum Potential Differences

Figure 7.1b shows the potential distributions before the development of the lightning discharge, and at the step when the maximum potential difference ∆φ between
the negative leader tip and the ambient potential is obtained. In this model case,
we allow the negative leader to start propagating right after the positive part of
the lightning discharge is fully built. Under the conditions discussed above, the
potential in the leader channel can be close to the minimum (negative) value of
the ambient potential distribution, and thus, the potential difference between its
upper end and the ambient distribution at this point can be close to the maximum
ambient potential difference that exists in the thunderstorm ∆φamb,max (between
the minimum ambient negative potential at ∼6 km and the maximum ambient
positive potential at ∼11 km in Figure 7.1b).
In Figure 7.1c, a cross-section of the lightning discharge structure is shown at
the step when the potential difference between the negative leader tip and the
ambient potential is maximum. We see that at that point the positive leader is
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extensively developed. Yoshida et al. [2010] utilized two interferometers and have
estimated the speed of positive lightning leader in a lightning triggering experiment
in Florida on the order of 106 m/s. If we consider this positive leader speed and
if we take into account the delay between the positive and the negative leader
initiation 3-6 ms we mentioned in the previous sections, it is clear that the positive
leader can be as extensive as shown in this figure before the negative leader starts
propagating.
In Figure 7.1d, the potential difference ∆φ between the negative leader tip
and the ambient potential at every simulation step is shown. The marked point
A shows the simulation step at which the horizontal development of the positive
leader begins. Up to that point the lightning structure is mostly vertical. The
point B marks the simulation step corresponding to the initiation of the negative
leader. This is also the point at which the potential difference between the negative
leader tip and the ambient potential is maximum. In the same figure, the potential
difference between the leader tip and the ambient potential at every simulation
step is shown for the case of a bidirectional leader without a delay between the
initiation of the positive and the negative leaders. We see that the assumed delay
of the initiation of the negative leader leads to a potential difference which is
∼2.4 times higher than that in the case of no delay. We note that according to
Bazelyan and Raizer [2000, p. 54] the electric potential of the lightning leader
tip with respect to the ambient potential for the case of an unbranched leader
channel is approximately V0 = E0 l/2 where l is the length of the leader channel.
In our case E0 =0.7 kV/cm and the distance between the charges is 5 km, which
leads to a potential difference between the leader tip and the ambient potential
equal to 175 MV, or similarly (φmax −φmin )/2 (see Section 7.1). At the point A
where the leader channel is vertical, the potential difference is 192 MV, which is
indeed close to this value. The horizontal development of the positive leader, with
no propagation of the negative leader, further increases this potential difference
to 307 MV. Therefore, when the negative leader starts propagating the potential
difference between the leader tip and the ambient potential is ∼1.7 times larger
than the theoretically estimated for the vertical unbranched channel.
In summary, one can say that the propagation of the positive leader helps bringing the minimum ambient potential (φmin =-110 MV in the present case) close to
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the upper part of the thundercloud (where φ=φmax '230 MV) through the lightning discharge. The simple propagation of the bidirectional leader without delay
would lead to a factor of ∼2 lower ∆φ.

7.4.4

Dynamics of Potential Distribution in Thundercloud
During Leader Development

In Figure 7.2, the dynamics of the total potential distribution in the presence of the
lightning discharge is shown along the central axis of the simulation domain, for
the case of the IC lightning with delay for the initiation of the negative leader with
respect to the initiation of the positive leader, at the steps marked in Figure 7.1d
and at the end of the simulation. As the positive leader develops, the potential
of the leader channel shifts to values close to the maximum negative value of
the ambient potential, increasing the potential difference between the potential at
the negative leader tip (which is stalled at the initiation point) and the ambient
potential as explained in the previous subsection. As the negative leader starts
propagating, it causes a shift of the potential in the leader channel to lower negative
values and at the same time it modifies the ambient potential to lower positive
values, resulting in the reduction of the potential difference between the negative
leader tip and the ambient potential. We note that the simulation does not end at
the maximum number of steps that is shown in Figure 7.1d. We present this region
for the better visualization of the results. As the negative leader develops inside
the positive charge region, the potential difference keeps decreasing. Eventually
(after ∼10000 steps for the current simulation), the potential difference between
the negative leader tip and the ambient potential reaches the value of ∼30 MV and
the total potential distribution along the central axis of the simulation domain has
the form illustrated in Figure 7.2.
In the thunderstorm configuration used in this study, the maximum potential
difference is obtained when the negative leader is stalled at the initiation point at
the altitude of ∼10.1 km, which is in the range of heights (10.5-14.1 km) of the
TGF-related lightning pulses estimated by Shao et al. [2010] and the altitude range
of the TGF related lightning leader (10-11 km) estimated by Lu et al. [2010].
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7.4.5

Role of the Thundercloud Screening Charges

Although the +IC lightning case presented in this study does not take into account
the screening charges that are induced at the cloud boundaries (see Riousset et al.
[2010]), we have performed several simulations in the presence of screening charges.
We assumed that the thundercloud is a region with low conductivity (similarly to
Riousset et al. [2010]) and we performed simulations for different altitudes of the
upper boundary of the thundercloud. When the thundercloud upper boundary is
close to the charge regions and there is a mixing between the screening charges
with the cloud charges, there is a reduction of the ambient potential difference
between the positive and the negative charge layers because of the reduction of
the net positive charge in the cloud. As the distance between the cloud upper
boundary and the cloud charge layers increases, the ambient potential difference
increases slightly and when the distance becomes equal to ∼4 km, the ambient
potential difference converges to the ambient potential difference calculated in the
absence of screening charges. In this case, the upper boundary of the thundercloud
is located at an altitude of 15 km, which is consistent with observations of the cloud
tops of thunderstorms that produce TGFs reported by Smith et al. [2010] and Splitt
et al. [2010]. This suggests that the mixing between the screening charges and the
cloud charge layers could obstruct the production of TGFs.
In Table 2, we demonstrate the dependence of the total ambient potential
difference on the altitude of the cloud top, when the positive charge layer is at
11 km and the negative charge layer at 6 km. We note that as the mixing between the cloud top screening charges and the positive charge layer increases, then
the amount of charge that is required to create electric field, which exceeds the
initiation threshold for a lightning discharge (2.16 kV/cm at seal level) by 10%,
increases. Since the positive and the negative source charges are equal, there is a
corresponding increase of the absolute value of the potential of the negative charge
layer. We also note that further decrease of the altitude of the cloud top results in
the development of high electric field in the region between the cloud top screening charges and the positive charge layer, which results in the development of an
upward jet discharge in the fractal simulations [Krehbiel et al., 2008] and not the
initiation of an IC lightning. Finally, we note that the presence of the screening
charges affects only slightly the ambient potential difference. From Table 2, it is
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Table 7.2. Maximum amplitude of the ambient potential at the center of the negative
charge layer (column 2), at the center of the positive charge layer (column 3), maximum
ambient potential difference between the two charge layers (column 4), for different values
of the altitude of the cloud top (column 1), for the case that the positive charge layer is
at 11 km and the negative at 6 km.

hcloudtop (km) φ− (MV) φ+ (km)
15
-156.37
155.08
14.58
-163.63
147.35
14
-175.54
134.44
13.63
-182.74
124.86
13
-195.28
104.28
12.65
-201.61
91.28

∆φamb,max (MV)
311.45
310.98
309.98
307.6
299.56
292.89

clear that decreasing the distance between the screening charge layer and the main
positive layer by ∼2 km leads to a reduction of the ambient potential difference
by ∼20 MV. Recalling the significantly greater variation in the ambient potential
difference that is caused by the reduction of the distance between the main positive
and main negative charge layers (Table 1, see also discussion in Section 7.1), we
can conclude that the effect of the presence of the screening charges on the ambient
potential difference is not significant.

7.5

Conclusions

The main contributions of this chapter can be summarized as follows:
1. The potential in the leader channel strongly depends on the ambient potential distribution in the thundercloud. The potential distribution between
the two charge layers inside the thundercloud above the conducting ground
depends on the total charge in the layers, the distance between these layers,
the distance of the lower layer to the ground, and their respective radii. The
influence of these parameters is summarized in Table 1. We infer that the
weak dependence of the electric potential on the radius of the charge layers can explain the observations of Splitt et al. [2010], showing that TGFs
are not correlated with large thunderstorm complexes, unlike sprites, but
rather occur with thunderstorms ranging in “areal extent by several orders
of magnitude” [Splitt et al., 2010].
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2. Using a simple model approximation, we have estimated that the maximum
total ambient potential difference in a given thundercloud could be achieved
for a distance between charge layers equal to the atmospheric scale height
hs '8.7 km. This estimate also leads to a maximum total ambient potential
difference possible in a thundercloud of ∆φamb,max =Einit (z=0)hs /e'691 MV.
3. The development of the positive leader while the negative leader is stalled,
leads to a shift of the potential of the leader channel to values close to the
minimum negative value of the ambient potential. Therefore, the potential
difference between the negative leader tip and the ambient potential at this
location can be maximized to values close to the ambient potential difference
between the minimum negative value and the maximum positive value in the
thundercloud. This does not mean that all TGFs are produced in correlation
with such a lightning dynamics, but rather is informative as to the lightning
structures capable of generating very high potential differences. This brings
to fore the necessity of further research on the structure and dynamics of the
TGF-related lightning discharges.
4. We found that the mixing between the screening charges that are induced at
the cloud boundaries with the cloud charge layers leads to a slight decrease
of the ambient potential difference in the thundercloud. In the analyzed
realistic configurations the ambient potential differences are maximized when
the cloud boundaries have a distance from the cloud charge layers of at least
∼4 km.
5. The points 2 and 4 might explain why TGFs are associated with high heights
of the tropopause [Smith et al., 2010] and tall thunderclouds [Splitt et al.,
2010] in addition to the effect of penetration of photons through the atmosphere [Williams et al., 2006].

Chapter

8

Suggestions for Future Research
In Chapters 2 and 4 we developed a simple linear GEC model that is able to study
the contribution of thunderstorms in large spatial and temporal scales. For the
better understanding of the system these models were developed in a way that the
majority of the parameters of the system are introduced and defined externally and
as inputs to the model. In Chapter 3 we made a comprehensive study regarding the
influence of these parameters on the final results, and we showed how sensitive is
the system to their variation. In Chapter 5 we tried to apply the model to a realistic
case of an experimentally measured thunderstorm and we showed that although
several parameters can be introduced quite accurately from measurements, not
all of them are known. This leads to problems in the cases when comparison
with measurements is required. This was the motivation for us to develop a new
time-dependent fluid model (Chapter 6) for the self-consistent calculation of the
conductivity. This model showed that the actual system is not linear, as it was
assumed in the previous models, and that the steady state assumption is not always
accurate. We believe that the future research should proceed towards the direction
of expanding the fluid model to include more atmospherical and cloud processes
for the maximum reduction of the input parameters of the model and the more
convenient application for the comparison with measurements. Given the fact that
there are measurements of cloud particle density and updraft velocity distributions
the following can be addressed in the future:
1. Self-consistent calculation of the electrification current from the updraft ve-
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locity distribution and the cloud particle density.
2. Modeling of the conductivity variations caused by the lightning discharges.
3. Development of a 3-D version of the model for the study of the cases where
the charges are not symmetrically aligned.
4. Incorporation in the 3-D cloud model the fractal model for the study of the
correct types of the lightning discharges that occur at given conditions of the
storm.
By addressing the above points, the input parameters of the final model will
be only the cloud particle densities and the updraft velocity densities (that can
be derived directly from measurements) and all the electrical parameters of the
storm will be calculated self-consistently. Since the input parameters depend on
the location of the storm, we will be able to study more accurately the contribution
of different types of storms to the GEC and classify their contribution to the GEC
by their meteorological properties.
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