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ABSTRACT

This study focuses on the relationship between the structarof lightning and how it may
or may not be related to the topography below it.



CHAPTER 1

STATEMENT OF PROBLEM

Lightning - A transient, high-current electric discharge
whose path length is measured in kilometers.

Lightning is one of Nature's most destructive and lethal fares, some would say the most
destructive and lethal. As documented by Rich Kithill of the National Lightning Safety
Institute, [Kithill 1997], from the years 1940 to 1981 lighhing killed more people (7,741)
than tornadoes (5,268), oods (4,481) or hurricanes (1,923And unlike the other disasters,
lightning kills one by one, or in small groups, striking indriduals and families with no warning
and often fatal results. In addition to loss of life, lightnng also results in substantial property
loss. In 1995, the annual costs associated with lightning w&1 billion for homeowners alone,
not counting the costs to businesses whose infrastructure damaged or municipalities that
have to battle lightning initiated wild res. The average amual number of lightning strikes
in the U.S. is 17,600,000, resulting in an average nationattning-related insurance claims
of 307,000.

Lightning may strike when one least expects it. The saying,A' bolt from the blue.”
refers to lightning's ability to travel over ten miles latemlly before striking ground. Hence
one could be standing with clear blue skies above and su er @ltning strike. On a local
level, Florida is the lightning capital of the nation, with more lightning strikes per year than
any other state. Thus in Florida alone, we experience on aage more than 352,000 lightning
strikes per year, or just under 1,000 lightning strikes peray on average within the state.

The most common form of lightning is created when a thresholdlue is reached in a cell of
negatively charged patrticles in the atmosphere and a steppkeader, or streamer, is initiated.
A stepped leader is so-called due to its nature of progresgim discrete steps or sections,
usually of a length of tens of meters. The leader is a channdl charged particles which
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is trying to reach ground or a collection of positively chargd particles. As the negatively
charged stepped leader approaches ground positively chedgupward streamers are often
created due to the approaching concentration of charge. Wiha downward streamer connects
with an upward streamer, a lightning discharge or lightnings created.

When modeling lightning for computer analysis, various diculties arise. At the tip of a
streamer, very ne modeling is required to begin to assesssdlplasma physics inherent in the
tip phenomena appropriately. This typically requires verydense meshes and normally focuses
primarily, if not solely, on the electromagnetic and plasmaspects of the tip, while ignoring
the more meteorological aspects relating to air pressureaniculate matter, temperature,
etc.

While the modeling of the tip phenomena requires very denseoaeling, a downward
or upward streamer, or the resulting lightning bolt, may be aywhere from one to twelve
kilometers in length along its main trunk, ignoring the varous branches. A mathematical
model that allows for modeling of the plasma aspects, alongtivthe more meteorological
facets and including the electro-magnetism, as far as | halbieen able to assess, has not been
developed to date.

It is my belief that creating a full model of a typically 2.5-D kilometer lightning bolt is
beyond current resources. Hence |, like others before me,daeachoices to allow work to move
forward. Some researchers have focused on modeling the tipepomena, and simplifying
the rest of the streamer. Others have focused on the climatglical aspects: temperature,
barometric pressure, particulate matter, etc., and simpkd the tip and electromagnetics,
while still others have simpli ed the tip and climatologicd aspects to concentrate on the
structure of the lightning bolt itself. That has been my chote and path.

The problem that | have chosen to investigate is a possible lationship between
lightning's shape and structure and the terrain below its deelopment. To study the problem
| have created a three-dimensional computer model to simiéavarious terrains and to create
physically meaningful models of lightning.

To-date many papers have been written on the topic, often by ushors based in
organizations who try to mitigate the damage and loss of lifeaused by this large-scale
electromagnetic discharge. From an applied mathematics gle, the problem is another



area where the techniques of the discipline may aid in furtheg the understanding of an
important phenomenon.

Finally, through my research into the mechanisms by whichdhtning is generated coupled
with my background in movement and dance, | have arrived at wat | believe is an
improvement on the current nationally approved Personal Ightning Safety recommendation.
| will lay that case out in an appendix. While my suggested rasion is not directly related
to my thesis work, if it is indeed found to be an improvement itould potentially save lives.



CHAPTER 2

LITERATURE REVIEW

My study focuses on two large areas { fractals and lightningThe former, of course, has
its beginning with the work of Benoit B. Mandelbrot, the "father of fractal geometry" who
famously created the eld in part from a collection of curios physical and mathematical
constructs. Since the publication of his 1975 French essayes Objets Fractals: Forme,
Hasard et Dimension”[Mandelbrot 1975], thousands of articles and books relatéd fractals
have been produced. The class of objects known as fractals, use Mandelbrot's precise
de nition, is "... a set for which the Hausdor -Besicovitch dimension strictly exceeds the
topological dimension". More generally, many fractal enties share the quality of having
similar levels of complexity of structure over a range of skess.

Lightning has a much older pedigree. As one of the most desttive forces in nature,
it has long kept humanity's attention, and has been written dout and studied for as long
as humankind has had the ability. However, for the past sewardecades, arguably one of
the lead people investigating lightning would have to be Man A. Uman, based at the
University of Florida, whose many books, includingThe Lighting Discharge” [Uman 1987]
serve as primary sources for researchers in the eld.

As | hope to show, and as many have done in the past that | will gcuss below, it turns
out that fractals provide a very useful and practical methodof evaluating, discussing, and
categorizing lightning. Lightning, given its dependencerpan ever shifting combination of
topographical, meteorological and electromagnetic vatites, is almost de nitely, as one says
of snow akes, unique, i.e. no two are alike. So how does oneajwut discussing lightning in
a discrete, quantitative fashion. One may, as Uman and othedo, speak of the average or
range for various characteristics, but to evaluate discretbolts, especially structurally, one
is quite quickly led to fractals.



It is clear that lightning exhibits the self-similarity at varying scales that is a quality of
a large group of fractals. The same root, -branching, -rivedelta structure is immediately
evident after the most cursory visual inspection, excludo of course ball lightning which
falls outside the scope of this thesis. But among its otherdtures, using fractals allows us
to discuss, evaluate and assign a unique fractal dimensioo éither images of lightning or
to models of lightning, and by so doing adding another quanéible, numeric characteristic
that may discriminate a structure of a lightning bolt from that of say, a tumbleweed.

A selection from the rst paragraph of Mandelbrot's seminaivork, "The Fractal Geometry
of Nature" [Mandelbrot 1977]is often quoted, as follows "Clouds are hepheres, mountains
are not cones, coastlines are not circles...", but the sentee continues with "and bark is not
smooth, nor does lightning travel in a straight line." He gog on to say that these patterns
"challenge us to study those forms that Euclid leaves asids &eing "formless”, to investigate
the morphology of the "amorphous"." It is to this end that | decided to use fractal theory to
probe and evaluate my computer models of lightning, for it isith fractals that it is possible
to assign discrete values to these formless, amorphous sksplt is with fractals that one is
able to speak more clearly of group features and attributes.

| of course, am not the rst person to make this choice. As youilread below, researchers
for all the years since fractals were de ned have been usinigeim to discuss lightning in a

concrete way.

2.1 Fractals and Lightning

As | stated earlier, thousands of books and articles have rewritten on lightning and
fractals individually. However, when one focuses on the cbimation of fractals and lightning,
and furthermore the modeling of lightning considering fraal aspects, the eld begins to
narrow.

The rst article that | consider to be in a direct line with my area of investigation was
authored in 1986 by A. A. Tsonis and J. B. Elsner [Tsonis 1987] will discuss in some detalil
their approach as it is very similar to subsequent e orts, inluding my own. In their article
they calculated the fractal number of lightning using two m#ods: the rst by measuring
the length of the lightning by varying length measures, andhe second analogous method
known as boxcounting. They also made two simplifying assurtipns, that the thickness of
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the lightning branches was zero and that the lightning exist on a plane. Applying these
techniques they arrived at a fractal value for lightning of 34 0:05. In their paper they
note "Such a result provides for the rst time a quantitative characterization of lightning."

In the rest of their paper they describe how they developed avb-dimensional com-
puter model to simulate lightning. Their approach was moded on Niemeyer, et al.
[Niemeyer 1984] work on modeling the two-dimensional radidischarge known as Licht-
enberg gures. Lichtenberg gures are created when an eleal discharge interacts with
an appropriate medium, causing a dielectric breakdown. Tlgemay be found naturally as
when lightning strikes a medium such as sand, or may be credten a laboratory setting.
Tsonis and Elsner created their model on a two-dimensionabl1 x 251 lattice in which the
potential ( ) of the top and bottom row is xed at a value of =0 and =1 respectively.
Periodic boundary conditions were assumed at the sides ofetlhattice and only the middle
point was capable of growth.

They then used the technique of successive-over-relaxatito solve the Laplace equation
r 2 =0:0 for the potential over the grid. Successive-over-relaxation (SOR) is an iagive
scheme where the inclusion of a weighting factor or relaxati parameter! allows for, when
chosen correctly, a faster convergence. All grid points adjent to the current bolt were
considered candidates. The possible candidates are assted with a probability P de ned by
P, = 2 P jN=1 JZ which depends on the local eld determined by the equipoteiatl discharge
pattern. They noted the exponent used for the potentials mayange from 0! D, with D
the dimension of the space being investigated. They also edtthat the higher the value of
the exponent, the more "linear" or less spreading the resutig model pattern. Using this
weighted probability distribution, a point is then select&l randomly and added to the pattern.
This process is continued until the rst point of the bottom row is added to the discharge
pattern. The discharge pattern, i.e. the lightning bolt, wa chosen as equipotential, i.e. =
0.0. Calculating the fractal number of their computer-gemated lightning, they arrived at
D =1:37 0:02, a very reasonable comparison to their results with the pkographs.

The next article | will discuss goes again along the vein of &lineyer, et al. [Niemeyer 1984],
focusing on spark discharges and long air gaps. The main sSigance of this paper by
Kutsaenko, et al. [Kutsaenko 1989] is that it determines exgrimentally what power of eld
is required to have an electrical breakdown. This sort of imstigation and others like it will
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aid in future modeling of lightning by setting what electri@al eld conditions need to exist
before a streamer may be initiated, which will be one of the delopments in subsequent
work.

In 1990 Charles Richman with the Naval Ocean Systems Centerrate a paper
[Richman 1990] in which he studied dielectric breakdown wiin a laboratory setting and
constructed a method of modeling the dielectric breakdowmand then went on to apply his
methodology to the study of lightning. When he computed ther&ctal dimension using the
boxcounting method, he arrived at values ranging from 1.050t1.4, with an average for
ten events of 1.213. Rather than applying the modeling metlkology of Tsonis and Elsner
based on weighted probabilities in accordance with the etecal potential, he utilized a
Di usion Limited Aggregation (DLA) fractal growth method, more of a Brownian motion
methodology, on a 200 x 200 grid for building its features. Hppes on to compute the fractal
dimension of the DLA arrays, which he calculates in the 1.7 nge and notes that due to this
discrepancy DLA-created arrays are not necessarily good deis for lightning. However, he
believes that as DLA may be computed more quickly than solvinthe Laplace equation at
each step it may have a place in studying lightning. Furthermre, Richman notes that the
1.7 does correlate well with his analysis of the fractal nunalp of Lichtenberg gures.

Richman goes on to analyze the electrical nature of lightngn He posits that lightning is
not as self-similar as DLA due to smaller branches not beingsible, an idea | will return to
later. Richman notes that his technique would be appropri&t for the creation of arti cial
atmospheric noise for communication testing, and if moredhtning-like' models are desired,
more rigorous and time-consuming methodologies will need be used. Toward the end
of the article, however, Richman describes how, by restriofy the growth of his pattern
to one branch initially, and by setting the maximum number ofsubsequent branches to be
allowed, and by controlling a variable he uses called the Bmahing Probability (a sort of
control parameter which will show up elsewhere in other ingdgations), he is able to produce
patterns whose fractal number falls within the previously ated range of between 1.17 and
1.43.

In [Femia 1993], Femia, Niemeyer, and Tucci make rigorous ghstudies previously
conducted. They note that the general topological charaatistics of branched electrical
discharges have been shown to have fractal qualities and theomputer models may
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be created which replicate the general aspects of the disopes. They then go on to
model a particular Lichtenberg gure, one created inSFg, sulfur hexa uoride, a gas used
extensively for insulating. They create the gures experimntally, discuss the underlying
physical principles, and develop those principles in numeal simulations. They nd good
agreement between their experiment and simulations and oadode that the fractal scaling
is a consequence of the underlying physical discharge prgaion mechanism.

They note that three aspects of their study that improve the snulation's utility are: (1)
the three-dimensionality of the electric eld associated ith the two-dimensional discharge
pattern; (2) a threshold eld below which the discharge is ndonger able to propagate;
and (3) a nite voltage drop along the discharge channels. Althree of these notes, in
particular the latter two, seem very on point and will show upas fundamental aspects of
future investigations.

Another point of particular interest is their discussion ofthe streamer tip corona, the
leading point of a stepped leader, and the "randomness" infet in the charge distribution
from the corona plasma structure. It is this randomness thashows up in previous and
subsequent studies, an acknowledgement of the extreme dutty of computing all of the
parameters which come into play to determine the directionfacharge propagation from a
corona tip.

Another innovation introduced by the researchers is the aliy they have given their
simulation to build multiple branches simultaneously. Onef the main motivating factors for
this addition is a perceived improvement on the mimicking ahe actual natural phenomena.
They also note that the computing time is greatly reduced (I blieve due to their obtaining
potentially multiple step branches per phase of gure crea&n). However, by making this
choice, they also need to introduce various restrictions tkeep physically inappropriate
results from propagating.

The resulting calculated gure matched the experimentallyderived Lichtenberg gure
after two nal modi cations were implemented. The rst was to widen the analytic gures
channel in proportion to the charge being carried, the secdnwas to delete the ultimate
step along each of their branches, which they note is reasta as the last step represents
streamers that do not receive a nal charge pulse and therg®remain invisible. With the



adjustments made, the experimental and analytic Lichtenlrg gures match qualitatively
and quantitatively very well, each with fractal dimension ¢ 1.7.

The next paper, by the team of Petrov and Petrova [Petrov 1992pulls together many of
the most advantageous aspects of the previous studies. Irdipaper they study intra-cloud
lightning, or lightning discharges which travel between ouds, rather than between a cloud
and the ground. They begin by noting the fractal nature of thelightning. They use a
probability of breakdown factor , which is related to the electric eld by E, >0
where E stands for the local electric eld. Propagation wilbnly be possible if some critical
electric eld value, E, is met. At each step of the simulation, the potentialdJ; will be
computed using a center di erence methodology. This procewiill be repeated until no point
is able to exceed the required threshold for further propagan. Here you see many of the
aspects from the earlier investigations: a critical eledtr eld value to be exceeded; choosing
the next direction in uenced by the potential di erence between the existing and potential
grid points; then the fractal number of the model is evaluat

They go on to de ne the various other parameters, includingy, the electric eld strength
in the channel, I, the step length; , the exponent characterizing the sensitivity of the
probability to the eld strength; U,, the potential of the cloud; andR, the cloud radius.
Related to the electric eld strength in the channel, they ato set up their model so that
points of the grid crossed by the discharge are assumed to baa potential U equal to the
potential of the cloud U, minus the voltage drop along the channel. The magnitude of &
voltage drop is determined by the length of the channel andy.

They go on to discuss the need for a separate electric eld #shold for positive and
negative streamers, settinge. at 5 kV/cm and E at 10 kV/cm, based on experimental
results. They continue with a discussion of the need for a rection of the internal eld
channel strength as the leader channel steps increase. Thew a series of cases between
their circular charge center and a plane, which they use to peesent positive and negative
charge centers within a cloud system. As mentioned earliehgy run their cases until all
of the charge within the circular region has been allocatedtthe point where the critical
propagation value is no longer achievable. Thus they have ftiple bolts represented in their
models.



Later in their investigation they add a terrain with a building located on it. The range of
distances between their dipole or between their dipole anti¢ terrain surface tends to be on
the order of 150 to 1500 meters. Another signi cant aspect dfieir work is that they model
not just the downward streamer but the upward streamers thatre created in response to
the charge carried down by the downward streamer(s).

Vecchi, Labate, and Canavero [Vecchi 1994], focus on theatemagnetic eld radiated
by the lightning, pointing out that the eld too is fractal in nature and may be usefully
evaluated from this perspective. Their approach includesnather of the main threads of
articles written on the topic, one using transmission line teory to model the lightning.
For instance, they assume the lightning channel comprises §raight, lossless segments.
They note that their radiation is calculated without taking into account the possible lumped
admittances at junctions between sections. They then go o develop their model for the
electrical eld, utilizing these and other assumptions to Bow for a closed form solution to
their stated problem of nding the transient eld radiated by a pulse traveling along a fractal
channel and subsequently analyze the relationship betwethre fractality of the path and the
transient wave form. As they are focused on evaluating the l&, they do not place too much
emphasis on the actual creation of the model lightning boltThe create it by starting at
a point (X, y, z) and then varying x(z) and y(z) using two statistically independent fractal
random processes, with an ability to build the bolt to have aractal dimension of 12  0:02.

We now return to Petrov and Petrova, who in 1994 published the second joint paper
on the topic [Petrov 1995]. In this paper they take the same rnteodology they developed
in their previous paper but focus more directly on lightningstrikes to earth, in particular
to structures, either with or without modeled lightning rods nearby. They then discuss the
e cacy of the lightning rods protecting the structures base on their results.

In 1998, Petrova [Petrova 1998] presented a paper at the Imt@tional Conference on
Lightning Protection, including various cases similar to lhe 1994 study and discussing the
protective zone a orded by lightning conductors.

Finally in 1999, Dul'zon, et al. [Dol'zon 1999] investigat¢he development of the stepped
leader of the lightning discharge. Unlike Petrov and Petr@; they initiate their downward
streamer within a band of negatively charged cells. They asiscuss the related temporal

aspects of their downward streamers.
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This was the extent of the pertinent literature that | was awae of when | began my thesis
in earnest. | have occasionally surveyed recent articles $ee if any of particular importance
to my e ort were published. To date | have not discovered any ith a new, direct bearing
on my work. Over the past several years sprites, blue or redhigh are essentially plasma
jets launching into the upper atmosphere, have been of in&st to investigators, and so there
have been articles written about them with fractal qualities. The last article | can nd from
Petrov, et al. [Petrov 2003] extends their earlier work to m@ elaborate ground structures
in combination with more elaborate series of lightning rods So it would seem that my
particular focus may still provide a contribution to the eld.

11



CHAPTER 3

PRESENTATION OF SOLUTION: GENERAL
FORMULATION

My approach builds upon the work completed by the investigairs noted in chapter two.
| of course made decisions based on my own belief of how bestmodel the underlying
physical phenomena, coupled with my particular area of fosu In this chapter I will lay
out my particular approach, including explanations and denitions as appropriate. 1 will
begin with the argument which allows for Maxwell's equatios to be reduced to the Laplace
equation for this study. | will then discuss my solution for he Laplace equation, including
my particular choices for the various aspects of the model.

3.1 Electrostatic Formulation

Lightning generation or more directly stepped leader devgbment, is dependant on
a range of variables, including atmospheric pressure, paulate matter, humidity, wind,
temperature, electomagnetic potentials, and as | hope to g, terrain. However, for this
study, as with the majority of the articles cited in the prevbus chapter, the problem is
generally reduced to one of electrostatic interactions. Ehelectrostatic formulation is valid
due to certain aspects of the problem which allows for this mapli cation from the more
general electromagnetic formulation. In this section | willook at how one justi es moving
from the electro-magnetic to -static. The elements of the lowing discussion may be found
in a range of texts. My primary sources were the books of Umafyman 1987] and Gri ths
"Introduction to Electrodynamics”, [Griths 1981].

Electromagnetics in free space may be summed up famously byivell's Equations

r E=—
0
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As the other researchers have done in the previously notedeliature review, | am
simplifying the problem from electromagnetics to electraatics. For this simpli cation to
be valid, one of the most important restrictions is that one mst assume that the associated
lightning charges and currents are relatively slowly varyig. By relatively slowly varying we
mean that the signi cant wavelengths of the relevant electc and magnetic elds must be
much larger than the overall system being studied. The wawigths may be determined
roughly by multiplying the speed of light by the characteriic time during which the sources
are changing.

In my formulation | am using a grid with a maximal dimension 07,500 meters. Hence, for
this assumption to be valid, and using the approximation fothe speed of light of c =3 10°
m/sec, we must satisfy 3 10 m/sec xsec 7:5 10° m. Thus, the time during which
the sources are changing must be much greater than 2.9.0 ® sec. Hence, as the system
becomes more turbulent, our assumptions become less vaMiith the restriction of turbidity
in place, Maxwell's equations then become those more assbed with electrostatics:

r = —
0

r B=0
r E=0
r B= oJ
The transformation is clear as we are limiting our turbitity so that @/ @tand @/ @t
the change of the magnetic and electric elds, respectivelgre negligible.
Now, becauseE has zero curl, it may be de ned as the gradient of a scalar patgal,

r V. Using this formulation for E, the above electrostatic equations related t& may be
rewritten as,
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r E=r (r V)=r 2V

so the divergence oE becomes the Laplacian of V. Thus the rst equation, known as
Gauss's law, becomes

rav= —
0

However, in our formulation, we will have no contained spaceharges, as | will explain
below, so setting = 0, we arrive at Laplace's equation,

rv=o0

As for the other two equations dealing withB, the magnetostatic equations, as we are
assuming negligible charge movement, no signi cant magnet elds are produced. Also,
given our assumption that the charges are slow moving, theeetric elds will be of a much
larger magnitude than the magnetic elds. For the magnetic elds to be of comparable
strength, the particles would need to be traveling at near th speed of light, which we are
clearly not allowing. Thus, we see that in our case, we may nece Maxwell's equation to
solving the Laplace equation, an elliptic equation.

3.2 Lightning and the Laplace Equation

Having arrived at the Laplace equation from Maxwell's equabns, let me now expand on
the particular aspects of the formulation as it relates to {htning and to my investigation.
As | noted in the rst chapter, lightning is created when a threshold value is reached in
a cell of typically negatively charged particles in the atmgphere and a stepped leader, or
streamer, is initiated. The most common arrangement is for eegion of negatively charged
particles to congregate closest to the earth's surface, Wit related positively charged region
above it, creating an e ective dipole. Variations of coursdnave been noted, with multiple
alternating layers of negative/positive clusters, or posive charges being the closest to the
earth, but the dipole described is the most common, based oeld measurements, and it is

this con guration that | study.
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In the papers discussed in Chapter 2, the lower region of ndiga charge, the so-called
N-region, was modeled as a at plane, or a band of charge, or phere. The surface of the
earth is then modeled as a at plane some distance beneath wjth a potential set to zero.

Between these two planes, various systems are used to inigate the electrical discharge
commonly known as lightning. But before lightning is initided, stepped leaders form to make
the connection between the charge centers in the atmospheared the ground. A stepped
leader is so-called due to its nature of progressing in diste steps or sections, usually of a
length of tens of meters. The leader is a channel of chargedpees which is trying to reach
ground or a collection of oppositely charged particles. Ahé negatively charged stepped
leader approaches ground, positively charged upward straars are often created due to the
approaching concentration of charge. When a downward sti@&r connects with an upward
streamer or directly to the ground, a lightning discharge orash or stroke is created. A
lightning discharge or ash usually consists of a humber oftrekes, or high-current pulses
traveling along a path between two charge centers. Positivashes or discharges probably
originate from upper (+) areas or P-regions, and are more canon in winter storms, and are
more common at the end of storms. This investigation will facs solely on negative ashes.

In the next section | will describe the mathematical formul&on | chose to study this
phenomenon.

3.3 Seven Point Approximation

To solve the Laplace equation | chose to use an iterative taglque known as a seven
point approximation. The following description of the appoach may be found in numerous
texts, including "Numerical Analysis" by Burden and Faires [Burden 1993]. The following
description closely follows theirs with the main di erencethat | have expanded it to
three-dimensional from their two-dimensional discussion

The elliptic partial-di erential equation considered is the Laplace equation,

@u @u @u

r2u(x;y;z) = @((x;y;ZH @—gl(x;y;2)+ @—%(x;y;Z) =0(3.1)
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for (X;y;z) 2 R and u(x;y;z) = g(x;y;z) for (x;y;z) 2 S, whereR = f(x;y;z)ja<x<
b;c<y<d;e<z<f g, and S denotes the boundary of R. We assume that g is continugu
on its domain.

The rst step is to set the integers NX, NY, and NZ and to de ne s$ep sizes xh, vyj,
and zk by xh = (b a)=NX, yj =(d ©)=NY, and zk= (f €)=NZ. Partitioning the
intervals [a, b], [c, d], and [e, f] into NX, NY, and NZ equal pes, respectively, provides a
grid within the parallelepiped R by drawing vertical and horzontal lines through the points
with coordinates ;;y;; z«) where

Xj = a+i xh, foreachi=0,1,...,NX,

yj=c+j vyj,foreachj=0,1,..,NY,

and

zx = e+ k zk, foreach k=0,1,...,.NZ

The linesx = x;;y = y;, and z = z are called the grid lines, and their intersections are
the mesh points of the grid.

Let me expand at this time on the boundary value g. For this cks of problems, three
di erent types of boundary conditions are commonly used, th so-called Dirichlet, Neumann,
or periodic conditions. The three boundary conditions maydbrie y de ned as follows. For
the Dirichlet condition, a value is de ned for the variable & interest at the boundary. For a
Neumann boundary condition, the gradient or derivative oflte variable would be speci ed at
the boundary. Finally, as the name applies, a periodic bouady condition sets a periodicity
to the boundary, where for example, in the one-dimensionaase on the interval [0,1], u(0) =
u(1), or more generally on the real number line, u(x) = u(x#) for any integer|. Of course,
this nal boundary condition is not really a boundary at all, but only a formulation for the
problem.

In the articles discussed in the previous chapter which useal similar geometry, the
Dirichlet condition was chosen by all for the upper and loweboundaries, a selection that |
continued. Hence, in my formulation, for the upper and loweboundary conditions we have

u(xi;y;;0) = axi;y;; 0), for each i=0,1,...,NXand j=0,1,...,NY;
uxi;y;;NZ) = g(xi;y;;NzZ), for each i=0,1,...,,NXand j=0,1,...,NY

In the studies noted in the previous chapter, a range of cha@s were made of Dirichlet,
Neumann, or periodic for the sides. | did not want to use the Dichlet condition as |
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thought the setting of any predetermined charge structurelang the sides, while allowed by
the formulation of the problem, not the most ideal model of tb phenomenon in nature. While
a charge distribution may be spread laterally at a particulaaltitude, the development of
lightning seldom includes a rectangular set charge struatel along vertical planes kilometers
in height and breadth. A similar concern kept me from applyig the Neumann conditions.
However, | felt that the periodic condition could be constrated in a manner appropriate to
the problems formulation and more naturally modeling natue.

To discuss my choice of the periodic condition, let me exptaimore fully than before,
what my understanding of a periodic condition is and how | imigmented it in my study.
My implementation is based on inferences from the previoyshoted papers and descriptions
found elsewhere, in particular in John C. Strikwerda's texiook, Finite Di erence Schemes
and Partial Di erential Equations [Strikwerda 1989].

To understand the periodic condition, let us consider 1-D s&, with grid points x(i),

i =0;1::;NX. By choosing a periodic structure, we are essentially sagrthat x(0) =
X(NX). Furthermore, as | describe below, the technique | haschosen to solve the Laplace
equation uses those grid points adjacent to the grid point afterest. Thus, for a periodic
condition, to evaluate x(1) we use x(0) and x(2), the grid paits found to the immediate
right and left of the point being evaluated. And in exactly tre same manner, to evaluate
X(0) we use x(NX-1) and x(1), as x(0) is equivalent to x(NX) ad so the point to the left is
X(NX-1).

It is this formulation for the side boundaries that | implemated. However instead of
being in a one-dimensional formulation, it was a three-dinmsional one. | did make, the
slightly odd in hindsight, decision to evaluate the endpois redundantly, i.e. in my iterative
code for the analogous 1-D case | calculated the value for hot(0) and x(NX). At the time
| chose to do this to keep from favoring one "side" versus theher, to ensure symmetry.
Upon re ection | probably did not need to do that, but given the iterative formulation | do
not believe it adversely a ected my results.

Hence, for the side boundaries we have,

u(,y;;z) = u(NX;y;;z), foreachij=0,1,..NY;and z=0,1,...,NZ
u(xi; 0;z¢) = u(x;;NY;z), foreachi=0,1,..,NXand z=0,1,...,NZ
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With a rm understanding of the boundaries, let me now discus the remaining points.
At each mesh point to be evaluated of the grid, X;y;;z), for i = 0;1;2;::;;NX, and
] =0;1;2;:5NY,andk =1;2;::;;NZ 1 we use the Taylor series, rst in the variable x
about x; to generate the central di erence formula

@u(Xisyisz) _ U(XieiYii2d  20(Xisyiszd) + u(ki 1Yi52)  h? @u(isysz)
@x h? 12 @«

where 2 (X; 1;Xj+1)We apply similar formulations for the other two derivativesin y

(3.2)

and z.
Using these formulas we are able to express the Laplace edqotat the point (X;;y;; z)
as:

UXis13Yj:2)  20(Xi; Y5 ze) + ulXi 13y 2) uXis¥j+1:2)  2u(Xi;Yjsze) + ulXisy 1 z)

h2 * j2
LUK Zes)  20(xiYiz) + uxYize ) o h?@u(iyiia) | 2 @uhs iz
k2 12 @ 12 @y
LKE@uGyi W),
12 @

(3.3)

foreachi =0;1;2;::;;NX andj =0;1;2;::;NY andk =1;2;::;;,(NZ  1).

Having developed the formulation of the problem, we will trasform it into a system
compatible with computer implementation. We have been usgu(x;;y;;z) to represent
the exact solution to the problem, we will usew;;, to represent the centered dierence
approximation to the exact formulation. In di erence-equdion form, this results in the
Central-Di erence method, with local truncation error of ader O(h? + j 2 + k?):

2 (h=))°+(h=K)%+1 Wik Wiszgx + Wi 1%)  (h=)5 (Wi o1k + Wi 1)
(h=k)2 (Wijik +1 + Wik 1) =0 (3.4)

for each i=0,1,...,NX, and j=0,1,...,NY, and k=1,2,...,NZ-1, and
18



Wij. 0 = 9(Xi;Y;;0), for each i=0,1,...,NXand j=0,1,...,NY;
Wiinz = 9(Xi;yj;NZ), for eachi=0,1,...,NXand j=0,1,...,NY;

wherew;; approximatesu(X;;y;; z).
The typical equation involves approximatingu(x;y;z) at the points
(Xi 1555 26), (Xiva 3 Y55 Z)s (X3 Y55 Z0)s (X0 Yiens Zk), (Xis Yy 10 Ze)s (X035 Zeen ), @nd (Xi 5 Ze 1)
As the approximation for each point requires the use of itdehnd the six adjacent points,
we arrive at the name of the estimation, the seven point appxonation.
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CHAPTER 4

PRESENTATION OF SOLUTION: CHOICE OF
CALCULATION AND MODEL PARAMETERS

4.1 lterative Generation of Streamers

For my particular three-dimensional model, | chose to use &9 90 30 grid, where
NX=NY=90, and NZ=30. This grid represented a 7.5 kilometer ly 7.5 kilometer by 2.5
kilometer space. The upper and lower boundaries correspotalthe charged cloud and the
earth, respectively. As noted in Uman [Uman 1987] 2.5 kilortexs is a very reasonable height
for a cloud cell charge distribution, as a negatively chargdightning discharge may originate
from altitudes ranging from one to eight kilometers. Also irjBazelyan 2000] it is noted that
the average altitude of lightning origination is 3 km.

At z = 2.5 km, a value of -1@ Volts was assigned to the central 60% of the plane, with
the remaining 40% set to 0 Volts. The value of -POvolts was selected based upon the charge
found in a typical cloud cell, representing a thundercloud Megion charge distribution. For
the earth's potential, by standard convention | set it to 0.0Volts.

Let me discuss the 60/40 coverage of the upper boundary andet®®0 90 30 grid
array. As | said earlier, the Dirichlet boundary seemed to ba very straightforward choice
for the cloud charge distribution and the earth, while the chice for the side boundaries took
more thought. By choosing a 60% charge coverage | am modelangharge distribution with
an edge length of 4.5 kilometers, not an unreasonable sizenaged by eld measurements.
Moreover, in conjunction with the periodic structure, | am o saying that | have a 4.5
kilometer charge center separated by a 6 kilometer space wiho initial charge. So | can
imagine a series of charge centers spread over a plane. If Hh&hosen to have the entire
upper surface carry the charge, then in conjunction with theeriodic condition, 1 would
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have been modeling an in nite charged upper plane, which wlkireasonable for modeling
purposes | do not nd as physically satisfying.

4.2 Downward Stepped Leaders

The crux of my investigation includes the generation of a daward and multiple upward
stepped leaders, or streamers. As was mentioned earlier,tepped leader initiates the rst
return stroke in a lightning ash. Itis a stream of charged paticles originating from a charge
center traveling in an attempt to connect to an e ective groumd allowing for a discharge. A
stepped leader, as the name implies, comprises a series téps", of connected but discrete
instances of progression.

Berger [Berger 1978] categorized lightning between a clowhd the earth using its
direction of motion (upward, downward) and its charge (posive, negative). Further
self-explanatory classi cations used include intra-claly cloud-to-cloud, and cloud-to-ground
or ground-to-cloud. These designations are used by the majp of investigators and will
be used in this investigation. The same directional categes are and will be applied to the
stepped leaders/streamers. However, as | will explain thay investigation only allows for
negatively charged predominantly downward moving steppeéaders and positively charged
predominantly upward moving stepped leaders, both chargend direction are not needed to
identify my streamers uniquely.

Some aspects of a stepped leader from Uman [Uman 1987] ineluldat typically a step
of a stepped leader is: 1 sec in creation duration and from 10 to 200 meters in length; a
typical pause of 50 sec is noted between steps; .8 - 2610° m/sec speeds with the majority
1-2 10° m/sec; that the reason for glow may be the transition from a g to arc due to
charge buildup. Average leader currents are in the 100-10Bfhpere range. Steps have pulse
currents in excess of 1 kA. The charge lowered by the steppexhdier is in the range of 5
Coulombs. We may note from Uman that the best expression reiiag peak current | to
charge transfer Q i = 10:6Q%7, with | in kA and Q in Coulombs, which implies a typical
peak current of 25 kA, with typical leader charge of 3.3 C.

From [Bazelyan 2000] we have: positive downward chargeddeas are continuous, rather
than stepped, but on average have the same values, i.e. mayiwith an average speed of
3 10> meters/sec. Also, the dierences in propagation behavior édween (+) and (-)
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streamers are noted, such as positive streamers being doated by ambient E- eld while
negative ones advance in a di use and self-dissipating magm They go on to note that while
positive streamers propagate iy elds 50kV=m such a level ofE; is not required,
and observations of E at the ground are commonly 10-15 kV/m. Rey further note that
downward traveling negatively charged lightning]” is over 90% of worldwide C-G lightning
and that upward moving negatively charged lightning| are considerably longer thar, .
The upward moving (-) attachments have been observed to beldmeters in length. Note
that many of the facts included in this paragraph are not apptable to my investigation as
my study is restricted to only predominantly downward movig negative stepped leaders and
predominantly upward moving positive streamers, but | wared to give a bit of an overview
to put my particular streamers in perspective.

In the papers discussed in the previous chapter, a range ofoates were made for the
initial downward moving stepped leader. Tsonis and ElsnefT§onis 1987] initiated their
downward streamer with an initial segment set in the middle fotheir upper boundary.
Richman [Richman 1990] initiates his DLA pattern with a seedwhose placement he doesn't
specify but would seem to be centered in his 2-D series in batiee X- and Y-directions,
based on his images, as does Femia et al. [Femia 1993].

Petrov and Petrova [Petrov 1992] vary their con gurations ger the various papers. In
their 1992 paper, they model a circle of charge with a plane areabove it simulating the
charged dipole cell to study intra-cloud discharges, and &m another series with a second
lower plane to allow for both intra-cloud and cloud to grounddischarges. In subsequent
papers they use variations of these geometries. In all of #e con gurations, they allow
their streamers to initiate seemingly from any point of the grface, once the electric eld has
surpassed the previously noted critical magnitude.

An aspect of Petrov and Petrova's work, which | considered artating, is their allowance
for multiple streamers to be initiated from the 2-D circle, ad later 3-D sphere. | considered
allowing multiple downward streamers being initiated, butecided that for my investigation,
| really only needed one downward streamer, and that | lostttle generality by imposing
such a restriction. So | made the choice, along the lines of drds and Elsner and others,
to stipulate that my downward streamer would be initiated fom a line segment which was

centered on the upper plane and initially descended one cell
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Where | followed Petrov and Petrova's lead, rather than Tsas and others, was in the
stipulation of the charge or potential value at the end of thenitial downward streamer
segment. As mentioned in Chapter 2, Tsonis and Elsner set thep and bottom of their
grid equal to a potential of zero and one, respectively. Themas their streamer/bolt
developed from the top, each segment of the bolt was also set the same potential as
the upper boundary, zero, so that as the bolt developed it hadn equipotential charge of
zero throughout. While this served their purposes admirafpl for my study another choice
was made.

Petrov and Petrova, for their models, based on eld measureents and an understanding
of the evolution of downward streamers, chose to vary theitharge distribution from one
segment of their streamer to the next. This choice is based ¢ime current which is running
through the downward streamer, which they denote using theaviable Ey, for the critical
eld strength in the leader channel. Ey is inversely dependent on the step length and varies
from 5.0t0 2.0 10’ V/km for a step length range of 10 to 100 meters. With my step tegth
between grid cells set at 83.3 meters, (given my height of ZBometers and 30 grid cells of
height), | chose the value of ¥ 10’ V/km for my E,, which | designated as BEF for Bolt
Electromagnetic Force. | chose this based both on the data dexperimental results noted
by Petrov and Petrova, but also on the more current data proded in Bazelyan and Raizer's
book Lightning Physics and Lightning Protection[Bazelyan 2000] where they note a value
in Table 2.3 of 17 10’ V/km for a 100 meter step.

Having made this choice of the eld strength with the steppedeader, the methodology
and rationale is as follows. As the leader descends from thiewd charge cell, the charge
at each subsequent step is decreased based on the distanesetfied and the internal eld
strength. As my span between my grid cells is equidistant irhe X, y, and z directions, at
83.3 meters, at each step the charge found at the next assaeth step will drop by 1.7
10’ V/km times 83.3 meters, or 1416 10° Volts. But actually, as my cloud cell is set as a
negative charge, each step will actually increase or be spaga up by this value.

Using this methodology, each grid point which becomes parf ony downward stepped
leader (in a method to be described shortly) will be maintaied at a charge level unique to
any other stepped leader grid point. And actually, one of thenethods by which my program
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would stop iterating was if all of the cloud charge had been ad up, i.e. if the charge at the
next grid point tip reached 0.0 volts.

At this point, let me refer back to an earlier statement | madeghat we would be assuming
that there is no space charge in our formulation. That is truein that | consider the
downward stepped leader, whose rst segment | just descritheabove, to be part of the
boundary, in particular the upper boundary. In this | am follbwing the methodology of
Tsonis and Elsner, Petrov and Petrova and others, and maintaing the consistency of my
computational formulation. In a directly analogous mannerwhen | discuss the generation
of the upper streamers, they will be considered part of thewer boundary.

Let me now address the 1:3 ratio | set between the height of mpmputational space and
its width and breadth. As | have noted above, 2.5 kilometersia very reasonable height for
a stepped leader to initiate propagation. Given the expeatespread of the bolt | thought
it very likely that the 1:3 ratio would allow the streamer to reach ground before crossing
one of the side boundaries and re-emerging on the oppositdesi In this way | aided in the
downward streamer propagating in a more straightforward nrer. Also, as | touched on
earlier, this ratio, when coupled with the 60:40 charge conagge of the upper surface, allowed
for a more true to nature charge con guration, with a cloud ck separated from other cells
by 6 kilometers.

With the various topics covered so far, | am now able to move oo the methodology
for adding the rst non-predetermined segment to my streantés). Within my 90 90 30
grid, with the top two-thirds of the upper boundary set to -16 Volts, the bottom of the grid
set to 0.0 Volts, and periodic boundary conditions along theides, and my initial downward
stepped leader extending down from the center of the upper tnadary, with a charge on the
NZ-1 point of -1¢ Volts minus 1.416 10° Volts, | can now begin to use the seven point
approximation to arrive at the charge distribution at the other mesh points within the model.

With the various parameters set, the seven point approximan is initiated, with each
point having a set, initial value. Besides the values set athe upper and lower limits, all
of the other mesh points, excepting the just noted initiatorstreamer segment, is set to 0.0
\Volts.

To decide when enough iterations have been performed for afpeular cycle, two criteria
are speci ed. The rstis a failsafe, to ensure a problem wittthe code or formulation doesn't
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cause the application to run inde nitely. That failsafe is hat the code will iterate no more
than the set upper limit, which in my case was 40,000. The sewb more useful method of
terminating the iterations was that if the absolute value dierence between a mesh point's
current and just previous charge changed less than by a praifgnated tolerance, TOL, then
the iteration had converged su ciently for my purposes, andthe arrived at charge pattern
could be used for the next step.

To put it more precisely, if at iteration K, the value at w;;x was A, and at iteration K+1,
the value atw;jx was A, with kK k Tol, then the iteration had converged su ciently
and could stop. For my tolerance, | used the cubic of the distae between two grid points
(2:5=30)3, or approximately 5.79 10 4. Once the iteration had converged, | was then ready
to select the next stepped leader segment.

4.3 E-critical and streamer initiation

At this point | need to return to the topic of downward streames and add to the discussion
upward streamers. In the work of Petrov and Petrova and other a valueE .iica IS de ned.
This is the eld strength that has been determined, often though discharge gap laboratory
experiments, as being the eld strength necessary for iontreakdown to occur, i.e. for a
stepped leader to become initiated.

In some texts, this e ect is known as the breakdown voltage,d. the potential di erence
required under certain set conditions for a discharge to beifiated. For example, the
dry-air atmospheric-pressure breakdown voltage is 310° V/m. This is closely related to
the preliminary breakdown required for lightning initiation. Uman notes that the breakdown
voltage of a non-uniform gap is always less than the breakdowoltage of a uniform gap
with the same spacing.

In "The Electrical Nature of Storms" [MacGorman 1998], it is noted that the threshold
Epe= 167 a(2) and that (z) = 1.208 e #2784 Later on in this book they use the term
onset electric eld to discuss the breakdown voltage, wheribe electric eld is in relation
to zero ground. The onset electric eld,E,,, to create lightning, is a function of pressure.
Eon /' PX%, whereP, is the pressure of dry air ancE,, is measured at the initiation of the

ash.
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They go on to note that some sources point to corona initiatio at values as low as 1
kV/m (no height reported)with other sources providing 6 kV/m at 18 meters (tall tree)or 4
kV/m at treeless plot of ground on a mountain ridge. They alsmote that lightning initiation
in E 300 kV/m, that they don't really know how but expect it to h ave atmospheric pressure
dependence, and that a sustaining E- eld is an order of magode lower than initiation.
Finally, in the Electrical Nature of Storms [MacGorman 199B they note the discharge
threshold: 500 kV/m.

Based on experimental data, Petrov and Petrova set a valuerfé& . of 10 kV/cm for
negatively charged leaders, and half of that 5 kV/cm for posvely charged leaders. They
require in their models for this threshold to be surpassed foge any of their streamers may
be initiated or extended. It is by using this condition that they are able to allow multiple
streamers to be developed.

For the downward streamer | made a di erent choice. This choe was based on the data
and discussion contained within the literature of Uman, Baaglyan and Raizer, and others
noted above. The main points were the following. First, thainho such strong elds have
been measured consistently in charge cells. And in fact spigd leaders have initiated in
areas of the atmosphere showing orders of magnitude loweldds. Some of the ideas put
forward, which | found meritorious, were that other conditons: di erence in atmospheric
pressure, particulate matter, humidity, even cosmic raysould cause the initial breakdown or
initial discharge pattern. And once the initial breakdown @curred, the plasma tip, the front
portion of a leader with dimensions at the molecular scale,ald a eld strength signi cant
enough to allow for further progression. This latter point ad others are discussed at some
length by Femia et al [Femia 1993] in their excellent articl€ractal characteristics of electrical
discharges: experiments and simulatiorSo given this evidence and arguments | chose not to
require a particular eld strength for my downward stepped¢aders. Thus in my formulation,
any mesh point adjacent to a currently included downward sfged leader mesh point is a
candidate to join the streamer. To be more specic, given mynitial starting mesh point
at position(NX/2, NY/2, NZ-1), the candidates for being added are those at ((NX/2)-1,
NY/2, NZ-1), ((NX/2)+1, NY/2, NZ-1), (NX/2, (NY/2)-1, NZ-1 ), (NX/2, (NY/2)+1,
NZ-1), and(NX/2, NY/2, NZ-2). | will address how the choice 58 made between these points
momentarily.
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However, let me now discuss my upward stepped leaders. Theadalission is based once
again primarily on Uman [Uman 1987], though similar materilis available in a range of
other sources. Physically, these streamers are thought toroe into being in the following
manner. As a say negatively charged downward stepped leadkrscends from a cloud cell
charge center and begins to approach the earth's surfacegtbharge being carried down by
the streamer excites oppositely charged particles from theurface. The particles then can
form upward moving streamers, which are being attracted byhe downward streamer(s).
And, as has been mentioned earlier, when one of these downivatreamers manages to
make contact with an upward streamer, the circuit is completd between the cloud cell and
ground and an electrical discharge, or lightning bolt, or sbke is created.

As noted previously, Petrov and Petrova, among others, hadxperimentally arrived
at a critical value for positive streamer initiation, namey 5 kV/cm. And while | found
another rationale more compelling for the negatively chaggl downward stepped leader, |
thought that this value for the initiation of the upward stepped leader appropriate, for various
reasons. First, similar sized elds had been observed belagveloping cloud cells. Second,
the atmospheric and other conditions, i.e. the pressure, giulate, moisture, and cosmic
ray levels at the earth's surface were more in line with the oditions during the spark gap
investigations. So for a positive, upward stepped leader toe initiated, that critical value
had to be exceeded.

| diered between the downward and upward stepped leaders ianother important
manner. As | had described earlier, a new downward steppecdker mesh point is assigned
a charge based on the charge of its "parent”, i.e. the chargé the mesh point that was
already part of streamer minus the afore calculated charge erence. From my reading of
the experimental results as found in Uman and elsewhere, atite description of the upward
streamers, such an arrangement did not seem appropriate. 8@ decision | made for the
newly added upward streamer mesh points was that | set the alige at whatever the charge
had been when the mesh point transitioned from a candidate fwart of an upward streamer.
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4.4 Selection of stepped leader candidate mesh points

Having now laid out the criteria required for an addition to the stepped leader, let me
be more speci c to the actual process.

Assuming a successful series of iterations have been congalei.e. convergence below
the set tolerance, a set of approximate charge values haveebedetermined for each mesh
point within the model which is not part of the upper or lower lundary. Using those charges
a set of candidate mesh point pairs are evaluated. For the melddiscussed above, this rst
candidate set would include sets of the ve points surroundg the initial downward streamer
segment, and all of the mesh points at Z=1, i.e. all of the grighoints found in the plane
parallel to the bottom surface one cell above.

For the ve points surrounding the initial starter, each setcomprises one of the ve
adjacent points and the initial point. For the mesh points jst above the bottom plane, the
mesh point pairs are the point at Z=1 and the point directly be&eath it, with the same X
and Y coordinate, but Z=0. Now for each of these sets, the patgal di erence is computed,
by subtracting the charge from one of the points from the othre we will denote this, as
Tsonis and others have , by , with the jth occurrence noted as ;. As may be inferred
by my previous discussion, all of the ve pairs surroundinghte downward moving streamer
are included, but only those potential upward moving pairs here the potential di erence
surpassed theE;i; value are included. This potential di erence is then squackand used to
arrive at a probability, often called a growth probability, and notated as

j=1

What we can see to have arrived at then is a weighted probaltylifor a segment to
be added as an upper or downward streamer, with the weightingased on the potential
di erence between the set boundary (including the streams) and the candidate mesh points.
This general approach is found in Tsonis, Petrov, and most tfie other papers referenced
in Chapter 2.

The exponent 2 used on is sometimes referred to, by Petrov and Petrova and others,
as , the sensitivity of the probability P to the eld strength. T sonis and Elsner use an
equal to 2. Many of the other papers discuss how the value ofmay range anywhere from
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greater than zero to the Euclidean dimension of the target sge to in nity. As it might be
imagined the value of may have a marked e ect on the generation of the streamers. As
mentioned, Tsonis and Elsner uses a value of 2, Femia et alaliss a range of values but
focus primarily on 1. Petrov and Petrova use an ranging from .125 to .25. The latter
groups note how as the value of increases, the resultant discharge patterns "narrow", or
become more compact. Thus, they note how a particular valud o may be used to re ne
a pattern for a particular series. Petrov and Petrova discissthis in various points in their
1995 article, [Petrov 1995].

For my investigation | chose to set at 2. | chose this for a range of reasons. First,
| did not want to "tune" my results. It is my belief that if | set my parameters correctly
and develop the code appropriately, discharge patterns Wdevelop that resemble lightning.
Second, Tsonis and Elsner used 2. Third, Femia et al settledh d in their excellent paper
and that was for basically a 2-D e ect, so for a 3-D e ect | thoght 2 was reasonable. Fourth
and nally, | consider the use of to be conceptually akin to the 1> norm, and so again
thought that the value should be set at 2. And as no argumentsad been made to contradict
such a decision, | chose 2.

4.5 Selection of stepped leader point

Now that a weighted probability had been arrived at for each fothe candidate pairs, it
was time to select one. This was accomplished in the followirmanner. SettingP sz1 12
equal to unity, then each Jz was assigned its proportionate section between zero and one
So for instance, if | had four candidate pairs, and they eachad an equivalent potential
di erence, the rst point would be assigned the range from @ to 0.25, the second from
greater than .025 to 0.5, and likewise for the third and fouh. | then used a random number
generator to produce a value between zero and one, and whiakrepair was matched to the
range that the randomly generated number fell within, that @ir was the new downward or
upward stepped leader segment. So for example, if the randeamamber generator returned
0.333, then the second pair of my example would have been aros

Once this selection was made, the new segment was added to dppropriate streamer,

all non-boundary points were re-set to 0.0 Volts, and the paess was repeated until one of
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three criteria were met. One possibility, already discusdewas that the new segment of the
downward stepped leader had a set value of 0.0 Volts. That wlouhave been equivalent to
the cloud cell expending all of its charge in generating theepped leader without reaching
ground.

The second criterion was that if over 40,000 mesh points wepart of the combined
upward and downward stepped leaders, or roughly 15 % of theagkable mesh points. That
was deemed a reasonable cuto point for the run having a sulasttial error which was borne
out as the nal cases tended to have 100 times fewer points irmeral involved.

The nal completion criterion was if a downward and upward s¢pped leader shared
a mesh point, i.e. if a downward and upward streamer connedieor equivalently if the
downward stepped leader reached the bottom of the model, arogind. That also was noted
as a completion, and one that resulted in a lightning dischge, a lightning bolt.

4.6 Varying Terrains

So far, in all of my examples and discussions, | have stipuéat a at plane as the bottom
surface of my model. And if that was the only bottom surface myhesis would have no
conclusions, for my interest and focus is to investigate thgossible relationship between the
structure of a lightning discharge and the terrain over whit it manifests. | created four
di erent terrains to be used as my lower boundary and ran a sis of ve cases above each
of them. The ve cases run were related in the following way. WMaforementioned random
number generator uses a number to initiate it. If you use theasne initiation number,
the same sequence of random numbers will be generated. Thisyidded not only critical
reproducibility for my analysis purposes but a sort of consiency between my terrains.

In the rst set of cases, the lower boundary is at, a 2-D planef you will. An image of
this terrain and the subsequent ones may be found in Appendi.

For the second set of tests | created a lower terrain with a atrame of width 10 cells, but
then within that frame | created an alternating series of hlk, with a peak to value distance
of one grid cell, or 83.3 meters. So each peak has four vall@ysng each of its sides, or
alternatively, the peaks run along the diagonals of the grid

The third set is once again primarily a at plane, with one di erence. Near the center
of the bottom plane, is a structure roughly the size of the Emipe State building, or 5 cells
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high, by 1 x 2 cells at the base, or roughly 1365' tall and 273’ %46' at the base. | would
have everyone know that | chose this con guration at least aear before learning we were
moving to New York City.

The nal set is what | called my megalopolis, or large metropdan area. | created it
using my random number generator. | stepped through each drpoint of the x-y plane and
assigned a value between 0 and 7 as a z-component, so that frame grid point to the next
the height may vary by 560 meters, or 1,862'. Currently the widd's tallest building is the
Taipei 101, which is 1,670 tall, while the tallest tower is he Canadian National Tower at
1,815'. So while my maximal height is a slightly above curréy existing structures, | can
imagine a metropolis, fteen or twenty years in the future, amegalopolis, with buildings
going from very low heights to very high ones right next to e&cother. This is one possible
image for my megalopolis.

31



CHAPTER 5

DISCUSSION OF RESULTS

5.1 Overview of cases

For my thesis | have generated and am focusing on twenty di ent cases of three-
dimensional lightning that | created in the method set forthin the previous chapters. A
plot of each of these bolts may be found in Appendix A. These li® may be grouped most
straightforwardly in either four or ve sets, depending on pur interest.

If you want to focus on the continuity of the terrain above whth the lightning stepped
leader was formed, then the sets would be broken down into fogroups, one for each of the
created terrains. Using my designators for the di erent cas, this grouping would be:

Group 1 Flat Terrain: Baselines 12-16

Group 2 Hilly Terrain: Baselines 17-21

Group 3 The Empire State Building: Baselines 22-26

Group 4 Megalopolis: Baselines 27-31

As one might surmise from the numbering of the cases, this @ing also preserves the
sequence in which the cases were created, as | would run a $efracreating each new terrain,
varying the random number initiator value, ISEED, ve times per terrain. This then leads
to the second most natural way of grouping the cases, by theBED value used to initiate
the run.

To review from the previous sections, the ISEED value is therst value fed into the
random number generator subroutine. While all of the valuesre deemed for this purpose to
be random in their sequence, they are also reproducible astearg of values, i.e. if a value
‘a’ is fed into the subroutine, 'b" will always be the returneal value.
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Thus, another way of grouping the cases, but not probably afh¢oretically interesting,
is by the ISEED value used to start the case. Using this methotbgy we arrive at ve sets,
as follows:

Set 1 (ISEED = 12357): Baseline's 12, 17, 22, 27

Set 2 (ISEED = 15357): Baseline's 13, 18, 23, 28

Set 3 (ISEED = 25357): Baseline's 14, 19, 24, 29

Set 4 (ISEED = 45357): Baseline's 15, 20, 25, 30

Set 5 (ISEED = 15847): Baseline's 16, 21, 26, 31

5.1.1 Calculation of fractal number

For each of the cases, a fractal value was arrived at, usingettboxcounting method,
de ned as follows. For the planar case, given a series of bexeith varying edge length ,
count the number of boxes required to cover the curve of intest. One may then use the
equationN( ) 1= P to solve for D and arrive at the fractal or box dimension of theurve.

From Tsonis and Elsner's article we obtain the following:

For Euclidean structures, the amount of mass M, scales witlose characteristic length
I, as M(1) / 19 with equivalent to the spatial or Euclidean dimension.

The method to evaluate a two-dimensional fractal may also bfeund in various sources,
e.g. "Fractals" by J. Feder [Feder 1988], and may be summarized as follows:

1. Take a big square of side set to 1 which includes the object.

2. Then pave with subeddies of sides r=1/2 and nd the numberfesquares they intersect.

3. Repeat with subeddies of side 2r.

The number N scales as a function of r according to N r P where D is an estimate of
the fractal dimension of the object. For three-dimensionapaces, cubes of varying sizes are
used rather than the boxes for the planar cases.

Using the boxcounting method, a count was arrived at for a raye of scales for the side
(r) with r=2, 4, 8, 16, and 32. For calculation purposes a volme of 275 x  5:25,
275 y 525,and 000 z 25 was divided into cubes of edges of 2.5/r and then the
number of cubes with a part of the nal lightning bolt was tallied for a value ofN,. Using
then N, and r, a fractal number could be assigned for each scale r. githis method, a mean
value with a standard deviation was arrived at using the formla, Dyactar = IN(N;)=In(r):
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A variation of this was also calculated for the Megalopolisase. Due to structure of this
terrain, the working surface was raised fronz = 0:0km to roughly z = 0:500km. It was
therefore thought prudent to calculate the fractal number dr the a ected lightning using a
cube with dimensions 0 x 500,300 vy 500, and 050 =z 25. Both the
original and modi ed spaces always included all of the creadl lightning bolts.

At this time let me discuss more generally the calculation dhe three-dimensional fractal
number and its relation to other calculations of related fratal numbers.

5.1.2 General Discussion of Calculation of Lightning Fract al Number

As was related in chapter 2, the rst calculation of the fracal number of lightning was rst
calculated by Tsonis and Elsner, primarily using the boxcading method and photographs
of lightning. They arrived at a value of 1.34 .05 which compared very well with their
similarly calculated value for their model of 1.37 .02.

As they discuss in their paper, an inherent di culty is of couse that the photographs
of the lightning is reducing a three-dimensional phenomendo a two-dimensional represen-
tation. This then raises the question of whether their two-onensional computer model is
modeling lightning if it were restricted to two dimensions b a two-dimensional view of a
three-dimensional phenomenon.

To expand upon the topic | created a set of images of my rst casthe at terrain case
| note as BsIn12. All of my images of my lightning discharges iAppendix A are shown at
an azimuthal angle of 300 degrees and an elevation of 10 degtebut the following images
are shown at an elevation of 0 degrees and an azimuthal angfeDp45, 90 and 300 degrees,
respectively.
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As one may see, visually the images are, while similar, cladi erent. If one uses the
boxcounting method as outlined by Tsonis and Elsner to caltate the fractal numbers for
each of these two-dimensional images, the values range frbr@5 to 1.46. This illustrates that
by rotating the three-dimensional model and then assessiitgn a collapsed two-dimensional
manner, a range of fractal numbers for the same con guratiomay be arrived at.

Returning to the work of the previous researchers, in Richnmés paper, he calculates a
value of 1.7, which he notes as being more akin to the value foichtenberg gures rather
than lightning, once again focusing on the two-dimensiondightning representation, and
two-dimensional Lichtenberg gures. He goes on to note that he allows only one branch of
his model to try to model a lightning discharge, his fractal amber drops to values near 1.17
to 1.43. Femia goes on to arrive at the same value for the Ligiberg gures as Richman,
of 1.7, both experimentally and with their computer model. i their model however, they
choose to remove the last stage in each of their branches depenent, which allows them to
arrive at models which more closely resemble the Lichtenlgergures.

This raises an issue that | have spent some time re ecting oo-date, any attempt to
assign a fractal number to actual lightning has depended orhptographs. Aside from the
aforementioned collapsing of a three-dimensional objea & two-dimensional representation,
the question arises to the relative luminosity of the main wnk of the lightning and
sub-branches.

In a photograph, the quality of the image will be one of the mai governing factors of
how much of the structure of the bolt is actually captured. Tie central trunk is almost
always the brightest as it is the channel conducting the mostharge and thus producing the
largest amount of energy in the visible spectrum. As the chge drops o for each branch
and sub-branch, the luminosity will also drop o. So the queson arises, is the structure
that is capable of being captured in a photograph a reasona&btuto point for the actual
structure of a lightning discharge?

| would say probably not. | would put forward that while the images are the best tool we
currently have to discern the structure there are almost ctinly further branches, coming
o in a fractal fashion, from every visible branch, brancheghat are part of the charge
distribution but just didn't glow enough to register in the photo. If these non-luminescent
branches were included, the fractal numbers would of courserease.
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Petrov and Petrova's reported fractal values tend to be loweghan other researchers. This
lower value is not that surprising as their models tend to day only the main trunk and
sub-branches. In their 1993 paper, they arrive at a value ofllfor their co-axial discharges.
In 1995, they discuss the various aspects which may a ect teactal number of the models,
and note that the fractal value will vary from one to two for the two-dimensional cases,
and between two and three for the three-dimensional cases.in&lly, in Petrova's single
author paper she reports a value of 1.03 for her two-dimensal lightning and 1.06 for her
three-dimensional discharges.

But one of the main issues that they raise is one that | discuse a previous chapter,
relating to the variable . As has been mentioned, most of the researchers have the ahle

which is the exponent used to set the sensitivity or weightonpof the selection of subsequent
branches to the current potential con guration.

As many of the researchers noted, in general, as the value oincreases, the structure
of the lightning narrows, and thus the associated fractal maber lowers. So, by varying

one may to some degree adjust the model's fractal number heghor lower. So each of
these factors need to be considered and remembered whenwistg the fractal number of
lightning.

5.2 Discussion of the Data

The following table summarizes the results of the dierent uns. The table includes
the baseline number | assigned, the type of terrain, the nurebb of segments comprising
the nal bolt, the fractal number calculated using the abovesystem, with its associated
standard deviation. After each type of terrain | also show th average values for the lightning
discharges associated with that terrain, with the averageof the number of points and the
fractal number being the average of the ve cases, and the sidard deviation being the
standard deviation of the ve fractal numbers being evaluad. The nal row shows a
similar set of averages for all of the bolts number of segmenfractal number and deviations,

considering however all twenty cases.
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Bsln Terrain No. of Pts | Fractal No.| Std Dev
12 Flat 350 2.11 0.516
13 Flat 320 2.00 0.461
14 Flat 266 1.76 0.144
15 Flat 325 1.99 0.364
16 Flat 254 1.89 0.397

Flat Terrain Avg. 303 1.95 0.133

17 Hilly 350 1.94 0.387
18 Hilly 338 2.01 0.453
19 Hilly 382 2.03 0.342
20 Hilly 315 1.99 0.356
21 Hilly 331 2.13 0.520
Hilly Terrain Avg. 343 2.02 0.067

22 Empire State Building 312 2.05 0.572
23 Empire State Building 237 1.81 0.295
24 Empire State Building 288 1.90 0.263
25 Empire State Building 429 2.14 0.410
26 Empire State Building 380 1.84 0.116
Emp. St. Bldg. Avg. 329 1.95 0.141

27 Megalopolis 210 2.00 0.491
28 Megalopolis 211 1.90 0.300
29 Megalopolis 214 1.98 0.397
30 Megalopolis 336 2.10 0.348
31 Megalopolis 183 1.85 0.266
Megalopolis Average 231 1.97 0.094
Combined Terrain Averages 302 1.97 0.105

Figure 5.5 . Lightning Summary Table
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Using this calculation, we note an average fractal number 97 0.105. You may note
that this gure is higher than many of the gures cited from previous studies, but remember
that this is the value for a three-dimensional model, not a ta-dimensional representation of
the lightning.

The focus of this e ort was to investigate the possible relanship between the structure
of a lightning discharge and the terrain below which the ligining was created. We are now
in a position to make some comments on this topic.

5.2.1 Flat Terrain Data Results

Looking at Table 5.5 we see that the cases run with this termairesult in an average
fractal number of 1.95 0.133. Comparing it to the other sets we see that it is on avaga
the set tied for the lowest fractal number and with the secontlighest standard deviation.
The large standard deviation highlights that the cases spatihe range of fractal values for
the test cases, spaced fairly evenly throughout the twentyases.

This case is the one of the at plane, in nature analogous to &thing from a at eld in
Nebraska to a calm lake or sea. Qualitatively, we might drawosne possible interpretations.
With no particular feature to focus the charge accumulatioron the ground, each case would
be able to unfold as it saw t, having a fairly even di use eld beneath it would allow for
paths to develop without being drawn by anomalous upward stamers.

Looking at the plots of the cases, Figures A.2 through A.6, wsee that the upward
streamers are fairly evenly distributed underneath the deloped downward streamer, with
few apparent double segment upward streamers. Hence the widhnge of cases.

5.2.2 Hilly Terrain Data Results

Moving on to the hilly terrain, Figures A.9 to A.13, we see th@ther extreme from the at
plane. At an average fractal number of 2.02 0.067, this terrain has the highest associated
fractal number with the smallest standard deviation. Thus he bolts are consistently dense.

To remind ourselves, the terrain is periodically hilly, wih the variance between the peak
and value of one grid cell. An analogous example in nature rhigbe a sea with a large
periodic wave pattern induced by the wind or rolling hills inthe plains.
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Once again, if we wished to consider the matter qualitativg] we might arrive at the
following thoughts. First, that the hilly, periodic structure would be prone to concentrate
the upward streamer development and initiation on the peakwith the charge and current
developing in the valleys feeding the streamers rising frothe peaks. In this way, the
development of the downward streamers would be both more s@aid as the upward streamers
would be pulling more broadly, and also denser, as the greatgharge concentrations would
develop ner streamer branches.

Actually, as it turns out, while working in aerospace for Nahrop | oversaw a contractual
research and development project Surface Waves and Gapsjahtincluded studying a similar
e ect, both with computer models and laboratory experimerd, and such an e ect can be
quite striking.

5.2.3 Empire State Building Data Results

As a terrain, this is probably the most singular one, but at tie same time the one most
like the terrains used in various other studies, particuldy those of Petrov and Petrova. To
review, this terrain is a at plane with a rectangular shape m the middle of the plane with
dimensions roughly those of the Empire State Building, or Setls high, by 1 x 2 cells at the
base, or roughly 1365’ tall and 273" x 546" at the base, with thpotential = 0.0. | would
like to point out that | chose this terrain, according to my Iay, at least by May 2004, long
before we had any indication of our subsequent move to the Eimg State. So it goes.

With an average fractal value of 1.95 0.141, this set , Figures A.15 to A.19, matches
the at terrain for the lowest fractal number but surpasses ti with the largest standard
deviation. One of the interesting aspects of this set is thagven though the lightning starts
at grid points (45, 45, 30) and my building is only o set by three cells with its top at (48, 48,
5), (48, 49, 5) and (48, 50, 5), only two of the ve subsequentdits connect either directly
or with an upward streamer originating from the building. The other three cases all reach
ground at points unrelated to the structure. While only two @nnect to the building, all ve
cases have streamers from the building very close to the doward streamer, the other three
cases just don't quite nish the connection.

This set also contains probably the most dramatic looking b Fig. A.18 (BsIn25), which
is spread out and very complex. A quantitative aspect of thiss found in Table 5.5 where
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we note this case has the highest number of points, 429, motenh any of the other cases.
Tied for the lowest group fractal value but the one with the hghest standard deviation,
heuristically this might be explained in the following maner.

The building standing in the middle of the plane created an amalous situation, both
disrupting and encouraging the creation of the lightning. &netimes this manifested in a
thin, dense charge distribution downward streamer, and sagtimes in a broad distribution

as the path that might have occurred without the building thee gets pulled at by the spike
of upward streamers.

5.2.4 Megalopolis Data Results

The average fractal number for this group, Figures A.22 to 26 of 1.97 0.094, puts it
near the tied lower pair for a fractal value, but with a smalle standard deviation, grouped
more compactly like the hilly terrain. Looking at the associted plots in Appendix A, we
can see that this class of lightning might be qualitatively alled the most di use, ethereal
or wispish, having on average a broad span in the X and Y direch but not a very dense
compactness of streamers within.

If we recall the structure of the terrain associated with thanegalopolis, we might infer
some qualitative associations. This terrain was created Isgepping through the z=0.0 section
of the cube and assigning a grid height of between zero and eewsing the random number
generator. Hence this surface is very disjointed, with héigs changing dramatically from
cell to cell. As noted before, a possible example would be avd®ping major metropolis,
such as Taipei or Shanghai, in the not too distant future.

Given such a terrain, it is possible to imagine the upward stamers being very disparate
and not of particular strength. Hence the downward streameand associated bolt being
broad and not very dense.

5.3 General Comments on the Results

| feel the results are of interest for a range of reasons. Foxagnple, the type of terrain
modeled is unique - all of the other studies | am familiar withthat have a similar structure
have only dealt with variations of terrains 1 and 3, i.e. the at plane or the at plane with
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rectangular structures or spikes/antennae/lightning rod. The study of surfaces such as the
periodic hills and variated surfaces, the hilly terrain or he megalopolis respectively, open a
new area of investigation that | believe leads to new insight

Also, this study expands upon the general analysis of the maneters surrounding the
shape and behavior of lightning charges. For example, by slying the cases we may also
note that three of the cases have the downward streamer hiti) ground, rather than making
contact with an upward streamer. The paths of these conneotis o er additional insight
into the parameters surrounding the lightning discharge.

| also feel that the results presented in Table 5.5 are very kemble as a comparison of
the fractal values that may be assigned to the lightning. In mny of the papers noted in the
bibliography, a fractal number is derived for lightning, eher through the use of photographs
of actual lightning, for example in Tsonis and Elsner's papg[Tsonis 1987] or Richman's,
[Richman 1990], or through calculations based on their ownadels, for example in Petrova's
paper, [Petrova 1998].

In the former case, the evaluation of the fractal humber is pblematic in a manner
that some of them speak to, in that they are attempting to asgn a fractal number to a
three-dimensional object using a two-dimensional data regsentation. This is a di cult
hurdle to overcome as getting three-dimensional represatibn of natural or even arti cially
induced lightning is extremely di cult. And the evaluation of the lightning discharge models
| have felt su ered from a lack of detail clearly evident in néure.

In the above-cited articles, the fractal numbers associatevith a lightning discharge have
tended to range from 1.03 [Petrova 1998] to between 1.13 ta@l3.in the earlier noted papers
of Richman, Tsonis and Elsner. As may be noted in my Table 5.5alrrive at fractal values
from 1.76 to 2.14. | feel these range of values to be reasomah$ my calculations were based
on 3-D models. The adding of the third dimension would quitegasonably cause an increase
in the computed fractal dimension.

| therefore believe my models and results do provide for theotential of new insights in
the study of the structure of lightning and furthermore into the relationship between the

structure of the lightning and the terrain beneath which it s created.
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CHAPTER 6

SUMMARY

6.1 Summary of what was original and signi cant in the work

At this point | wish to discuss what was original and signi cant in my work. Though |
may have touched on some of these points already, let me reaapexpand on them here.

| believe that my choices of terrain constitute a new step fathe area of investigation.
As | had noted earlier, many of the studies investigate terras of the sort of the at plane
or the Empire State Building, but | know of none with the surfaes akin to the Hilly Terrain
or the Megalopolis. So these areas provide new fodder for fsés and development.

Next | think a unique aspect of my work is my focus on the relatinship between the
shape of the lightning with regards to the terrain situated dectly below it. | believe, in my
discussion of my results, | note some de nite structural agets of the lightning that would
seemed to have been aected by the various terrains. While iother investigations they
discuss whether or not a discharge will or will not strike anlgect, their focus is more on
the discharge's ground contact point and not on the shape ofi¢ lightning. So in this way |
believe | have also expanded the discussion.

Also, due to my background, | chose to include qualitative deriptions of the lightning,
which is a bit unusual. For seven and one half years | workedrfdlorthrop in their Low
Observables group, primarily for the group involved with tle Radar Cross Section, or the
electromagnetic interactions between waves and objects. il we developed prediction
codes and ran many experiments, we also needed to develop rzseeof how electromagnetic
radiation would interact with complex geometries, both to gide the investigations and
because some of the phenomena were beyond our abilities todelo | believe it was from
this period that | discussed some of the qualitative, groupspects per terrain type.
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As might have been discerned, | also have arrived at a uniquarfnulation of the problem.
As | noted in my previous chapters, my choices for the boundas, the use ofE; , the
generation of the upward and downward streamers, all of thesand other choices make this
approach singular.

Finally, as mentioned brie y earlier, during my work it occured to me that | believe |
have a suggestion for a signi cant improvement on the currérbest practices of what to do
if caught outside and believing a lightning strike to be imment. However, as it is not part
of my thesis focus, | will discuss that matter in Appendix C.

6.2 Suggestions for Future Work

As for suggestions for future work, there are numerous pasities. | will discuss just a
few.

Rather than modeling the cloud as the negative part of a dipe] model the cloud charge
distribution as a fractal.

In Lightning Physics and Lightning Protection [Bazelyan 2000] the authors go on to
discuss Stroke frequency, or how often an object is likely tme struck by lightning. They
list a stroke frequencyN; on the height h of lumped objects (their height larger than dier
dimensions). N, hl for extended objects (objects of length I). For particular érrain
examples, they note that lightning intensity in Europe isN, < 1 per km? per year for the
tundra, 2-5 for at areas, and 10 for mountainous areas such as the Caucasus. While
these values are probably aected by factors not currently grt of my application, e.g.
the meteorological di erences between tundra and at areasone might use my code to
investigate these relationships further.

Of course one could also investigate more complicated tems, using actual geographic
data to begin to compare predicted lightning strike patters with historical records.

As computing power allows, one could combine this model withther computer models
already in existence which studies the lightning dischardey accounting for such aspects as
particulate matter in the atmosphere, temperature gradiets through the altitude, moisture
content, wind velocities, other nearby charge centers (i.eother clouds). Next one could
begin adding in modeling of the tip plasma interactions at tb molecular level to replace the
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random number generator used for choosing the next segmantirection. This will keep
people busy for a while.
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APPENDIX A

APPENDIX A - LIGHTNING DATA PLOTS

The following are gures showing the various terrains usechimy study and the plots of
the three-dimensional lightning that | created.

A.1 Plots of the 3-D lightning from a viewing angle of 80,300

A.1.1 Terrain One: Flat
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Figure A.1 . Flat Terrain Lower Boundary
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Figure A.2 . Set 1:Flat Terrain, 373 Segments (BsIn12)

50



(s1218WO]13 UI) 81RUIPI00D-X . (S1218WO0J13 UI) 81RUIPI00I-A

S0

QT

g'¢

(s1212WO|IY Ul) B1RUIPI00D-7

(eTuIsg)suawbas oye ‘urellal reld :Z 189S
siawreans premdn pue premumop Buimoys ‘abreyosiq Buiuiybi

Figure A.3 . Set 2:Flat Terrain, 340 Segments (BsIn13)
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Figure A.4 . Set 3:Flat Terrain, 284 Segments (Bsln14)
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Figure A.5 . Set 4:Flat Terrain, 344 Segments (BsIn15)
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Figure A.6 . Set 5:Flat Terrain, 274 Segments (BsIn16)
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A.1.2 Terrain Two: Hilly

Hills Terrain - Oscillating 83.3 meter hills in X- and Y-direction
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Figure A.7 . Hilly Terrain Lower Boundary

Detail of Hill Terrain
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Figure A.8 . Detail of Hilly Terrain Lower Boundary
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Figure A.9 . Set 1:Hilly Terrain, 263 Segments (BsIn17)
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Figure A.10 . Set 2:Hilly Terrain, 368 Segments (BsIn18)
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. Set 3:Hilly Terrain, 425 Segments (BsIn19)

Figure A.11
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Figure A.12 . Set 4:Hilly Terrain, 336 Segments (BsIn20)
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Figure A.13 . Set 5:Hilly Terrain, 360 Segments (BsIn21)
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A.1.3 Terrain Three: The Empire State Building
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Figure A.14 . The Empire State Building Lower Boundary
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Figure A.15 . Set 1:The Empire State Building, 417 Segments (BsIn22)
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Figure A.16 . Set 2:The Empire State Building, 283 Segments (BsIn23)
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Figure A.17 . Set 3:The Empire State Building, 348 Segments (BsIn24)
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Figure A.18 . Set 4:The Empire State Building, 526 Segments (BsIn25)
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Figure A.19 . Set 5:The Empire State Building, 453 Segments (BsIn26)
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A.1.4 Terrain Four: Megalopolis

Megalopolis
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Figure A.20 . Megalopolis Lower Boundary

Detail of Megalopolis
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Figure A.21 . Detail of Megalopolis Lower Boundary
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Figure A.22 . Set 1:Megalopolis, 441 Segments (BsIn27)
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Figure A.23 . Set 2:Megalopolis, 345 Segments (BsIn28)
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Figure A.24 . Set 3:Megalopolis, 414 Segments (BsIn29)
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Figure A.25 . Set 4:Megalopolis, 527 Segments (BsIn30)
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Figure A.26 . Set 5:Megalopolis, 382 Segments (BsIn31)
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APPENDIX B

FORTRAN CODES

B.1 Description of Code Lightning Model 74 (Im74.f)

As the sections title implies, my nal version of my lightnig modeling code is the
seventy-fourth version that | created. When | would achievea new milestone | would save
that version and start a new one. | then started the habit of sang every fth version just
in case | found out that | had made a terrible error and neededtretrace my steps and go
down a di erent path. Happily that only occurred occasiondl, only costing me one or two
versions at most.

My code contains the following routines:

- Main program

- Subroutine LECDS (Laplace Equation Computed Di erence Swer)

- Subroutine RANDOM (Generates the random number sequence)

- Subroutine CBOLTCAND (Solves for the next part of the downvard moving streamer)

- Subroutine GBOLTCAND (Solves for the next part of the upwad moving streamer)

- Subroutine LowerBound (Generates the various terrains ndeled to be investigated)

The code begins with the various required formatting and setf constants and variables.
The next section lists some of the various previous versioaad the particular improvements
made in that version. After that is a description of some of th included constants, variables,
and les associated with the running of the code.

The next section reads in set values for constants and thenads from le 9 other
variables. Some constants are calculated and then valuesawritten to le 19 to be used
for the plots.

Next, a series of variables are generated and/or calculatadcluded the grid steps, values
for DXBOLT, DYBOLT, and DZBOLT, lambda, mu, Tol, plotting va riables, and ws.
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In Do Loop 130 we clear the values for the *BOLT les and creatéhe initial lightning
originator, i.e. the rst segment that originates at the ceter point of the top of the cube
descending one grid step down. From this initial segment afif the subsequent lightning
stepped leaders originate.

At this point, subroutine LowerBound is called to generate e of the following four
terrains used in the study. Depending on the value of IGChag one of the following terrains
is evaluated:

if equals 1) lower bdry. is at, potential = 0.0.

if equals 2) lower bdry. is periodic hilly, with peak at 1 grid height, poential = 0.0.

if equals 3) lower bdry. is a at plane with a building roughly the size of he Empire
State building, or 5 cells high, by 1 x 2 cells at the base, or ughly 1365’ tall and 273" x
546' at the base, potential = 0.0.

if equals 4) lower bdry. is a 'fractal' surface | generated using my ranao number
generator. | stepped through each grid point of the x-y planand assigned a value between
0 and 7 as a z-component, Potential = 0.0.

In the next Do Loop 113, | assigned the potential value for theop of the cube, with the
central 58% of the top plane being set to the potential of a tmder cell, aka CP, or 1:0x10°
Volts, and the rest of the top to 0 Volts.

In Do Loop 200 we begin the generation of the lightning. The st step is to call the
subroutine CBOLTCAND which will generate a list of all of thecandidate gridpoints. The
candidate gridpoint set contains all of those gridpoints gdcent to the currently de ned
downward-moving bolt. So for example, for the rst step thee are ve candidate gridpoints
consisting of the four points at the same height as the bottorof the starter segment, and
the point directly below, if they potential di erence between the bolt and the grid point
is greater than CBOLTINIT. In my lightning model, as in all of the others found in the
literature survey, the lightning is restricted to 90 degregeneration movement, no diagonal
movement is allowed. As the four sides are set with a periodmoundary condition, the
eight corner point potential values are set as the averagestbe adjacent grid points. (Note:
Sadly, | carried this practice over from a previous version lhich had di erent boundary
conditions. Upon re ection | didn't need to have done this agraging, but given the way
that the iterative code was implemented, | also don't think i caused any problems.) | then
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call LECDS to solve the elliptical PDE for the cube, using theve point method outlined
earlier.

Having solved for the potential at each of the grid points inde the cube, | now call
GBOLTCAND to generate which of the gridpoints are candidate to be added as an
upward-moving streamer. For the rst iteration, for IGCHOICE = 1, ie. a at plane,
this would possibly include all of the grid points directly ®#ove at Z=1 whose potential is
greater than GBOLTINIT, or the potential di erence level for which streamer initiation may
occur.

To choose the next streamer bolt point, | now add up all of the @tentials for the candidate
points for either the downward- or upward-moving streamers| then create the weighted
probability for each grid point by dividing the sum into the potential for each grid point,
sequentially assigning the resulting fractional amount t@ach candidate.

| then call the subroutine RANDOM, which generates in the afeementioned manner
a value between 0 and 1.0. Whichever candidate point contairthe value returned by
RANDOM is then chosen as the next part of either the downward roupward moving
streamer.

If the new point is part of the downward moving streamer, thera potential is assigned to
it equal to the value of its parent bolt gridpoint, i.e. the alteady existing bolt gridpoint that
it is joined to, minus the potential di erence of the step, tre previously calculated DXBOLT,
DYBOLT or DZBOLT, depending on the new segments orientation

If the new point is part of an upward moving streamer, its potstial is set equal to the
potential previously calculated for the gridpoint within the LECDS subrountine.

The series of events is then repeated until one of the followg events occur:

1. A gridpoint is shared by a downward- and upward-moving stlamer, i.e. the streamers
met and a lightning discharge or lightning bolt was created.

2. A downward-moving streamer reaches the bottom surface @n upward-moving
streamer reaches the upper surface.

3. NumPts is exceeded, i.e. 40,000 points were generatedhwiit either prior noted
results 1 or 2 occuring, or

4. All the the potential of the cloud is expended with the dowward-moving bolt without
1 or 2 occurring.
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Results 1 or 2 would be considered desirable results, with B4obeing considered errors.
Once one of the conclusions is reached, all of the results avetten out to various les to
allow for data analysis and graphing.

The code Im74.f or comparable earlier versions was used torwe sets of cases, each
set having a unique seed value to start the random number gea®r and consisting of four
results, one for each of the di erent terrains. Hence the datto be considered consists of 20
sets of data or 20 di erent lightning bolts.

The nal requirement then is to calculate the fractal numberassociated with each of
the twenty lightning models. This was accomplished using thaforementioned boxcounting
method. In particular, a number N was ascertained of how marmgells within the grid held a
part of the lightning, with the cell edge length varying overa range of r-values. The number
N scales as a function of r according to N r P where D is an estimate of the fractal
dimension of the object.

To accomplish this task for my three-dimensional lightningl created a series of small
programs.

First | used a program sm4163d.f to take a case's le 41, whidlsts the elements of the
lightning bolt as a series of pairs of X, y, z coordinates, wieeeach segment is a segment of
the downward or upward streamer. The program reads from leand writes only the new
lightning grid points to le 44, i.e. discard the XO, YO, ZO elements while also removing
from the le those data points belonging to upward streamerthat did not manage to connect
to the downward streamer, i.e. that did not end up being a parbf the lightning bolt, and
write the remaining coordinates, i.e. the coordinates fohe lightning bolt to le 44. We nd
which values we need to strip by inspecting le fort.42 to deirmine where the nal segment
was created. If the downward streamer reached ground, therewdiscard all of the upward
streamers. If the downward streamer connected with an upwaustreamer, we then backtrack
the upward streamer, mark each attached segment, and thennmneve the remaining upward
streamers that weren't attached to the upward streamer of terest.

Then | run bc3dv2.f which started with an r equal to one half tle full height of the
graph, 1.25 kilometers, and count how many of the eight cubesntain part of the lightning.

r is then halved and the sequence is repeated and continued fee sequences, writing the

results each time to le 46.
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| then run mod7.f which puts log(r) and log(N) in fort.47. | then calculate the mean and
standard deviation based on this output and arrive at my fra@al number for each of the
lightning discharges.

The following is FORTRAN code Im74.f, the nal version of themain code developed to
conduct my thesis investigation.

C234567891123456789212345678931234567894123456789836789612345678971

C
C Line 1 Set Initial Statements
C
C Lightning Model Program, v74
C
C
IMPLICIT REAL (A-H,0-2)
IMPLICIT INTEGER (I-N)
REAL a,b,c,d,el,g,lambda,mu,TOL,xh
1 FORMAT ('set label 1 "Im74.f, '|F4.2,->'F5.2'0 km, 'F 4.2,'->

&',F5.2,'0 km, 'F4.2,->'F5.2,'0 km, '13,"),13,", 13,",",F5
&.2,', ECrit= 'E10.2,'V/km" at .1,.1,",F6.3)

2 FORMAT ('set label 2 "EP='F10.2,'V, CP='E10.2,'V, BEF= 'E10.4/
&V/km, IEND = 'I2,, IGc = 'I2,', ISEED="18," at .1,.1, ,F6.3)

3 FORMAT ('set xrange [:',F5.2,7)

7 FORMAT ('set yrange [:',F5.2,7)

8 FORMAT ('set zrange [:',F5.2,7)

4 FORMAT ('set arrow 1 from '[F6.3,,'F6.3,, ' F6.3, to' ,F6.3,,
&'F6.3,"',F6.3)

5 FORMAT ('set arrow ',l14," from 'F6.3,,,F6.3,"'F6.3 , to 'F6
&3, ,F6.3,','F6.3)

6 FORMAT ('set arrow ',l4," from 'F6.3,,,F6.3,", ' F6.3 , to 'F6

&.3,,,F6.3,,,F6.3,' Is 1')
COMMON NX,NY,NZ,xh,yk,zj,ECRIT,GBOLTINIT
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OO0 0000000000000 O0OO0OO0OO0OO0OO0OO0OO0

COMMON /CBOLT/ CBOLT(0:500,0:500,0:500)
COMMON /GBOLT/ GBOLT(0:500,0:500,0:500)
COMMON /g/ g(0:500,0:500,0:500)

COMMON /w/ w(0:500,0:500,0:500)

COMMON /x/ x(0:500)

COMMON /y/ y(0:500)

COMMON /z/ z(0:500)

Lines 21 Comments
For subsequent versions, see notes in bgjlog.
Im45.f - Modifying with option of how to end run, whether lig htning
initiates from the ground, and random number generator see d
set or tied to clock.

Im44.f - Going to be substantially modifying the code to use
the various insights from my latest round of research
and analysis
Im37.f - added the (NX/2,NY) initiation point to the CBOLT f ile
to clean up the bolt creation, and not have it added later.
Im36.f - to make the bolt charge held throughout
Im35.f - In particular, made so could put in tip & bolt charge S
Im34.f - a money version. Cleaned up the error message which
highlighted what was actually happening, copied to Imb.f
Im30.f - going to clean up the code to make it more tractable
Im28.f - going to clean things up and try the periodic BC

Lm27.f - going to add the periodic boundary conditions
Im26.f - added using the poetential difference, rather tha n the
potential to choose the next step of lightning

Some documentation on the currently used files

w(500,500,500) The file holding the calculated values of t he grid
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points during the solving of the FD equation

and w(l,J) | from O -> NX, J from 1 -> NY-1

g(500,500,500) The file holding the boundary values

CBOLT(5000,5000,5000)The file holding the lightning bol
running from 0 ->NX, 0 -> NY

x(1) from 0 -> NX
y(J) from 0 -> NY
z(K) from 0 -> NZ

POTEND Variable set to the cloud potential to track
the reduction of the cloud potential based on
the charge in the lightning CBOLT.

t coordinates

File 9 Contains the input parameters to be read for each

case

File 10 [,J,K,I*,J* K*

The coordinates of the cloud host points and their

candidates

File 11 [,J,K,I*,J* K*

The coordinates of the ground host points and their

candidates

File 12 IBOLT/IGRND,10,JO,KO,1,J,KO,APD,CandSum
- IBOLT/IGRND a flag for Cloud or ground, 1,2, resp.
- 10,J0O,KO The host of the new candidate point
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C - 1,J,K The new candidate points

C - APD The absolute value of the potential difference
C between the host and the candidate points
C - CandSum The sum of the APD's

C

C File 15 The lightning in Z,Y,X order

C

C File 16 The lightning as it's being created

C

C File 19 Receives the output for plotting each run in gnuplot
C

C File 41 The lightning in the form needed for gnuplot

C to plot it in the form of lightning

C

C Constants

C

C ISEED = 12357

C el =1.0

C Numlter = 1

C Iter = 5.E+05

C NumPts = 40000

C

C

G o - oo
C

C

C SETUP PROBLEM

C

C Lines 106 Set initial values for ISEED,el,Numlter,lter,N
C
ISEED = 12357
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el =1.0

Numlter = 1

Iter = 5.E+05
NumPts = 40000
IGchoice= 1
IBOLT =1
IGRND =2

Line 90 Read the value of IRNGC,a,b,c,d,NX,NY,EXP,EP,CPBEF,IEND,
ISEED,IGchoice
a,b,c,d in kilometers
NX,NY as integers
EP,CP in Volts
BEF in Volts/kilometer
ECrit= the Critical Voltage for an upward moving
streamer, in Volts/km
IEND= 1 for ground strike, 2 for Potential depletion
ISEED = Traditionally, 12357. The initial seed for
the random number generator
IBOLT,IGRND = These constants, set to 1,2 repectively,
are flags for whether the candidate is a candidate
for the Bolt or for the Grnd.

Rewind all of the files used by the program

OPEN(UNIT=9,FILE="fort.9',STATUS="0OLD")
OPEN(UNIT=10,FILE="fort.10")
OPEN(UNIT=11,FILE="fort.11")
OPEN(UNIT=12,FILE="fort.12")
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OPEN(UNIT=15,FILE="fort.15")
OPEN(UNIT=16,FILE="fort.16")
OPEN(UNIT=19,FILE="fort.19")
OPEN(UNIT=20,FILE="fort.20")
OPEN(UNIT=31,FILE="fort.31")
OPEN(UNIT=41,FILE="fort.41")
OPEN(UNIT=42,FILE="fort.42")
OPEN(UNIT=56,FILE="fort.56")

Rewind(9)
Read(9,%a,b,c,d,NX,NY,EXP,EP,CP,BEF,ECrit, GBOLTINI T,IEND,ISEED,I
&Gchoice

e=a
f=">0

NZ = NX

POTEND = ABS(CP)
Frmtlbll= d+.2
Frmtlbl2= d+.1

Write(19,1)a,b,e,f,c,d,NX,NZ,NY,EXP,ECrit,Frmtibl1
Write(19,2)EP,CP,BEF,IEND,IGchoice,ISEED,Frmtlbl2
Write(19,3)b
Write(19,7)b
Write(19,8)d
Close (19)

Write(6,*)'Here | am at line 176

Line 101 Calculate the grid steps in kilometers

xh = (b - a)/FLOAT(NX)

(d - C)/FLOAT(NY)

<
=
I
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zj = (f - e)/FLOAT(NZ)

C
C Calculate DXBOLT,DYBOLT in Volts
C
DXBOLT = xh*BEF
DYBOLT = yk*BEF
DZBOLT = z*BEF
BOLTCHK= AMIN1(ABS(DXBOLT),ABS(DYBOLT),ABS(DZBOLT))
C
C Line 106 Calculate lambda and mu
C
lambda = xh**2/yk**2
mu = 3.0%(12.0 + lambda)
C
C Line 183 Calculate Tol
C
IF(xh.GE.yk)Then
If(zj.GE.yk) Then
TOL=yk**3
else
TOL=zj**3
Endif
else
If(zj. GE.xh) Then
TOL=xh**3
else
TOL=zj**3
Endif
ENDIF
C

C Line 119 Set the x-grid values for plotting
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Do 100 I=0,NX
x() = a + float(l)*xh
100 Continue
C
C
C Write(6,*)'Here | am at line 219’
C
C Line 126  Set the y-grid values for plotting
C
Do 101 J=0,NY
y(J) = ¢ + float(J)*yk
101  Continue
C
C
C Line 214  Set the z-grid values for plotting
C
Do 111 K=0,NZ
z(K) = e + float(K)*zj
111  Continue

C
C Line 201 Set the w's
C
Do 102 1=0,NX
Do 102 J=0,NY
Do 102 K=0,NZ
w(l,J,K) = 0.0
102  Continue
C

C Line 163 Clear the bolt files & create the initial lightning
C
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DO 130 K=NZz,0,-1
DO 130 J=NY,0,-1
DO 130 I=NX,0,-1
CBOLT(I,J,K) = 0.0
GBOLT(I,J,K) = GBOLTINIT
If((1.LEQ.(NX/2)).AND.(J.EQ.(NY-1)).AND.(K.EQ.(NZ/2) )) Then
CBOLT(,J,K) = CP-DYBOLT
CBOLT(1,J+1,K) = CP
w(l,J,K)= CP-DYBOLT
Write(16,*)1,d,K
Write(20,*)'Midpoint is',I,J,K,w(l,J,K)
Close (20)
Write(41,%)x(1),z(K),d
Write(41,%)x(1),z(K),y(J)
Write(42,4)x(1),z(K),d,x(1),z(K),y(J)

IVector = 2
ENDIF

130 CONTINUE
C
C Write(6,*)'Here | am at line 263’
C Line 173 Assign the values of the lower surface
C

Call LowerBound(NX,NY,NZ,IGchoice,EP)
C
C Assign the values of the upper surface
C Note: Here | am driving that x and z will be the same length
C

XStart = Float(NX)*0.21

ZStart = Float(NZ)*0.21

XEnd = Float(NX)*0.79
ZEnd = Float(NZ)*0.79
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Do 113 1=0,NX
Do 113 K=0,NZ
FItX = FLOAT(I)
FItZ = FLOAT(K)
IF ((FItX.GE.XStart).AND.(FItX.LE.XEnd).AND.(FItZ.GE  .ZStart).
&AND.(FIZ.LE.ZEnd)) Then

g(I,NY,K) = CP
else
g(I,NY,K) = 0.0
Endif
113 Continue

C
C Line 156 Set the eight corner points as a straight forward av erage
C
g(NX,0,0) = (g(NX-1,0,0)+w(NX,1,0)+g(NX,0,1)) /3.0
g(NX,0,NZ) = (g(NX-1,0,NZ) + w(NX,1,NZ)+g(NX,0,NZ-1)) /3 .0
g(NX,NY,N2Z) = (W(NX,NY-1,NZ)+g(NX-1,NY,NZ)+g(NX,NY,NB))/3.0
9(0,0,0) = (w(0,1,0) + g(1,0,0)+g(0,0,1))/3.0
g(O,NY,0) = (w(O,NY-1,0) + g(1,NY,0)+g(0,NY,1))/3.0
g(NX,NY,0) = (W(NX,NY-1,0)+g(NX-1,NY,0)+g(NX,NY,1))/3 .0
g(0,0,NZ) = (w(0,1,NZ)+g(1,0,NZ)+g(0,0,NZ-1))/3.0
g(O,NY,NZ) = (w(O,NY-1,NZ)+g(1,NY,NZ)+g(0,NY,NZ-1))/3 .0

C
C Line 182 Initial Parameters Set - Begin the creation of the | ightning
C
Do 200 M=1,NumPts
C
If(Numlter.EQ.NumPts) Then

Write(56,*) "Numiter equals NumPts"

Go To 5000
C
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else

Line 189 Create the array for the candidates for the bolt ste p

Call CBOLTCAND(NX,NY,NZ)

Line 249 Reset the eight corner points as a straight forward average

g(NX,0,0) = (g(NX-1,0,0)+w(NX,1,0)+g(NX,0,1)) /3.0

g(NX,0,NZ) = (g(NX-1,0,NZ) + w(NX,1,NZ)+g(NX,0,NZ-1)) /3 .0
gINX,NY,NZ) = (W(NX,NY-1,NZ) +g(NX-1,NY,NZ)+g(NX,NY,ND))/3.0
9(0,0,0) = (W(0,1,0) + g(1,0,0)+g(0,0,1))/3.0

g(O,NY,0) = (W(O,NY-1,0) + g(1,NY,0)+g(0,NY,1))/3.0

g(NX,NY,0) = (W(NX,NY-1,0)+g(NX-1,NY,0)+g(NX,NY,1))/3 .0
9(0,0,N2) = (w(0,1,NZ)+g(1,0,NZ)+g(0,0,NZ-1))/3.0

g(O,NY,NZ) = (W(O,NY-1,NZ)+g(1,NY,NZ)+g(O,NY,NZ-1))/3 .0

Line 256 CALL LECDS and solve the elliptical PDE

Write(6,*)'Here | am at line 327
Call LECDS(el,Iter,lambda,mu,NX,NY,NZ,TOL,NoGood,M)
Write(6,*)'Here | am at line 329’

Check and see if the case needs to be stopped.

If (NoGood.EQ.1) Then
Write(6,*) 'lteration number exceeded. Oops.'
Write(56,*) ‘lteration number exceeded. Oops.'
Go To 5000

Endif

If(POTEND.LE.CBOLTCHK) Then
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Write(6,*) 'Cloud potential expended. Oops.'
Write(56,*) 'Cloud potential expended. Oops.'

Go To 5000
Endif
C Write(6,*)'Here | am at line 343’
C Write(6,*)'This is before the call',NX,NY,NZ,GBOLTINIT

C
C Line 245 Create the array for the candidates for the Gbolt st ep
C
Call GBOLTCAND
C
C Line 264 Add up the U-values for the candidate grid points
C
SUM = 0.0
Rewind(10)
139 Read(10,*,END=140)I0,JO,KO,1,J,K
1f((J.EQ.0).0R.(J.EQ.NY)) Then
PD = CBOLT(I0,JO,KO) - g(I,J,K)
else
PD = CBOLT(I0,JO,KO) - w(l,J,K)
Endif
SUM = SUM+(ABS(PD))**EXP
Go to 139
140 Continue

Rewind(11)
239 Read(11,*, END=240)I0,JO,KO,l,J,K
If((J.EQ.0).OR.(J.EQ.NY)) Then
PD = GBOLT(I0,JO,KO) - g(l,J,K)
else
PD = GBOLT(I0,JO,KO) - w(l,J,K)
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240
C
C

Endif

SUM = SUM+(ABS(PD))**EXP
Go to 239

Continue

C Line 278 Set the probability increments for each of the cand

C

149

150

249

CandSum = 0.0

Rewind(10)

Rewind(12)
Read(10,*,END=150)10,JO,KO,l,J,K
1f((J.EQ.0).0R.(J.EQ.NY)) Then

PD = CBOLT(I0,JO,KO) - g(I,J,K)
else

PD = CBOLT(I0,JO,KO) - w(l,J,K)
Endif

APD = (ABS(PD))*EXP
CandSum = CandSum+ (APD/SUM)

Write(12,*)IBOLT,10,JO,KO,I,J,K,APD,CandSum

Go To 149
Continue

Rewind(11)
Read(11,*, END=250)I0,JO,KO,I,J,K
If((J.EQ.0).OR.(J.EQ.NY)) Then

PD = GBOLT(I0,JO,KO) - g(l,J,K)
else

PD = GBOLT(I0,JO,KO) - w(l,J,K)
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C

Endif
APD = (ABS(PD))*EXP
CandSum = CandSum+ (APD/SUM)

Write(12,*)IGRND,10,JO,KO,1,J,K,APD,CandSum

Go To 249
Continue

Call RANDOM(ISEED,RVAL)

C Line 319 Use the new random value to select the next addition to

C
C

159

CBOLT or GBOLT(s)

Oldval = 0.0

Rewind(12)
Read(12,*,END=160)ITYPE,I0,JO,KO,I,J,K,APD,Cand®m
If((Oldval.LE.RVAL).and.(RVAL.LE.CandSum)) Then

Check if the candidate is for downward or upward moving stre amer

If ITYPE.EQ.1) Then

Set the appropriate bolt with the new value

If ((I.LEQ.I0).0OR.(K.EQ.KQO)) Then
CBOLT(l,J,K)= CBOLT(10,JO,KO)-DYBOLT
POTEND = POTEND-ABS(DYBOLT)

else
CBOLT(l,J,K)= CBOLT(10,JO,KO)-DXBOLT
POTEND = POTEND-ABS(DXBOLT)
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Endif
else
GBOLT(1,J,K)= w(l,J,K)
Endif
IN= |
JN=J
KN= K
Write(16,%)ITYPE,IN,JN,KN
Write(41,%)x(10),z(KO),y(JO)
Write(41,*)x(IN),z(KN),y(JN)
If(ITYPE.EQ.1) Then
Write(42,5)IVector,x(10),z(KO),y(JO),x(IN),z(KN),y(
else
Write(42,6)IVector,x(10),z(KO),y(JO),x(IN),z(KN),y(
Endif
IVector = [Vector + 1
If(IEND.EQ.1) Then
If((ITYPE.EQ.1).AND.(JN.eq.0)) Then
Write(6,*)'Jean, we made it!'
Write(56,*)'Jean, we made it!"
Go To 5000
endif
Go To 160
else
If(POTEND.LE.BOLTCHK) Then
Write(6,*)'Cloud potential expended’
Write(56,*)'Cloud potential expended'
Go To 5000
endif
Go To 160
Endif
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endif

Oldval=CandSum

Go to 159

160 Continue
Do 440 [=0,NX
Do 440 J=0,NY
Do 440 K=0,NZ
If((ABS(CBOLT(I,J,K)).GE.1.E-06).AND.(ABS(GBOLT(1,d ,K)-
&GBOLTINIT).GT.1.E-06)) Then

Write(6,*)'Streamers met. Jean, we made it.'
Write(56,*)'Streamers met. Jean, we made it.'

Go To 5000
Endif
440 Continue
Numlter = Numlter + 1

Endif
C
C Line 329 Reset the w's
C

Do 202 1=0,NX

Do 202 J=1,NY-1
Do 202 K=0,NZ
w(l,J,K) = 0.0
202 Continue
C
200 Continue
5000 Continue
C
C Line 339 Write the bolt to file 15
C
Rewind(15)
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Do 3000 K=0,NZ
DO 3000 J=0,NY
DO 3000 I=0,NX
If(ABS(CBOLT(I,J,K)).GT.1.E-06) Then
Write(15,%)1,d,K
endif
3000 Continue
C
C Close all of the files used
C
CLOSE(9)
Close(10)
CLOSE(11)
CLOSE(12)
CLOSE(15)
CLOSE(16)
CLOSE(31)
CLOSE(41)
CLOSE(42)
CLOSE(56)
STOP
END
CCCCCCCCCcCcrrreeeececececccececceeccecececececececcamcecccececececececcecce
C Line 351 Subroutine LECDS
C
SUBROUTINE LECDS(el,Iter,lambda,mu,NX,NY,NZ, TOL,No@®dain)
IMPLICIT REAL (A-H,0-2)
IMPLICIT INTEGER (I-N)
REAL el EP,g,lambda,mu,NORM,TOL,z
COMMON /CBOLT/ CBOLT(0:500,0:500,0:500)
COMMON /GBOLT/ GBOLT(0:500,0:500,0:500)
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COMMON /g/ g(0:500,0:500,0:500)
COMMON /w/ w(0:500,0:500,0:500)
COMMON /x/ x(0:500)
COMMON /y/ y(0:500)
COMMON /z/ z(0:500)

Line 362 Comments

To approximate the solution to the Poisson Equation
d**2u/dx**2(x,y)+d**2u/dy**2(x,y)=f(x,y),a<=x<=b,c <=y<=d
subject to the boundary conditions

u(x,y) = g(x,y), if x=a or x=b and c<=y<=d,

u(x,y) = g(xy), if y=c or y=d and a<=x<=b:

INPUT endpoints xmin, xmax, ymin, ymax; integers m>=3, n>=3;
maximum number of iterations N.

OUTPUT approximations wi,j to u(xiyj) for each 1=1,n-1 an d for
each j=1,m-1 or a message that the maximum number of iterati ons
was exceeded.

VARIABLES TOl=tolerance

Begin the main loop

Line 382 Set the initial parameters NoGood,NORM,el
NoGood = 0
NORM =0

el =1.0
Do 10 M=1,lter

94



If(el.GT.Float(lter))Go to 6000

C
C Line 390 Evaluate w(0O,NY-1,0) Step 7
C
If(ABS(CBOLT(O,NY-1,0)).GT.1.E-06) Then
else
xnuml = w(NX-1,NY-1,0)+lambda*g(0,NY,0)+lambda*w(0,N¥2,0)+w
&(1,NY-1,0)+w(0,NY-1,1)+w(0,NY-1,NZ-1)
zz= xnuml/mu
NORM = Abs(zz - w(0,NY-1,0))
w(O,NY-1,0) = zz
ENDIF
C
C Evaluate w(0,NY-1,K) for K=1,NZ-1
C
Do 1105 K=1,NzZ-1
If(ABS(CBOLT(O,NY-1,K)).GT.1.E-06) Then
else
xnuml = w(NX-1,NY-1,K)+lambda*g(0,NY,K)+lambda*w(0,N¥,K)+
&W(1,NY-1,K)+w(0,NY-1,K-1)+w(0,NY-1,K+1)
zz= xnuml/mu
If (Abs(zz - w(O,NY-1,K)).GT.NORM) Then
NORM = Abs(zz - w(0,NY-1,K))
endif
w(O,NY-1,K) = zz
ENDIF
1105 Continue
C
C Evaluate w(0,NY-1,N2Z)
C

If(ABS(CBOLT(0,NY-1,NZ)).GT.1.E-06) Then
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else
xnuml = w(NX-1,NY-1,NZ)+lambda*g(0,NY,NZ)+lambda*w(NY-2,NZ
&)+w(1,NY-1,NZ)+w(0,NY-1,NZ-1)+w(0,NY-1,1)
zz= xnuml/mu
If (Abs(zz-w(0,NY-1,NZ)).GT.NORM) Then
NORM = Abs(zz - w(0,NY-1,NZ))

Endif
w(O,NY-1,NZ) = zz
ENDIF
C
C Line 400 Evaluate w(l,NY-1,0) for I=1,NX-1 Step 8
C
Do 1015 I=1,NX-1
If(ABS(CBOLT(I,NY-1,0)).GT.1.E-06) Then
else
zz =(lambda*g(I,NY,0) + w(l-1,NY-1,0) + w(l+1,NY-1,0) +
&lambda*w(l,NY-2,0)+w(l,NY-1,1)+w(l,NY-1,0))/mu
If( ABS(W(I,NY-1,0) - zz).GT.NORM) Then
NORM = ABS(w(I,NY-1,0) - zz)
Endif
w(l,NY-1,0) = zz
ENDIF
1015 Continue
C

C Line 400 Evaluate w(l,NY-1,K) for I=1,NX-1 and K=1,NZ-1
C
Do 1016 K=1,NzZ-1
Do 1016 I=1,NX-1
If(ABS(CBOLT(I,NY-1,K)).GT.1.E-06) Then
else
zz =(lambda*g(I,NY,K)+w(l-1,NY-1,K)+w(I+1,NY-1,K)+la  mbda*
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&w(I,NY-2,K)+w(l,NY-1,K+1)+w(l,NY-1,K-1))/mu
If( ABS(w(I,NY-1,K) - zz).GT.NORM) Then
NORM = ABS(W(I,NY-1,K) - zz)

Endif
w(I,NY-1,K) = zz
ENDIF
1016 Continue
C
C Line 400 Evaluate w(l,NY-1,NZ) for 1=1,NX-1 Step 8
C
Do 1017 I=1,NX-1
If(ABS(CBOLT(I,NY-1,NZ)).GT.1.E-06) Then
else
zz =(lambda*g(I,NY,NZ)+w(l-1,NY-1,NZ)+w(I+1,NY-1,NZ) +lambda
&w(I,NY-2,NZ)+w(l,NY-1,NZ)+w(l,NY-1,NZ-1))/mu
If( ABS(W(I,NY-1,NZ) - zz).GT.NORM) Then
NORM = ABS(W(I,NY-1,NZ) - zz)
Endif
w(I,NY-1,NZ) = zz
ENDIF
1017 Continue
C
C Line 414 Evaluate w(NX,NY-1,0) Step 9
C

If(ABS(CBOLT(NX,NY-1,0)).GT.1.E-06) Then

else

zz=(w(1,NY-1,0)+lambda*g(NX,NY,0)+w(NX-1,NY-1,0)+la mbda*w(NX,

&NY-2,0)+W(NX,NY-1,1)+w(NX,NY-1,NZ-1))/mu
IF( ABS(W(NX,NY-1,0) - zz).GT.NORM) Then
NORM = ABS(W(NX,NY-1,0) - zz)
Endif
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W(NX,NY-1,0) = zz

Endif
C
C Line 414 Evaluate w(NX,NY-1,K) for K=1,NZ-1 Step 9
C
Do 1108 K=1,NZ-1
If(ABS(CBOLT(NX,NY-1,K)).GT.1.E-06) Then
else
zz=(w(1,NY-1,K)+lambda*g(NX,NY,K)+w(NX-1,NY-1,K)+la mbda*w(N
&X,NY-2,K)+W(NX,NY-1,K+1)+W(NX,NY-1,K-1))/mu
IF( ABS(W(NX,NY-1,K) - zz).GT.NORM) Then
NORM = ABS(W(NX,NY-1,K) - zz)
Endif
W(NX,NY-1,K) = zz
Endif
1108 Continue
C
C Line 414 Evaluate w(NX,NY-1,NZ) Step 9
C
If(ABS(CBOLT(NX,NY-1,NZ)).GT.1.E-06) Then
else
zz=(w(1,NY-1,NZ)+lambda*g(NX,NY,NZ)+w(NX-1,NY-1,NZ}lambda*w(
&NX,NY-2,NZ)+W(NX,NY-1,1)+w(NX,NY-1,NZ-1))/mu
IF( ABS(W(NX,NY-1,NZ) - zz).GT.NORM) Then
NORM = ABS(W(NX,NY-1,NZ) - zz)
Endif
W(NX,NY-1,NZ) = zz
Endif
C
C Step 10
C
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DO 106 K=NZzZ-2,2,-1
DO 106 J=NY-2,2,-1

C
C Line 430 Evaluate w(0,J,K) for J=NY-2,2, K=NZ-2,2 Step 11
C
If(ABS(CBOLT(0,J,K)).GT.1.E-06) Then
else
zz =(w(NX-1,J,K)+lambda*w(0,J+1,K)+lambda*w(0,J-1,K) +w(1,
&J,K)+w(0,J,K-1)+w(0,J,K+1))/mu
If ( Abs( w(0,J,K) - zz).GT.NORM) Then
NORM = ABS(w(0,J,K) - zz)
Endif
w(0,J,K) = zz
Endif
C
C Line 441 Evaluate w(l,J,K) for I=1,NX-1; J=NY-2,2; K=NZ-2 ,2 Step 12
C
Do 116 I=1,NX-1
C
C So after much thought, this does take care of it. It looks at i f
C either the bolt belongs to CBOLT, or GBOLT. If it belongs to C BOLT
C then w was set in the CBOLTCAND subroutine before the evaludéon.
C If rather, it belongs to GBOLT, then it was set to zero when th e
C w's were reset, and so is fine. And this criteria just makes s ure
C that it isn't evaluated if it is GBOLT as part of the ground, r atherC than GBOLT pe
C calculated.
C

If ((ABS(CBOLT(l,J,K)).GT.1.E-06).0R.(ABS(GBOLT(l,J, K)-EP
&).LE.1.E-06)) Then
else
zz =( w(I-1,J,K) + lambda*w(l,J+1,K) + w(I+1,J,K) +
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&lambda*w(l,J-1,K)+w(l,J,K-1)+w(l,J,K+1))/mu
If ( Abs( w(1,,K) - zz).GT.NORM) Then
NORM = ABS(w(1,J,K) - zz)
Endif
w(l,J,K) = zz
Endif
116 Continue
C
C Line 455 Evaluate w(NX,J,K) for J=NY-2,2, K=NZ-2,2 Step 13
C
If(ABS(CBOLT(NX,J,K)).GT.1.E-06) Then
else
zz =( w(1,J,K) + w(NX-1,J,K) + lambda*w(NX,J+1,K) +
&lambda*w(NX,J-1,K)+w(NX,J,K+1)+w(NX,J,K-1))/mu
If ( ABS( W(NX,J,K) - zz).GT.NORM) Then
NORM = ABS( w(NX,J,K) - zz)

Endif
W(NX,J,K) = zz
Endif
106 Continue
C
C Line 468 Evaluate w(0,1,0) Step 14
C

If(ABS(CBOLT(0,1,0)).GT.1.E-06) Then
else
zz = ( w(NX-1,1,0) + lambda*g(0,0,0) + lambda*w(0,2,0) + w(1
&1,0)+w(0,1,1)+w(0,1,NZ-1) )/mu
If ( ABS( w(0,1,0) - zz).GT.NORM ) Then
NORM = ABS( w(0,1,0) - zz)
Endif
w(0,1,0) = zz
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Endif

C
C Line 468 Evaluate w(0,1,K) for K=1,NZ-1 Step 14
C
DO 1156 K=1,NZ-1
If(ABS(CBOLT(0,1,K)).GT.1.E-06) Then
else
zz = ( w(NX-1,1,K) + lambda*g(0,0,K) + lambda*w(0,2,K) + w(
&1,1,K)+w(0,1,K+1)+w(0,1,K-1) )/mu
If ( ABS( w(0,1,K) - zz).GT.NORM ) Then
NORM = ABS( w(0,1,K) - zz)
Endif
w(0,1,K) = zz
Endif
1156 Continue
C
C Line 468 Evaluate w(0,1,NZ) Step 14
C
If(ABS(CBOLT(0,1,NZ)).GT.1.E-06) Then
else
zz = ( w(NX-1,1,NZ) + lambda*g(0,0,NZ) + lambda*w(0,2,NZ) + w
&(1,1,NZ)+w(0,1,1)+w(0,1,NZ-1) )/mu
If ( ABS( w(0,1,NZ) - zz).GT.NORM ) Then
NORM = ABS( w(0,1,NZ) - zz)
Endif
w(0,1,NZ) = zz
Endif
C
C Line 744 Evaluate w(l,1,0) for 1=1,NX-1 Step 15
C

Do 107 I=1,NX-1
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If ((ABS(CBOLT(I,1,0)).GT.1.E-06).0R.(ABS(GBOLT(l,1, 0)-EP).LE
&.1.E-06)) Then
else
zz =(lambda*g(1,0,0)+w(l-1,1,0)+lambda*w(l,2,0)+w(I+ 1,1,0)+
&w(l,1,1)+w(l,1,NZ-1))/mu
IF ( ABS( w(l,1,0) - zz).GT.NORM) Then
NORM = ABS ( w(l,1,0) - zz)
Endif
w(l,1,0) = zz
Endif
107 Continue
C
C Line 744 Evaluate w(l,1,K) for 1=1,NX-1, K=1,NZ-1Step 15
C
Do 1107 K=1,NZ-1
Do 1107 I=1,NX-1
If ((ABS(CBOLT(I,1,K)).GT.1.E-06).0R.(ABS(GBOLT(I,1, K)-EP).
&LE.1.E-06)) Then
else
zz =(lambda*g(l,0,K)+w(I-1,1,K)+lambda*w(l,2,K)+w(I+ 1,1,K
&)+w(l,1,K+1)+w(l,1,K-1))/mu
IF ( ABS( w(l,1,K) - zz).GT.NORM) Then
NORM = ABS ( w(l,1,K) - zz)

Endif
w(l,1,K) = zz
Endif
1107 Continue
C
C Line 744 Evaluate w(l,1,NZ) for I=1,NX-1 Step 15
C

Do 1117 1=1,NX-1
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If ((ABS(CBOLT(I,1,NZ)).GT.1.E-06).0R.(ABS(GBOLT(I,1 ,NZ)-EP).
&LE.1.E-06)) Then
else
zz =(lambda*g(l,0,NZ)+w(I-1,1,NZ)+lambda*w(l,2,NZ)+w  (I+1,1,
&NZ)+w(l,1,1)+w(l,1,NZ-1))/mu
IF ( ABS( w(l,1,NZ) - zz).GT.NORM) Then
NORM = ABS ( w(l,1,NZ) - zz)

Endif
w(l,1,NZ) = zz
Endif
1117 Continue
C
C Line 790 Evaluate w(NX,1,0) Step 16
C
If(ABS(CBOLT(NX,1,0)).GT.1.E-06) Then
else
zz =(w(1,1,0)+lambda*g(NX,0,0)+w(NX-1,1,0)+lambda*w( NX,2,0)+w
&(NX,1,1)+w(NX,1,NZ-1))/mu
If ( ABS( W(NX,1,0) - zz).GT.NORM) Then
NORM = ABS( w(NX,1,0) - zz)
Endif
w(NX,1,0) = zz
Endif
C
C Line 790 Evaluate w(NX,1,K) for K=1,NZ-1 Step 16
C

Do 1118 K=1,NZ-1
If(ABS(CBOLT(NX,1,K)).GT.1.E-06) Then
else
zz =(w(1,1,K)+lambda*g(NX,0,K)+w(NX-1,1,K)+lambda*w( NX,2,K)
&+wW(NX,1,K+1)+w(NX,1,K-1))/mu

103



If ( ABS( W(NX,1,K) - zz).GT.NORM) Then
NORM = ABS( W(NX,1,K) - zz)

Endif
wW(NX,1,K) = zz
Endif
1118 Continue
C
C Line 790 Evaluate w(NX,1,NZ) Step 16
C
If(ABS(CBOLT(NX,1,NZ)).GT.1.E-06) Then
else
zz =(w(1,1,NZ)+lambda*g(NX,0,NZ)+w(NX-1,1,NZ)+lambda*w(NX,2,N
&Z)+W(NX,1,NZ-1)+w(NX,1,1))/mu
If ( ABS( W(NX,1,NZ) - zz).GT.NORM) Then
NORM = ABS( w(NX,1,NZ) - zz)
Endif
W(NX,1,NZ) = zz
Endif
C
C Line 503 Check to see if we're done. Step 17
C
If (NORM.LE.TOL) Then
Go to 5000
else

el = el + 1.0
Endif
10 Continue
6000 Continue
Write(6,*)el,'Number of iterations exceeded. Run unsucce ssful.’
Write(56,*)el,'Number of iterations exceeded. Run unsucc essful.'
NoGood = 1
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Go To 5000
5000 Continue

Return

End
CCCCCCCCCcCrrrrreecececececececceeceeecececceccaumecececececececececce
C Line 520 Subroutine NBC

C

C SUBROUTINE NBC(l,J)

C IMPLICIT REAL (A-H,0-2)

C IMPLICIT INTEGER (I-N)

C REAL xh,g

C COMMON /g/ g(500,500)

C COMMON /w/ w(0:500,0:500)

C COMMON xh

C gtemp = g(I,J)

C IF(I.LEQ.0) THEN

C a(1,d) =(2.0*w(1+1,J)+g(l,J-1)+g(l,J+1)-4.0*gtemp)/ (2.0*xh)
C ELSE

C g(1,d) = -(2.0*w(l-1,J)+g(l,J-1)+g(l,J+1)-4.0*gtemp) /(2.0*xh)
C ENDIF

C RETURN

C END

CCCCCcCcCcCreeceececececeeceeceecececececececececececececcececcececcecece
C Line 540 Subroutine RANDOM
C

SUBROUTINE RANDOM(ISEED,RVAL)

Integer ISEED

Real RVAL

ISEED = 2045*ISEED + 1

ISEED = ISEED - (ISEED/1048576)*1048576

RVAL = REAL(ISEED +1)/1048577.0
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RETURN
END
CCCCCCCCcCcCrrreeeecececececececceeccececcececeececcamececccecccececececcecce
C Line 351 Subroutine CBOLTCAND
C
SUBROUTINE CBOLTCAND(NX,NY,NZ)
IMPLICIT REAL (A-H,0-2)
IMPLICIT INTEGER (I-N)
REAL g
COMMON /CBOLT/ CBOLT(0:500,0:500,0:500)
COMMON /GBOLT/ GBOLT(0:500,0:500,0:500)
COMMON /g/ g(0:500,0:500,0:500)
COMMON /w/ w(0:500,0:500,0:500)
COMMON /x/ x(0:500)
COMMON /y/ y(0:500)
COMMON /z/ z(0:500)
C
C Line 189 Create the array for the candidates for the bolt ste p
C
Rewind(10)
DO 120 K=0,NZ
DO 120 J=1,NY-1
DO 120 1=0,NX
ABSCBOLTIJ = ABS(CBOLT(l,J,K))

C
C Line 196 Reset the bolt values for the next evaluation
C
If(ABSCBOLTIJ.GT.(1.E-06)) w(l,J,K)=CBOLT(l,J,K)
C
C Line 200 Check for candidate above a current bolt gridpoint in the
C CBOLT file
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If(J.LE.(NY-1)) Then
P4=CBOLT(l,J+1,K)
If( (ABS(P4).LE.(1.E-06) ).AND.

&( ABSCBOLTIJ.GT.(1.E-06) ) ) Then

Write(10,%)1,3,K,1,J+1,K
ENDIF
ENDIF
C

C Line 211 Check for candidate to the left of a current bolt gri
C

If(1.LEQ.O) Then
P1=CBOLT(NX-1,J,K)

else
P1= CBOLT(-1,J,K)

Endif

If( ( ABS(P1).LE.(1.E-06) ).AND.

& ABSCBOLTIJ.GT.(1.E-06) ) ) Then

Write(10,)1,J,K,I-1,J,K

endif

C

C Line 221 Check for candidate to the right of a current bolt gr
C

If(I.LEQ.NX) Then
P2=CBOLT(1,J,K)

else
P2=CBOLT(I+1,J,K)

Endif

If( ( ABS(P2).LE.(1.E-06) ).AND.

&( ABSCBOLTIJ.GT.(1.E-06) ) ) Then

Write(10,%)1,J,K,1+1,J,K
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ENDIF
C

C Line 211 Check for candidate in front of a current bolt gridp oint
C

If(K.EQ.0) Then
P5=CBOLT(l,J,NZ-1)

else
P5= CBOLT(l,J,K-1)

Endif

If( ( ABS(P5).LE.(1.E-06) ).AND.

& ABSCBOLTIJ.GT.(1.E-06) ) ) Then

Write(10,)1,,K,1,J,K-1

endif

C

C Line 221 Check for candidate behind a current bolt gridpoin t
C
If(K.EQ.NZ) Then
P6=CBOLT(l,J,1)
else
P6=CBOLT(l,J,K+1)
Endif
If( ( ABS(P6).LE.(1.E-06) ).AND.
&( ABSCBOLTIJ.GT.(1.E-06) ) ) Then
Write(10,%)1,3,K,1,J,K+1
ENDIF
C

C Line 231 Check for candidate below a current bolt gridpoint
C

If(J.GE.1) Then
P3= CBOLT(,J-1,K)
If( ( ABS(P3).LE.(1.E-06) ).AND.
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&( ABSCBOLTIJ.GT.(1.E-06) ) ) Then
Write(10,%)1,d,K,1,J-1,K

endif
Endif
120 CONTINUE
C
RETURN
END

CCCCCCCCCcCrrreeeecececececececceeccecececececeececcamcecccececececececcecce
C Line 351 Subroutine GBOLTCAND
C
SUBROUTINE GBOLTCAND
IMPLICIT REAL (A-H,0-2)
IMPLICIT INTEGER (I-N)
REAL CBOLT,GBOLT,g
COMMON NX,NY,NZ,xh,yk,zj, ECRIT,GBOLTINIT
COMMON /CBOLT/ CBOLT(0:500,0:500,0:500)
COMMON /GBOLT/ GBOLT(0:500,0:500,0:500)
COMMON /g/ g(0:500,0:500,0:500)
COMMON /w/ w(0:500,0:500,0:500)
COMMON /x/ x(0:500)
COMMON /y/ y(0:500)
COMMON /z/ z(0:500)
C
C Line 985 Create the array for the candidates for the bolt ste p
C
Rewind(11)
C Write(6,*)'This is within GBOLTCAND',NX,NY,NZ,GBOLTINIT
DO 120 K=0,NZz
DO 120 J=0,NY-1
DO 120 I=0,NX
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If(ABS(GBOLT(1,J,K)-GBOLTINIT).GT.1.E-06)Then
C
C Line 200 Check for candidate above a current bolt gridpoint in the
C GBOLT file
C
If(ABS(GBOLT(I,J+1,K)-GBOLTINIT).LE.1.E-06) Then
gridptdiff= w(1,J,K)-w(l,J+1,K)
gpdf = gridptdiff/yk
If (ABS(gpdf).GE.ABS(ECrit)) Then
Write(11,%)1,3,K,1,J+1,K
ENDIF
ENDIF
C
C Line 211 Check for candidate in front of a current bolt gridp oint
C
If(K.EQ.0) Then
gridptdiff=w(1,J,K)-w(l,J,NZ-1)
GBOLTCHK5=GBOLT(l,J,NZ-1)
else
gridptdiff=" w(l,J,K)-w(1,J,K-1)
GBOLTCHK5=GBOLT(l,J,K-1)
Endif
If(ABS(GBOLTCHK5-GBOLTINIT).LE.1.E-06) Then
gpdf = gridptdiff/xh
If (ABS(gpdf).GE.ABS(ECrit)) Then
Write(11,%)1,J,K,1,J,K-1
ENDIF
Endif
C
C Line 221 Check for candidate behind a current bolt gridpoin  t

110



If(K.EQ.NZ) Then
gridptdiff=w(1,J,K)-w(l,J,1)
GBOLTCHK6=GBOLT(l,J,1)
else
gridptdiff=w(l,J,K)-w(l,J,K+1)
GBOLTCHK6=GBOLT(l,J,K+1)
Endif
gpdf = gridptdiff/xh
If(ABS(GBOLTCHK6-GBOLTINIT).LE.1.E-06) Then
If (ABS(gpdf).GE.ABS(ECrit)) Then
Write(11,)1,,K,1,J,K+1
ENDIF
Endif
C
C Line 211 Check for candidate to the left of a current bolt gri
C
If(1.LEQ.O) Then
gridptdiff=w(1,J,K)-w(NX-1,J,K)
GBOLTCHK1=GBOLT(NX-1,J,K)
else
gridptdiff=" w(l,J,K)-w(I-1,J,K)
GBOLTCHK1=GBOLT(I-1,J,K)
Endif
If(ABS(GBOLTCHK1-GBOLTINIT).LE.1.E-06) Then
gpdf = gridptdiff/xh
If (ABS(gpdf).GE.ABS(ECrit)) Then
Write(11,%)1,J,K,1-1,J,K
ENDIF
Endif
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C Line 221 Check for candidate to the right of a current bolt gr idpoint
C
If(I.LEQ.NX) Then
gridptdiff=w(1,J,K)-w(1,J,K)
GBOLTCHK2=GBOLT(1,J,K)
else
gridptdiff=w(1,J,K)-w(l+1,J,K)
GBOLTCHK2=GBOLT(I+1,J,K)
Endif
gpdf = gridptdiff/xh
If(ABS(GBOLTCHK2-GBOLTINIT).LE.1.E-06) Then
If (ABS(gpdf).GE.ABS(ECrit)) Then
Write(11,)1,J,K,1+1,J,K
ENDIF
Endif
C
C Line 231 Check for candidate below a current bolt gridpoint
C
If(J.GE.1) Then
GBOLTCHK3= GBOLT(,J-1,K)
IF(ABS(GBOLTCHK3-GBOLTINIT).LE.1.E-06) Then
gridptdiff=" w(l,J,K)-w(l,J-1,K)
gpdf = gridptdiff/yk
If (ABS(gpdf).GE.ABS(ECrit)) Then
Write(11,%)1,3,K,1,3-1,K
ENDIF
endif
Endif
Endif
120 CONTINUE
RETURN
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END
CCCCCCCCCCCClTTTrrreeececcecececececcccaanuuuuuuuuuacc
C Subroutine LowerBound
C

SUBROUTINE LowerBound(NX,NY,NZ,IGchoice,EP)

IMPLICIT REAL (A-H,0-2)

IMPLICIT INTEGER (I-N)

REAL CBOLT,GBOLT,g

COMMON /CBOLT/ CBOLT(0:500,0:500,0:500)

COMMON /GBOLT/ GBOLT(0:500,0:500,0:500)

COMMON /g/ g(0:500,0:500,0:500)

COMMON /x/ x(0:500)

COMMON /yl y(0:500)

COMMON /z/ z(0:500)

Set the lower boundary, which represents the ground. If IGc  hoice
equals= 1 -> lower bdry. is flat, potential = 0.0.

O o0 o0

If (IGchoice.EQ.1) Then
113 Read(401,* END=114)1,K,J
g(1,0,K)=EP
GBOLT(I,0,K)=EP
Go to 113
114  Continue
Endif

Set the lower boundary, which represents the ground. If IGc  hoice
equals= 2 -> lower bdry. is periodic hilly, with peak at 1 gri d
height, potential = 0.0

O o0 o000

If (IGchoice.EQ.2) Then
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123 Read(402,*, END=124)I,K,J

g(1,0,K)=EP

Do 125 L=0,J

GBOLT(I,L,K)=EP

125 Continue

Go to 123
124  Continue

Endif

Set the lower boundary, which represents the ground. If IGc  hoice
equals= 3 -> lower bdry. is a flat plane with a building rough ly
the size of the Empire State building, or 5 cells high, by 1 x 2
cells at the base, or roughly 1365' tall and 273" x 546' at the base

O o0 o000

If (IGchoice.EQ.3) Then

133 Read(403,* END=134),K,J

g(1,0,K)=EP

Do 135 L=0,J

GBOLT(I,L,K)=EP

135 Continue

Go to 133
134  Continue

Endif

Set the lower boundary, which represents the ground. If IGc  hoice
equals= 4->lower bdry. is a 'fractal' surface | generated u sing my
random number generator. | stepped through each grid point of the
x-y plane and assigned a value between 0 and 7 as a z-componeh

O o0 oo o0

If (IGchoice.EQ.4) Then
143 Read(404,* END=144)I,K,J
9(1,0,K)=EP
Do 145 L=0,J
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GBOLT(I,L,K)=EP
145 Continue
Go to 143
144  Continue
Endif
Return
End

B.1.1 Random Number Generator

A random number generator is one that ideally provides a ses of numbers, possibly
within a speci ed range, where each value in the sequence beao particular relationship
to any other values within the sequence. More precisely, ihe knows the previous values
generated,a; to ay 1, one has no way of estimating what value will be assigned to ajutity
ay -

Various methodologies exist for creating an e ective rando number generator. Extensive
research continues to optimize computer routines to allovaf true random number generated
streams, ones with no hidden structures, repetitions, or ndes.

For my purposes | used the random number generator noted in nyenerable copy of
Etters "Structured FORTRAN 77 for Engineers and Scientists"[Etter 1990], which makes
use of the di erence between the real number system and theating point number system
used in computers, and the related value of the machine emsil For a good discussion of
this e ect, refer to the article by Khali Kalbasi in the April 1990 issue of "IEEE Potentials".

SUBROUTINE RANDOM(ISEED,RVAL)

Integer ISEED

Real RVAL

ISEED = 2045*ISEED + 1

ISEED = ISEED - (ISEED/1048576)*1048576

RVAL = REAL(ISEED +1)/1048577.0

RETURN

END
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The subroutine takes advantage of the single precision cdplity of the UNIX system,
generating values that are too large for the system to stord.he result is the generation of
a random number, between 0.0 and 1.0. This particular formation of a random number
generator requires a seed value to initiate the generatiori a stream of random numbers.
If the same seed value is input, the same stream of disassteshvalues is produced. This
was an important aspect for my envisioned computer code. Fdetails of the algorithm, one
may refer to A Portable Random Number Generator for Use in Signal Processj, by S. D.
Stearns from Sandia National Laboratories Technical Reptst
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APPENDIX C

SUGGESTED NEW GUIDELINES

As | have mentioned in my thesis, through my thesis researchogether with my
background in movement and dance | have arrived at what | belve to be an improvement
on the current nationally approved recommendation for peonal lightning protection. While
my suggested revision is not directly related to my thesis wik, if it is indeed found to be

an improvement, it could potentially save lives.

C.1 Current Guidelines

A review of the current literature or web-sites yields theseexamples of the current
guidelines for what to do if caught for instance in a eld and gu believe a lightning strike
is imminent.

From the National Lightning Safety Institute's website, we nd for instance, at

http://www.lightningsafety.com/nlsi _pls/Ist.html

"2. IF OUTDOORS...Avoid water. Avoid the high ground. Avoid open spaces. Avoid all
metal objects including electric wires, fences, machinergnotors, power tools, etc. Unsafe
places include underneath canopies, small picnic or rainedters, or near trees. Where
possible, nd shelter in a substantial building or in a fullyenclosed metal vehicle such as a
car, truck or a van with the windows completely shut. If lighhing is striking nearby when
you are outside, you should:

A. Crouch down. Put feet together. Place hands over ears to nimize hearing damage
from thunder.

B. Avoid proximity (minimum of 15 ft.) to other people.”

Similarly, from the Department of Commerce, National Ocedn and Atmospheric
Administration, O ce of Oceanic and Atmospheric Research, National Severe Storms
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Laboratory, we nd these guidelines from Bill Roeder with tle National Weather Association
(http://www.nwas.org):

" Level-5: USE THIS ONLY AS A DESPERATE LAST RESORT! If you are outside
and far away from a safer place, proceed to the safest locatiolf lightning is imminent, it
will often give a few seconds of warning: hair standing up,rgling skin, light metal objects
vibrating, seeing corona discharge, and/or hearing a crdokg or "kee-kee" sound. If you are
in a group, spread out so there are several body lengths beemeeach person. Once spread
out, use the lightning crouch - put your feet together, squatlown, tuck your head, and cover
your ears.

When the immediate threat of lightning has passed, continukeading to the safest place
possible. Remember, this is a desperate last resort; you anech safer following the previous
guidance and avoiding this high-risk situation."

In the above two examples and elsewhere the suggestion foraivto do if you are caught
out in the open and believe a lightning strike is probable ishat you should crouch and have
your feet close together and cover your ears. The reasonirgyas follows: crouching makes
you a lower target and less likely to be struck.

Having your feet together, or as | have read in some instancégalancing on one foot,
comes from the fact that many people, | believe the great majty, are harmed not by a
direct lightning strike, but by the lightning striking near them and then the current traveling
through the ground to potentially harm them. The level of ham has a relationship to the
distance between your two feet along the direction of travedf the lightning current. Thus,
if you were standing with a distance of .5 meters between yotwo feet and a bolt struck
twenty meters to your right or left, you would have a greater lsance of su ering adversely
than if the bolt struck twenty meters directly in front or behind you. Or if the distance
between your two feet were 1 meter rather than .5 meters andehbolt struck to your right
or left, you would have a greater chance of harm occurring taoy. Covering your ears is of
course to protect you from the thunder.
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C.2 Proposed Modi cation to the Guidelines

| would suggest that rather than crouching with your feet togther or on one foot, you
do what our ancient ancestors would probably want us to do anthat is to run. If you can
run crouching over, all the better, but run.

Along with a bachelors degree in physics | also have an exta@smovement and dance
background. 1 believe in fact that it was Judy Massee, mypance 110instructor at Reed
College, who taught me initially that when you are running, ér 50 % of the time you are on
one foot and the other 50 % of the time you are in the air. Hencby running, you not only
minimize your contact to the ground but you may also attempt b move to safer environs.

By running you have the chance that the lethal part of the wavefront might pass
underneath you while you are airborne, or at the worst it hitavith one foot on the ground,
and your momentum might allow you to break contact for a crittal instant. As | noted
before, if you can run and crouch, that would be ideal, but ifqu can't, | would assert the
bene ts of running outweigh your being approximately one mnter higher in relation to a
lightning discharge whose length is of the order of one to twy kilometers.
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