THE ROLE OF COSMICS RAYS

IN LIGHTNING INITIATION

By
NATHAN CARL LINDY

Bachelor of Science in Physics
Grand Valley State University
Allendale, Michigan
2007

Bachelor of Science in Mathematics
Grand Valley State University
Allendale, Michigan
2008

Submitted to the Faculty of the
Graduate College of the
Oklahoma State University
in partial fulfillment of
the requirements for
the Degree of
DOCTOR OF PHILOSOPHY
July, 2014



THE ROLE OF COSMIC RAYS

IN LIGHTNING INITIATION

Dissertation Approved:

Eric Benton

DissertatiorAdvisei

Mario Borunda

John Mintmire

Mostafa Elshahed




ACKNOWLEDGEMENTS

I would like to thank my advisor, Eric Benton, fois continued guidance throughout the
course of this project and also for being an ero¢lmentor. | would also like to thank
the current and former members of the E. V. BefRadiation Physics Laboratory: Joel
Dewitt, Tyler Collums, Rafiq Islam, Aaron Ruse, ddran Monson, Robert Honeyman,
Meysam Tavakoli, Rajesh Panthi, and Joseph Rossr @sistance on this project as
well their camaraderie was important to me. | esdy wish to thank Aaron Ruse for
setting up both the Boltek Electric Field Mill attte cosmic ray muon detectors that that
were used in this work and Robert Honeyman forhalhelp with the developing the
software used analyze the cosmic ray muon detentay and Oklahoma Lightning
Mapping Array data sets.

| would also like to thank William Beasley and Dahyetersen of the University of
Oklahoma’s School of Meteorology for their help awpport of this work. | would like

to especially thank Danyal Petersen for providingngnof the electrical and lightning
discharge photographs, monitoring the cosmic rapmmdetectors, and explaining the
physics of electrical discharges in the atmosplae the different lightning initiation

models used in this work. There is very little mstwork that has not been improved
because of the help and support of Danyal Petersen.

Special thanks also goes to Art Lucas for the ndisgussions about and advice he had
for this work. | also wish to thank the authorsGdRSIKA for all their help and support
during this project.

Finally, 1 wish to thank the members of my graduetenmittee for taking the time to
review this work.

This work was part of the Oklahoma State UniverBiadiation Physics Laboratory and
University of Oklahoma’s School of Meteorology @dibration supported by the
DARPA Nimbus program.

iii
Acknowledgements reflect the views of the author and are not endorsed by committee
members or Oklahoma State University.



Name: Nathan Carl Lindy

Date of Degree: JULY, 2014

Title of Study: THE ROLE OF COSMIC RAYS IN LIGHTNIN INITIATION
Major Field: Physics

Abstract: From electric field measurements, the maximum ete@elds typically found
within a thunderstorm are an order of magnitude ¥omak to initiate a lightning
discharge. Relativistic electrons produced in galacosmic ray (GCR) extensive air
showers (EAS) in the atmosphere have been theotizbd accelerated in thunderstorm
electric fields and initiate long lived RelativistRunaway Electron Avalanches (RREA).
RREAs produce an increasing number of high eneegprsdary electrons, which also
initiate further RREAs. The RREA and hybrid lightgi initiation models propose that
RREAs produced in thunderstorm electric fields abvke to initiate lightning discharges.
The RREA model proposes that RREAs produce a sriicnumber of high energy
secondary electrons to generate a lightning digghdrhe hybrid model proposes that the
RREAs ionize the atmosphere and generate a plagmawoenergy electrons that
enhances the thunderstorm electric field suffidjetd that a lightning discharge can be
initiated by hydrometeors. Using the Monte CarladecCORSIKA 6.790, the fair
weather EAS secondary electron environment has dieamnated and has been found to
have a maximum secondary electron density of =0 MeV secondary electrons™m
and includes >1 GeV secondary electrons at aruadtiof 6 km. This population of
secondary electrons was then propagated througheasured thunderstorm vertical
electric field profile to determine if there aresafficient number of secondary electrons
to initiate a lightning discharge according to bttt RREA and hybrid models. There
was not a sufficient numbers of secondary electfamseither model to initiate a
lightning discharge, but the hybrid model only regd an order of magnitude increase in
the number of electrons in order to initiate atigng discharge compared to the ten
orders of magnitude required by the RREA modelcBymbining the data from a ground
based cosmic ray muon detector array and the Oklahaghtning Mapping Array, it
was found that at >90% confidence level, that hghg initiations within 1 km of the
cosmic ray detector array were preceded by theapas®f an EAS through the
thunderstorm.
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CHAPTER |

INTRODUCTION

Lightning is a beautiful, yet mysterious natural epbmenon. Associated with
thunderstorms worldwide, lightning discharges aesesal kilometer long electrical
discharges that propagate through the Earth’s ghswe. Worldwide, there are on
average 81 lightning discharges per second beingraded by weather satellites.
Thunderstorms are not evenly distributed throughwlorld, with the majority of them
occurring over coastal land areas near the eqUaloin the United States, there is a
large variation in the lightning discharge rate. ithe rate lightning discharges are
produced, in the different geographic areas. Thi @gion, especially central Florida,
has the highest lightning discharge rate within tloatinental United States. The
Midwest, South East, Texas, and Oklahoma havedkemghest lightning discharge rate
[2]. Thunderstorm systems in Florida tend to contdozens of small thunderstorms
compared to the single, large (and generally sg¢vdenderstorm supercells that can
affect more inland areas such as Oklahoma [3]omparison to these other areas, there
is little lightning activity in the Northern and WWeern parts of the continental United
States. On average, 25 to 30 million lightning désges reach the ground over the
continental United States every year [2].

Every year, damage to structures and property dugghtning discharges accounts for

5% of the insurance claims in the United States |#4]Oklahoma, a typical single story

house is struck by lightning approximately everyt8@60 years [1]. The time between

lightning strikes for a two story house is approaiely a quarter of the time for a single

story house [4]. The average insurance claim dukgltning damages for a house is

$916 [5], but house fires started by lightning deges can completely destroy a home
[4]. The estimated property damage due to lightrdisgharges is between $300 million

to $1 billion per year in the United States, makiinthe eighth most expensive source of
property damage [4, 5].



Table 1.1: Activities with the most reported ligimm related fatalities in the United States
between 2006 and 2012 [Modified from 6]

Activity Number of Reported Percentage of all
Fatalities Reported Fatalities
On or Near Water 56 24%
Non-Water Sports 29 12%
Walking 16 7%
Camping 15 6%
Farming or Ranching 11 5%
Riding Bicycle or
Motorcycle 10 4%
Social Gathering 9 4%
Yard Work 8 3%

In addition to the property damage, lightning iscakesponsible for injuring and killing
people. Between approximately 40 deaths and ov@iir§0ries in the United States per year
are attributed [4, 6]. Table 1.1 shows the eighiviies with the most reported lightning
related fatalities in the United States between6280d 2012 [6]. Activities that occur on
water such as fishing, swimming or boating have greatest number of lightning related
fatalities. Approximately half of those fatalitiescur while the victims are fishing (46%) [6].
The activity with the next highest number of liginiap fatalities is non-water sports such as
golf and soccer. Contrary to what one might thihkré are more soccer related fatalities
(41%) than golf related fatalities (28%) [6]. Redjass of the activity, lightning related
fatalities are all preventable if the proper wagsirare heeded [4].

Combining the preventable deaths and cost of ptpmEmage, lightning discharges have
been deemed to be a negative effect on society agynorganizations [4]. One such
organization, Defense Advanced Research Projectsn@g (DARPA), has made basic
lightning research a priority through their NimiRoject. The work presented in this thesis
was part of the collaboration between the Oklahddtate University (OSU) Radiation
Physics Laboratory and the School of MeteorologthatUniversity of Oklahoma (OU) for
the DARPA Nimbus project.

Over the years, various properties of lightningché&ges, such as lightning channel
propagation and thunder generation mechanisms leeme successfully modeled. However,
there is no current model that can accurately des¢he conditions required for lightning
initiation in a thunderstorm. Ground based expeni®ehave determined that for normal
thunderstorm conditions (pressure, temperature, ratadive humidity) an electric field of
1500 to 2000 kV i is required to create a conventional electric ftisge. The required
electric field for dielectric breakdown is an oragrmagnitude larger than the electric fields
2



measured within thunderstorms [3, 7, 8]. This dipancy between the measured electric
field within a thunderstorm and the experimentakguired electric fields for electrical
discharges represents a large gap in our undemtpaofithe lightning discharge process.

Two proposed lightning initiations models are thelad®vistic Runaway Electron Avalanche
model presented iGurevich et al[9] and the hybrid model presentedHatersen et al[10].
The RREA model theorizes that relativistic secopdelectrons from galactic cosmic ray
(GCR) extensive air showers (EAS) are responsittelightning initiation [9]. GCRs are
high energy particles, mostly protons and heavg,idhat originate from outside the solar
system and arrive more or less isotropically atttpeof the atmosphere. Within the Earth’s
atmosphere, GCRs initiate high energy particle adss that generate secondary particles
and photons over a several square kilometer atea.s€condaries from a single GCR are
collectively called an EAS [11, 12]. Within a thuwrdtorm, the relativistic secondary
electrons of an EAS are accelerated by the thutaterselectric fields. These accelerated
relativistic electrons initiate long lived electr@valanches, i.e. an exponentially growing
population of electrons, in the thunderstorm callBelativistic Runaway Electron
Avalanches (RREA). According to the RREA model, thensity of electrons within an
RREA is sufficient to initiate a lightning discha&{0]. The hybrid model theorizes that high
energy electrons inside an RREA also generategargopulation of low energy secondary
electrons as they propagate through the atmosphkiepopulation of low energy secondary
electrons creates an ionized plasma in the thutaters Inside the ionized plasma, the
ambient electric field is enhanced up to the dieledreakdown electric field threshold,
either directly or by means of hydrometeors, allayvinitiation of conventional hydrometeor
discharges [10].

There are three research objectives in this wohe flrst objective is to determine the fair

weather, i.e. no thunderstorm, secondary energkgatron environment, i.e. flux and energy
spectrum, from cosmic ray EASs. The secondaryreleanvironment is an important input

parameter for both the RREA and hybrid lightningiation models. Because there are few
published measurements of secondary electron dens#t altitudes <12 km where

thunderstorms occur, the secondary electron envieoh was modeled using the cosmic ray
Monte Carlo code CORSIKA 6.790 [11, 13].

The second objective is to determine if there am@ugh secondary electrons from EASs to
initiate lightning for either the RREA or hybrid mels in typical thunderstorm electric
fields. Previous studies of the RREA model had uskdtric fields up to the dielectric
breakdown electric field strength [9, 14, 15, 16, 18, 19], which are not observed in
thunderstorm electric field measurements [3, 7,24, This work uses electric fields that
have been measured in thunderstorms and shouldiprasuitable verification of the RREA
and hybrid models.



The third objective is to attempt to obtain expenmtal evidence correlating the passage of
EASs through a thunderstorm with lightning inittati Because the majority of secondary
electrons range out, i.e. lose all of their kinetitergy and recombine with the atoms and
molecules within the atmosphere, before reachimggtound [11], this work uses ground
based measurements of the secondary muons, whadcisar produced in EASs, to detect the
passage of EASs through that atmosphere [11]. Muwesleptons like electrons, but
approximately two hundred times more massive, aeduastable [12]. Secondary muons
from EASs are typically very energetic and reach ghound before decaying [11, 22]. The
secondary muons are measured by a ground basedca@gmmuon detector array built by
my collaborator, Aaron Ruse, formerly of the OSUdR&on Physics Laboratory [23]. To
detect the passage of EASs, an array of four ottisenic ray muon detectors was built and
deployed in Norman, OK. EASs produce secondary mwwer a large area, so coincident
measurements between multiple cosmic ray muon weseanply that an EAS has just
passed through the atmosphere right above the.artey passage of an EAS through the
array is then compared to nearby lightning inibatas measured by the Oklahoma Lightning
Mapping Array (OKLMA) to determine if the passageEASs through the thunderstorm
coincides with lightning initiation.



CHAPTER Il

EARTH'S ATMOSPHERE

Thunderstorms are meteorological systems that dpweithin the Earth’s fair weather

atmosphere. The fair weather atmosphere, inclugingient electric and magnetic fields,
are necessary components in the development ofignsiorms and the propagation of
GCR EAS secondary particles through the atmosphere.

2.1. Composition and Layers of the Atmosphere

The Earth’s atmosphere can be considered as a lemoog mixture of gases, water in all
phases, and solid and liquid aerosols. Dry air,allethe gases in the atmosphere except
for water vapor, makes up the bulk of the atmosplaed consists primarily of NO,,

Ar, and CQ with many other gases in trace amounts. TablstoWs the molar fractions
of the main components of dry air. Trace gases, ®kand CQ, play a large role in the
chemistry of the atmosphere, but have a negligffiect on macroscopic processes such
as thunderstorm development [24, 25].

Table 2.1: Molar Fractions of Dry Air [7].

Gas Molar Fraction
N> 0.7809

(O)) 0.2095

Ar 0.0093
(6{0) 0.0003




The amount of water in the atmosphere is highlyiabde and has a large effect on
weather in general. On a global scale, the amouwiater in the atmosphere depends on
the latitude, geography, and season. The mixturedsn water vapor and air is called
moist air and has slightly different physical prds than normal dry air, e.g. the
density of moist air in the middle of a thundersias ~3% lower than dry air [26]. It is
these slight differences between moist and drytheit account for cloud formation and
thunderstorm development. Liquid water and ice &lan be found in the atmosphere as
precipitation, graupel (mushy hail-like ice pami€l inside clouds), and cloud
condensation nuclei.
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Figure 2.1. Plot of the pressure, density, and ®&atpre profiles of the Earth’'s
atmosphere as functions of altitude. The tempezgiwfile determines the boundaries of
the different layers of the atmosphere [7, 20].



Aerosols are non-gaseous particles, such as dustganic compounds, and large ions,
i.e. groups of neutral particles that collect amum single charged particle, that are
suspended in the atmosphere. These aerosols achdsnsation nuclei for water vapor
in the atmosphere, effectively limiting the sizedlarumber of clouds, raindrops, and ice
particles. Near the ground, most aerosols areentdat pollution and by ionization from
terrestrial radioactivity. The pollution travels ugo the atmosphere and either directly
becomes an aerosol or forms a large ion along wititer neutral particles in the
atmosphere. Large ions also form high in the atmesp from particles ionized by
galactic cosmic rays. At thunderstorm altitudespsels make up only a tiny fraction of
the entire atmosphere (aerosols have a densityelet# and 2Q.g m*® compared to the
~1 kg m® density of dry air [25, 27]). However, aerosolsypla large role in the
formation of clouds and precipitation, so any macopic understanding of a
thunderstorm must include microscopic understandfragrosols [25, 27].

The Earth’s atmosphere is relatively well mixedidstn the Earth’s surface and the edge
of space, ~100 km above the Earth’s surface. Becadisthe Earth’'s gravity, the
atmosphere is not homogenous over its entire vallimséead the density and pressure of
the atmosphere decrease exponentially with altinglexpected for an ideal gas [7, 25].
Over half of the mass of the atmosphere is fourldvwban altitude of 6 km. [13]. The
temperature profile of the atmosphere does not etz an ideal gas and is very
dependent on altitude. Figure 2.1 shows atmosplemnsity, pressure, and temperature
profiles between altitudes of 0 and 100 km from th&. Standard Atmosphere and
MacGorman & Rus}7, 20].

The Earth’s atmosphere can be divided into fouroregbased on how the temperature
changes with altitude. The atmospheric region rtear ground, where temperature
decreases linearly with altitude, is called thetgphere. Between 10 and 20 km above
the Earth’s surface, the troposphere gives wayhéo stratosphere where temperature
increases with altitude. This increase in tempeeasidue to the absorption of ultraviolet
radiation from the sun by atmospheric ozone. Theasghere starts around 50 km above
the ground where again temperature decreases Mitida. Finally, around 80 to 90 km,
the average temperature increases sharply and lscdmghly variable in the
thermosphere. The thermosphere trails out intoespad is the first region affected by
radiation from the sun. The boundaries between kg vary with local conditions and
season, and are called the tropopause, stratopandemesopause, respectively [28].
Thunderstorms are generally confined to the tropesp with only the largest storms
extending above the tropopause.



2.2. Fair Weather Electric Field

The ultraviolet radiation from the sun causes ttraoaphere in the thermosphere to
ionize, creating an electrically conducting regadpositive charge called the ionosphere.
With the exception of charged aerosols, the atmergpls made up of neutral gases and
can be treated as a slightly lossy dielectric. $ihwface of the Earth is a relatively good
conductor because of the salt in the oceans andl metmpounds found in soil. From
Wilson’s measurements [8], it is known that thefate of the Earth is, on average,
negatively charged. The Earth can be thought af sgsherical capacitor, with the Earth’s
surface and ionosphere acting as two sphericalumiads and the atmosphere in between
acting as the dielectric. There exists an eleéieid between the Earth’s surface and the
ionosphere called the fair weather electric fi@a][
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Figure 2.2. The fair weather electric field meaduld the Venture 1 building in
Stillwater, OK between 5/4/2013 to 5/7/2013 by dt&o Atmospheric Electric Field
Monitor [29]. The theoretical value of the fair weer electric field was taken to be
-0.120 kV m' [10]. Central Standard Time (CST) is 5 hours latean Coordinated
Universal Time (UTC).



The first reported measurement of the fair weatlectric field was by Lemonnier in
1752, soon after Benjamin Franklin discovered tleetacal nature of lightning [3, 30,
31]. The average fair weather electric field vafesween -100 and -150 Vhon the
ground with the negative sign indicating that tireation of the electric field is towards
the Earth. An empirical formula for the fair weatletectric field below 60 km is,

E(z) = —[93.8¢7*5%277 + 44470375 4 11.8¢701217] (2.1)

wherez is the altitude measured in kilometers, &f{g) is the fair weather electric field
measured in V i3]. Figure 2.2 is a plot of the fair weather efacfield measured by a
Boltek Atmospheric Electric Field Monitor [29] loesl atop the Venture 1 building in
Stillwater, OK, between the dates of 5/4/2013 WZA)13.

A dominant feature of the fair weather electriddishown in Figure 2.2 is the diurnal
variation. The fair weather electric field reacteesnaximum downward field strength
near the middle of the afternoon and is at a minmnauring the night. This variation is
due to the changing shape (and electric potentiabhe ionosphere produced by the
interaction with the solar wind [30, 31].

2.3. Global Electric Circuit

In order for the fair weather electric field to be-100 V m' on the ground, the potential
difference between the ionosphere and Earth nemdset~250 kV. However due to
galactic cosmic rays, the atmosphere is slightlydctive with a columnar resistance of
~200 Q between the ground and the ionosphere in fair eeatonditions [30], so the
atmosphere acts like dRC circuit. The capacitance of the spherical Eartio8phere
capacitor can be determined by,

C = 4me, W (2.2)

where the capacitan€2is measured in Faradsan, is the radius of the Earthyg, is the
radius of the ionosphere, ahds the scale height of the atmosphere. The s@&hth,

is the altitude where the atmospheric densitgiof its density at sea level. The scale
height is used instead of the actual height ofatmosphere because the atmospheric
density decreases exponentially with altitude. Earth, the atmospheric scale height is
7 km compared to the ~100 km actual height of theoaphere [30]. The capacitance of
the Earth-ionosphere is between 0.6 and 0.7 F,ndiapg on the location on the Earth.



The time constant for the atmosphdRi€ circuit is

T=RC ~ (0.7F)(200 Q) = 140 s. (2.3)

The atmospheri®kC circuit is a discharging capacitor, so in a manoeminutes, the
Earth should be completely discharged and the ie@ather electric field should no
longer exist. According to Figure 2.2, the fair wea electric field can be measured
continuously for periods of days, so there must soene natural process that is
continuously charging the Earth.

The charging mechanism, together with the Eartlesphere capacitor, is called the
global electric circuit and is illustrated in FiguR.3. Recent satellite data has confirmed
the decades old estimates that there are ~100@emstorms covering ~1% of the Earth’s
surface at any given time, with the majority ofddaghunderstorms occurring over land
and near the tropics [20]. Each thunderstorm omameedelivers ~-200 C of charge to the
Earth and it has been proposed that it is thissteanof electric charge that keeps the
Earth’s surface charged and the fair weather etefottd detectable. In order to complete
the circuit, C.T.R. Wilson proposed that an eleatfricurrent travels from the tops of
thunderstorms to the ionosphere, which is callet&dicurrent [30, 31].

There are still unknowns in the global electriccait, such as the columnar resistance
near mountains and elevated locations. One of tia problems with the global electric
circuit is that thunderstorms are not completelgiarstood, especially with regard to how
a thunderstorm transfers charge to the Earth’sasarf Originally only lightning
discharges were assumed to transfer all the elechrarge to the Earth, but several
studies [30, 31] have shown that both charged ablr@hd point discharges also deliver
charge to the Earth’s surface. Charged aerosolstreasfer charge directly by being
absorbed by falling precipitation or indirectly bging removed from the thunderstorm
region by strong winds. Point discharges, otheriisewn as corona discharges or St.
Elmo’s fire, are non-sparking electrical dischargesised by the enhancement of the
local, ambient electric field. Common objects thaght enhance the local electric fields
during a thunderstorm are blades of grass, leavesal poles, and even aerosols. An
object undergoing point discharge ionizes the sumiding air molecules (possibly
glowing a pale blue color), but does not createughoions to generate an electrical
spark. Thunderstorms generate large numbers of g@charges near the ground, which
delivers large amounts of charge directly to thettEs surface [3, 30, 31]. Some
researchers claim that up to 60% of the total ctirteansferred to the Earth’s surface
comes from non-lightning sources [31].
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Figure 2.3: The global electric circuit both in tEnosphere and as an equivalent circuit.
Numerical values are estimates of the real valuelsadl calculations are accurate to an
order of magnitude [30].

2.4. Earth’s Geomagnetic Field

Within the Earth’s atmosphere, the Earth’s geomagrield can be approximated as a
dipole magnet with the ends at the near North amatiSpoles [32]. It is interesting to
note that the South magnetic pole of the Eartloeated in Northern Canada [33]. The
Earth’s magnetic field is generated by the rotatbtiquid iron within the Earth’s core
[34]. Charged particles in motion within the atmiosge, especially low energy electrons,
are deflected by the Earth’s geomagnetic field .[E3)e to small variations within the
Earth’s core, the Earth’s magnetic field varieshwidcation and time [33, 34]. The total
magnetic field strength in 2010 is shown in FigRi4.
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Figure 2.4: Contour map of the total strength ef Barth’s magnetic field in nT for 2010
[33].

From the International Association of Geomagneteamd Aeronomy'’s latest IGRF 11
model, the total magnetic field strength at the mdetector telescope array in Norman,
OK was 50.696UT on 1/29/2014 [33]. The cosmic ray Monte Carlo €e@@ORSIKA
uses the Earth’s magnetic field as defined in IGRHRo transport secondary cosmic ray
particles through the atmosphere accurately [13].
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CHAPTER III

THUNDERSTORM DEVELOPMENT

Thunderstorms start to form when large amounts oistmair rise in the atmosphere
through a process called convection. The risingrass begins to cool and the water
vapor within the air mass begins to condense inabervdroplets and freeze into ice.
These water drops and ice particles continue tevgrosize inside the thunderstorms
until they become too large to be held in suspensithin the atmosphere. Water drops
and ice particles that are no longer suspendedeirmtmosphere begin to fall towards the
ground as precipitation. In thunderstorms, lighgnidischarges typically occur after
precipitation begins to fall [20].

Water drops and ice particles also become polaiizéide fair weather electric field and
become conductors in the atmosphere. Collisionwd®t the different forms of water
result in the generation of electric charge. Astthenderstorm develops, charged water
drops and ice particles of different polarities separated and collected in large regions
called charge centers. The charge centers are n&bjm for generating the strong
electric field within an active thunderstorm [20].

3.1. Convection

In order for a thunderstorm to develop, there ntnestin upward movement of a warm,
moist air into the upper troposphere. This upwao¥y@ment of moist air is an example of
convection and thunderstorms are categorized byphblysical process that creates this
convection. Warm air is less dense than cold aigsslong as an air mass is warmer than
the surrounding environment, the air mass will heyant in the atmosphere. As an air
mass rises, it cools via adiabatic expansion amgdedses in temperature. However, the

atmospheric temperature also decreases with atiwithin the troposphere. If the air
13



mass cools more rapidly than the atmosphere,dé&sis inhibited. If the air mass cools
less rapidly than the atmosphere, it remains buogad continues to rise. If the warm air
mass contained only dry air, the maximum altitueleched by a buoyant air mass would
be around 30 km, high in the stratosphere wherestheric temperature increases with
altitude [25].

Convection slows as all the Water

Tropopause
freezes into ice.

LNB Free convection increases as wate -40° C
now freezing into ice. Due to the lack
of aerosals, a mixture of supercooled
liquid water and ices exists within the
thunderstorm.

0° CIsothermal  Free convection begins due to 0°C
condensation of water vapor. Air
mass contains a mixture of liquid
and gaseous water.
Dew Point

LFC Convection is started by air masses
being forced into the atmosphere from
the local weather or geography. Water
is mostly in the gaseous phase.

Ground

Figure 3.1. Diagram depicting convection currenithivww a thunderstorm: A warm, moist
air mass is forced into the cooler atmosphere wtierevater vapor begins to condense at
the LFC located at the dew point isothermal. THease of the heat of vaporization
increases the rate of convection through free odiove Free convection continues
above the 0°C isothermal when the gaseous andligater can free into ice particles
and ends at the LNB at the -40°C isothermal, wiadiréorms of water convert to ice
particles [Adapted from 25].

Water vapor within a rising air mass is responsiblethe formation of large cumulus

and lightning producing cumulonimbus clouds. Unlikg air, water vapor will condense

into liquid water when the air mass cools to thes g@int temperature. At the dew point
temperature, the air mass is said to be saturatedh in meteorological terms means
that liquid water is more favored to exist than evatapor. A saturated air mass would
ideally condense all of its water vapor into liqwdter at the dew point temperature, but
typically there are not a sufficient number of @ale (condensation nuclei) within a
thunderstorm for this to occur. Without a suffidiemumber of aerosols acting as

condensation nuclei, the air mass will contain ssgterated water vapor along with
14



liquid water cloud droplets [25]. The altitude whicorresponds to the dew point of the
ambient air is called the cloud condensation 1€€€lL) and is the altitude where clouds
begin to form in the atmosphere. A rising, warm jshair mass needs to cool more than
the surrounding ambient air, so the altitude oflgsv point is higher than the CCL. The
altitude corresponding to the dew point temperatfra rising, warm, air mass is the
level of free convection (LFC) and is higher th&we {CCL, but below the tropopause
[25].

Above the LFC, water vapor from the rising air masadenses into liquid water cloud
droplets, releasing the latent energy of vapomzainto the air mass. This energy raises
the internal energy of the air mass and speedagkent of the air mass, resulting in a
process called free convection. In free convectiba,air mass gains more energy from
phase transitions of water than is lost to overogngravity and drag. Free convection
continues to accelerate the air mass higher ird@mtmosphere as long as water vapor is
being converted into liquid water, which is in pdependent on whether or not there are
a sufficient number of aerosols and other condensaurfaces within the atmosphere
[25, 35].

Once an air mass reaches the altitude of the @bthermal, liquid water begins to freeze
into solid ice particles called graupel and clooe, ireleasing the latent heat of freezing
into the air mass. This provides another sourcenargy for free convection. The air
mass will continue to rise in the atmosphere uallilits gaseous and liquid water is
converted into ice, which is the level of neutrabgancy (LNB) [25]. Near the Earth’s
surface, liquid water quickly freezes into ice lvel6°C due to the large availability of
surfaces on to which the ice can condense in aepsocalled heterogeneous freezing
[25]. Aerosols and other ice particles are the mulgfaces onto which liquid water can
freeze high in the atmosphere, and, as with theleogation of water vapor to liquid
water, can be relatively uncommon within a thuntders. Thus some of the liquid water
may remain above the 0° C isothermal, the air nb@g®mes a mixture of supercooled
liquid water and ice. Below -40° C, water molecullesth vapor and liquid) can directly
freeze without any requiring condensation nucleiainprocess called homogenous
freezing [25]. Since water can spontaneously frdetew -40° C, air masses above the
-40° C isothermal quickly lose their source of ined energy and only continue to rise
due to its momentum. The most energetic air masaes been known to rise above the
tropopause, which is above the -40° C isotherma). [8ir masses above the LNB are
cooler than the surrounding air and actually beginfall back towards the ground,
possibly bringing rain, hail, and strong downwarthag called microbursts. Figure 3.1
shows the major steps of moist air convection ithuanderstorm. Another name for a
rising air mass is a parcel and the process ofd#gtorm convection as described above
is called parcel theory [25, 35].
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3.2. Thunderstorm Formation

Convection is the main mechanism that moves lamgmuats of water into the
atmosphere so a thunderstorm can develop. Conuetgfiically occurs over land where
the ground heats faster than the air above. Tleiates a warm air mass near the ground
that becomes buoyant and begins to rise. Alteralgtithe geography of a region might
push an air mass high into the atmosphere (for plamind pushing up the side of a
mountain) and initiating convection. Both processesate what is called an air mass
thunderstorm (also known as an isolated or scattdleinderstorm). Air mass
thunderstorms generally do not last very long (30utes to an hour) and do not often
produce hail and are unlikely to produce tornad¢@s]. Figure 3.2 shows the
development of an air mass thunderstorm.

Tropopause

LNB Water begins to freeze, increasing the rate of -40°C
convection. The increasing rate of convection causes

the cumulus cloud to grow pass the LNB.

Precipitation begins to fall and the cumulus cloud
becomes a cumulonimbus cloud (dark grey).

0° C Isothermagye \yater vapor in the wet air mass begins oc

to condense and forms a cumulus cloud
(grey).

LFC Awarm, wet air mass (white) begins to raise /T\ Dew Point
in the cooler atmosphere. A difference of a

single degree is enough for convection to
begin.

Figure 3.2. Development of an air mass thunderstongist air masses are forced into
the atmosphere due to convection and the waterrviaggins to condense into small
water droplets above the LFC. A cumulus cloud isnfed by these water droplets and
continues to grow in the atmosphere up to the LNBe cumulus cloud becomes a
cumulonimbus once precipitation begins to form [piga from 35].

Ground
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Longer lived thunderstorms develop along cold amdmvfronts. Along a cold front, a
large mass of cold air moves toward a large masgaoi air. Since the warm air is less
dense, the cold air mass pushes part of the lasge\&ir mass high into the atmosphere,
creating convection. A warm front occurs when géamass of warm air overtakes and
rises above a large mass of cold air, again crgatonvection. Thunderstorms can
develop anywhere along the cold or warm fronts ead last for as long as the front
exists. Thunderstorms produced by cold fronts arerally more severe than those from
warm fronts, because the warm air is strongly forapward along the front instead of
slowly rising into the atmosphere. Figure 3.3 ilages both cold and warm front
thunderstorm convection. Because of the size af aod warm air fronts, thunderstorms
that develop along air fronts are called mesodtalederstorm systems [20, 35].

Cold Front Warm Front

Cold AT uarm Al Cold Air \ Warm Air
—_—> <« -« D

@) (b)

Figure 3.3. Diagrams illustrating convection al@(n) cold front and (b) warm front. (a)
An advancing cold air mass forces a nearby warmnass into the atmosphere,
producing large cumulonimbus clouds. (b) An advagovarm air mass overtakes and
rises above a cold air mass, producing rain-prodgucstratus clouds and few
cumulonimbus clouds [Adapted from 35].

A strong and stable amount of convection is charatic of severe thunderstorms,
which allows them to grow taller than the tropomauesnd to produce hail, wind
microbursts and tornados. Severe thunderstormgesrerally long lived ( >1 hour) [35].

All types of thunderstorms (air mass, mesoscald,smvere thunderstorms) can develop
as a series of individual thunderstorm cells. Edminderstorm cell can be >8 km in
radius and move according to local wind conditigaeng air mass fronts or with high
winds). A dominant feature of a thunderstorm celailarge column of upward moving
air called an updraft, which is formed by a constsupply of air masses undergoing
convection. Updrafts in a severe thunderstorm e Ispeeds of >30 ni sbut in most
air mass thunderstorms updraft speeds are betwaed 30 m $ [36]. The storm cells

belonging to severe storms are called supercedidaltheir large size. The updraft within
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a supercell can become twisted because of the stiadr, i.e. a wind strength gradient. A
twisted updraft column can lead to the formationlasfe hail, wind microbursts, and
tornadoes [36]. Figures 3.4 and 3.5 illustrateupdrafts for a typical thunderstorm cell
and a supercell, respectively.

Tropopause conyection stops above LNB. — T —

LNB -40° C

Updraft region strengthens due
to freezing of water. The rate of
convection peaks between the
0 and -40° C isothermals.

0° C Isothermal . °
Updraft region forms and rate of °c
convection increases due to
condensation of water vapor.

LFC _ _ Dew Point
Air masses slowly raise
into the atmosphere due P 4 &
to convection.

Ground

Figure 3.4. Diagram showing the strength of the raftd(arrows) in a typical
thunderstorm cell. The length of the arrows repres¢he strength of the updraft with
longer arrows representing a stronger updraft [Aefrom 20].

Regardless of type or size, a thunderstorm catisstés a cumulus cloud. The base of the
cumulus cloud rests at the CCL and builds in siizh the addition of each convective air
mass as water vapor condenses into cloud wateicand\s more moisture is brought
into the cloud by the updraft, the water dropleezdme larger in a process called
collision-coalescence, where small water dropletsde with one another and coalesce
into one larger droplet and many tiny droplets [33]. Figure 3.6 shows the relative
sizes of the aerosol particles around which watepldts form (condensation nuclei),
water droplets formed from the condensation of wedpor (cloud droplet), and a typical
raindrop.
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Tropopause

LNB -40°
The twisted updraft is 40 c
repsonisble for large hail, wind
microbursts, and tornados. ' j\

Wind Shear _> \
0° Clsothermal b6 1o \Wind Sheer, the _> 0°C
updraft begins to twist within

the supercell.
LFC ) ) . Dew Point

Air mass raises due to convection

into a supercell thunderstorm.
Ground

Figure 3.5. Diagram depicting the updraft (thiroars) of a supercell thunderstorm. High
lateral winds (thick arrows) twist the updraft imetsupercell. This twisting allows the
supercell to produce large hail, wind microburats] tornados [Adapted from 3 and 20].

Typical
raindrop
2000 pm

Typical
c?g:.ld droplet
20 pm

<)
Condensation
nucleus

o2pum

Figure 3.6. The relative sizes of raindrops, liqutbud droplets,
(condensation nuclei) needed for the condensafitiquad water [37].
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As water droplets get larger and more massive, liegyn to fall out of suspension in the
air mass and are kept aloft by the updraft. Oneeatbight of a water droplet overcomes
the force of the updraft, the water droplet falisthe ground as a rain. If the cloud is
above the 0° C isothermal, then graupel, whiclormetimes called soft hail [25], is also
often present. Graupel creates precipitation thmnotige Bergerson process. In the
Bergerson process, liquid water freezes onto gtaumsking larger ice particles that fall
out of suspension just like raindrops. At very ctddhperatures and in strong updrafts,
the Bergerson process creates hail, but in normedderstorm conditions it creates rain,
sleet, or snow depending on how close the 0° Chésotal is to the ground [25, 35].
Figure 3.7 shows a flow chart of how different ferof precipitation are formed within
thunderstorms.
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Figure 3.7. Flow chart describing how differentrfier of water are created within a
thunderstorm. Sleet is considered a form of graapéhil in this chart [20].
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As convective air masses rise, the cumulus cloogvgiin height, rising above the 0° C
isotherm. As precipitation begins to fall, the tdarstorm enters the mature stage of its
development. Lightning discharges also start taioend reach a peak flash rate during
the mature stage of a thunderstorm [3]. The cumeilusd grows all the way to the LNB
or possibly above the tropopause. As the precipitdtegins to falls, the cumulus cloud
becomes a cumulonimbus cloud. Falling precipitaidso causes the surrounding air
masses to fall with it, creating a downdraft. Oa gliound, the downdraft creates the high
winds generally associated with thunderstorms.dfoair mass thunderstorm, these high
winds sweep away warm masses that were poweringptieaft, which causes the storm
to dissipate quickly. For mesoscale and severedémstorms, as more precipitation falls,
the downdraft gets stronger and eventually ovegtatkee updraft, which begins the
dissipating phase of the thunderstorm [35, 37].

During the dissipating phase of the thunderstonmegipitation continues to fall, which is
now being powered by the water stored in the cldodgead of convective air masses.
Lightning still occurs, but is less frequent. FHigB.8 shows a diagram for each of the
different phases of a thunderstorm.

It is common to see a thunderstorm system devekygecially along fronts, with multiple
storm cells in various stages of development spovad several hundred square miles. A
single storm cell does not generally last for thére length of a thunderstorm system;
instead older storm cells are constantly beingasgd by younger storm cells. However,
supercells, once matured, can last for hours aadelrhundreds of miles before
dissipating [35, 36].

0o Isothermal

2

(a) )] ) Ground
Cumulus Maturs

Figure 3.8. The different phases of a thunderst@amnCumulus stage, b.) Mature stage,
and c.) Dissipating Stage. The arrows show theaivelanotion of the air masses and the
vertical straight lines represent precipitation §ted from 35].

21



3.3. The Electrical Environment of a Thunderstorm

Benjamin Franklin was the first to associate thustdems and lightning discharges with
electric charge, but because of the complex natdiréhunderstorms, he could not
determine the electrical charge structure of a deustorm [38]. Over a hundred years
ago, C.T.R. Wilson using ground based electricdfieheasurements found that
thunderstorms generally have a positive chargeonegbove a negative charge region
[8]. These observations were later confirmed witkather balloons by G.C. Simpson
[39]. An electrically charged region located ab@amther charge region of the opposite
charge is called a dipole [20]. In meteorology,oligs do not necessarily require the
electric charge of the charge regions to be equm apposite [20]. Simpson’s

measurements from inside a storm cell also showad & region of positive charge,

smaller in magnitude than either of the main chamgaers, often exists near the bottom
of the storm cell [39]. The combination of a maomspive dipole, named for the positive
charge being above the negative charge, and ther |@maller positive charge is called
the dipole/tripole model, as illustrated in Fig3:8.

Tropopause ( i
+ ++ + +
12 km Main Positive Charge Center ++ + + L40° C
50 C +

8 km Main Negative Charge Center 20°C

-50C
5km Lower Positive Charge Center 0°C

5C

Ground

Figure 3.9. The dipole/tripole model of the elenticharge structure of a thunderstorm
cell [Adapted from 10].
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In the dipole/tripole model, the main, upper charggions are assumed to have the same
magnitude of electric charge [3, 20]. The amounglettric charge accumulated in each
of the main charge centers varies from £20 to +C2[25]. Measurements have found
that the upper main charges are bound betweensth€ and -40° C isothermals. The
lower positive charge center is not always preseatthunderstorm, and when present is
centered at the 0° C isothermal. Negative chargemerally compacted near the -10° C
to -20° C isothermal, while the positive chargevidely dispersed all the way up into the
top of the thunderstorm cell. The two main chargaters are separated by less than a
kilometer [3, 20, 40]. The location of the chargmters depends on the altitude of the
isothermals and not actual altitude as shown inrgi@.10.

20

Summer
storms

+
16 }—

Florida New Mexico

Winter
storms

proaen

Figure 3.10. Charge centers inside a thunderstdrrdiferent locations and during
different seasons [3].

0

The charge structures of large thunderstorm cellsliecome much more complex than
the basic dipole/tripole model. Additional chargenters have been measured both
vertically and laterally adjacent to the main cleaenters within some thunderstorm
cells. It is even possible for a negative chargeaereto be laterally adjacent to a positive
charge center, depending on the exact geometryeofniunderstorm cell. Typically, the
electric charge centers within the updraft regioliofv the dipole/ tripole model [41]. In
strong downdraft regions of a storm cell, havingrfor five charge regions stacked on
top of one another can be common [20].

23



The very top of the thunderstorm has been foundotwtain a thin layer of negative
charge called a screening layer and may be dugetagper main positive charge center
and to Wilson currents, i.e. currents that travenhf the top of thunderstorms towards the
ionosphere [20, 31]. Originally, the lower positislearge center was also thought to be a
screening layer for the main negative charge cehtércurrently there are no theories to
explain why so much positive charge is gatherethat location. Even Feynman made
the comment about the lower positive charge ththtngs would be simpler if it [lower
positive charge] weren't there” [42]. Figure 3.1dpitts a more realistic electric charge
structure of a thunderstorm. Individual thundenstaells have also been observed under
some circumstances to have a negative dipole (nmegative charge center above a main
positive charge center) instead of the typicallgeed positive dipole [25, 39, 41].

Tropopause
-40° C
sk | - - |- -20°C
Downdraft + | +++ - - Updraft
++ +

+ |+ ++

N\ 2N + 0°C
5km f I —+ | +

+ + +
Precipitation ‘ ‘ ‘ ‘ ‘ ‘ Convection

Ground

Figure 3.11. Diagram displaying the different clerdgound within the updraft and
downdraft regions of a thunderstorm cell. A raisaigmass creates an updraft (upward
arrows), which continues to raise to the top of tthenderstorm and then begins to fall
creating a downdraft (downward arrows). The dowfidaso brings precipitation to the
ground. The charge centers in the updraft regiosety follow the dipole/tripole model,
but there can be additional charge centers in tendraft region [Adapted from 41].

The electric charge centers of the thunderstornubiireately responsible for the electric
field within and outside the thunderstorm. Electfield measurements within active
thunderstorm are typically made by balloon or aftcborne electric field mills [41]. The
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results from a balloon-borne electric field mill for both the updraft and non-updraft
regions of a small New Mexican thunderstorm cedlstvown in Figure 3.12.

Within the updraft region, the thunderstorm can decurately described by the
dipole/tripole model with an upper negative scragrayer. However, in the non-updraft
regions more charge centers are needed to explairlectric field measurements. In
both regions, the magnitude of the electric fiddahed a maximum magnitude of 100
kV m* between altitudes of 4 and 8 km. According to aesie using the Oklahoma
Lightning Mapping Array (OKLMA), the majority of ghtning discharges that reach the
ground originate within this 4 and 8 km altitud&J4Further studies have found that the
average maximum electric field strength in thuntberss is 130 kV i [20, 44].
However, near lightning discharges the electrittifiises to >200 kV i [21]. Balloon
borne instruments have measured electric fieldength >300 kV i within a
thunderstorm before being struck by lightning aedttbyed [21].
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Figure 3.12. Balloon measurements of the electietd,f temperature, and relative
humidity within a) updraft and b) non-updraft reggoof an air mass thunderstorm as a
function of altitude. The black solid line is thieetric field strength measured in kV’m
using the atmospheric sign convention (directiorthef field is opposite to the normal
physics definition), the blue dashed line is thagerature of the atmosphere in °C, and
the green thin line is the relative humidity witsspect to liquid water for temperatures
>0 °C and with respect to ice for temperatures €0 FThe colored bars on the side of
each plot are the locations of the charge centéfsred being positive charge and grey
being negative charge [41].
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Figure 3.13. Diagram used to determine the elefi&id at a point on the ground at some
distanceD from a thunderstorm via the method of images.Hha diagramH is the
altitude of the charge centers above the groundfamlthe distance below the ground of
the image charge centers for the main positM@)( main negative NIN) and lower
positive LP) charge centers of a thunderstorm [Adapted frorarkD45].

The electric field because of the thunderstorm gharenters can be measured on the
ground with electric field mills. For a single thderstorm cell with the same charge
center distribution as shown in Figure 3.9, theteile field strength on the ground can be
calculated by assuming that the charge centersspinerical symmetric (not a good
approximation [3, 20]), that the ground is a perfeonductor (which is a good
approximation [3, 20, 31, 40]), and use the metbidhages [45]. Figure 3.13 illustrates

26



the geometry assumed above and Figure 3.14 ig afplloe electric field as a function of
horizontal distance from the thunderstorm.
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Figure 3.14. Plot of the electric field on the gnduas a function of distance from the
thunderstorm shown in Figure 3.9. The positive teledield is pointed away from the
Earth’s surface

Directly below the thunderstorm, the lower main atége center dominates and the
electric field measured on the ground becomes glyomegative, i.e. pointing towards
the ground. At some distance away from the thunders the direction of the field
changes direction due to the combined effects eflthver secondary and upper main
charge centers. Without the lower secondary peasitiarge center, the electric field
would never change direction [3, 20]. The distaasgay from the thunderstorm where
the electric field changes direction, is called rieersal distance [3, 20].

Actual thunderstorms are found in clusters and lmwee complex charge structures, so
electric field measurements are never as simpkhawn in Figure 3.14. An example of
an actual field electric mill measurement of a bgahunderstorm system is shown in
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Figure 3.15. Figure 3.16 shows the Oklahoma Ligigivapping Array (OKLMA) data
for the same thunderstorm system shown in Figurg [3.6].
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Figure 3.15. Plot of the electric field measuredajrom a thunderstorm system that
occurred on 5/31/2013 and 6/1/2013 by a Boltek EFM-Atmospheric Electric Field
Monitor. The Electric Field Mill has a range of +R¥ m™?, so any electric field outside
that range is cut off [29]. Note that there is adur difference between UTC and CST
time zone and LMA sources are associated withdiglgt discharges.

On the roof of the Venture | building in Stillwatg€dK are several different instruments
that continuously monitor the local weather comdhig, including a ground level electric
field mill and a lightning detector. The bulk ofetlsensors are part of the WLS Digital
Weather Station suite from Texas Weather Instrusmdnt. which measures wind
direction and speed, amount of rain, solar irrackatemperature, humidity, and pressure
[47]. Also, there is a quadrifilar antenna thateiges images from National Oceanic and
Atmospheric Administration (NOAA) Polar Orbiting #@nonment Satellite (POES) [48].
The sensor suite includes a Boltek lightning detetitat can detect lightning discharges
in 2D over the majority of Oklahoma [49] and a R&ltAtmospheric Electric Field
Monitor (i.e. electric field mill), which measurése ground level electric field [29]. Data
from the electric field monitor can be seen in Fegu3.15. This collection of different
sensors has recorded several thunderstorms passnétillwater, OK.
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Figure 3.16. The OKLMA data from the thunderstorystem near Stillwater, OK on
5/31/13 and 6/1/13 [46].

One feature in the electric field measurementhésrapid, small decreases in electric
field strength that can be seen between 20:00 ari02n Figure 3.15. It was these types
of decreases in the electric field strength that.R. Wilson associated with lightning

discharges and which led to the theoretical modiehe main positive dipole within a

thunderstorm [3, 8, 20]. The electric field duriaghunderstorm is at least an order of
magnitude larger than the fair weather electritddfieand some organizations use this
rapid change in the ground level electric fieldpt@dict when a thunderstorm will be

overhead [4, 8].

Due to the presence of the thunderstorm electetddj positive charge on ions
accumulates between the thunderstorm and the grolmeke regions of accumulated
positive charge are called space charges and gimaifl the strength of the thunderstorm
electric field on the ground [4, 20, 30, 31]. Lagmcentrations of ions in a space charge
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region can undergo a point discharge, i.e. nonkspgrelectrical discharge, in the
atmosphere [20, 30, 31]. It is believed that upQ@&o of the charge required to sustain the
global electric circuit comes point discharges frepace charges and ground based
structures [31].

Within the thunderstorm, electric charges are edran polarized water droplets and ice
particles called hydrometeors [20]. Like the spabarges below the thunderstorm,

hydrometeors are believed to undergo point disehargtrong electric fields. Due to the

order of magnitude difference in the electric fisldength between the ground and the
inside of a thunderstorm, hydrometeors undergomigtdischarges may be responsible
for a lightning discharge [10, 20, 36].

3.4. Hydrometeors

Hydrometeors are any form of liquid or solid watthin the atmosphere, including

raindrops, cloud droplets (tiny water dropletsaugel (mushy hail or sleet), snow, and
hail  [3, 20, 36]. Lightning discharges originaieove the 0° C isothermal, where both
liquid water droplets (cloud droplets) and solick iparticles (graupel and hail) are
common [20, 50]. Figures 3.17 is a photograph ofcanparticle of the type that forms

within an active thunderstorm.

Figure 3.17: Photograph of an ice particle growrth@ same conditions as those found
within a thunderstorm [50].
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Due to the polar nature of water, hydrometeors lec@olarized in ambient electric
fields [20, 40]. In the fair weather electric figlthe positive edge of the hydrometeor is
directed towards the ground and the negative eslig@nards the top of the atmosphere.
In strong electric fields, the bound charges ofwlaer drop can separate the water drop
into two smaller droplets with a thin conductingaohel called a filament [20, 40]. Figure
3.18 shows a drawing of a deformed water dropstr@ng electric field.

Due to this polarization, all hydrometeors createlow the -40°C isothermal, all
hydrometeors are also electrically conducting ardome the charge carriers for the
entire thunderstorm. All the electric charge getestavithin the thunderstorm, such as in
the charge centers and screening layers, is cdwyiégdrometeors [20, 40].

In order for the charge centers and the strongtredefields of the thunderstorm to
develop, the hydrometeor must first be charged Heparated from other hydrometeors,
and collected in the charge center regions [40¢ @lmarging, separation, and collecting
mechanisms within a thunderstorm are still notyfulhderstood [10, 20, 36, 40, 50].

Filament
E

Water
\% Droplet

Figure 3.18: Drawing of a water drop in a strongctic field. The electric field first
polarizes the water drop then the charges begseparate into two smaller water drops
joined by a very thin conducting pathway calledanient [Adapted from 20].
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3.5. Thunderstorm Charging Processes

The electrical charging process begins with moigym air being brought into the
atmosphere by some means of convection. The wafgorvin the air mass begins to
condense above the dew point isothermal (LFC) aeezé above the 0°C isothermal,
forming hydrometeors. Due to the rarity of aerosiolsthe thunderstorm, there is a
mixture of liquid and solid hydrometeors in thenderstorm all the way up to the -40°C
isothermal.

When created, these hydrometeors are only a fewomgters in size and are held
suspended in the atmosphere by the updraft ofhimederstorm. The hydrometeors are
moved around by the turbulence in the thunderstamoh collide with one another. The
hydrometeors grow in size through the collisionleseence process for water drop-on-
water drop collisions and Bergerson process foen@top-on-ice or ice-on-ice collisions
[20, 35]. Eventually the hydrometeors grow too éatg be suspended by the updraft and
begin to fall.

Falling hydrometeors provide the first method fdrame generation and separation
within the thunderstorm. The falling hydrometeopdarized by the fair weather electric
field, with positive charge towards the groundshswn in Figure 3.19.

Figure 3.19: Diagram of a polarized hydrometeotha fair weather electric fields
[Adapted from 20]
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(a) (b)

Figure 3.20: Diagram of a falling water drop bremkapart due to the Lenard (waterfall)
effect: (a) a polarized, falling water drop becordeformed due to air resistance and (b)
the deformity becomes too great and the water drepks apart. After breaking apart,
the newly formed water droplets have a positiveghand the remnant of the water drop
has a net negative charge [Adapted from 35].

For very large falling liquid hydrometeors, the essistance causes the water drop to
deform. If the water drop is large enough, thisodefation will cause the leading edge of
the water drop to break apart, leaving many tirogitovely charge water droplets and a
now negatively charged main water drop. The updrithe thunderstorm will push the
tiny positive droplets back up into the thundenstothus separating positive and negative
charges. The larger, negative charge will eith&tioae to fall or will be pushed back up
by the updraft, but due to the size, will be pushedto a lower altitude than the tiny
positive water droplets. This process is calledltkeard (or Waterfall) effect [35, 36]
and a diagram of the process is shown in Figur@. 3.2

Falling liquid hydrometeors that do not break aphre to air resistance also acquire an
electric charge due to Wilson’s Selective lon Ceaptprocess [20, 39, 40]. In the
Selective lon Capture process, the polarized hydtear collects free ions in the
atmosphere as they fall in the thunderstorm. lamscharged aerosols, are naturally
created in the atmosphere from the passage of cosags or brought up into the
thunderstorm by the updraft [20, 24, 40]. The fajlwater drop is polarized by the fair
weather electric field so that the leading edgehef water drop is positively charged.
This causes positive free ions to be repelled ftoenleading edge of the water drop and
negatively charged free ions to be attracted tosvardl acquired by the leading edge [20,
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40]. A diagram illustrating Wilson’s Selective I@apture process is shown in Figure
3.21.

Falling Hydrometeor

) be
v

Free lons
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Figure 3.21: Diagram illustrating Wilson’s Seleetiton Capture process: A falling

hydrometeor is polarized by the fair weather eledield such that the falling edge is

positively charged. Free ions in the atmosphereaacelerated by the positive charge on
the falling edge and either are repelled (positores) or attracted (negative ions). The
hydrometeor collects the attracted negative ionsichv gives the hydrometeor a net
negative charge, leaving only positive ions inveke [Adapted from 35].

The Lenard effect first generates charged hydroongtby breaking apart a polarized
hydrometeor then the charged hydrometeors are ategaby the updraft. Due to their
smaller size, the updraft sends the positively gb@drwater droplets higher into the
thunderstorm than the negatively charged main wditgy. Also, falling water drops that
don’t break apart will selectively remove negatikee ions in the higher regions of the
thunderstorm, leaving an excess of positive frees,iothrough Wilson’s Selective lon
Capture process. Both the Lenard effect and thediis Selective lon Capture processes
are responsible for the initial electrification thie thunderstorm, such as seen in warm,
non-thunderstorm rain clouds [40]. The electricstiure of a thunderstorm continues to
develop with two additional methods of chargingluative and non-inductive charging
[20, 40].
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Figure 3.22: Diagram of two hydrometeors undergaimdyctive charging: (a) A strong
ambient electric fieldg, polarizes the two hydrometeors. One of the hydteors is
falling relative to the other hydrometeor. (b) Aftae hydrometeors collide, some of the
bound charges neutralize each other, leaving thegdydrometeor with a net negative
charge and the other hydrometeor with a net pestharge [Adapted 35].

Once an ambient electric field is established withi thunderstorm cell, such as by
Wilson’s Selective lon Capture process [20], thdappation of the hydrometeors

strengthens and solid hydrometeors become condudfitnen two charged conductors
collide with one another, the charges are transfebetween the two conductors in order
to neutralize any excess electric charge. In thee @ collisions between supercooled
water drops and ice particles or between two orennce particles, the colliding edges of
the hydrometeors can exchange charges. Even with@aiss charge on a hydrometeor,
the polarized charges on the edges of a hydromeéeoexchange in a collision [20, 40].

In the method of inductive charging of reboundiragtigles (i.e. inductive charging), a
falling hydrometeor collides with a stationary hguoreteor while in a strong

(>10 kV mi?) electric field [20]. In the strong ambient eléctiield, the hydrometeors are
strongly polarized so that the leading edge of fddkng hydrometeor will have the

opposite polarity as the top edge of the stationaygrometeor. When the two

hydrometeors collide, charges are transferred legtvilee two hydrometeors in order to
neutralize the bound charges. After the collisitwe, two hydrometeors will be left with

excess electric charge of equal and opposite amountdiagram of the inductive

charging process is shown in Figure 3.22.
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Inductive charging can generate large numbers afggd hydrometeors in a relatively
short period of time (~ 1 minute) compared to WilsoSelective lon Capture process
(~10’s minutes), but the required strong ambiemcteic field means the inductive

charging method only works near the main chargdecgrof the thunderstorm [40].

Electric charge can be found throughout the thustden cell regardless of the strength
of the ambient electric field [20]. The inductiveazging method does explain how the
thunderstorm recovers so quickly after a lightndigcharge, but not how the bulk of
electric charges are generated within the thunodenstn the first place. Non-inductive

charging processes are required to explain how bi& of the electric charge is

generated within an active thunderstorm [20, 40].

Non-inductive charging processes do not requirelactric field to operate and involves
how hydrometeors form and grow within the thunderst [40]. The majority of
hydrometeors within a thunderstorm are ice pasgithat form above the 0°C isothermal.
Along with these ice particles are supercooled wdteplets and water vapor [20].
Depending on the amount of liquid water and wagguor in the atmosphere, different
types of solid hydrometeors can form. In typicalish@onditions (liquid water > water
vapor), water freezes onto aerosols or cloud igéighes to form graupel in a process
called rimming [40]. In dry conditions (liquid wate water vapor), solid ice particles are
formed through both heterogeneous (>-40° C) or lggmeous (<-40° C) freezing [25].
The amount of moisture in the atmosphere decresisesltitude in a thunderstorm [40].
Studies have found that riming, i.e. liquid dropléteeze onto an ice crystal, causes the
hydrometeor to become negatively charged whereegggon, i.e. two ice crystals
colliding and sticking together, causes the hydiemeto acquire a positive charge [40].
Ice particles are typically found in the highesgioms of the thunderstorm, where the
main positive charge is observed, while the heagupel accumulates where the
updraft is strongest, near the 0°C isothermal wileeemain negative charge center is
observed [40]. This difference in where positive iparticles and negative graupel
collects is one type of non-inductive charging.

Another example of non-inductive charging involeedlisions between ice particles and
graupel. Ground based experiments have found flgatinount and polarity of electric

charge transferred between colliding ice partieled graupel changes with temperature
as shown in Figure 3.23 [40]. Above -20°C, the gedlacquires a net negative charge
from the ice particles, but below -20°C, the grdiugmejuires a net positive charge. The
-20°C isothermal has been observed to be the tgp efithe main negative charge center
in typical thunderstorms (See Figure 3.9) [40].

Each of the above charging processes describesd@fispaspect of electric charge
generation within a thunderstorm: initiation eldatation for Lenard effect and Wilson’s
Selective lon Capture process, rapid charge geaerafter a lightning discharge for
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inductive charging processes, and location of ahargnters for non-inductive charge
processes. There is no complete theory that sahesydrometeor problem [20, 40].
Without a complete theory of the charge generagwocesses in a thunderstorm,
fundamental thunderstorm characteristics, e.g.trédefield strength or electric charge
density, can only be determined experimentally vadmsiderable error. In regard to
understanding lightning discharges in the atmosphtre lack of a solution to the
hydrometeor problem means that there are uncedsim the electrical environment

surrounding the location of a lightning discharge.

o Charge

+0.254

-0.251

Figure 3.23: The amount of electric charge tramsteito a rimming ice particle as a
function of temperature [40].
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CHAPTER IV

LIGHTNING DISCHARGES

Lightning discharges are naturally occurring, kikier long electrical discharges that
propagate through the atmosphere. As revealed diy $peed video and photography,
lightning discharges are actually made up of séwdifferent parts: point discharges,
streamers, and leaders. According to the conveditiaghtning discharge model [10], a
lightning discharge originates from a point disgeainside a thunderstorm. The point
discharge ionizes the surrounding air and generatesries of electrical breakdowns
called streamers. The streamers travel from theatpdischarge region and ionize
additional regions of air until enough free elen@re generated to heat the air and form
a leader. A leader is responsible for creating sbeeral kilometers long conducting
pathway of a lightning discharge [3, 20].

Lightning discharges are impossible to predict andtrol, so smaller scale electrical
discharges, called long sparks, are studied inrgtdaased experiments [51]. Long sparks
are atmospheric electrical discharges that arergttein facilities where the electric
fields, geometry, and atmosphere can be controles: to their artificial nature, long
sparks are considered to be a different type ottete discharge than lightning
discharges, but long sparks still represent onthefonly ways to study the individual
electrical discharges that make up a lightninglthsge Bazelyan and Raiz€1998) [51]
provide an in depth summary of the properties n§leparks.

4.1. Long Sparks

Long sparks are artificially generated electricadcbarges that travel through the
atmosphere. Produced in ground-based electric aligelfacilities, long sparks provide a
controllable and reproducible method to generagetetal discharges in the atmosphere.
An example of the setup required to produce a Epayk is shown in Figure 4.1. Long
sparks are typically generated wiC currents between two metal conductors [52, 53].
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In comparison, lightning discharges are generatitial & DC current and do not require

the presence of metal conductors, which is why Igpayks are not considered to be the
same type of electrical discharge as lightning2(3, 51]. Long sparks are much shorter
than the several kilometer long lightning dischargeith the longest spark discharges
measure only tens of meters [53].

R

HV ) Discharge
electrode

Figure 4.1. Example of the experimental setup meguto generate a long spaty.
represents the potential difference between thehdrge electrode and the metal pl&e,
is the resistance between the high voltage powgplguHV, andl is the current through
the metal plate [54].

Long spark studies have found that the requiredtrétefield to generate an electric
discharge in dry air at sea level is 3000 k¥ [81]. An illustration of the experimental
set up to determine the breakdown electric fieldhswn in Figure 4.2. At lightning
initiation altitudes of 4-8 km, the required eléctfield for an electrical discharge is
between 1500-2000 kV Tdepending on the amount of water in the atmospftete
The average maximum electric field within a thurstiemn is only 130 kV m [20, 44],
which is more than an order of magnitude weaken tthee breakdown electric field
measured in long spark studies. This large diffezdmetween the electric field required
for breakdown and the strength of the electriafigithin a thunderstorm has been called
the lightning initiation problem.
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Long sparks are also one of the few ways to obstreedevelopment of an electrical
discharge. Being able to control the different paeters (e.g. atmospheric density,
electric field strength, etc.) of the long sparloak for the different types of electrical
discharges (point discharge, streamers, and |éattel® studied [51]. Long sparks can
be produced in conditions similar to what is fouimd a thunderstorm (e.g. using
hydrometeors instead of metal conductors, etc.)candoe used as a proxy for a lightning
discharge [10]. Electron avalanches, which are irequfor any type of electrical
discharge [51], can also be observed in long sp&pkeriments [54, 55].

1m

Figure 4.2: lllustration of an electrical breakdowetween two parallel plates: The
require potential to generate an electrical disghdretween two metal parallel plate 1 m
apart in dry air at sea level is 3 MV. Two paralihtes are used instead of the setup
shown in Figure 4.1, because irregularity shapedteldes enhances the electric field,
making it difficult to determine the required electfield for breakdown [Modified from
51].
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4.1.1. Electron Avalanches

-
s
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Air
Molecule
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Figure 4.3. Diagram of an electron avalanche prafag through the atmosphere: The
red circles are free electrons and the large wtiteles are air molecules. The blue
surrounding the electron avalanche is the glowamizied plasma generated by excitation
photons.

While not an actual electrical breakdown, electaalanches are produced by every type

of electrical discharge in order to generate thectdc charge required to sustain an

electrical discharge. Electron avalanches occuheénatmosphere when a free electron,

created by the passage of cosmic rays throughtthesphere [24], is accelerated in a

strong electric field and begins to ionize the sunding air molecules. In a strong
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electric field, a free electron can undergo seveodlisions with bound electrons before
ranging out, i.e. losing all its kinetic energy.elhounded electrons are either ionized and
become free electrons or become excited and emitoton, which can also ionize an
bound electron through the photoelectric effectcaBdary free electrons are also
accelerated in the strong electric field and calfidsowith other bound electrons. This
exponential growth in the number of free electroma strong electric field is called an
electron avalanche [44, 51]. Figure 4.3 shows grdia of an electron avalanche in the
atmosphere.

From ground based experiments, it has been shoatnetbctron avalanches give off a
dim glow due to the number of excitation photonedpiced [3]. A photograph of an
electron avalanche is shown in Figure 4.4. Expenisieshow that it takes an average
34 eV to ionize an electron in air, but the ionizatpotential for N and Q are 15.6 and
12.2 eV, respectively [51, 56]. The majority of tbéference in energy between the
average ionization energy and the ionization padaérg given off as excitation photons
[51, 55].

Figure 4.4: Photograph of electron avalanches medlun a ground based experiment
[54].
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Electron avalanches require an ambient electrld fjeeater than the breakdown electric
field in a small localized region in space in orteedevelop [51]. The maximum electric
field within a thunderstorm is about an order ofgm&de weaker than the breakdown
electric field, so electron avalanches are founar megions of enhanced electric fields,
i.e. hydrometeors or electrical discharges. Becaatethe strong electric field
requirement, an electron avalanche is typicallyyonl cm in length and generates
~10 electrons with an average energy of 20 eV [51].

Electron avalanches are not considered electrisahdrges themselves but play a major
role in any electrical discharge. Electrical disges require a large concentration of free
ions, which electron avalanches provide by bothegming large numbers of free
electrons and regions of positively charged ions.

4.1.2. Point Discharges

In order for any sort of electrical discharge teug the electric field through a medium
must be strong enough to cause the medium to ketdi conductor instead of an
insulator. For dry air, the breakdown electricdié$ 3000 kV it at sea level and STP
and decreases linearly with pressure [51]. TheKol@an electric field at thunderstorm
altitudes and conditions is approximately 1500-2680m™, while the electric fields
measured in thunderstorms typically range betwe8f-3D0 kV m' (average of
130 kV mi') [3, 20, 21, 36]. One possible way to enhanceetketric field is to introduce
conductors into the region, as shown in Figure 4.5

For ground based long spark experiments, diffesdratped metal conductors, such a
needle tips, are placed inside the strong eletigid. The ambient electric field around
the conductor can be enhanced sufficiently to pcedan electrical breakdown. These
electrical breakdowns typically occur near the paxntips of conductors and are called
point discharges. Another name for a point disch&a corona discharge [20, 51].

During a point discharge in air, free electronsl wtart an electron avalanche in the
enhanced electric field region around the condudausing that region to ionize into a

plasma and start to emit a blue or purple glow (duthe Nitrogen and Oxygen in the

atmosphere). Since the enhanced electric fieldregnly extends a short distance from
the conductor, the electron avalanches do notltfavéefore ranging out. Depending on

the polarity of any pre-existing or induced electtharge on the conductor, the electron
avalanches either develop towards (positive poisthdirge) or away (negative point

discharge) the conductor. This causes the plasmausuling the conductor to become

charged with the same polarity as the conductaf [20
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Figure 4.5. Diagram of the ambient electric fiEldarrows) in several different situations
that can result in an electrical discharge: (a) @leetric field between two parallel plates.
The field lines are straight and uniformly spad@).The electric field between the lower
positive charge region of a thunderstorm and tloairgl near a tall conductor (such as a
metal tower or building). The electric field linéend toward the conductor, especially
near any points, enhancing the electric arouncémeluctor. (c) The electric field near a
water droplet between the upper main positive amet main negative charge regions of
a thunderstorm [Adapted from 40].

In thunderstorm conditions, water droplets andpadicle act in the same manner as the
metal conductors in the long spark experimentsntPdischarges can also occur near
conducting man-made structures such as buildingwers. These point discharges
initiated at man-made structures are called StoEire after the patron saint of sailors,
since it was typically seen on the masts and lofeships at sea during thunderstorms
[20, 38, 51, 57]. A photograph of an ice partict@lergoing a point discharge is shown in
Figure 4.6. However, point discharges typicallyyoproduce a small current (0.6 —
2.4 pA per point discharge [51]) and are localized [2Q]. This means that point
discharges are not directly responsible for higtresu, large scale lightning discharges.
However, point discharges provide a location whaheer electrical discharges, such as
streamers, can be initiated.
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Figure 4.6. Photograph of an ice particle (whitéline) undergoing two different point
discharges in a ground based experiment. The gbvana is another name for the space
charge [50].

4.1.3. Streamers

Hydrometeors and metal conductors enhanced thecatddiectric field allowing electron
avalanches to develop. Electron avalanches propaigatugh this enhanced electric field
region, which causes the region to become an idnit@sma. The plasma polarizes in
strong electric field such that its edges becomargdd (the same sign as the point
discharge). The plasma is typically of the samepshas the original conductor. The
edges of the plasma are able to undergo point aligeh just like the original conductor,
and generate another region of charged plasmahi&sptocess continues, the newly
created plasma region expands farther away fronotiigenal hydrometeor in the ambient
air. These regions of charged plasma that traveluih the ambient environment are
collectively called streamers [10, 20, 51]. Figy& shows a photograph of a point
discharge generating a streamer.

The characteristics of a streamer are strongly ridgr® on the polarity of the most
recently formed charged plasma region, which idedah streamer head [51]. In a
positive streamer (which begins near a positivenpdischarge), electron avalanches
travel toward the streamer head and down to the domductivity streamer channel,
which is the previously ionized regions of the atner. The streamer channel is non-
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conducting due to recombination and attachmentgzses in the atmosphere [51]. If

enough positive charge is generated by the eleeivatanches, the streamer will advance
through the atmosphere. A diagram of the developwiea positive streamer is shown in

Figure 4.8.
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Figure 4.7. Photograph of a streamer generatednbigea particle undergoing a point
discharge in a ground-based experiment [50].

The positive streamer will continue to advance tigilothe atmosphere until it reaches a
point discharge of the opposite sign or the amb@attric field, E, drops below an
empirically determined field strength of,

h—11gm=3
E(d,h) = (497 kV m™1) (1 + i) d,

100 -3
gm (4.1)

whered is the ratio of the local air density to the aingiéy on the ground at STP ahds
the absolute humidity of the local air in unitsgpfii® [10]. In a 3% water atmosphere at
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6 km altitude, a 260 kV thelectric field is required for a positive streartepropagate.
At the ground, the electric field needed for a pwsi streamer to propagate is
>620 kV ni".

Space
/ Charge\ + Streamer

A Electron )W ﬁ/ Head
+ ) Avalanches Streamer 7
E W ﬁ 4 Channel
Plasma
Hydrometeor Hydrometeor,
(a) (b)

Figure 4.8. Diagram of the development of a posisitreamer: (a) An irregularly shaped,
positively charged hydrometeor begins to undergoiat discharge in a strong ambient
electric fieldE. This point discharge generates an irregularlystgoositively charged
plasma that also initiates a point discharge. Edechvalanches develop towards the edge
of the plasma leaving behind a positive space &gty The plasma expands into the
space charge and becomes a streamer. The forméivg@apace charge becomes the
streamer head and initiates more electrons avadsnechpeating the above process. The
original plasma, called a streamer channel, is ehal the ions from the electron
avalanches and space charges are collected. (t)m&sprogresses the streamer head
continues to propagate through the atmosphere thatibmbient electric field becomes
too weak. Also, the ions in the older sectionshef streamer channel recombine with the
air and no longer function as a plasma. Over titine,streamer becomes detached from
the original hydrometeor [Adapted from 10].

A negative streamer is generated near a negativg gdescharge and develops in a
similar manner as a positive streamer. The maiferdiice between a positive and
negative streamer is the direction of the elecwalanches. For a negative streamer,
electron avalanches develop away from the stredmead, effectively generating a
positive charge region directly in front of the aégely charged streamer head. Thus, a
negative streamer must travel through a positiagdregion before reaching any of the
electron avalanches, which is difficult without yetrong ambient electric fields (about 2
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to 3 times the field strength needed by a posistreamer [10, 51]). Consequently,
negative streamers are not very common in nornugidé@rstorm electric fields.

In general, streamers require a very large amoficharge in order to develop. It has
been predicted that a streamer would not develdip 16 ions were collected within the
streamer head of approximately gt radius [58]. The streamer channel can be a few
centimeters in length and is approximately a ceetigmin width [20, 51]. Streamers do
not have to travel in straight lines while travelithrough the atmosphere, but in general
negative streamers are straighter than positieasters since they need stronger electric
fields to propagate [52].

In long spark theory, multiple streamers are regliio cross the entire gap between the
charge centers before an ionized pathway can Ineefbin the air that will allow a long
spark to occur [51, 52]. Also, the streamers ordytinue to propagate through the
atmosphere as long as the ambient electric fieldtisnger than the electric field
calculated in equation (4.1). As shown in Figurg62the maximum electric fields only
exist within a small region of the thunderstorm amaver down to the ground [21]. In
normal thunderstorm conditions, streamers are espansible for the kilometer long
spark discharges. Instead these long spark disebaage a result of another type of
electrical discharge called a leader [51].

4.1.4. Leaders

Without an ambient electric field significantly strger than those typically measured in
thunderstorms, streamers can only travel a few nmddefore dissipating and therefore
cannot be responsible for kilometer long lightnthgcharges. However, it was found that
if multiple streamers travel through the same negial the charge generated by the
streamers not only ionizes the region, but can bksat the plasma (which is typically

some distance away from the hydrometeor) to ov@020 [10]. At these temperatures,

the entire plasma becomes conducting since eleot@ymbination and attachment rates
are reduced at high temperatures. In comparisdg,tbe head of a streamer (which is a
cold plasma) is conducting [10]. This heated plasralled a leader [10, 51].

Leaders are composed of a leader aid leader channel, which are similar to the
streamer head and streamer channel, respectiveg.leéader tip is the location on the
conductive leader where the excess charge is ctatesh, generating a very strong
electric field. Because of this electric field, @int discharge region develops around the
leader tip and generates streamers. Similar toirst pescharge, a leader has a polarity
which influences the type of streamers that areegdad. If a sufficient number of
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streamers is generated from the leader tip, theesufrom each streamer travels through
the entire leader and keeps the plasma heate®]20Figure 4.9 shows a photograph of
the different components of a leader.

-
B

channel

Streamer
Zzone

Figure 4.9. Photograph of a leader propagatingutjfitahe atmosphere. A leader is made
up of a hot plasma channel, an enhanced elec#lid fiegion tip, and a collection of
streamers that make up a streamer zone [54].

The leader channel is a heated plasma and acte@sdacting pathway from the initial
hydrometeor or metal conductor to the leader tipcdise of the heated gas, the leader
channel glows in the visible light region compatedhe ultraviolet photons generated by
point discharges and streamers [51]. However, ksadehe atmosphere are typically too
dim to be seem by the unaided eye [20, 51]. Urdilsgreamer channel, a leader channel
remains as a conducting plasma for the entireriietof the leader and can be several
kilometers in length [20, 44, 51].
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A positive leader is initiated near a positive podischarge and generates positive
streamers. A diagram of a positive leader is shiowigure 4.10. Because of the positive
streamers, the region surrounding the leader, dmatuthe leader channel, is positively
charged. This charged region around a leader lisdcalleader cover. The combination of
a conductive leader channel and the presence ofietdder cover will cause point
discharges to develop along the entire length efiéhder channel. Point discharges only
generate a small amount of current, but over thigeclength of the leader channel, the
total current generated around the lightning chbnsecomparable to the current
generated in the leader tip. All current leader aet®dequire that the leader channel
generate current in order to keep the leader heatéaonducting [51].

Streamer < 7

Zone ‘\_I_ ,t 7
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Electron ﬂader
Avalanches Channel

Figure 4.10. Diagram of a positive leader travelthgpugh a region with an ambient
electric fieldE (long arrow): A positive leader consists of a posly charged leader tip
and a conducting leader channel. The leader tiprgées a number of positive streamers
(short arrows) that ionize a region of air called streamer zone. Due to the presence of
the leader tip, positive space charge in the steeazone may also begin to produce
streamers. As the leader lengthens, the spaceelhagns to surround the conductive
leader channel in what is called the leader cdvae to the potential difference between
the positive space charges and the leader chaglaetron avalanches develop away from
the leader channel (providing a positive curretd the leader channel). The combination
of the current from the streamers in the leadeatig the electron avalanches along the
leader channel keep the entire leader at tempesagreater than 2000 K [Adapted from
51].
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Streamers are constantly generated from the tip lefader, so it is possible for newly

created streamers to ionize the pathway of an dtteamer. When this occurs, the new
streamer will possibly travel farther through thmasphere. Also, as multiple streamers
ionize the same region, that region becomes coivduand creates a pathway for the
charges generated by the streamers to travel batletieader. These conductive regions
are called streamer branches and are diagramedyiumeF4.11 [59]. The leader also

expands along these streamer branches in ordeopagate through the atmosphere. A
positive leader that propagates along these stredmanches only requires a

10-50 kv m' electric field instead of the stronger electrieldi needed for streamer

propagation [10]. The part of the streamer branblere the leader expands is called a
leader stem [60]. It is also possible for the leatte expand simultaneously along

multiple streamer branches. This is called leadandhing or forking [20].

Streamers

Lead Streamer //
cader Branches \

Figure 4.11. Diagram of the streamer branches lefder: Streamers are not typically
generated isotropically along the entire leadey bt instead are focused at locations
where the ambient electric field is greatly enha@ncehese focused streamers create an
ionized pathway through the air called a streammandh (thick lines). Along a streamer
branch, the required electric field is much lower Etreamer propagation, allowing
streamers (arrows) to travel further through thie e streamer branches also provide a
conducting pathway for the current generated bystineamers to the leader [Adapted
from 59].

A negative charged leader functions in a similay waa positive leader, but has a few
additional features due to the unique propertiesegfative streamers. Negative streamers
require very strong electric fields in order topagate through the atmosphere, since the
electron avalanches are always directed away ftmenstreamer head. This creates a
positive electric charge region between the negasitreamer head and the electron
avalanches. If multiple electron avalanches ionime same region, the positive charge
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region can become large enough to undergo a pa&oharge. A region that undergoes
point discharge from multiple negative streamersalfed a space stem, because it occurs
at the base of a streamer branch and away frorfedder tip [59]. Figure 4.12 illustrates
the development of a negative leader.

The space stem generates positive streamers iantienced local electric field. These
positive streamers typically travel toward the riegaleader tip along the streamer
branches created by the original negative streaniérs positive streamers also create
electron avalanches that develop towards the spi@te. From the perspective of the
negative leader tip, the positive streamer acesdilbackward traveling negative streamer.
The direction of the positive streamers and elecaealanches generated from a space
stem is illustrated in Figure 4.13. Thus, if thesitige streamer from the space stem
reaches the negative leader tip, the positive steeavill deposit the same amount of
charge into the negative leader as if a negativeaster of the same potential had
originated from the negative leader tip [10]. Thpssitive streamers that initiate from a
space stem and travel back toward the negativeteae called pilot streamers [10, 20].
The majority of the current traveling through thegative leader tip comes from pilot
streamers [10].

When the current from all the streamers originatiogn the space stem is enough to heat
the plasma sufficiently to become conducting, thace stem becomes a space leader.
Like a conducting rod in a strong electric fieldetspace leader becomes polarized and
all the built up electric charge moves to the efid® positive charge of the space leader
gathers at the edge closest to the negative legalePilot streamers continue to be
generated from the positive end of the space ledddémow negative streamers can also
originate at the negative edge of the space léadlee local electric field permits. Other
nearby space stems can also generate positivengireshat travel to the negative edge of
the space leader in a manner similar to the ptlelasmer and the main negative leader.
Receiving current from multiple sources allows #m@ace leader to expand in both
directions via the same process that a positiveéeleases to expand [10, 51]. Once the
positive edge of the space leader extends to the nemative leader, the charge of the
space leader is neutralized and main negative legdadvances up the space leader until
reaches the negative edge, which becomes the nawnmgative leader tip. The rest of
the space leader becomes part of the negativerlehdenel. The process of extending
the negative leader along a space leader is catkgubing [10, 20, 51]. Leaders that
advance through the atmosphere via stepping dedcgtepped leade[51]. Because the
rapid neutralization of all the charge in the spleaaler, current pulses generate light
pulses so that stepped leaders can be seen afldsieds of light at the tip of a streamer
[10, 20].
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Figure 4.12. Diagram of the development of a negakeader: (a) Negative streamers
create small regions of positive electric chargehe branch called space stems. (b) A
space stem can generate a positive streamer #vatidrtoward the negative leader tip.
The positive streamers that travel toward the negd¢ader tip are called pilots. (c) Pilot
streamers deliver electric charge back into theesmtem which eventually heats the
region enough for the space stem to become a le&#grending on the amount of
current traveling through the space leader, stremmm@n generate on both ends of the
space leader, with positive streamers travelingatowthe main negative leader tip and
negative streamers toward other space stems. @¥$fdce leader extends into space just
like a normal positive leader. Once the space lesgbehes the main negative leader, the
collected charge of the space leader is transfeimeal the negative leader and the
negative leader tip travels through the space leaktending the main negative leader.
This expansion of the negative leader is callegtp E.0].
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Figure 4.13. Diagram of a negative leader systemegative leader system consists of
the negative leader (rod with the pointed top)eatmers (thick arrows), electron

avalanches (triangles), and space stems (cirahgjally, negative streamers develop

from the negative leader tips. Electron avalanat®slop away from the heads of the
negative streamers generating a current directedrts the negative leader tip. When
multiple negative streamers ionize the same regiqositive space stem may develop.
The space stem produces positive pilot streamaistridivel towards the negative leader
tip. Electron avalanches develop towards the hdaal gositive streamer, which again

produces a current directed toward the negativeeleal'he current from both the pilot

and negative streamers is what keeps the temperafuhe negative leader high enough
to be a conducting plasma [Adapted from 59].

Leaders of both polarities continue to propagateuth the atmosphere until the ambient
electric field weakens or until the leader nearkarge charge center of the opposite
charge. When the electric field weakens to leveddow that required for leader

propagation, the leader is not able to generat@igingtreamers to supply the current
required to keep the leader heated (~1 A [20]), 0. A cooling leader dissipates

electric charge by allowing any excess ions to mdmoe or reattach within the

atmosphere [10].

A leader that nears a large charge center or coemdwmndergoes what is called the
attachment process [3]. First, as the leader néerscharge center, the charge center
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begins to produce streamers that advance towaels@gative leader. Some of these
streamers make the transition of to a leader. Whentwo leaders meet, a conductive
pathway is formed. The potential difference betw#em terminal ends of the leader
generates a very large current along the formenrateof the leader from the positive to
the negative charge centers. The current neutsalilethe excess charge and heats the
leader channel, including all leader branches,iamalled a return stroke [3, 10, 20, 51].
The heated channel glows intensely and produce$otite sound of thunder (due to a
rapid heating of the channel and consequent chanfe air pressure) [3, 20]. The entire
process of a leader connecting two charge cergersang spark discharg@l].

Electrons Electrons
4 —_—

Positive lcader

Negative leader Space leader ...~
\ e

Positive corona Positive corona Negalive corona

E
_E E

Figure 4.14: Photographs and diagrams of positiekreegative leaders: (Left) A positive
leader propagates continuously through the atmeostarting from a positive streamer
system (corona). (Right) A negative leader propegatia the discontinuous stepping
process [54].

In summary, positive long spark leaders are edsigenerate than negative long spark
leaders, but both can propagate through very wedkemt electric fields as compared to
those required for streamer generation. Positiaedes propagate continuously through
the atmosphere while negative leaders propagatissontinuous steps. Both types of
leaders can be seen in Figure 4.14. Both polatidsaders branch during development
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and zigzag through the atmosphere (however poddaders are generally straighter than
negative leaders [51]) [51, 55].

Long spark discharges have many of the same prepdtiranching, zigzagging, large
current transfers, etc.) associated with lightnidgcharges. However, lightning
discharges have been observed having severalatffproperties such as more negative
leaders than positive leaders, multiple returnketsovithin a single discharge.

4.2. Types of Lightning Discharges

Lightning discharges are typically categorized bgit observed properties, such as
direction of propagation, location of the termieald of the discharge or polarity of the
lightning leader, instead of by the physical meddranthat initiated the discharge in the
way long sparks are categorized [3, 4].

Lightning discharges can be divided into two laggeups: discharges that reach the
ground and discharges that stay completely in thsphere. Lightning discharges that
reach the ground are called cloud-to-ground ligignor CG lightning. CG lightning
discharges are further categorized by the polafiglectric charge and direction traveled
by the lightning leader. The direction of the ligimg leader is determined by the
direction of the lightning discharge branches (daard discharges have branches
towards the ground and upward discharges have lbeartowards the clouds) [4].

The majority of lightning discharges never reach gnound and are referred to as cloud
discharges. There are three different types of ccldischarges based on where the
terminal ends of the lightning discharge are lodatatercloud discharges are cloud
discharges between two different storm cells. Amacioud discharge is a lightning
discharge between two locations within the samersteell. Air discharges are a type of
cloud discharge in which one of the end termindlthe discharge is in clear air. Cloud
discharges can be difficult to observe from theugtbbecause the clouds block most of
the lightning flash, but often the thunder canl &t¢ heard or the whole thunderstorm
seems to light up briefly. The most common cloustdarge is the intracloud discharge,
and in the literature, all cloud discharges areegaty referred to as IC lightning [3].
Figure 4.15 illustrates the different types of tighg discharges (both CG and IC) in
reference to the dipole/tripole model of a thuntders cell.
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Figure 4.15. Diagram of the different types lightpidischarges [4].

4.2.1. CG Lightning Discharges

CG lightning is further classified by which diremti the leader branches (either toward or
away from the ground) and the polarity of the leaffegure 4.16 is a diagram of the four
different types of CG lightning: downward negativepward positive, downward
positive, and upward negative [3].

The most common CG lightning discharges are thens@sd traveling leaders (cases a
and c) and are called natural lightning, sincelitifgning discharge would have occurred
regardless of the conditions on the ground [20 Tpward travelling leaders (cases b
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and d) are examples of artificial lightning, sirtbe leader must originate below cloud
level and travel all the way up into the thundemstoExamples of objects that create
artificial lightning are tall structures, aircratind rockets [4, 20]. The average relative
frequencies for the different types of CG lightnoigcharge are listed in Table 4.1.

Table 4.1. Average relative frequency of a givgretpf CG lightning discharge [44]

Case of CG Discharge Type of CG Discharge Reldreguency (%)
a Downward Negative 90
b Upward Positive 3
c Downward Positive 5
d Upward Negative 2

The downward, negative leader is the most commpa of CG lightning discharge and
is the type of lightning discharge assumed in tloba electric circuit to bring negative
charge to the ground [3, 4, 20, 30, 31]. Upwardgitpe CG lightning transfers positive
charge to the thunderstorm, which is equivalenhdgative charge being transferred to
the ground [20]. Downward positive and upward niegaCG lightning discharges both
effectively bring positive charge to the ground ane usually considered separately from
the more common downward negative CG lightninglthsges [20]. Downward, positive
CG lightning has been found to occur during thesigeting stage of a thunderstorm,
winter thunderstorms, and severe thunderstormswaBjle upward, negative lightning
discharges are associated with tall buildings rercstires [40].

Positive leader lightning discharges are typicalgsociated with nonstandard
thunderstorm conditions such as during the dissigagtage of a thunderstorm cell or
within a supercell [20]. Because of the low relativequency of positive CG lightning
discharges, this work assumes that all lightnirsgliarges are of the negative leader type
unless specified otherwise.
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Positively Charged Leader Negatively Charged Load

Figure 4.16. Diagram of the different types of Aghining discharges: (a) downward
traveling negative leader; (b) upward travelingippos leader; (c) downward traveling
positive leader; and (d) upward traveling negateazler. The direction of the branching

of the lightning leader indicates the directiortteé leader [4].
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4.2.2. 1C Lightning Discharges

IC discharges have been studied much less thani§tBadges, since IC discharges are
typically blocked from view by the thunderstorm. tlrthe recent use of Lightning
Mapping Arrays and satellite based lightning detestthe true scale and rate of IC
discharges within a thunderstorm were only cruéstymated [3, 43, 61]. IC lightning is
now known to make up between 75-90% of all lighgnaischarges in a thunderstorm
system and can be greater than 10 km in lengthowftany part of the leader being

outside the thunderstorm [3, 61].

|
|
ny o
| . | h
el i)l l l:: :l:
(” l 1 | I \0 EU
J[ ] l 20 :l:

! Yeawid ! i : ¢
6 - £ pe e \ 1 km 10
/ g

4 -4
Cloud-to-ground
9 4 Discharges

Height above MSL, km

O

T T T T I -
0 100 200 300 400 500)
Time, s

Figure 4.17. Origination locations of lightning dirges from a small thunderstorm: The
solid lines are the location of the main positivgpder) and negative (lower) charge
centers. The points are lightning discharges witle sigma error bars. The positive
charge center altitude increased in time, sincaltbhederstorm was still developing. The
majority of lightning discharges were IC dischargegh only two CG discharges

reaching the ground [3].
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IC lightning transfers large amounts of electriame throughout the thunderstorm cell
(intracloud) and possibly to other thunderstormiscéintercloud) or to large space
charges in the atmosphere (air discharge). An Kchdirge is typically initiated within
either the main positive or negative charge ceoftéine thunderstorm cell [8, 20, 25, 62].
Figure 4.17 is a plot of the initiation locationI€f and CG lightning discharges within a
small, developing Floridian thunderstorm [20]. Aghtning typically originates near the
lower main negative charge center and is much thear IC lightning [20].

IC lightning is very common while the thunderstoaall is in the cumulus and early

mature developmental phases, with approximately fiovten IC lightning discharges for

every CG lightning discharge [3]. In Figure 4.1%re was an almost constant amount of
IC lightning in a thunderstorm cell, then veryléttwhen the CG lightning discharges

occurred. Afterward the CG discharges stopped aedtihunderstorm cell enters the

dissipating stage and IC lightning began again [3].

4.3. Lightning Flash Rates

Worldwide, there are on average 81 lightning disgés per second being recorded by
weather satellites. Thunderstorms are not distibwgvenly across the globe, with the
majority of them occurring over coastal land areear the equator [1], as can be seen in
Table 4.2. The highest lightning discharge ratethenworld can be found over Central
Africa and the Amazon Jungle in South America, veitie particular regions having as
many as 100 lightning discharges per square kilenar year [1]. Lightning discharges
over the ocean are generally less frequent than lawe, especially as compared with
land masses near the equator or coastal regiorssrdtjo of 4:1 [63].

Table 4.2: Median Lightning Discharge Rates forf@#nt Regions of the Earth [1].

Geographic Discharge Rate Geographic Discharge Rate
Location discharges ki year* Location discharges krfiyear*
North America 2.50 Indonesia 15.00
U.S. Gulf Coast 19.60 North Atlantic 2.30
South America 24.50 South Atlantic 0.29
North Africa 5.00 North Pacific 1.30
Central Africa 28.60 South Pacific 2.00
Asia 2.40 Indian Ocean 0.51
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Figure 4.18. Diagram of the mean lightning disclargte (CG + IC discharges Km
yeai’) over the continental United States between Ma&@b61#nd April 1999 [64].

Throughout the United States there is great vanatn the lightning discharge rate
between different geographic regions, as shownigure 4.18 [64]. The Gulf region,
especially central Florida, has the greatest canaton of lightning discharges within
the continental United States. The Midwest, SowktETexas, and Oklahoma have the
next highest lightning discharge concentrationsunerstorm systems in Florida tend to
contain dozens of small thunderstorms comparechéosingle, large (and generally
severe) thunderstorm cells that can affect momnthlareas like Oklahoma [2]. There is
little lightning activity in the Northern and Westeparts of the continental United States,
with <0.1 lightning discharges per square kilometer year along the Pacific coast. On
average, 25 to 30 million CG lightning dischargesw over the continental United
States every year [64].

The mean CG lightning discharge rate for North Aingeis approximately 2.0 discharges
per square kilometer per year, which means thatoxppately every 250 years, a typical
single story house will be struck by lightning [4). Oklahoma, the mean CG discharge
rate is between 3-6 discharge per square kilommteryear, so a single story house
should be struck by lightning every 80-160 yearscéntral Florida, the average time
between lightning strikes on a single story homeniy 50 years [4].
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Figure 4.19. Diagram of the mean lightning flasteras a function of month over the
entire Earth (dots), between * 40° latitude (x&),land masses (triangles), and oceans
(asterisks). A lightning flash is considered thmeaas a lightning discharge [1].

The number of thunderstorms around the globe vdhiesughout the year, especially
over continental regions. Figure 4.19 is a plotwehg the average lightning discharge
(flash) rate as a function of the month over déferregions of the Earth. The lightning
discharge rate peaks in August over land masseslandly decreases to a low between
November and February. Over the oceans, the lightdischarge rate is fairly constant
throughout the year [1].

The mean number of lightning discharges by montér dkke continental United States
can be seen in Figure 4.20. July is the peak mimntiightning activity in the continental
United States with much less lightning activity ieeén November and February [2].
Compared to the mean monthly global lightning désge rate in Figure 4.20, the
monthly lightning activity within the continentalrited States is closer to a Gaussian
distribution [1, 2].
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Figure 4.20. Average number of CG lightning flaslbysmonth over the continental
United States. A lightning flash is considered shee as lightning discharge [2].

Historically, CG lightning has been used to caltilbghtning discharge rate for both
individual thunderstorms and for a whole geograpt@gions, such as the lightning
discharges rates shown in Figure 4.20 [1, 2, 3, BOjvever, newer satellite lightning
flash rate data includes both IC and CG lightningcliarges [1]. In a typical
thunderstorm over the continental United States,aterage ratio of IC to CG lightning
is 2.94 + 1.28 (central Oklahoma has a IC to CGorat3.0) [64], i.e. ~75% of all
lightning discharges are IC lightning. From a sengévere thunderstorm over Florida, the
total discharge rate (IC + CG) was >567 dischamis', but the CG discharge rate was
12 discharges mih[63].

4.4. Anatomy of a CG Lightning Discharge

In long spark experiments, the distance betweerelbetrodes is typically only a few
meters and the electrodes are charged by a la€geufrent [51, 53]. As the electric field
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strength rises with the current, a discharge ocbetsveen the two metal electrodes,
which ultimately short circuits the field [51]. lightning discharges, the two electrodes
are replaced by a charge center within a thundensémd the ground (for CG lightning)
or another charge center (for IC lightning) that several kilometers apart. The physical
size (scale of km) of the charge centers makesliikely that a single lightning discharge
will neutralize all the electrical charge of theaofje center. The remaining electric charge
in the charge center allows the lightning dischaogeontinue to develop after the initial
discharge, unlike a long spark [3,20]. The develepimof a lightning discharge is
illustrated in Figure 4.21.

A lightning discharge begins as a leader duringtwaalled lightning initiation [10].
Unlike long spark leaders that were discussed icti@e 4.1.4, a lightning discharge
develops a special bipolar leader which is disaigs&ection 4.4.1. The lightning leader
then travels through the atmosphere until it rea¢he conductive ground (CG lightning)
or a charge center with the opposite polarity as ldader (IC lightning). The leader
creates a conducting pathway between the origigatinarge center and the other
terminal end during attachment [3, 20]. The attashinprocess initiates a strong current,
called a return stroke that travels along the cotidel pathway formed by the preceding
leader. The return stroke current is large enooghetit the air to produce a bright flash
(lightning) and a strong low-frequency sound (themdThe return stroke also neutralizes
electric charge at both ends of the conductingvpayt{3, 20].

After the return stroke, the conducting pathwayl slibwly cool down and decrease in

conductivity. A relatively weak current travels a¢pthe conducting pathway for many
milliseconds and is known as a continuing currétgo, the remaining electrical charge
in the originating charge center begins to reareaitgelf (J processes) and starts to
redevelop into a lightning leader (K processes)e Tontinuing current, J, and K

processes will be discussed in more detail in 8ecti4.4 [3]. A K process can produce a
propagating lightning leader which will try to folw along the path of the original

lightning leader. If the conducting pathway islstibnductive, the leader is called a dart
leader due to its fast propagation speed. Whend#ne leader reaches the ground or
charge center, another return stroke is initiad [

A cycle of dart leaders and additional return stokontinues until the originating charge
center (and possibly other adjacent charge cefd&i$ no longer has enough electric
charge to initiate a lightning leader [3]. Theseéiadnal return strokes occur too quickly
for the human eye to resolve except for a posdiisleer in the brightness of the original

lightning discharge if the time between them isaggethan about 16 ms [3].
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Return Stroke After Return Second
Stroke Processes Return Stroke

Figure 4.21: Diagram describing the developmerd akgative CG lightning discharge:
(&) The pre-breakdown step is where the thundenstmll becomes electrified and the
dipole/tripole electric charge structure develdgipy. The CG lightning is initiated by the
creating of a bipolar discharge consisting of aitp@s streamer system and a negative
leader. (c) The negative leader leaves the thutatershrough a series of steps and is
called a stepped leader. (d) When the steppedreadehes the ground, a conducting
pathway forms between the ground and the main ivegelharge center. A large current
travels up the conducting pathway from the grounthé main charge center producing a
bright flash (i.e. lightning) and a loud sonic bodne. thunder). This large current is
called a return stroke and neutralizes a portiothefmain negative charge center. (e)
After the return stroke, the conducting pathway aers slightly conducting allowing
small amount of continuing current to travel alongStreamers and leaders continue to
form in the negative charge center. (f) A new niegdeader travels down the conductive
pathway, initiating another return stroke. Stepsa(e (f) both continue for as long as the
conducting pathway does not dissipate [Adapted f8pAd].
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With the exception of lightning initiation and attament, the development of lightning
discharges has been well documented with high speksb, broadband filed antenna,
electric field mills, and other modern detectiontinoels, such as lightning mapping
arrays [3, 20]. Lightning mapping arrays are onehaf few methods to detect the short
(< 1 ms [3, 20]) lightning initiation process loedtdeep within a thunderstorm [43]. For
this reason, | used data from the OKLMA for my esé to infer where and when a
lightning discharge was initiated in the atmosphere

4.4.1. Lightning Initiation

As stated in Section 3.4, hydrometeors can undpogtt discharges in the strong electric
fields of a thunderstorm. A hydrometeor is poladize an electric field, with opposite
ends of the hydrometeor having different polaritiéshe ambient electric field is strong
enough to generate both positive and negativersegesa both will form around the same
hydrometeor as can be seen in the photograph urd-#22 [20, 50].

target ice crystal

spark channel  cathode
1 em

e

anode

Figure 4.22. Photograph of an ice particle discimarérom both polarized ends in a long
spark experiment [50].
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Lightning mapping arrays have found that lightnilegders are typically bipolar in
nature, where there are both positive and negatreamers and leaders being formed by
the discharge [43]. These bipolar leaders occub&ih CG and IC lightning discharges
as illustrated in Figure 4.23 [43]. Lightning disebes typically originate within the
lower main negative charge center of the thunderstehere a positive streamer system
develops to provide the current needed for a negé&ader [20, 43]. This negative leader
either travels upward toward the upper main pasittharge center to become an IC
lightning discharge or downward toward the lowesipee charge center to become a
CG lightning discharge. Sometimes an upward negd#iader turns around and becomes
what is called a hybrid discharge [43].

— 20 km
L 18 km Normal IC Normal CG Hybrid
- 16 km
- 14 km
- 12km
- 10 km
- 8km

-45C

- 6km

+5C

- 4km

- 2km

Figure 4.23. Diagram of negative IC and CG lighgnim a standard dipole/tripole
thunderstorm: The blue lines represent the posgii@amers, while the red are negative
streamers. In a normal IC discharge, the positiveamers generate a bipolar lightning
leader in the main negative charge region, whiobpagates toward and eventually
discharges in the main positive charge center. ddstive streamers also start in the
main negative charge center for a CG, but the negktader advances downward toward
the lower positive charge center. The atmosphetewba thunderstorm is typically
positively charged, due to point discharges, wiielps to direct the downward negative
leader to the ground in a CG lightning dischardeislalso possible for an upward
traveling negative leader to change directions taael toward the ground to be a CG
lightning discharge. Sometimes these lightning éeadhat change directions are called
hybrid discharges [43]
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The conventional lightning initiation model desasbhow a hydrometeor can initiate a
bipolar lighting leader in a strong electric fieladhich is described in detail in section
4.4.1.1 [10]. Positive leader discharges, espeaciliring extreme weather, have been
observed to be unipolar and develop through cugremiknown mechanisms [3, 20].

4.4.1.1. Conventional Lightning Initiation Model

The conventional lightning initiation model begingh a hydrometeor located within the
maximum electric field region of an active thundens. The hydrometeor polarizes in
the electric field and has two edges at differaiapties. The bound charge (and any free
charges) collects on the surface of the polarizeifdmeteor [10, 20]. Since the required
electric field to generate positive streamers & tdnes weaker than that is required to
generate negative streamers [51], a positive pdistharge develops first near the
polarized hydrometeor. The positive point dischdrggins to generate positive streamers
which ionize the air surrounding the hydrometead areate a supply of free electrons.
The free electrons will accelerate toward the pasitpoint discharge and the
hydrometeor. As negative charge accumulates nednytirometeor, the ambient electric
field is further enhanced allowing the hydrometeoinitiate a negative point discharge
and generate negative streamers. All the free ehgegerated by both the positive and
negative streamers is enough to heat the air agmtecia leader [10]. A diagram of the
above process can be seen in Figure 4.24.

The majority of lightning discharges are obsenedtart with a negative leader [54], so
the negative streamer system transforms into atiwegéeader. The negative leader
propagates through the atmosphere according to dpadk theory (Section 4.1.4) with

one exception: the presence of the positive streasystem. The positive streamer
continues to generate negative current, which gthems the negative leader. Also, the
negative leader is generating a positive currehichvstrengthens the positive streamer
system. This feedback between the negative leattkpasitive streamer system allows
both electrical discharges to expand further in dbrmosphere, which is why both the

positive and negative discharges branch in Figu?8.4Without this feedback loop, a

leader would dissipate in the weaker electric frelgions of the thunderstorm [10, 43].
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Figure 4.24. Diagram of the formation of a bipoleghtning discharge: (a) A
hydrometeor undergoes a point (corona) dischargke davelops a positive streamer
system. (b) The free electrons generated by théiymstreamers further enhance the
ambient electric field to generate a negative stegasystem on the other side of the
hydrometeor. (c) The negative streamer system dpseahto a negative leader. (d) The
positive streamer system and negative leader strengeach other through a feedback
loop, which helps both to expand further into ttre@sphere [10].

The main problem with the conventional lightningatiarge model is that the required
strength of the ambient electric field to initi@gositive point discharge is much higher
than the electric fields measured in a typical therstorm. Ground based studies with ice
hydrometeors in thunderstorm conditions (presshrenidity, temperature, etc.) have
found that a minimum of ~400 kV electric field strength is required for streamer
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generation [50]. The average maximum electric fadderved in an active thunderstorm
is 130 kV m* [20], which is a factor ~2-3 weaker than the minimrequired for positive
streamer generation. Once the positive streamdemyss established, the lightning
discharge can develop within the weaker fields dfunderstorm, but the initial electric
field strength must first be strong enough to atéithe process.

4.4.2. Leader Propagation

After a lightning leader is initiated, the leadegins to propagate both within and outside
the thunderstorm. Negative leaders, which are tbst mommon type of lightning leader

[54], propagate through the atmosphere via a psocalied stepping, as discussed in
Section 4.1.4. Figure 4.25 is a photograph takem Ibygh speed camera of a lightning
leader stepping in the atmosphere.

Leader
Branches

"""-M

-
4

\

Figure 4.25. Photograph showing the branches aps sif a lightning discharge in the
atmosphere [65].
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The bright sections of the lightning leaders seehigure 4.25 are the steps. Each branch
of the lighting leader propagates independentlarof of the other branches [60]. Each
step is ~10 m in length and occurs every 20:8(3, 20]. The stepping of the lightning
leader causes the zig-zag appearance of a lighthgofparge. The lightning leader takes
several milliseconds to propagate from the bottdrthe thunderstorm to the ground a
few kilometers below [3]. Positive leaders propagata continuous manner through the
atmosphere compared to the discontinuous stepstepaed leader. Without the need for
stepping, positive leader are much straighter tb@mpped leaders, but both types of
leader do branch in the atmosphere [3, 20, 55].

4.4.3. Return Stroke

As a CG lightning leader nears ground, the poteniféerence between the leader and
the ground (~10 MV [10]) enhances the already eobdnelectric field. This
enhancement of the electric field causes objecss thee ground (including trees, cars,
buildings, and people) to generate streamers thapagate upwards towards the
downward propagating stepped leader. Some of stesamers from the ground become
upward-going leaders, one of which reaches thepstepgeader, forming an ionized
pathway from the leader to the ground. The proedssre a leader from the ground
meets the downward traveling stepped leader isda@ttachment [3, 20]. The belief that
only the tallest object will be struck by lightnimgmes from fact that taller objects are
generally closer to the stepped leader. Thus upwaitg leaders originating from taller
objects have less distance to travel in ordertchtto the stepped leader. However, the
first upward going leader (or leaders in case giithing discharges that strike multiple
locations [20]) that attaches to the downward-gastepped leader creates the ionized
pathway, which is not necessarily the leader fromndlosest source [55]. A photograph
of a return stroke and an unattached leader caed®in Figure 4.26.

When the stepped leader reaches the ground, thedyend the charge center where the
leader originated are connected by a conductingwaat. For negative CG lightning, a
large current pulse travels up the leader channat the ground to neutralize the charge
center in the thunderstorm. This large currentaited the return stroke [3, 20, 51]. The
current of the return stroke of a natural lightnoigcharge averages 30 kA but can be
>100 kA [20]. The strong current rapidly heats #wewithin the conducting pathway to
temperature typically >31,000 K, or about twice theperature of the surface of the sun
[3, 20]. At these temperatures, the air molecutethé conducting channel begin to glow
intensely. This intense glow is what is commonlilecha lightning. The heated column
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of air rapidly expands, which generates a loud donave, which is known as thunder
[20]. The entire duration of a CG return stroke T us [3].

Return

/ Stroke

Non-Attached
Leader

Figure 4.26. Photograph showing the return strdke lgghtning discharge along with a
streamer that did not attach to the return strékdapted from 66].

4.4.4, Later Processes

The return stroke leaves the conducting pathwayvdxst the charge center and the
ground. The residual charge in the charge centaetymes small current, typically <100 A
[3], along the conducting pathway. This weak (ietatto a return stroke) current
continues to travel through the conducting path¥eayup to 100 ms after a return stroke
and is called the continuing current [3]. Contirgugsurrents are fairly stable for the entire
duration of the event with the exception of shortllisecond variations called
M-components (after the researcher who first stlithie process) [3].

Compared to the return strokes, which only lastafdew microseconds, longer duration
continuing currents allow more total charge to famdferred to a struck object. It is the

continuing current which heats up a material enotagleave burn marks or possibly to
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catch fire. From a lightning protection perspectioften the continuing current, and not
the return stroke, is what causes the most daneesfeuctures and people [3, 20, 28].

A large portion of the negative charge center istradized after the return stroke, and
that causes a large change in the ambient eldath; as seen in ground-based electric
field measurements such as the one in Figure Jil&ctive charging processes begin to
recharge the neutralized region and the residugatne charge begins to redistribute
itself. The rapid changes to the electric field doehe redistribution of electric charge
after a return stroke are called J-processesyfation processes) [3, 61].

During the electric charge redistribution procetsamers and leaders can develop near
the conducting pathway. These streamers and leatighsly distort the ambient electric
field, which can be measured on the ground. Thesmrtdons in the electric field
measurement are called K-processes (after the Genmal “kleine” for small) [3].

The combination of the J and K processes causarttigent electric field to return to its

pre-lightning discharge state in ~30 ms [3]. Witke tstrong electric field restored,
K-process streamers and leaders expand into atgeons of the thunderstorm, possibly
into other neighboring charge centers [3, 61]. HEvalty, one of the leaders starts to
travel down the original stepped leader’'s condugctpathway, which will generate

another return stroke [3, 20].

4.4.5 Dart Leaders and Multiple Return Stroke Désgls

A leader generated during a K-process might stattatvel down the conducting pathway

to the ground. Since the pathway is already estiadd, the leader can quickly travel to

the ground and is called a dart leader [3, 20todf much time passes before the dart
leader is generated, segments of the pathway h@se donductivity and the dart leader

must propagate via stepping. When this occurslethaer is called a dart-stepped leader
[3]. When the dart or dart-stepped leader readinegitound, another return stroke occurs
(with typical current of 1 kA) [3]. A photograph af return stroke from a dart leader is
shown in Figure 4.27.

The dart leader only travels along the main braoiclthe original stepped leader and
typically does not branch [3]. Without needing tepped through the atmosphere, the
dart leader reaches the ground in ~1/10 the timiheforiginal stepped leader (~1 ms)
[3]. The return stroke of the dart leader also doestravel along the branches of the
original, so in general only the main channel gldwighter in subsequent return strokes

3].
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First Return
' Stroke

Figure 4.27. Photograph of multiple return strok&sdart leader travels through the
charge center and eventually arrives to and prdpagdong the conducting pathway of
the original stepped leader. The dart leader fddldlae most direct route to the ground,
typically not illuminating branches not connectedrie ground [65].

As long as the charge center can be reestabliséidebthe conducting pathway cools
and loses its conductivity, the continuing currehprocesses, K-processes, dart leaders
and dart-stepped leaders will continue to occur IL&jhtning discharges are commonly
indexed by how many return strokes (typically sboed to just strokes [3, 20]) occurred
over the entire duration of discharge. More thaf680f all negative CG lightning
discharges have multiple return strokes, with terage being three stokes per lightning
discharge [3, 56]. Positive CG lightning discharggxscally only have a single stoke [3].
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CHAPTER V

GALACTIC COSMIC RAYS

In very distant and currently unknown [32, 67] aptrysical processes, a large
population of very energetic particles are produaad emitted into interstellar space.
These energetic particles (electrons, positrondtdgen nuclei, alpha particles, and other
heavy ions up to Uranium) travel through interstelspace, possibly undergoing
interactions along the way, and eventually reaatthEdhese particles are called Galactic
Cosmic Rays (GCR) [11, 67, 68, 69]. When GCR peantetthe Earth’'s atmosphere, they
undergo nuclear interactions in the Earth’s atmesphgenerating large numbers of
secondary particles, including pions (neutral ahdrged), kaons, neutrons, protons,
muons, electrons, positrons, and photons [11, I268]. These secondary cosmic rays
propagate and interact with the atmosphere oveargel spatial volume and are
collectively called an extensive air shower (EA3)L,[12, 67, 68]. The majority of
particles in an EAS range out, i.e. loses all thaietic energy, or decay before reaching
the ground. The major exceptions are secondary suword neutrons, which are
commonly measured on the ground [12, 70]. Inteoastibetween the secondary cosmic
rays and the atmospheric nuclei are responsiblgdnerating many of the aerosols found
at thunderstorm altitudes and creating radioisatopach as'Be and ‘C [11, 71].
Secondary cosmic ray electrons have been hypnottzgdnerate a special type of long
duration electron avalanche called a relativigticaway electron avalanche (RREA) that
may be responsible for initiating lightning disohes [2, , 9, 10, 72].

5.1. Primary Galactic Cosmic Rays

The Earth’s atmosphere is under constant bombardoye@Balactic Cosmic Rays (GCR).
GCR are made up of electrons, positrons, protoasrh nuclei, and other heavy ions
that are generated in distant astrophysical presel§y, 69]. Table 5.1 lists the fraction
of each type of GCR primary particles measurechattop of the Earth’s atmosphere.
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Table 5.1: The distribution of GCR primariesha top of the atmosphere [73, 74].

Primary Percent (%)
Baryons 98
Protons 87
Helium Nuclei 12
Heavy lonsZ(>3) 1
Leptons 2
Electrons a0
Positrons 10
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Figure 5.1: The differential flux of all GCR primes at the top of the atmosphere [75].
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GCRs propagate through the interstellar medium wtteey undergo collisions and
nuclear interactions, and, if charged, are deftettg galactic magnetic fields [11, 32].
GCR primaries that arrive in the solar system atderact with the Sun’s and Earth’s
magnetic fields before reaching the Earth’s atmesplill, 32]. The more energetic the
GCR, the less the particle is affected by the magields. The differential flux of all
the GCR at the top of the Earth’s atmosphere igvalio Figure 5.1.

GCR that reach the Earth range in energy frofi th01G° eV with the peak flux
occurring at 1® eV (1 GeV) [69, 73, 75]. The flux decreases witkreasing particle
energy via a power law with an index of -2.71 [6Bkperiments have found that the
power law index decreases around”16V in what is called the Knee region and
increases again around*i@V at the Ankle region [69, 75].

5.2. Extensive Air Showers (EAS)

After entering the Earth’s upper atmosphere, a G@Rary will ultimately undergo a
nuclear interaction with an air molecule in the asphere, generating many secondary
particles. These secondary particles are typicadly energetic and can initiate hadronic
and electromagnetic cascades in the atmosphereseTéecondary particle cascades
generate many more secondary particles and photdinthe secondary particles from a
single GCR primary are collectively called an estea air shower (EAS) [12, 67]. The
components of an EAS are illustrated in Figure 5.2.

The core of an EAS is the hadronic component wisckypically made up protons,
neutrons, pions, kaons, and their associated atities. The largest component of an
EAS is the electromagnetic component made up dftreles, positrons, and photons
generated from electromagnetic cascades. The mgonmgponent consists of muons and
antimuons from charged pion decays and can peeeatestp underground [22].

EAS have a thin parabolic disk shape, called a shdwont [12], with a disk thickness of
only a few meters and a radius of up to approximaen kilometers [12]. The center of
the shower front is called the shower core [12] @dhe location of the hadronic
component and the highest energy secondary eleacfi@) 68]. The shower core of the
EAS travels in the same direction as the origin@dR3orimary in the Earth’s atmosphere
[12, 76]. A diagram of the different regions of BAS is shown in Figure 5.3. Figure 5.4
is an image of the particle tracks of the secondamgmic rays from an EAS initiated
from a vertical 1¢? eV GCR proton primary.

78



Primary Particle

v

nuclear interaction

K’,Ko/('/ with air molecule JR
', T y|o §K¢, K’ —::'n
/ \ T Y
hadronic ¢ ‘l' *
cascade e e e e
Vo { * \
Twovov ’ p, n, 7, K, e yeyye y e
K wo Y H nuclear fragments
muonic component, hadronic electromagnetic
neutrinos component component

Figure 5.2: The components of an EAS [77].
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Figure 5.3: Diagram of an EAS as it travels throtlghatmosphere [12].
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Figure 5.4: The secondary particle tracks from dical 10> eV GCR proton primary.
The blue tracks represent the hadronic componenheofEAS, green tracks represent
secondary muons, and red tracks represent thea@tegnetic component of the EAS.
This plot was generated using the shower plot feaitu the CORSIKA 6.690 Cosmic
Ray Monte Carlo code [13].

80



5.2.1. Hadronic Component

The hadronic component of an EAS is created byntletear interactions and collisions
between the GCR primary and air nuclei. Due toetkteeme energy of the GCR primary,
a series of hadronic cascades develop from eadisian] producing many secondary
hadrons, i.e. particles made up of quarks andcaratiks [12, 22, 68, 76]. The first such
collisions typically occur high in the atmospheadtiude ~24 km in the EAS shown in

Figure 5.4) and is what initiates the EAS. The ntmshmon particles created from these
collisions are protons, neutrons, pions (neutral eharged), and charged kaons, with
other more exotic particles and antiparticles glsssible [12, 22, 68, 76].

With the exception of protons, the hadrons arealbistand decay into other secondary
particles. Table 5.2 lists the half-lives and deesactions of the typical hadrons found in
an EAS. As charged particles, secondary protonigedhe surrounding air and range out
before arriving at the ground [78]. The only hadrdimat can be measured reliably on the
ground are secondary neutrons due to their lorfdikias [12, 79].

Table 5.2: Half-lives and decay products of typsatondary hadrons found in an EAS.
In the table| stands for one type of lepton: electron or mud) BO].

Particle Half-Life (s) Decay Products (BranchingiBa
Protons ) Stable None
Neutrons () 880.0+0.9 n-op+e +7,

Charged Pionstf)  (2.6033 +0.0005) X 1D 7% - pu* + v,
nT o U+,

Neutral Pions#®)  (8.52 +0.18) x 10’ 0 - 2y (~99%)
m®>et+e +y (~1%)

Kaons K*) (1.2380 £+0.0021) x 1D K* - u* + v, (~65%)
K- >u +7, (~65%)
Kt->n%+1"+vy (~10%)
K- -»>n'+1"+7 (~10%)
K*->nt+n° (~20%)
Kt >nt+nt+nt (~5%)

Hadrons are found in the core of the EAS and aspamsible for generating both the

electromagnetic and muonic components of the EASnd3 created via interactions

between the GCR primary and the air nuclei, therdraxlare the most energetic of the
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secondary particles [81]. The electromagnetic campbis initiated when a neutral pion
decays into two high energy gamma-ray photons b@adruonic component is generated
through the decay of charged pions or kaons [1268R

5.2.2. Electromagnetic Component

The electromagnetic component is initiated by gamaygohotons produced in the decay
of neutral pions produced by the hadronic compofht68]. These gamma-ray photons
are typically generated with >1@V and quickly undergo pair production to create a
electron positron pair. The electron positron magates additional secondary electrons
via ionization and secondary photons via bremskinghand positron annihilation [70].
At these high energies, positrons act similar éxtebns and are more likely to ionize the
surrounding air molecules than undergo annihilafié®]. All secondaries continue to
generate additional secondaries via ionizationmsstrahlung, pair production, and
positron annihilation until the energy of the setany particles becomes too low for the
above process [70]. This cycle of secondary elacfpositron, and photon generation is
called an electromagnetic cascade [12, 70]. Figukeis a diagram of the various
processes in an electromagnetic cascade.

Pair Production
Bremsstrahlung

L Bremsstrahlung
Ionlzy ,\R IonizW A\K

Positron
Annihilation

Figure 5.5: Diagram of the different processesnnekectromagnetic cascade [Adapted
from 12].
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Each EAS is made up of several electromagneticadaescwhich produce the majority of
the secondaries in the EAS. Electromagnetic cascacdealso responsible for scattering
the EAS secondaries away from the shower core amakiog the shower front [12].
However, as the electromagnetic cascades begoséodnergy, the total number of EAS
secondaries begins to decrease. The atmospherib déyere the EAS has the largest
number of total secondaries is called shower mawinfi2]. The depth of the shower
maximum depends on the initial energy of the EAgary with higher energy primaries
having their shower maxima lower in the atmosph&g 70]. A more detailed look at
electromagnetic cascades can be fourfddssi& Greisen(1948) or Section 7.1 [70].

5.2.3. Muonic Component

The muonic component is created by the decay afgeldapions and kaons into muons
and antimuons [12]. Muons are leptons like eledrdiut are ~200 times more massive
and are also unstable (half-life of ~2.2*18) [82] and decay into an electron (positron)
and an anti-neutrino (neutrino) [82]. Being thealeproducts of high energy secondary
hadrons, secondary muons are typically>d¥ and, due to time dilation, can reach deep
underground before decaying [12, 22].

Muons do not produce as much bremsstrahlung radiais electrons, due to their larger
mass [70], so the dominate form of energy lossifaons in the atmosphere is ionization
[12, 70]. Because of this, muons generate very ligyh energy secondaries and are
considered to leave the shower core where they preduced, and to scatter out into the
shower front [12]. Secondary muons also reach tioeingl and can be detected by a
muon detector array to infer the passage of an taAdiigh the atmosphere [12, 22].

5.3. The Role of Secondary Cosmic Rays in the Agrhese

The passage of high energy particles through thespthere has many effects on the
chemistry and electrical properties of the atmosphgll three EAS components have a
direct effect on the atmosphere.

Secondary hadrons, especially protons and neutroas, undergo various nuclear
interactions and collisions with the nuclei in themosphere. Through these nuclear
interactions, radioisotopes such #e and'“C, are produced which are eventually
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brought down to the ground by precipitation [71¢c8ndary neutrons and muons can
both reach the ground and provide ~9% of the backygt radiation dose [22, 83].

Secondary electrons, positrons, and muons leavailaof ionized molecules and free
electrons in the atmosphere. The constant flux @R& produces enough ionizing
secondaries to leave the atmosphere in permaneaitlyv®nized state, especially at
altitudes below twenty kilometers [24]. The globelectric circuit requires this
atmospheric ionization in order to function andotoduce the fair weather electric field
[30, 31]. The fair weather electric field is bekl/to be responsible for the initial charge
generation in a thunderstorm [20, 30, 31], so cogwrys do play a role in thunderstorm
charge generation. Also, the constant ionizatiothefatmosphere provides a supply of
free electrons for electron avalanches to initiatstrong electron fields, which is the first
step in generating an electrical breakdown in theoaphere [51].

Secondary GCR ionizing radiation also leaves lacgacentrations of ions in the
atmosphere. These ions interact chemically with d¢tieer atmospheric atoms and
molecules forming larger and more complex molecalasions. Many of these complex
molecules become aerosols and allow hydrometeofsrio in the atmosphere [20, 24,
25, 27]. According to the conventional lightningtistion model, lightning is initiated by

hydrometers undergoing point discharge in the gttbanderstorm electric field [10, 20].
Without hydrometeors, which are both the electiarge carriers of and lightning
initiation locations within a thunderstorm, therewid be no lightning, so cosmic rays do
play a role in conventional lightning discharge8,[24].

GCRs are known to play a role in generating the faather electric field and the
creation of aerosols with the atmosphere which layth important in thunderstorm
development, but theorists also believe that semiesl from >18' eV GCR primaries
may be directly responsible for lightning initiatioAccording toGurevich et al.[9],
relativistic electrons can be accelerated in tleetat fields found within thunderstorms
and begin to run away, i.e. the electron gains meoexgy by accelerating in the electric
field than is lost to ionization and bremsstrahly@g72]. These runaway electrons no
longer decelerate in the atmosphere and insteadcasderated to higher energies. Since
the kinetic energy of the electron is not decreaswith distance, runaway electrons
produce more secondary electrons and photons owerca longer distance than do non-
runaway electrons. This increase in the numberrskny electrons and photons over a
long distance by a single runaway electron is daberelativistic runaway electron
avalanche (RREA), due to their similarity with theuch smaller scale electron
avalanches [10]. RREAs have been theorized to gemenough secondary electrons to
either directly generate a lightning streamerhi@a RREA lightning initiation model [9],
or to generate a strong localized electric fieldltow a charged hydrometeor to initiate a
lightning leader, in the hybrid model [10, 50].
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Currently, there is no experimental evidence fahexi the RREA or hybrid lightning
initiation models. One of the objectives of OSU ad collaboration is to correlate
nearby lightning discharges with the passage of E£iAlfiated by high energy cosmic ray
primaries. A positive correlation between lightnidigcharges and the passage of EASs
would provide evidence in support of the RREA agbrid lightning initiation models.
The collaboration is using the OKLMA to determindiem a lightning discharge is
initiated near a four muon telescope detector imrniNm, OK. The muon telescope
detector array detects the passage of a large BA8gh the atmosphere via coincident
measurements in the four ground based cosmic raynrdatectors. The time between a
lightning initiation and the passage of a EAS isnpared in order to find if the two
events are coincident with one another. Figuredisplays a lightning discharge that is
coincident with an EAS.

R=5km
Thunderstorm
H=6km Air Shower Core
Lightning
Detector
Array — Ground

Figure 5.6: Diagram of an EAS passing through diveat¢hunderstorm. The core of an
EAS (Arrow) travels through the region where a fighg discharge (jagged Line)
occurred before reaching the muon telescope detectay (black rectangle) on the
ground.
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CHAPTER VI

RELATIVITIC ELECTRONS IN THE ATMOSPHERE

The Earth’s atmosphere is constantly being bomloblogeGCR primaries which generate
large numbers of secondary particles and photoriSAiSs. The majority of secondary
particles produced in an EAS are relativistic (>&\l electrons [12, 70]. As charged
particles, these relativistic electrons ionize éivosphere generating ions and other low
energy free electrons. The constant flux of GCRsumes that the Earth’s atmosphere is
always in a weakly ionized state due to all thatreistic electrons produced in EASs.

The vast majority of interactions between electrohall energies and atmopsheric nuclei
are soft collisions which produce low energy, fedectrons through ionization. Soft

collisions also leave the bound electrons in anteacstate which eventually de-excite
giving low energy, excitation photon [76, 84, 83or relativistic electrons, hard

collisions and bremsstrahlung radiation becomediminate energy loss mechanisms.
Hard collisions, called Mott Scattering [84], whiale direct collisions between electrons
that transfers a large amount of kinetic energynfithe relativistic electron to atomic

electron. These hard collisions are responsiblegfmerating high energy secondary
electrons in the atmosphere. Bremsstrahlung pha@ankigh energy gamma-ray photons
that are generated by the rapid deceleration ofdladivistic electron near a nucleus [12,
76, 84, 85].

Electrons are charged particles and are accelemataghbient electric fields, such as
those found within an active thunderstorm. Depemadin the strength and direction of
the electric field, a relativistic electron candmxelerated enough to overcome the energy
losses from soft and hard collisions, and bremsktng. When this happens, the
relativistic electron becomes a runaway electrod ao longer ranges out in the
atmosphere [9]. These runaway electrons generaitg liwed, high energy electron
avalanches called relativistic runaway electronanehes (RREA) and which may to be
responsible for lightning initiation [9, 10, 50,]72
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6.1. Relativistic Electrons in the Fair Weather Asphere

The majority of free electrons in the atmosphere €100 eV and are produced via
ionization collisions with high energy secondargattons generated in EASs. These low
energy electrons quickly range out, i.e. lose alb#ic energy and recombine with the
surrounding material. Relativistic electrons, >1\Me&an travel several meters through
the atmosphere before ranging out. However, réddtvelectrons lose energy in the
atmosphere via three processes: soft collisions, ¢@lisions, and bremsstrahlung.

6.1.1. Soft Collisions

The vast majority of interactions between a changgdicle and its surrounding medium
are soft collisions, where small amounts enerdgdsto ionize atomic electrons from the
medium. Typically in a single soft collision, <108V is transferred between the
relativistic electron and atomic electrons [86]. ilastration of a soft collision between a
relativistic electron and an atomic electron isvehan Figure 6.1.

Relativistic Electron Relativistic Electron

@ ‘—> (b)
Excitation
/,,‘\\ Photon - - __
o Atomlc;/ -~ ‘ e
/ Electrons Free
> Electron

‘ /v.‘\

Figure 6.1: Diagram of (a) before and (b) afteradt ollision. (a) The relativistic
electron travels near an atom and interacts viaGbelomb force with the bound
electrons. (b) The bound electrons are either edcind produce a excitation photon or
ionized and become a free electron.
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Relativistic electrons transfer only a small partiof their energy and momentum in a
soft collision, so the relativistic electron cont@s on its original path. The ionized
electron scatters away from the relativistic elattrand becomes a free electron.
Depending on the energy of the free electron, tee £lectron can also ionize other
nuclei in the atmosphere [35, 58].

In air, the majority of nuclei are either nitrogen oxygen which have electron binding
energies of 15.6 and 12.2 eV, respectively [14,543, However, most of the energy lost
by the relativistic electrons is lost to rotatiomad vibrational excitations of Nand Q
molecules. The average energy lost by a relativedgctron to produce a free electron in
dry air is ~34 eV [56]. The difference between #@meount of energy lost by a relativistic
electron in a soft collision and the electron bingdienergy is divided between the
production of excitation photons and kinetic eneafythe free electron. Monte Carlo
simulations have shown that free electrons typrdadive <10 eV of kinetic energy in fair
weather conditions [32]. Long spark studies hawanébthat excitation photons play a
role similar to free electrons in ionizing the within an electron avalanche [51, 55].

6.1.2. Hard Collisions

Rarely, the relativistic electron will collide doty with a bound electron in what is
called a hard collision [84]. In a hard collisicm,relativistic electron transfers a large
amount of energy, which could be all the kinetiergy of the relativistic electron, to the
bound electron which ionizes and leaves the atoth thie original relativistic electron
[84]. Figure 6.2 is an illustration of a hard csitin between a relativistic electron and a
bound electron.

The initial energy of the relativistic electronds/ided between the colliding electrons,
which is much greater than the binding energy efair molecules, so that high energy
electrons leave the molecule and propagate thraigh atmosphere. Due to the
uncertainty principle, during a collision, the telstic and bound electrons are
indistinguishable from one another, so for caldols, the electron with the greatest
kinetic energy after the collision is assumed tatee original relativistic electron. This

assumption artificially limits the kinetic energy the ionized secondary electron to half
the kinetic energy of the initial relativistic etean [76, 84].

Energy losses from soft and hard collisions arécally grouped together under the term
ionization or collisional losses. Hard collision®guce high energy secondary electrons
and soft collisions are responsible for low enesggondary electrons in an EAS [12, 76,
84].
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Figure 6.2: Diagram of (a) before and (b) aftemedicollision. (a) A bound electron is in
the direct path of a relativistic electron. (b) Tiedativistic electron and atomic electron
collide and both electrons travel away from theraicleus with a share of the initial
energy of the relativistic electron.

6.1.3. Bremsstrahlung

Very high energy electrons, >10 MeV, can travelrretanospheric nuclei and generate
high energy gamma-rays through bremsstrahlung. €llgesnma-rays range in energy
from few keV to the total kinetic energy of the ishent relativistic electron, with typical
photons being <1% of the kinetic energy of the trakstic electron [84]. Figure 6.3
shows a diagram of bremsstrahlung.

Gamma-rays are generated via bremsstrahlung winelatavistic electron travels near a
nucleus. The relativistic electron is attractedttie positively charged nucleus by the
Coulomb force, which causes the relativistic elacto rapidly slow down. The amount
of kinetic energy lost by the relativistic electrtakes the form of the bremsstrahlung
photon [76, 84].

Bremsstrahlung is the dominate form of energy lftsas>80 MeV electrons in the
atmosphere [12]. For EASs that have their showeximmam, high energy secondary
electrons within the shower core produce gamma-rajle gamma-rays scatter away
from the shower core and initiate electromagneisrades that create and then widen the

89



shower front [12]. In the literature, the energgddo bremsstrahlung is called radiative
energy loss [85].
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Figure 6.3: Diagram of a relativistic electron puoohg a gamma-ray via bremsstrahlung.
The relativistic electron travels near a nucleuse o the Coulomb force, the relativistic
rapidly decelerates and produces a high energy garaym

6.1.4. Electron Stopping Power and Range in theo&phere

The total amount of energy lost by a charged pgarper unit distance in a material due
to the different types of interactions is called f#topping power. The stopping power for
electrons includes the energy losses due to sdlfisioas, hard collisions, and the
production of bremsstrahlung photons.

For electron <80 MeV, ionization (both hard andt)sobllisions make up the dominate
form of energy loss in the atmosphere [12]. Theraye amount of energy lost to
ionization collisions by electrons of all energiesveling through a material is given by
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the Bethe-Bloche formula:

2
_(d_E) _ e? \" 2mNyzp n E(E +mc?)pB? (1= 82
dx/ion 4mey )] mc?f?A 21°mc?

— In(2) (2\/(1 — B -1+ ,82) +%(1 ~J1- ﬁZ)zl, (6.1)

where,E is the kinetic energy the electroais the distance the electron travels through a
material, e is the charge of an electror; is the permittivity of free space\, is
Avogadro’s numberz is the atomic number of the material,is the density of the
material,m is the mass of an electranjs the speed of lighfj =v/c, v is the velocity of
the electronA is the atomic mass of the material, &nslthe mean ionization potential of
the material [85]. The negative sign indicates ttiat electron is losing energy while
traveling through the material. lonization collisgo are stochastic processes, so the
Bethe-Bloche formula calculates the average amotighergy an electron loses to both
soft and hard collisions as it travels through d@emal. The average amount of energy
lost to just hard collisions is determined from Mett scattering cross section:

e? )2 21N, zp { 1 1 mc?(2E + mc?)

o(E,W) = < mc2B2A EwWz EW(1-W) (E, +mc?)2

4,

1 T
+ + 6.2
E(1-wW)? (E+ mcz)z} (62)
whereo is the Mott scattering cross sectidf, is ratio of the primary and secondary

electron energies [84]. It should be noted thatedhergy losses determined from Mott
scattering are already included in the Bethe-Bldoheula.

For >80 MeV electrons, the dominate form of enelgys in the atmosphere is the
production of bremsstrahlung photons. The averagwuat of energy lost to the
production of bremsstrahlung photons is given by

dE e? \° az’Ny(E + mc?)p 2(E +mc?)\ 4
() - i (2EERE) 4
dx/ prem 41e, m2c*A mc? 3 :

wherea is the fine structure constant [84]. Bremsstraglisma stochastic process where
photons can be created with up to the kinetic gneffgthe electron, so to accurately
determine the number and energy of the secondastops, Monte Carlo simulation is

required. However, the total kinetic energy lost thg electron to bremsstrahlung is
accurately described by equation (6.3).
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The total amount of energy lost by an electron gvtrhveling through a material is given

by!
(dx) (dx) (dX) 6.4
tot ion brem' ( : )

Equation (6.4) is generally referred to as theted@cstopping power in a material with

equation (6.1) describing the collisional stoppaogver and equation (6.3) describing the
radiative (bremsstrahlung) stopping power. In apoamd material, such as air, the total
stopping power is calculated from the stopping poleeeach of the materials that make

up the compound:
dx compound pcompound - wj dx ipi , (6.5)

l
where the index represents each of the materials that make updhgound and; is
the mass fraction of th& material within the compound [84]. In gaseousariats, the
low energy bonds between molecules can be ignotezhwealculating stopping power
[87].
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Figure 6.4: Plot of the electron stopping powediy air near sea level [26].
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The stopping power for electrons in dry air at el is shown in Figure 6.4. The
electron stopping power decreases with increaslagtren kinetic energy reaching a
minimum at ~1 MeV. For <1 MeV electrons, the stogppower is completely due to
collisional energy losses. Above the minimum iamigienergy of ~1 MeV, collisional
energy losses increase with electron kinetic en€éfrbis causes the total stopping power
to also rise. At electron energies >10 MeV, rad@tnergy losses become appreciable
and become the dominate form of energy losses iio@>80 MeV electrons [12, 85].
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Figure 6.5: Plot of the range of electrons in dryaalisted altitudes [20, 26].

As an electron travels through a material, it losesrgy, quantified by its stopping
power, and slows down. The average distance tler@tewould travel in the material
before losing all of its kinetic energy is calldetrange [84]. Theoretically, the range of
an electron can be determined analytically by sgivequations (6.1) and (6.3) for the
distancex. Because equations (6.1) and (6.3) both dependritbgically with the
electron kinetic energy, an analytic solution fbe trange of an electron can not be
derived. However, the range of the electron caddiermined numerically by assuming
that the electron loses energy at a constant rege @ small distance, and counting how
many of these short distances it takes for anreledb lose all of its kinetic energy [85].

An electron that reaches the end of its range i tearange out. An electron that has
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ranged out has lost all of its kinetic energy assuaned to recombine with the atoms in
material. The range of an electron in dry air #fiedent altitudes is shown in Figure 6.5.
Figures 6.4 and 6.5 were both calculated assunhag the electrons were in a fair
weather atmosphere and not in the strong ambientri field typically found within an
active thunderstorm.

High in the atmosphere, relativistic electrons élavetween 10 m, for a 1 MeV electron,
to 1 km, for a 100 MeV electron, before losingtakir kinetic energy and ranging out.
Near the ground, the range of relativistic elecdras an order of magnitude shorter,
ranging from between a meter for a 1 MeV electimr100 m for a 100 MeV electron.
According to Figure 6.5, relativistic electrons guced at lightning initiation altitudes of
4-8 km range out before reaching the ground ini@ather conditions. In thunderstorm
conditions, the relativistic electrons are accetztan the ambient electric field of the
thunderstorm, which has a large effect on both rikmege and kinetic energy of the
relativistic electron.

6.2. Relativistic Electrons in Thunderstorm Coradis

Thunderstorms introduce two changes to the fairteraatmosphere that affect the
passage of relativistic electrons: strong eledtelds and increased water content in the
air. Relativistic electrons are charged particled accelerate in external electric fields.
Although the fair weather electric field (~100 V™jnaccelerates electrons in the
atmosphere, it is not strong enough to affect trepggation of relativistic electrons.
However, strong electric fields found within actitreunderstorms (~130 kV T are
sufficient to have an effect on the stopping poa®d range of relativistic electrons in the
atmosphere [9]. Depending on the direction of tleetdc field, electrons will either be
accelerated or decelerated by the electric fielgure 6.6 illustrates the regions within a
typical dipole/tripole thunderstorm where a downdvlaaveling electron is accelerated or
decelerated by the ambient electric fields.

The increased water content within the thunderstomanges the elemental composition
of the atmosphere, which affects the stopping poamd range of the relativisitic
electrons. Within a thunderstorm, the air contammge water in various states than the
U.S. Standard Atmosphere [7, 88], so the stoppiogvegp for electron inside a
thunderstorm is slightly lower than in fair weatlenditions [26]. Table 6.1 shows the
mean ionization potential), and elemental mass fractions for fair weather and
thunderstorm conditions used in this work.
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Figure 6.6: Diagram of regions within a typical tiderstorm where downward traveling
relativistic electrons are accelerated or deceddrat ambient electric field. The length of
the thin arrows represents the velocity of thetnakdic electron. The altitude scale is
only approximate [3].

Table 6.1: Mean ionization potentidl,and elemental mass fractiomsfor fair weather
and thunderstorm conditions in the atmosphere4788].

Element | (eV) Fair Weathew, Thunderstornw;
H 19.2 0.0000 0.0012
N 82.0 0.7617 0.7721
O 95.0 0.2262 0.2174
Ar 188.0 0.0121 0.0093
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The stopping power of an electron in a strong eketield is given a modified version of
equation (6.5) as,

dE

(& )
dx compound

dX)electron

= () + ee(h),

(6.6)

where the compound used in the stopping powethgredry air (fair weather conditions)
or moist air (thunderstorm conditions), ang thunderstorm’s electric field at altitutie
The electron stopping power depends on the altivgdause the atmospheric density also
depends on the altitude. The electron stopping pawe material is defined as the
amount of energy lost by an electron traveling tigiothe material, so a positive, upward
directed electric field will cause a downward tiawg electron to accelerate in the
atmosphere. Inside a thunderstorm with a typicabl@/tripole electric charge structure,
electrons traveling toward the ground are acceddrabove the main positive charge
center and between the main negative and lowetip®siharge centers. The ambient
electric field between the main positive and negatiharge centers causes an electron
that is traveling towards the ground to decelerateording to Section 4.2, CG lightning
typically originates near the negative charge negihere the ambient electric fields
changes direction.

500
—8— 1MeV
10 MeV
400 | 100 MeV
300 |
E
S 200}
 an
©
o
100 F
ol *—» @ —@ & @ »
1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

Decelerating Electric Field Strength (kV m"1)

Figure 6.7: Plot of the range of electrons in maistat an altitude of 6 km in the listed
constant electric field.
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In a decelerating electric field, electrons losergy quicker than an electron in a zero
electric field region. The strength of the decdiamelectric field effectively adds to the
stopping power of the electron without producingitidnal secondaries. This causes the
electron to produce fewer secondaries and to hawaueh shorter range. Figure 6.7
shows the range of relativistic electrons as a tfancof decelerating electric field
strength. The range of an electron in thunderstwnditions decreases by approximately
an order of magnitude in a constant 300 kV decelerating electric field compared to
the range in an electric field free region.
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Figure 6.8: Plot of the range of electrons in maistat an altitude of 6 km as a function
of the magnitude of an accelerating electric field.

The situation is vastly different for electronsaaocelerating electric fields. Accelerating

electrons have greater kinetic energies and exteramigges than electrons in an electric
field free region. Having greater kinetic energgcelerated electrons will produce more
secondaries, especially more high energy secorelacyrons through hard collisions. If

the electric field is sufficiently strong, the alsrated electron can run away, i.e. have a
limitless range, in the electric field [9]. Figu&8 shows the range of electrons in
different strength, constant, accelerating eledtelcls. Once an electron runs away in an
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electric field, the range of the electron is deieed by the strength and length of the
accelerating electric field region and not the ggef the runaway electron.

Runaway electrons generate large amounts of segesdaostly low energy electrons
and photons, in relativistic runaway electron aneles (RREA) [9]. RREAs are
theorized byGurevich et al[9] to produce a sufficient number of high enegigctrons
to initiate a lightning discharge.

6.2.1. Runaway Electrons

Runaway electrons are electrons which have a &sstrange in a material due to being
accelerated by a strong electric field. There migmum kinetic energy required for an

electron to run away in the atmosphere that is niége both on the altitude and strength
of the electric field as shown in Figure 6.9. Arlgatron above the minimum runaway

energy will not range out in the atmosphere.
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Figure 6.9: Plot of the minimum electron kineticeayy required for an electron to run
away in the listed accelerating electric field sg#hs.
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In Figure 6.4, the stopping power of a >1 MeV glaatincreases with electron kinetic
energy, so that there is a maximum electron kinetiergy where the energy gain by
being accelerated in the electric field is gredtemn the stopping power. The kinetic
energy of a runaway electron where the energy daigebeing accelerated in the electric
field and the stopping power is called the equilliir runaway energykeq and is shown
for various electric field strengths in Figure 6.1Runaway electrons below the
equilibrium runaway energy will increase in enengith distance until the runaway
electron reaches the equilibrium runaway energynaay electrons above the
equilibrium runaway energy will decrease in enevgth distance until the runaway
electron reaches the equilibrium runaway energgaR#ess, both accelerating runaway
electrons E < E¢¢) and decelerating runaway electroBs>E.y) will not range out in the
atmosphere. Figure 6.11 shows the three energyn®ggilow energy, accelerating
runaway, and decelerating runaway, of electroranaltitude of 6 km in a 300 kV T
accelerating electric field.
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Figure 6.10: Plot of the equilibrium runaway enefgylisted electric field strengths.
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Electrons will only continue to run away as longtas strong electric field region exists.
Outside the electric field region, the former ruaswelectrons will lose energy to
ionization and bremsstrahlung and will range out jike a typical electron. Runaway
electrons only have a limitless range while ingdsrong electric field region.

In Gurevich et al[9] only accelerating runaway electrons are cagr&d to be runaway
electrons since the energy gained by acceleratirtbea electric field is greater than the
stopping power of the electron. | will be using ttedinition that runaway electrons have
a limitless range in the atmosphere, since botkelating and decelerating runaway
electrons are able to initiate RREAS.
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Figure 6.11: Diagram of the different regions ofetativistic electron in a 300 kV T
accelerating electric field at an altitude of 6 kma 3% moist air by mass atmosphere.
The effective stopping power is calculated by eigual6.6).
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6.2.2. Relativistic Runaway Electron Avalanches

All electrons that travel through a material proelisecondaries through ionization and
bremsstrahlung regardless of the presence of lefiglds. The total number of
secondaries (both low and high energy) increaske &t&ctron kinetic energy and range.
Thus, electrons in strong accelerating electrid$evill produce more secondaries since
the primary electron has both higher energy anddomrange. Figure 6.12 shows the
difference in the number of high energy seconddectens produced by a single
runaway electron with the equilibrium runaway eryerg
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Figure 6.12: Plot of the integral number of higleeyy secondary electrons produced by
a single primary electron with equilibrium runawipetic energy in the listed constant
accelerating electric fields.

If a runaway electron is at least twice the minimumaway energy, then that runaway
primary could produce secondary electrons with ghoenergy to also run away in the
electric field. Since the air density decrease$ wititude, the closer to the ground the
relativistic electron is, the stronger the elecfigld needs to be in order to produce
additional runaway secondary electrons as showigure 6.13.
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Figure 6.13: Plot of the minimum electric field végd for a runaway electron to
produce runaway secondary electrons in the atmosphe

Runaway electrons do not range out, so all prinaarg secondary runaway electrons
continue to propagate through the entire strongtmtefield region. As the runaway
electrons travel through the strong electric fieddion, large quantities of low energy
electrons are produced along with a smaller nunobérigh energy, runaway electrons.
The low energy electrons will slowly scatter awayd &eventually recombine with the
atoms in the atmosphere, but the high energy ruyswal continue on producing even
more secondaries. This slowly growing core of rusmawlectrons that produces a plasma
of low energy electrons forms a RREA [9, 51].

Figure 6.14 shows the evolution of a RREA in argjrelectric field region. A runaway
electron primary enters the strong electric fiekjion and initiates a RREA. The
runaway primary begins to produce a plasma of loergy secondary electrons and also
a few runaway secondary electrons which initiagrtbwn RREAs. As the primary and
secondary runaway electrons continue propagatedhrthe strong electric field region,
the total number of RREAs and the magnitude of lthe energy electron plasma
increases in size and density. Once outside tbagelectric field region, all the RREAS
begin to attenuate and eventually all the electlmgsn to range out.
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. Relativitic electron enters a
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field region.
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2 ‘ secondary electrons and a
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Figure 6.14: Diagram of the formation of an RREA.rdlativistic electron enters a
strong, accelerating electric fiel&, region and runs away in the electric field. The
runaway electron generates a small number of higltgy secondary electrons and a
large number of low energy secondary electrons. Aigh energy secondary electrons
also run away in the electric field and generatditemhal high energy and low energy
secondary electrons. The runaway electrons formmallsionizing core, which is
surrounding by a plasma of low energy electrorsatong a RREA.

According toGurevich et al.[9], RREAs will be able to directly generate aeamer,
which eventually develops into a leader via thevemtional lightning discharge model.
This is called the RREA lightning initiation modél 10]. InPetersen et al[10], the low
energy electron plasma created by RREAs locallyaeoés the ambient electric field,
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which allows nearby hydrometeors to initiate a tighg discharge via the conventional
lightning discharge model. The lightning initiatiomodel proposed iReterseret al.[10]
is called the hybrid lightning initiation model.

6.3. Relativistic Runaway Electron Avalanche (RREAtning Initiation Model

Secondary electron densities within the core ofl@>eV proton primary initiated EAS
can be much greater than the electric charge desnsypically measured within the main
charge centers of a thunderstorm [20, 22, 76]. Whdarge EAS travels through an
active thunderstorm, the strong electric field emuthe shower core electron density to
grow due to the increased kinetic energy of theséary electrons and the presence of
runaway electrons. The EAS shower front travels riiea speed of light and quickly
leaves the thunderstorm, leaving behind a plasni@wo&nergy secondary electrons. This
charged plasma polarizes in the ambient electald.fiThe atmosphere surrounding a
point discharge is also a polarized plasma, whicabile to generate streamegsirevich

et al [15] theorized that the polarized plasma from RREould also generate streamers
just like point discharges but in typical thunderst electric fields [15]. Once streamers
are generated, a leader would develop by the saaghanism as in the conventional
lightning discharge model. The theory that the lemergy electron plasma created by
RREAs could generate streamers in typical thunderstelectric fields is called the
RREA lightning initiation model [9, 10, 15]. A dieggm of the RREA lightning initiation
mechanism is shown in Figure 6.15. Once streamendtion begins, the lightning
discharge develops just like in the conventiorgiitining discharge model as described in
Section 4.4.1.1. [10, 15]. The major differencewssin the RREA and conventional
lightning initiation models is that the RREA mod#des not require a hydrometeor to
undergo a point discharge in order to generatesarsier [10, 15].

Monte Carlo simulations [16, 17, 89] have deterrirtleat an initial ambient electric
field of 200-300 kV rt is required for a RREA to generate a dense entawglenergy

electron plasma to modify the electric field for lghtning leader to develop.
200-300 kV nt electric fields are greater than the average maxinthunderstorm
electric field of 130 kV rt, but electric fields of those strengths have bemmsured

before within thunderstorms. In addition, 200-30&/ km™ electric fields are
approximately an order of magnitude weaker than3®@0 kV ni' that is required for
long spark initiation [9, 10, 17]. The breakdowreattic field threshold for a RREA
initiated discharge also decreases with altitude.6Akm only an electric field of
167 kV mi' is required to initiate a lightning discharge [20, 21].

104



Relativistic
Electron

Low Energy Runaway
Electron Plasma Electrons

Figure 6.15: Diagram of the RREA lightning initiati model. A RREA develops in an
active thunderstorm, producing a large number of émergy secondary electrons. The
low energy electrons form a charged plasma whiderse enough to develop a streamer
system and eventually a stepped leader [Adapted rand 15].

Currently, there is no definitive experimental ende that lightning discharges are
caused by EASs and accompanying RREAs. The bedriengntal evidence for the
RREA lightning initiation model comes from balloborne electric field mills
measurements where there is a lightning dischafgenever the ambient electric field
gets near the RREA threshold electric field [15]. 88 sults from four such experiments
are shown in Figure 6.16. These balloon borne @xeats only measured the ambient
electric fields, so these experiment could notfyefiEAS or RREA were responsible for
these lightning discharges [21, 89]. Experimentabp of the RREA lightning discharge
model would require measuring both the passagenoEAS and the initiation of a
lightning discharge.
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Figure 6.16: Four balloon-borne electric field measnents (colored lines) within an
active thunderstorm. In the pldE; is the minimum electric field required to produce
runaway secondary electrons andcolored arrows) shows when a lightning discharge
occurred near the balloon [89].

6.4. Hybrid Lightning Initiation Model

The main problem with the conventional dischargedehas that the required electric
fields to initiate a point discharge and genertitsasners are at least 2-3 times larger than
those typically measured within an active thunaerst[10, 20]. As seen in the RREA
lightning initiation model, EAS and RREAs leave leha plasma made up low energy
electrons in strong electric field regions. Alonghabeing polarized by the strong electric
field, this plasma could also enhance the eledteid within a small localized region,
such as the region surrounding the EAS shower fI®f Hydrometeors within this
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enhanced electric field region could undergo paiisctharges and generate streamers
according to the conventional discharge model P10, Petersen et al[10] was the first

to theorize that the low energy electron plasmaegged by RREA could enhance the
ambient electric fields to allow the convention&otharge model to function in typical
electric: the hybrid lightning initiation model.
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Figure 6.17: Diagram of the hybrid lightning intian model. (a) An EAS travels
through the atmosphere leaving behind an ionizesmpé. (b) A charged hydrometeor
undergoes a point discharge in the ionized airclvthen develops into a lightning leader
via the conventional lightning initiation model [10

Figure 6.17 is a diagram showing the steps of ghwith lightning initiation model. The
hybrid lightning initiation model begins when an E&nters a high electric field region
and RREAs begin. The EAS shower front travels pasharged hydrometeor, which
does not undergo a point discharge in the ambientre field. Behind the shower front
is the low energy electron plasma generated bYRRREAS, which surround the charged
hydrometeor. Due to the presence of the low enetggtron plasma, the local electric
field is enhanced, allowing the hydrometeor to ugdea point discharge, develop a
streamer system, and generate a leader in the angbeetric field [10].

Macroscopically, the RREA and hybrid lightning diacge models look very similar: an
EAS travels through a strong electric field regard a lightning discharge develops [9,
10]. Discriminating between the RREA and hybrid migdexperimental would be very
difficult (e.g. did the streamers originate fromhydrometeor or not). This needs to be
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considered in any future experiments to prove estedlly either the RREA or hybrid

lightning initiation models. In the current expeem being performed by the OSU and
OU collaboration, any correlation between the pgssaf EAS and nearby lightning

discharges supports both the RREA and hybrid ligigtmitiation models.

One assumption that both the RREA and hybrid liglgtnnitiation model make is that
there are enough relativistic electrons travelingoigh the atmosphere in order to
generate a dense enough low energy electron plesmadify the ambient electric fields
and initiate a lightning discharge [9, 10]. In thaly stages of the OSU/OU experiment,
it was discovered that that has been very few nmreasents of the electron flux at
altitudes below 12 km, which were summarizedDaniel and Stephen@®0]. A major
portion of my research was to determine if thereewsufficient number high energy
electrons in the atmosphere to account for allthigiy discharges within a typical
thunderstorm. Due to the lack of measurements efdlectron flux at thunderstorm
altitudes, | used the cosmic ray Monte Carlo co@RSIKA 6.790 [13] to simulate the
development of EASs and then calculated the resukdectron flux in a fair weather
atmosphere.
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CHAPTER VI

CORSIKA MONTE CARLO SIMULATIONS

The RREA and hybrid models both require populatiohkigh energy EAS secondary
electrons at thunderstorm altitudes, between 48&knh, in order to initiate a lightning
discharge. There are very few experimental measemesrin the literature regarding the
flux of EAS secondary electrons in the atmospheé@ng altitude. Of the few published
results, most are measurements from balloons abfhef the atmosphere at altitudes a
above 16 km as summarized bgniel and Stephens 1974 [90].Daniel and Stephens
is also the most referenced source to present anyumsgasnts or model calculations on
the secondary electrons fluxes and energy specbrelow 12 km, i.e. thunderstorm
altitudes. Due to the lack of secondary electromasueements and calculations at
thunderstorm altitudes over the past 40 yearsareBers have had to simply assume a
secondary electron flux and energy spectra in ttesphere as inputs into the RREA or
hybrid models [9, 10, 15, 16, 17, 18, 22, 89]. @h¢he objectives of this research is to
model the secondary electron environment at thisholen altitudes, and to determine if
there are enough high energy electrons in the gth®os to initiate a lightning discharge.

In order to obtain data on the secondary electatrtbunderstorm altitudes, the cosmic
ray Monte Carlo code CORSIKA (COsmic Ray Simulagidor KAscade) 6.970 was
used to simulate the development of EASs in theetostmosphere under fair weather
conditions [13]. A Monte Carlo code was chosen itautate the secondary electron
environment, because of the lack of secondaryrelecheasurements in the atmosphere.
CORSIKA was originally developed to simulate EA8ghe atmosphere for the cosmic
ray experiment Kascade-Grande, based in Karlsr@demany, but has been since
modified for use in many different experiments sachlceCube or the Pierre Auger
Projects [13, 91, 92]. Results from CORSIKA haverbgerified in both cosmic ray and
accelerator experiments [13, 93, 94, 95] and camds®l to generate a more realistic
secondary electron environment, flux and energyctspen in the fair weather
atmosphere.
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7.1. Overview of CORSIKA

CORSIKA is a Monte Carlo computer code that simedahe development of an EAS in
the Earth’s atmosphere. Monte Carlo codes use mandombers to determine the
probability of a particle undergoing an interacti@ng. particle collisions or decays, in
the atmosphere and the momenta of all productsatfibteraction. CORSIKA simulates
the development of an EAS from primary protons,vigdans up to iron, electrons, and
photons of energies between® #hd 16° eV. The program tracks all the secondaries in
an EAS including secondary hadrons, leptons, amdopls. For each secondary produced
in an EAS, CORSIKA records the location, energyd divection of travel between each
of its interactions. Because of the vast numbeyasisible particle interactions (especially
particle decays), CORSIKA only simulates interatsichat have >1% probability of
occurring, i.e. CORSIKA does not simulate extrenralge events such as producing the
Higgs boson [13].

In order to properly simulate hadronic interactidns the entire primary cosmic ray
energy range, CORSIKA uses two different hadronteraction generators. Hadronic
generators are computer routines that simulate onadrparticle interactions. One
generator handles hadrons >80 GeV and the othelldsahadrons <80 GeV. CORSIKA
is packaged with five different high energy (>80\Mp&adronic generators and two low
energy (<80 GeV) hadronic generators that were Idped connection with several
accelerator experiments and detailed in the CORSt#iK8umentation [13]. This work
used the QGSJET-II event generator [96] for higdrgn and GHEISHA event generator
[97] for low energy hadronic interactions. QGSJETQuark Gluon String model with
JETs version 2) uses quantum chromodynamics (Q@B®)aper string theory to model
collisions between quarks and gluons, the forcaerdior the strong force, at high center
of mass energies [98]. QGSJET-II also includesptiysics for hadronic jet, i.e. hadronic
shower, production [13, 96]. Recent results fromlthrge Hadron Collider have verified
the lowest energy portions of the QGSJET-II mod8][ The low energy hadronic
generator GHEISHA uses particle cross section egpa@rimentally measured in various
particle accelerator experiments to simulate strogractions between particles [13].
GHEISHA was used previously in the particle tramspoode GEANT3 [13].
Electromagnetic interactions are simulated with E@Sectron Gamma Shower version
4) in CORSIKA [99]. EGS4 simulates all the interans between electrons and gamma
photons such as ionization, bremsstrahlung, and graiduction [100]. The hadronic
generators and electromagnetic physics packageshasen when CORISKA is first
complied. In order to change any of the event geoes, a fresh build of CORSIKA
must be compiled.
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Figure 7.1: Altitude as a function of Atmospheriefddh of the 1976 U.S. Standard
Atmosphere parameterized for CORSIKA 6.970 [13].

An accurate description of the development of aeresive air shower in the atmosphere
requires CORSIKA to use a detailed parameterizatibboth the atmosphere and the
geomagnetic field of the location where EAS is gesimulated. By default, CORSIKA
uses the 1976 U.S. standard atmosphere model ddiathweather atmosphere [7, 13].
The 1976 U. S. standard atmosphere model is a ptesration consisting of 78.1%,N
21.0% Q, and 0.9% Ar [7, 13]. CORSIKA also divides theientattmosphere into five
regions based on how the atmospheric density clsawghb altitude: 0-4 km, 4-10 km,
10-40 km, 40-100 km, and >100 km altitude. Foratraospheric regions below 100 km,
the altitudeh, is related to atmospheric depthyia the exponential relationship,

n
d(h) = a; + bie ©, (7.1)

wherea;, b, andc; are fitted parameters for th& atmospheric region. For the region
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above 100 km, atmospheric depth and altitude dagerkvia the linear relationship,

h

5 (7.2)

where the >100 km atmospheric region is {h& atmospheric region. From this
parameterization, the entire atmosphere has a d#ptB34 g crif with the top of the
atmosphere at an altitude of 112.8 km [13]. Figdre shows a plot of altitude as a
function of the atmospheric depth. CORSIKA uses geemagnetic field determined
from IGRF 11 [33]. For this work, the geomagnetield for Oklahoma City, OK
(35° 28’ 56.28” N 97° 32’ 6.72” W) was determinedrh the IGRF 11 model and used

as an input for CORSIKA. Both the atmosphere amuhgagnetic field can be changed
through a user command on the CORSIKA input file.

Atmospheric Layer . z-axis (Altitude
Primary y-axis (West)
Cosmic

Ray

First Interaction x-axis (North)

Extensive Air Shower

Shower
AXis

Atmospheric Layer Shower Front
Observation Height

V Earth \

Figure 7.2: Geometry used in CORSIKA cosmic ray uwanons. CORSIKA uses
magnetic North and West for the x and y directigxdapted from 13].
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CORSIKA simulates the path of the cosmic ray priynparticle from the top of the
atmosphere to the altitude of first interactio®,. iwhen the cosmic ray primary first
undergoes a nuclear interaction with an atmosplrenm or molecule. After the first
interaction, CORSIKA simulates all the interactioos the cosmic ray primary and
secondary particles through the rest of the atmergpto a user defined observation level.
A diagram of the atmospheric geometry used in C@®RSiIs shown in Figure 7.2.
CORSIKA uses Cartesian coordinates to describeldbations of the EAS particles
relative to the shower axis. Corsika 6.790 usesneiagNorth as the positive x-direction,
magnetic West for the positive y-direction and #haxis is along the shower axis with
the origin being the location of first interactig]. Magnetic North and West are
determined from the local geomagnetic fields caltmd in IGRF 11 [33].

7.2. CORSIKA Simulation Inputs

Each CORSIKA simulation requires an input file mage of a series of commands,
which are detailed in the CORSIKA 6.970 user gyii#l] in order to correctly run the
simulation. The input file is a small text file lefss than two dozen lines that contains all
the information needed by CORSIKA to simulate EABasch line in the input file is a
different command, which controls a different agpet the simulation. These input
commands can be divided into three main tasksnihgfithe cosmic ray primary, EAS
propagation through the atmosphere, and simulatiotputs. Figure 7.3 shows the
commands found in a typical input file used in thierk. The different colors of the input
file show the different types of CORSIKA commanded are commands related to
defining the cosmic ray primary, blue commands @nEAS development and
propagation, green commands are related to gengratitput files, and black commands
are not used in this work but are still requiredd®RSIKA to run properly.

The first type of CORSIKA commands are used tordethe primary cosmic ray that
will be generating the EAS in the atmosphere. CBRSiequires that the particle type

(proton, heavy ion, electron, or gamma photonjjahenergy, number, and zenith angle
of the primary cosmic ray. According to the fluxaafsmic ray primaries at the top of the
atmosphere, listed earlier in Table 5.1, ~90% bEasmic ray primaries are protons [73,
74]. The flux of helium and heavy ion cosmic rajnaries are not sufficient to generate
the lightning discharge rates observed in mesosaade severe thunderstorms [3, 68].
Proton cosmic ray primaries are frequent enougladmount for the largest lightning

discharge rates ever recorded in a thunderstortersy8]. For this reason, only primary
proton initiated EASs were considered in this work.
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RUNNR 610000 run numnber

EVINR 1 nunber of first shower event
NSHOW 10 nunmber of showers to generate
PRVPAR 14 particle type of prim particle
ESLOPE -2.7 sl ope of primary energy spectrum
ERANGE 1.E6 1.E6 energy range of prinmary particle
THETAP 00. 00. range of zenith angle (degree)

PHI P -180. 180. range of azi muth angle (degree)
SEED 1 10 0 seed for 1. random number sequence
SEED 2 0 0 seed for 2. random number sequence
OBSLEV 000000 observation level (in cm

FI XCH 0. starting altitude (g/cnt*2)
MAGNET 22.5 45.8 magnetic field central OK
HADFLG O O O O 0 2 flags hadr.interact. & ragnentation
ECUTS 0.1 0.1 0.0005 0.0005 energy cuts for particles
MUADDI T additional info for nuons
MUMULT T muon multiple scattering angle
ELMFLG T T em interaction flags (NKG EGS)
STEPFC 1.0 mult. scattering step length fact.
ARRANG 0. rotation of array to north
LONG T 1. T T longit.distr.&tep size & fit & out
ECTVMAP 1. E3 cut on gamma factor for printout
MAXPRT 10 mex. nunber of printed events
DI RECT ./ output directory

DATBAS F wite .dbase file

PAROUT T F wite DAT file

USER you user

DEBUG F 6 F 1000000 debug flag and log.unit for out
EXIT term nates i nput

Figure 7.3: CORSIKA commands from an input file far1d® eV proton primary
simulation used in this work. See the text forieaning of the different colors.

The majority of cosmic ray primaries measured attthp of the atmosphere are proton
primaries of energy <1 GeV. Less than 1 GeV cosaygrimary protons are affected by
the geomagnetic field and are deflected to largetlzengles [32]. EASs of large zenith
primaries develop near the top of the atmospherk atenuate above thunderstorm
altitudes. However, EASs initiate from >10 GeV paityl proton are not as affected by
the geomagnetic field and are able to reach thgiolen altitudes even near the equator
where the effect of the geomagnetic field is atsit®ngest [12, 20, 32, 69, 71]. From
satellite measurements, the majority of lightnimgckarges also occur near the equator in
coastal regions [1]. For those reasons, the minirpumary proton cosmic ray energy
used in this work was 10 GeV (f0eV). At the other energy extreme, the flux of
>10'" eV proton primaries are typically measured in sioit square kilometers per year,
which is too low to explain typical lightning disstge rates [3, 69]. The maximum
lightning discharge rate ever recorded is 120 disgds per minute in a single
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thunderstorm cell and corresponds to an maximunmag®s cosmic ray flux of
~5 PeV (5.0 * 1€ eV) [69]. To account for more typical lightningsdharge rates, this
work assumes that maximum primary proton energy toalld generate a lightning
discharge is 10 PeV (10eV).

Table 7.1: Energies and number of cosmic ray prptonaries simulated in this work.

Primary Energy (eV) Number of Primaries

10" 10000
10" 10000
10* 10000
10" 1000
10 1000
10" 100

10'° 50

Table 7.1 lists all the primary proton energied thare simulated in CORSIKA for this
work. A range of primary proton energies were sated in order to determine the
minimum energy required to produce an EAS with ghotnigh energy secondary
electrons to initiate a lightning discharge, odegermine if the background ambient flux
of secondary electrons, i.e. secondary electrams the constant flux (of mostly lower
energy) cosmic ray primaries, is sufficient. Thettmd of calculating ambient flux from
the individual energies of EAS simulations is dssed in Chapter 8. There is a large
amount of variation between EASs of the same enfg], so each primary proton
energy was simulated a number of times as listedable 7.1 in order to obtain a
statistical average. Because the number of EASnskci®s increases linearly with
primary proton energy [68], i.e. there are rougtdg times more EAS secondaries for
100 GeV than 10 GeV EASs, and that computer tinse alcreases linearly with the
number of EAS secondaries [76], fewer simulatiofishmher energy EASs were
performed than lower energy EASs. The total comptiiee for 10000 18 eV proton
primary EAS simulations was <30 seconds but 508° ¥V proton primary EAS
simulations was >10 days. The number of simulatisas chosen so that the error of the
average of each simulation was <20%.

The primary cosmic rays are assumed to arrivedpatally at the top of the atmosphere
[11]. Due to the geometry of the atmosphere, EAfas$ tlevelop at larger zenith angles
must pass through a greater depth of atmosphesedar to reach the same point in the
atmosphere as a lower zenith angle EAS [11]. Theldpment of an EAS is affected by
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the amount of atmosphere the EAS secondaries mastl tthrough [76]. Thus large
zenith angle EASs arrive later in their developmanan observation level than smaller
zenith angle EASs. For the primary proton energiesulated, vertical, i.e. 0° zenith
angle, EASs typically reach shower maximum at hgig initiation altitudes of 4 to
8 km. Below shower maximum, EASs begins to attemwaet the secondaries begin to
range out or get absorbed by the atmosphere. Tdweeshmaximum of large zenith angle
EASs are above and are very attenuated at lightmitigtion altitudes. Small zenith
angle EASs still reach shower maximum at higheituakes than vertical EASs, but
because of the exponential nature of atmospherisitye the difference is not as severe
as high zenith angles [102]. Experimental measunésnBave found that the typical
variation between EASs affects in the number of Es&8ondaries more significantly
than zenith angle for EAS with <40° zenith anglé8d]. For these reasons, all EAS
simulated in for this work were assumed to be ualti

The propagation of the cosmic ray primary and séaoas through the atmosphere is
controlled by the second type of CORSIKA commaridss type of commands includes
how the atmosphere and local magnetic field aranedeéf the initial values of the random
number generator seeds, and cosmic ray secondargyeoutoffs. Since this work only
uses the default atmosphere used in CORSIKA, Figu& does not include any
commands for modifying the atmosphere. The geontagrfield varies more with
location than does the atmosphere [7, 33], so tiwal lgeomagnetic field must be
included in each CORSIKA input file.

CORSIKA uses randomly generated numbers to deternsitochastic interactions

between particles. A more thorough description ofv HCORSIKA generates random
numbers and uses them to describe particle interacts presented in the CORSIKA
physics guide [13]. However, CORSIKA does requirattan initial random number be
chosen by the user and is included in the inpet Tihis initial random number is called a
seed in CORSIKA [13]. CORSIKA actually requires thser to define two random

number seeds, one for hadronic generators andeamfothgenerating secondary particles
[102]. Due to a how CORSIKA uses the second randomber seed in computations,
the authors of CORSIKA suggest that the secondomndeed always be set to zero
[101]. For this work, only the first random numbseed was modified for each

simulation.

The amount of computer time required for CORSIKAtaplete a simulation is linearly
related to the number of secondaries produceddrEthS [77]. The number and energy
of the EAS secondaries increases with cosmic reggoy energy [12]. As the energy of
secondaries increases, more types of interactimorbe possible. For example, the
dominate forms of energy loss for 1 MeV electrons soft collisions, for 10 MeV

electrons are soft and hard collisions, and for M¥V electrons are soft and hard
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collisions and bremsstrahlung [12, 70]. Higher ggeinteractions also produce more
high energy secondaries, such as secondary electrom hard collisions or photons
from bremsstrahlung. The majority of secondaries aot produced with sufficient
energy to greatly affecting the development of it of EAS. In an effort to decrease
computer time, CORSIKA only propagates EAS secdadabove a user defined energy
threshold, i.e. only monitor higher energy secoisdathat could affect the development
of the EAS. Any EAS secondaries below these entnggsholds, or cutoff energies, are
removed from the EAS and its energy assumed toepesited to the local atmosphere.
In this work, the cutoff energies, typically writtasE,; are 500 keV for electrons and
photons and 100 MeV for hadrons and muons. Theechostoff energies used in this
work were the lowest allowed by CORSIKA [101].

Another method to lower the computer time is toidBvthe all EAS secondaries into
several energy bins and only propagate a singlensiecy from each energy bin. All
secondaries of the same energy are then assunpedp@agate in the same manner as the
simulated EAS secondary. This method of approximgathe propagation of multiple
EAS secondaries with a single simulated EAS seagnda called thinning [102].
CORSIKA uses a thinning algorithm to drasticallyjduee the computer time for
simulations of very high energy EASs [13]. Typigathe thinning algorithm is used with
secondary electrons and photons that are <100 M@Z][ Simulations of the highest
energy cosmic rays (>10eV) require using thinning algorithm to limit conotpr time to

a reasonable period (<1 year) [104, 105, 106]. TWosk focuses on the production of
<100 MeV secondary electrons, which are affectedtiost by the thinning algorithm, so
the thinning algorithm was not used in this work.

The last type of CORSIKA commands involves how CO&Sgenerates outputs. The
majority of these commands tell CORSIKA what typésoutputs to write to the hard
drive and include the longitudinal and lateral péetdistributions. The different types of
outputs from CORSIKA are discussed in Section FaF. these output commands, the
user must define the different observation levelthe atmosphere of the simulation. An
observation level is the altitude at which datanfrthe simulation is written to a file.
CORSIKA simulates the EAS down to the observat@rel, writes EAS secondary data
to the output file, and either continues to simeildite EAS to the next observation level
or ends the simulation at the lowest observatioellecCORSIKA has two output types
that requires the user to define observation levils longitudinal and lateral EAS
distributions. Longitudinal output contains a smalmount of data (<1 Mb per
simulation), so the longitudinal observation levetsre assigned as every 1 gtof the
atmosphere in this work. In contrast, the latefatribution output files could be quite
large (>20 Gb per simulation), so the lateral disition observations levels for this work
were every 2 km of altitude from the ground up 20kin. Table 7.2 lists the altitudes and
depths in the atmosphere where the lateral disioibsi were determined for this work.
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The 2 km lateral distribution observation levelg@vehosen as a compromise to monitor
the development of EASs throughout thunderstoritudks and having too much data to
store or analyze.

Table 7.2: List of altitudes and depths in the apieere where the EAS secondary lateral
distribution was determined in CORSIKA [13].

Altitude (km) Atmospheric Depth (g ¢
12 198
10 271
8 365
6 483
4 631
2 813
0 1034

7.3. Simulating an EAS with CORSIKA

CORSIKA runs via a command line on a Linux opemasiystem, without the assistance
of a graphical user interface. Routines within C@i¥Suse both FORTRAN and C
libraries which are not located on most Window apieg system computers, thus
CORSIKA is only supported for Linux systems [10Btom the command line, the user
links the simulation’s input file (described in Sea 7.2) to a complied version of the
CORSIKA program and begins the simulation.

The first type of commands in the CORSIKA inpugflists the energy and number of
cosmic ray primaries that are to be simulated sngle run of the program. CORSIKA
simulates one EAS at a time from the proton primamtering Earth’s atmosphere until
every EAS secondary particle either ranges oukeaches the lowest observation level.
Figure 7.4 is a flow chart of the major steps IlC@RSIKA EAS simulation. The
simulation begins with CORSIKA generating a list af EAS secondaries (hadrons,
muons, electrons, and photons) currently in the EAf#ially, this list of EAS
secondaries only includes the proton primary, buen&ually includes all EAS
secondaries that do not instantly decay, such asatgions [13, 80], or drop below the
cutoff energy, such as low energy electrons froifit sollisions [56, 70, 76, 84, 102].
CORSIKA records the current location, componentsmafmenta, and the time the
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particle was created relative to the first intei@ct(primary protons are considered to
have been created at the time of first interact[®d]. Every time an EAS secondary is
used by CORSIKA, these recorded parameters ardeghda

CORSIKA selects an EAS secondary from the EAS s#aonlist to propagate, or
transport, through the atmosphere. The CORSIKA camds from the input file that
control how the EAS develops in the atmospherefaitewed in this portion of the
simulation. The distance the EAS particle is tramtsga is determined by the mean free
path, half-life of an unstable particle or the diste to the next user defined observation
level. Along this distance, CORSIKA takes into amgbionization losses (which for
secondary electrons is the amount of energy losbfb collisions), multiple scattering,
deflection in the geomagnetic field, and the pralitgtbof the particle undergoing an
interaction (such as a hard collision or bremssirahfor secondary electrons) or particle
decay. CORSIKA determines the interaction crosiceand decay constant via lookup
tables are built into CORSIKA [13]. Each hadronangrator uses its own lookup tables
that are supplied by the original authors of thaadines [13].

Once the probability of an interaction or decaycadculated, CORSIKA uses a set of
random numbers based on the first random seedeofniput file to determine if the

particle undergoes an interaction or a particleagie¢he method on how CORSIKA uses
the random numbers to determine which type of auswn or decay is explained in detail
in the CORSIKA Physics Guide [13] and the documigmnaof the hadronic generators
[95, 96]. If the particle undergoes an interactimndecay, CORSIKA uses random
numbers from the second random number seed tongatthe initial momentum of any

secondaries produced, subject to conservation #sisthe physics of the interaction or
decay. The location, momentum, and time are thémerirecorded for any newly

generated EAS secondaries and updated for thenaligiAS secondary if still present.
CORSIKA then checks to determine if all of the r@mmay EAS secondaries are above
the cutoff energy, e.g. CORSIKA checks that secondkectrons produced during a hard
collisions are >500 keV. If a secondary is below tutoff energy, the secondary is
discarded, but the energy of that secondary ikrstihoved from the total energy of the
interaction.

119



EAS Secondary List

A

Process one
(particle at a time

Soft Collisions Losses
Multiple Scattering
Magnetic Deflection
Interaction Cross Section
Decay Constant

Did secondary
interact or decay?

1t Random
Number Seed

Yes

Y

No

Generate new secondaries
Generate new momenta
Discard if Energy < E_

2r Random
Number Seed

Y

End
CORSIKA

A

Y

No

Y

A

No

A

Are the secondaries at
an observation level?

Y

Yes

Write to Output

Not at lowest Observation
Level or have more
secondaries to process.

Figure 7.4: Flowchart for how CORSIKA simulatesEiS.
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Regardless of whether or not an interaction or ylezzurred, the location of the EAS

secondary (and any newly created EAS secondasead)ecked to determine if it is at an
observation level. If the EAS secondaries are hanhaobservation level, the information

of the EAS secondaries is returned to the list AlSEsecondaries and another EAS
secondary is selected from the list to be transgottirough the atmosphere. Otherwise,
the information of the EAS secondaries is writterah output file. The particular data

that is written to a file depends on which typeoatput was selected by the user in the
input file. The different output files and what anfnation they collect are discussed in
Section 7.4. If the EAS secondaries are not atdwest observation level as defined by
the user, the EAS secondaries are returned to &t farticle list and another EAS

secondary is selected to be transported througatthesphere.

At the lowest observation level, CORSIKA first dasds all EAS secondaries that had
their information written to an output file and théoops back to the list of EAS
secondaries. If the EAS secondary list is empgy all the EAS secondaries have reached
the lowest observation level, CORSIKA ends the &ton for that EAS. CORSIKA
will then initiate entirely new EAS simulation withprimary proton entering at the top of
the atmosphere.

7.4. CORSIKA Simulation Outputs

The last type of command contained in the CORSIKpui file is used to define which
of type of output files are created by the CORSIatines described in Section 7.3. For
this work, two types of CORSIKA output files wereedl: text and DAT files. The text
output file is human-readable and includes the Eted EAS longitudinal distributions.
The DAT file is generated as a binary file and udgs the EAS lateral distributions.
Figure 7.5 shows a flow chart of how the CORSIKAad@aas used to determine EAS
secondary distributions in the atmosphere. As rmaetl in Section 7.2, the longitudinal
and lateral distributions contain different amousiténformation on the EAS secondaries
and describe different aspects of EAS development.
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Figure 7.5: Flowchart for generating fair weath&Sssecondary data from CORSIKA.
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The longitudinal distribution is the number of sedary particles in an EAS located at an
observation level

Niong = n(h, Eo); (7.3)

wherenong is the longitudinal distributiom is the number of EAS secondaribss the
altitude determined from solving equations (7.1 én2) for the altitude from a known
atmospheric depth, andk, is the primary proton’s initial energy. Longitudin
distributions are typically divided into differeparticle types, such as secondary electron
longitudinal distribution. No information about tlemergy or radial distribution of the
secondary particles can be inferred from the lawiyital distribution. Longitudinal
distributions are typically used to determine thmaspheric depth of EAS maximum
[12].

The DAT file is converted to a human-readable ki@ program CORSIKAREAD, which
is included with CORSIKA 6.970 distribution. Thenu@rted DAT file lists the position
(x andy) relative to the shower core and components of emtom ., p, andp,) for
every EAS secondary at an observation level. AcBlpDAT file from 13° eV primary
proton initiated EAS can be >20 Gb in size, so sdvaustom Python scripts were used
to parse through the human-readable DAT files. Hyhon scripts separated the
different particle types, converted the relativesipon to a radial distance from the
shower core, and converted components of momentim eénergy. The secondary
particles were then separated into a two-dimensiamay with 0.1 logarithmic divisions
in both radial distance and kinetic energy. Thi®-timensional array is the lateral
distribution of the EAS and is given symbolicalky; a

N = n(r, E, b E,), (7.4)

wherenyy is the EAS lateral distributiom,is the EAS secondary’s radial distance, &nd
is the EAS secondary’'s energy. From the lateralridigion, both the fair weather
particle density and energy spectrum of an EAShbeadetermined.

During the early development of the RREA model§9], only the secondary electron
longitudinal distribution was considered to be egtoinformation to explain all lightning
discharges in the atmosphere. The typical assumptas that a single EAS initiated by a
10'° eV proton primary produced up t0®181 MeV secondary electrons that are capable
to run away in the strong electric field regionadtypical thunder, and these runaway
electrons produce enough RREAs to initiate a ligigrdischarge [89]. The main issue
with this assumption was that the density and éesmf these 1ohigh energy electrons
various drastically between the EAS shower corethadedges of the EAS shower front,
which is not shown in a longitudinal distributiob?]. As the RREA model was furthered
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developedCarlsonet al. [16] determined through simulations that the défe energy
EAS secondaries (including gamma photons and mummsjuce different amounts of
runaway secondary electrons dyer and Smitl18] found that runaway electrons are
accelerated to an equilibrium energy. Also, Betersen et al[10] hybrid model only
requires a large concentration of high energy s#&on electrons near a charged
hydrometeor, not across the entire EAS shower frbridm the results of those three
studies, the secondary electron lateral distriloutmontains more of the required
information than the longitudinal distribution needto explain how high energy
secondary electrons initiate lightning dischargethe atmosphere.
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CHAPTER VIII

FAIR WEATHER SECONDARY ELECTRON ENVIRONMENT

The fair weather cosmic ray secondary electron renment, i.e. the cosmic ray
secondary electron flux and energy spectrum, mgaired input for both the RREA and
hybrid lightning initiation models [9, 10]. In pr@us work, the secondary electron
environment was assumed to have some simple distih e.g. all EAS secondary
electron having energies between 100 keV to 10 NBVIn order to generate a more
realistic distribution of the fair weather seconda&lectron environment, EASs were
simulated using the cosmic ray Monte Carlo code GBR. The fair weather secondary
electron environment used in this work was deteeshiftom the longitudinal and lateral
particle distribution output files generated by C2IRA.

8.1. EAS Secondary Electrons in a Fair Weather Aphere

The different components (hadronic, electromagnatid muonic) and how they develop
within an EAS was previously described in Chapteol® a more detailed description is
required to understand the secondary electrontaisions generated by CORSIKA. The
following qualitative description of the developnmef an EAS comes from the theory of
hadronic and electromagnetic cascades. More detadlat hadronic and electromagnetic
cascades in the atmosphere can be found in cosmitext books such &srieder [12],
Dorman[22] andGaisser[68].

An EAS is a high energy particle shower made umgles hadronic cascade and multiple
electromagnetic cascades. The hadronic cascadéigdad at first interaction, when the
primary cosmic ray collides with an atom in the agphere, producing a number of high
energy secondary hadrons. Due to the momentum efctismic ray primary, the
secondary hadrons produced in the first interaatmmtinue to travel along the same path
as the cosmic ray primary, i.e. along the showes. &he secondary hadrons continue to
interact along the shower axis and develop thedmaclcascade.
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The hadronic cascade continues along the showsruatil the primary cosmic ray and
secondary hadrons lose their kinetic energy anderait, for charged particles, or decay,
for unstable particles. One type of particle pratlby the hadronic cascade is neutral
pions. Neutral pions are unstable and quickly dentty a pair of high energy gamma-
rays. These gamma-rays initiate electromagneticackes and are responsible for
generating the electromagnetic component in an EAS.

8.1.1. Electromagnetic Cascades

Electromagnetic cascades are made up of seconatyo@s, positrons, and gamma-rays
that are created through a combination of nucledrelectromagnetic interactions. The
different interactions that occur in electromagneascades were previously described in
Section 5.2.2. In EASSs, electromagnetic cascadesndralized by high energy gamma-
rays produced by the decay of neutral pions, wiagh themselves produced by the
hadronic cascade. A diagram of an electromagnasicadle is shown in Figure 8.1.

An individual electromagnetic cascade contains ocamdy much energy as the initial
gamma-ray. The initial gamma-ray undergoes paidgecton and splits its energy (not
necessarily evenly) between the secondary eleeandnpositron. Being highly energetic
themselves, the secondary electron and positrorkigugenerate additional secondaries
through hard collisions with bound electrons anéntsstrahlung. Each time a new
secondary is produced, the total energy of thetrele@gnetic cascade is divided again.
While the electromagnetic cascade secondaries $affieient energy to generate new
high energy secondaries, the electromagnetic casisads developing stage. The top
portion of Figure 8.1 shows the developing staganoélectromagnetic cascade.

After many interactions, the secondaries will nadger possess sufficient energy to
produce new secondaries. The electromagnetic caspaehtually reaches a maximum

number of secondaries, which is called electromagisbower maximum (another name

for electromagnetic cascades is electromagnetivaiso[70]). Beyond electromagnetic

shower maximum, the number of electromagnetic ciessacondaries begins to attenuate
when the secondary electrons begin to range oocgnsary positrons undergo positron

annihilation, and secondary photons are absorbethéyatoms and molecules of the
atmosphere as shown in Figure 8.1.
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Figure 8.1: Diagram of an electromagnetic cascadéhe atmosphere. Due to space
constraints, only a representative sample of theors#aries in a developing

electromagnetic cascade was shown interactingednatmosphere. The distance of the
electromagnetic cascade secondaries are from thtercef the electromagnetic is not
drawn to scale [Adapted from 77].

While an electromagnetic cascade propagates thrthglatmosphere, there is a small
probability that the secondary electrons and pamsitrwill deviate slightly, i.e. scatter,
from their path after an interaction, such as & solfision. The probability of scattering
decreases with secondary particle energy, but ngues to zero. As the secondary
electrons and positrons undergo multiple interastigwhich also lowers their kinetic
energy), the cumulative probability of scatteringnf its original path also increases and
scattering is virtually assured before the secongarticle ranges out or undergoes
positron annihilation.
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A scattered secondary particle travels laterallayadvom the center of electromagnetic
cascade. As an example, in Figure 6.5, the ranga 800 MeV secondary electron
(typically produced early in an electromagneticcea®) at lightning initiation altitudes is
~1 km. If that 100 MeV secondary electron scatteaedtal of 1° over its entire range,
the secondary electron would range out ~20 m Iiyefaom the center of the
electromagnetic cascade. A difference of 20 m aveange of a 1 km is insignificant for
a single secondary electron, but every electrontageascade secondary produced by
the scattered electron will be produced at somerdhtdistance from the rest of the
electromagnetic cascade. Figure 8.1 shows thatesteh interaction, the electromagnetic
cascade secondaries are propagate farther ancerfaathiay from the center of the
electromagnetic cascade. By the time of the elswgnetic shower maximum is
reached, electromagnetic cascade secondaries egadsput over an area of several
square kilometers around the center of the ele@gmmetic cascade.

The secondary electrons from attenuating electroetag cascades are typically found

far away from center of the electromagnetic cascéaeattenuating electromagnetic

cascades that have propagated well past theirr@beagnetic shower maximum, there

are few if any secondary electrons left aroundadeter of the electromagnetic cascade
due to scattering. Because the electromagneticadascdevelop symmetrically around
the center of the electromagnetic cascade, thendacp electrons are distributed laterally
in a ring around the center of the electromagreggcade.

8.1.2. Secondary Electrons in an Extensive Air Strow

The distribution of secondary electrons in an Ea8atermined by the combination of all
the secondary electrons generated by the multiptdremagnetic cascades that make up
the electromagnetic component of the EAS. FiguPesBows a diagram of the density of
secondary electrons along the shower front at miffiestages of the development of an
EAS. The EAS propagates downward through the athersp so the lower the shower
front disk is in Figure 8.2, the lower in the atrpbsere and the more time the EAS had to
develop.

Starting with the top shower disk in Figure 8.2 fiirst electromagnetic cascades are

initiated in the region in the shower axis called shower core. The secondaries of these
developing electromagnetic cascades are initialyemot undergone a sufficient number

of interactions to scatter. Thus all the secon@degtrons generated in a recently initiated

EAS are found in the shower core.
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shower front. ring rather than a complete disk. V

Figure 8.2: Diagram of the secondary electron dgm@siross the shower front at different
stages in the development of an EAS in a fair werattmosphere. The different rings of
the shower front roughly scale logarithmically witidial distance, with the center oval
being the shower core. Darker shades of grey reptésgher relative secondary electron
density [Adapted from 12, 76].

As the EAS continues to propagate downward throtigh atmosphere, the initial

electromagnetic cascades also continue to dev@mmucing many more secondary

electrons. As the secondary electrons of thos@&liretectromagnetic cascades undergo

multiple interactions, they scatter outside thevsgrocore and expand the shower front as

shown in the second shower front disk in Figure &2 hadronic cascade continues to
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develop along the shower axis and generate moiteah@ions, which initiates additional
electromagnetic cascades in the shower core. Becaew electromagnetic cascades
continue to develop in the shower core, the dersfitgecondary electrons within the
shower core remains high.

Like the electromagnetic cascade secondaries, #drohic cascade secondaries
eventually do not have sufficient energy to prodadditional secondary hadrons, include
neutral pions. Once the production of neutral pisteps, no additional electromagnetic
cascades are initiated within the EAS. The thir@dvedr front disk in Figure 8.2
represents the shower front of an EAS after thedmd cascade no longer produces
neutral pions. Secondary electrons from the oldesttromagnetic cascades, which are
now transitioning from developing to attenuatingodfomagnetic cascades, continue to
scatter away from shower core towards the edgéhefshower front. The secondary
electrons from the majority of electromagnetic ealss have scatter outside the shower
core and populated the rest of the shower frone ftently initiated electromagnetic
cascades still have the majority of their secondaectrons within the shower core.
There are more secondary electrons outside theeshoove than inside, but due to the
expanding area of the shower front, the second&sgtren density decreases with
distance from the shower core.

The electromagnetic cascades continue to develtptive EAS as it propagates further
through the atmosphere. Without new electromagneigcades being initiated in the
shower core, the number of secondary electronsirwithe shower core begins to
decrease as they continue to interact and scattento the rest of the shower front. The
secondary electrons within the shower front comtinol interact and scatter from the
shower core towards the edge of the shower fronis Tauses the secondary electrons
density to become fairly uniform across a largetiporof shower front as shown in the
fourth disk of Figure 8.2. The secondary electrendity decreases near the edge of the
shower front due to the lowest energy secondaryctreles from the oldest
electromagnetic cascades are starting to range ¢l atmosphere.

While the electromagnetic cascades develop in theosphere, the total number of
secondaries (mostly secondary gamma-rays, electrang positrons) in the EAS
increases with atmospheric depth. While the totahlmer of secondaries in the EAS
increases with atmospheric depth, the EAS is indéneloping stage. Once the majority
of secondary electromagnetic cascades within th8 EAnsition to the attenuating stage
and their secondaries begin to range out, the motalber secondaries in the EAS at any
one time reaches a maximum. The altitude at wtiehtdtal number of EAS secondaries
reaches this maximum is called the shower maxim@ihe electromagnetic shower
maximum is the maxima for a single electromagnetiscade and the shower maximum
is the maxima for the entire EAS high energy pltshower.
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As the EAS propagates past shower maximum, the &#&s the attenuating stage of
development. In the attenuating stage, the totahbmr of secondaries in the EAS
decreases with atmospheric depth. The electromiagredcades in an attenuating EAS
are also in their attenuating stage of developnmEm. secondary electrons in attenuating
electromagnetic cascades are distributed in laténgs centered on the center of the
electromagnetic cascade. This causes the secoalistyons density to be concentrated
towards the outer edge of the shower front and f@myor even no secondary electrons
within the shower core as shown in the fifth shodent disk in Figure 8.2. The EAS
continues to propagate through the atmospherealhtf its secondaries range out or are
absorbed by the atoms and molecules in the atmospheeaching the ground.

8.2. Fair Weather EAS Secondary Electron Distrimsi

The previous section presented only a qualitatescdption of the development of an
EAS in the atmosphere. Due to the complexities athematically modeling hadronic
cascades, there is currently no fully analytic tiieaf the development of an EAS in the
atmosphere [107]. As the energy of the hadronsasgs, more interaction channels, i.e.
possible types of interactions, become availabb each with their own cross section.
Since these interaction channels are not necessardlars of one another, e.g. one
channel would be a neutral pion and the next wbelé& neutron, the only practical way
to determine which interaction channel occurs isige random numbers [12, 108]. For
this reason, a Monte Carlo code such as CORSIKA wsed to produce realistic
simulations of EASs in the atmosphere.

From the different outputs from CORSIKA, the faireather secondary electron
longitudinal distribution, density, and energy dp@m has been determine for EASs
initiated by several different cosmic ray primargion energies that are important to the
RREA lightning initiation model.

8.2.1. Fair Weather Secondary Electron Longitudiiatribution

The longitudinal distribution is the total numbdremergetic secondary electrons at an
arbitrary altitude regardless of electron energylamation in the shower front of a
particular EAS. Figure 8.3 shows the longitudinadtrdbution of secondary electrons
from EASs initiated by cosmic ray primary protorfsvarious energies in fair weather
conditions as determined by CORSIKA.
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Figure 8.3: Average secondary electron longituduofiatribution of a single EAS with
listed initial primary proton energy as determifmgdCORSIKA simulations.

For all cosmic ray primary proton energies, the bhenmof >1 MeV secondary electrons
first increases exponentially as the EAS travelough the atmosphere towards the
ground until reaching a maximum and then quicklgrdases until the EAS dissipates or
reaches the ground. Each of the EASs in Figurédldvs the qualitative description of

the different stages in the development of an EASw in Figure 8.2. The only major

differences that primary proton energy has on eddhe EASs shown in Figure 8.3 is

that EASs initiated by higher energy cosmic raymgamies generate more >1 MeV
secondary electrons and have their shower maxime latver altitude than do lower

energy cosmic ray primaries. From Figure 8.3, fagrg order of magnitude increase in
the primary proton energy, the number of >1 MeVoseary electrons at shower

maximum also increases by approximately an ordenagjnitude.
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Figure 8.4. Shower maximum altitude as a functibmuial cosmic ray primary proton
energy. Typical lightning initiation altitudes leetween the two horizontal red lines.

As seen in Figure 8.2, the dividing line betweedeaeloping EAS and an attenuating
EAS is the shower maximum. Figure 8.4 shows thaud# of shower maximum for each

of the EASs shown in Figure 8.3. Figure 8.4 shdves the altitude of shower maximum

decreases with increasing cosmic ray primary preoergy. EASs initiated by cosmic

ray primary protons between fGand 16° eV have their shower maximums at lightning
initiation altitudes of 4 to 8 km. Therefore, EABgiated by cosmic ray primary protons

of those energies are typically still developingd areating more secondary electrons
with distance when they enter an active thunderstor
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8.2.2. Fair Weather Secondary Electron Density

The fair weather secondary electrons density isutatied from the lateral distribution
function, which was determined from CORSIKA’'s DATtput files. From equation
(7.4), the secondary electron lateral distributiag, is a function of the radial distance
from the shower axist, the total secondary electron energy (kinetic plest mass
energies)E, the initial energy of the cosmic primary prottratt generates the EAB,,
and the altitude of the observation levglwhich is symbolically written as,

Nyg = n(r, E, E,, h). (8.1)

The lateral distribution is divided into a two dinsgonal array in both radial distance and
secondary electron energy for each of the primaoyop energies listed in Table 7.1 and
observation levels listed in Table 7.2. For thigkyo varies between 10and 1d meters
(10 cm to 10 km) andE varies between fOand 10 eV (1 MeV to 100 GeV) in
0.1 logarithmic bins. Since all simulated EASs weestical (see Chapter 7), the
secondary electron distributions are also be asgumbe cylindrically symmetric about
the shower axis [57, 58, 96].

Figure 8.5: Diagram used to calculate the shaded Aqr) of the shower front as seen
from above, i.e. EAS traveling into the paper.
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From the secondary electron lateral distributidre secondary electron density for a
single EAS deas Is calculated by,

1011lev
N (r,E,E,, h
dEAs(T, EO' h) = f lat(A 2 ) dE;
106eV (r) (8.2)

whereA(r) is the area of the circular ring centered on tA& Ehower axis that has an
inner radius of. A diagram of howA(r) is calculated is shown in Figure 8.5. The area,
A(r), is calculated by dividing the entire cross sewlarea of an EAS shower front into
circular rings, each with a radius of one of thtuea of the radial distancge Sincer has
discrete valuesA(r) for thei™ ring is given by,

A(r) = (Ti2+1 - riz)T[- (8.3)

Figures 8.6 through 8.8 show the fair weather dgmdi>1 MeV secondary electron as a
function of radial distance from the shower axiglidterent observation level altitudes.
Each of the major ticks on the horizontal axis gjuifes 8.6 to 8.8 corresponds to the
next larger ring on the shower fronts shown in Feg8L2. The secondary electron density
is the average number of >1 MeV secondary electpassing through arbitrary point in
the atmosphere from a single EAS. Figure 8.6 shib@ssecondary electron density for
EASs at an altitude of 12 km, the altitude of tagsmost severe thunderstorms [3].
Figure 8.7 displays the fair weather secondaryteacdensity in the middle of the
lightning initiation altitudes of 4 to 8 km. FingJl Figure 8.8 shows the secondary
electron density on the ground.

From the different stages of EAS development showrFigure 8.2, EASs initiated by
the three highest energies 1@ 10° eV) correspond to developing EASs where the
hadronic cascade just ended at all three obsenvéiels. According to Figure 8.4, all
three of these EASs should be past their showerimaain Figure 8.8. The only
explanation for this discrepancy is that electronedig cascades of EASs initiated by
higher energy cosmic rays must generate highemggrscondary electrons that stay in
the shower core longer than the EAS assumed inmé&g2.
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Figure 8.6: Fair weather density of >1 MeV secopnddectrons at an altitude of 12 km
from a single EAS initiated by the listed cosmiy @imary protons as a function of
distance from the shower axis, based on CORSIKAIlsited data.
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single EAS initialed by the listed cosmic ray primmgrotons as a function of distance
from the shower axis, based on CORSIKA simulatdd.da

EASs initiated by cosmic ray primary protons betw&8? and 18° eV in Figures 8.6 to
8.8 correspond to EASs near their shower maxinfagare 8.2. Even at the observation
level on the ground, these EASs still have diskpstdashower fronts and not the ring
shape shower fronts (i.e. no secondary electrotiseirshower core) found at later stages
of an attenuating EAS. However, EASs initiated bgroic ray primary protons between
10" and 18" eV show the late stages of an attenuating EA$ tiirae observation levels
in Figures 8.6 to 8.8.

Overall, Figures 8.6 to 8.8 show that the highesbadary electron density is found near
the shower axis in a developing EAS. Only EASsated by the highest energy cosmic
ray primaries are still developing at lightningtiation altitudes of 4 to 8 km. EASs
initiated by low energy cosmic ray primaries ar@amer pass their shower maxima at
lightning initiation altitudes. EASs initiated by1€“ eV cosmic ray protons have
traveled so far past their shower maxima that ¢lythiing initiation altitudes, they are in
the late stages of an attenuating EAS, having g shaped shower front and no

secondary electrons are near the shower axis.
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8.2.3. Fair Weather Secondary Electron Energy $yect

The secondary electron energy spectrum of an EASalsulated from the lateral
distribution described by equation (8.1) by setegtihe radial distance from the shower
axis, energy of cosmic ray primary proton thatiatéd the EAS, and the observation
level altitude. Figure 8.9 shows the secondarytedacenergy spectra 10 m from the
shower axes of different energy EASs at an altitole6 km from the CORSIKA
simulations, i.e. in the first ring outside the &feo core in Figure 8.2.

Each of the secondary electron energy spectra siowigure 8.9 follow the same trend
where the number of secondary electrons increaghssacondary electron energy from
1 MeV to a broad maximum near 100 MeV followed blpag decreasing tail for high
secondary electron energies. Other than absolutes vaf the number of secondary
electrons, the energy spectra for the each of tA8sEinitiated by different energy
primary protons are almost identical. The nearlgnittal secondary electron energy
spectra mean that the same range of secondaryogige@nergies can be found in an EAS
at the same stage of development, regardless afitied energy of the EAS. The energy
of the primary cosmic ray that initiated the EAStjuletermines the total number of
secondary electrons.
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Figure 8.9: Secondary electron energy spectra 1ffom the shower axis of an EAS
initiated by a cosmic ray proton primaries of tle#ed energies at an altitude of 6 km as
derived CORSIKA simulations.
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Figure 8.10 shows the secondary electron energgtrspat an altitude of 6 km of a
10" eV cosmic ray primary proton initiated EAS at diint radial distances from the
shower axis. Unlike the almost identical curved-igjure 8.9, the energy spectra shown
in Figure 8.10 are quite different from one anotfidre secondary energy spectrum 1 m
from the shower axis, i.e. in the middle of thesbp core, gradually increases with
secondary electron energy from 1 MeV to a broadimam near 1 GeV before slowly
decreasing at higher secondary electron energiethd shower front at a distance of
100 m from the shower axis, the number of secondlegtrons increases rapidly to a
maximum near 10 MeV and slowly decreases at highergy. Figure 8.9 does show that
>100 MeV secondary electrons do exist throughoat EAS shower front along with
secondary electrons of lower energies.
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Figure 8.10: Secondary electron energy spectrar@us distances from the shower axis

of a 10° eV proton primary EAS at an altitude of 6 km asivil from CORSIKA
simulations.
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Figure 8.11: Secondary electron energy spectrdl tfiesecondary electrons in an EAS
of listed energy at an altitude of 6 km.

Figure 8.11 shows the secondary electron energstrspef all the secondary electrons
within an EAS of a given energy at an altitude dfré. The secondary electron energy
spectra for Figure 8.11gas Were calculated by,

10*m

EEAS(E' EO'h) = f Nyat (T, E, Eo,h)dr. (84)

10~1m

For developing EASs, the secondary electron enspggtra look similar to the energy
spectra from Figure 8.10, except that the highgneecondary electron tail decreases at
a slower rate. Like the energy spectra shown irureig8.10, the secondary electron
energy spectra are nearly identical, so the rarfgseoondary electron energies is
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approximately the same for all EASs of all energiése number of secondary electrons
of all energies increases with cosmic ray primantgn energy.
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Figure 8.12: Differential secondary electron enesggctra of all the secondary electrons
in an EAS initiated by cosmic ray primary protontbé listed energy at an altitude of
6 km. This is the differential form of the energyestra shown in Figure 8.10.

The secondary electron energy spectra that aretespim the literature [11, 90] typically
are not calculated by equation (8.4), but insteke the form of the differential energy
spectrum given by,

10%m
Ny (r, E, E,, h)
eais (B, Eo h) = f lat 0 5)

T,
10~ 1m B(E)

whereB(E) is the size of the energy bins in units of MeV usethe lateral distribution.
The differential secondary electron energy spectignused instead of the energy
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spectrum to remove the bias on the size the endigg from calculations or
measurements of the energy spectrum. Figure 8.b#%/ssta plot of the differential
secondary electron spectra for the same EASs showkigure 8.7. The differential
energy spectra rapidly decrease from a maxima lsie¥ to approximately 10 MeV,
before the decrease slows between 10 MeV and 1 &&¥then decrease rapidly again
above 1 GeV electrons. This trend describes altlifierential energy spectra, as long as
the EAS has secondary electrons of those energiesdifferential secondary electron
energy spectra show that the energy of the EAS loatyan effect on the overall number
secondary electrons in the EAS and little effect tbe secondary electron energy
distribution.
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Figure 8.13: The average secondary electron enasgg function of primary proton
energy at various altitudes. Error bars represeatsigma.

Other ways to look at the distribution of secondalgctron energy is to observe how the
average secondary electron energy changes witkbrtergy of the initiating cosmic ray
primary proton. The average secondary electronggriaran EAS E,y, as a function of
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the cosmic ray primary proton energy was calculaedn the lateral distribution
function via,

f1011ev f104m
_ J10%ev J1071m
Eavg(EO'h) T 10lleV 10%*m

106ev flO‘lm

Ena(r, E, E,, h)d‘r‘dE. (8.6)

nlat (rl E; Eo; h)deE

Figure 8.13 shows the average secondary electrerggras a function of cosmic ray
primary proton energy at thunderstorm altitudescdkding to Figure 8.8, the average
secondary electron energy for EASs well past thleawer maximums is still >10 MeV.

The average secondary electron energy increaskshitinitial energy of the cosmic ray
primary proton that created the EAS. Due to thewisédary electron energy being shown
in log scale, this increase in the average secgnelactron energy was not visible in
Figure 8.9.
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The qualitative description of EAS development gcit®n 8.1 states that lower energy
secondary electrons are scattered farther fronsliosver axis towards the edge of the
shower front than higher energy secondary electrdhe average secondary electron
energy can be calculated as a function of radstbdceEayg r, by,

[ronev g o, E E,, h)dE
Eavgr(r;Eo,h): 1066V fat ’ S

ey (rE, Ey h)dE (8.7)

106ev

Figure 8.14 shows how the average secondary ete@nergy changes with radial
distance. The average secondary electron eneitgoegnsin Figure 8.14 are based on the
same results used to calculate the secondary @tectensity in Figure 8.7, which
explains why the attenuating EASs do not have aegrsdary electrons near the shower
axis. For developing EASs, the average secondaeyggndecreases from ~1 GeV to
~100 MeV in less than 10 m from the shower axists@de of the shower core region
(~10 m from shower axis), the average secondawtrele energy decreases at a slower
rate from ~100 MeV to ~10 MeV at 1 km from the sleowaxis. For attenuating EASs
past their shower maxima, the secondary electraggating near the shower axis have
either ranged out or scattered towards the edgdgseathower front.

8.3. Fair Weather Ambient Secondary Electron Emrirent

Any measurement of the secondary electrons in ttm@sphere will include secondary
electrons from multiple EASs in various stages@felopment and not just a single EAS
as discussed in Section 8.2. Using the geometgndAS (Chapter 7 and Section 8.1),
primary cosmic ray flux (Figure 5.1), and the résdtom Section 8.2, the fair weather
ambient secondary electron environment, i.e. flod anergy spectrum, are determined.
Due to the stochastic nature of the arrival of desmay primaries and individual
processes within the EAS, the ambient secondaryra@mient represents the average
secondary electron distribution over a period a&tim
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8.3.1. Fair Weather Ambient Secondary Electron Flux

In order to determine the fair weather ambient fixsecondary electrons at a specific
observation point in the atmosphere, the seconedsgtron density of each of the
different EAS energies must be weighted by primasgmic ray flux at the top of the
atmosphere [68]. Assigning a weight to the seconééctron density to determine the
ambient secondary electron flux is performed ir¢hsteps. The first step is to calculate
the weighted secondary electron density, denotgad by,

WEas (T‘, Eo’ h) = (pprimary (Eo)dEAS (T‘, Eo’ h); (88)

where gprimary 1S the cosmic ray primary proton flux measuredtlad top of the
atmosphere. For this workiimary Was taken frontHorandel[69] as,

Eo >—2.71

Oprimary (Eo) = (8.73 x 1072 m~2sr~1s71) (10123V

(8.9)

The second step is to convert the weighted secgrelactron density into a weighted
flux, i.e. the rate at which secondary electroasedl through the observation point. The
weighted secondary electron fluxg,y, is calculated from,

Wflux(rf Eo,h) = WEAS(rf Eth)A(r) (810)

The areaA(r) has the same value as in equation (8.3) but npnesents the area of a

region where EAS are a distancérom an observation point. The observation pamnt i

the atmosphere is not necessarily along the shawisrof an EAS. The third step in

determining the ambient secondary fluxes is to spnthe weighted secondary electron
flux from all the EASSs in the region surrounding tbbservation point in the atmosphere.
The ambient secondary electron flgecrons IS given by,

10*m 10%%ev
Pelectrons (h) = J J Wrilux (T‘, E,, h)dEo dr
107ImJ1

010ey

10*m ,10%ev ,~10lev
= J J f (pprimary (Eo)nlat (T‘, E, Eo; h)dEdEodT.
10~1m /1010y J10%eV

(8.11)

The ambient secondary electron flux describes thestant rate of EAS secondary
electrons in the atmosphere.
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Figure 8.15: The weighted >1 MeV secondary electtensity at a 6 km altitude for
EASs initiated by cosmic ray proton primaries efdd energy. Data from Figure 8.7 was
used to obtain these results.

Figure 8.15 shows the weighted secondary electamisiies from the EASs shown in
Figure 8.7. The weighted secondary electron dessidiescribe which energy of EASs
produce the most secondary electrons at a certsiiande away from their shower axes.
From Figure 8.15, ¥8to 10* eV cosmic ray primary proton initiated EASs proelke
most secondary electrons near their shower axes.iJbecause EASs of those primary
proton energies occur relatively frequently in @ienosphere and that are near their
shower maxima at an altitude of 6 km. Near the exfghe shower front, the majority of
>1 MeV secondary electrons are generated from timenous EASs initiated by lower
energy cosmic ray primary protons that have dewslopell past their shower maxima
and have ring shaped shower fronts. In general,sHAffated by lower energy cosmic
ray primaries make a greater contribution to thegimted secondary electron density,
even though individual EAS initiated by higher epeicosmic ray primaries produce
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many more secondary electrons at this altitude.Wéighted secondary electron density
is an intermediate calculation between the secgndkctron density and the ambient
secondary electron flux.
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Figure 8.16: Weighted >1 MeV secondary electrox # the observation point at an
altitude of 6 km for EASs initiated by primary poos of listed energy. Data was
calculated from the data the results shown in E@u7.

The weighted secondary electron flux is the flusefondary electrons at the observation
point due to EASs that have their shower axestaioedistance away. Figure 8.16 shows
the >1 MeV weighted secondary electron flux cal@dafrom the >1 MeV secondary
electron densities shown in Figure 8.7 and the e >1 MeV secondary electron
densities shown in Figure 8.15. The distance usdgigure 8.16 is not the distance the
electrons have to travel to reach the observatmnt pn the atmosphere, but the distance
the observation point is away from the shower aisthe EAS whose secondary
electrons traveled through the observation poine B the flux of cosmic ray primaries
being assumed to be isotropic at the top of theogpimere [68, 70] and EASs having
circular symmetry about the shower axis [103], tlnenber of EASs that are a certain
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distance away from an observation point is propogi to the area of a ring with the
observation point at its center. Therefore as tktance between the observation point
and the EAS increases, the total number of EASscrahave secondary electrons at the
observation point increases. However, the seconelagtron density decreases rapidly
near the edge of the shower front, so the weigbtambndary electron flux reaches a
maximum then starts to decrease. Just like the hisigsecondary electron density in
Figure 8.15, lower energy EASs dominate the wemjhsecondary electron flux,
especially at large distances between the observptint and the EAS shower axes
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Ambient >1 MeV' Secondary Electron Flux (Secondary Electrons m™ st s”)

Figure 8.17: Fair weather ambient >1 MeV seconddegtron flux as a function of
altitude calculated from CORSIKA simulations. Erbars represent one sigma.

The fair weather >1 MeV ambient secondary electriturs as a function of altitude is
shown in Figure 8.17. The fair weather ambient sdaoy electron flux increases with
altitude from ~5 secondary electrong sr* s* at the ground to ~300 secondary electrons
m? sr! s' at 8 km and ~450 secondary electrori$ si s* at 12 km. The majority of
secondary electrons that make up the ambient flaxsacondaries from EASs initiated
by lower energy cosmic ray primaries that have bgpexl far away from the observation
point. In ambient conditions, EASs generated by'>HY proton primaries are rare
events that briefly increase the number of secgnelactrons well above ambient levels.
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8.3.2. Fair Weather Ambient Secondary Electron §n&pectrum

The fair weather ambient secondary electron enspggtrum describes the background
energy distribution of secondary electrons duentdonstant flux of EASs through the
atmosphere. Like the secondary electron energytrspe©f an EAS described in Section
8.2.3., the ambient secondary electron energy spacts typically presented as the
differential energy spectrum. The ambient diffel@ntsecondary electron energy
spectrum can be calculated by the same methodtaseadculate the ambient secondary
electron flux in Section 8.3.1. The ambient diffdéf@l secondary electron energy
spectrum is calculated by,

10%%ev ~10%m
; E n,,.(r,E,E, h
gambient(E; h) :f J q)prlmary( OB)(El-a)t( - )drdEo-
101%V J107im (8.12)

Figure 8.18 shows the fair weather ambient secgnadectron energy spectrum
calculated from the CORSIKA data used in this redealike the ambient flux, the
ambient secondary electron energy spectrum incsemsabsolute value with altitude.
This is due to the ambient secondary electron fieing the integral with respect to
secondary energy scaled B{E) of the ambient energy spectrum. The ambient secgnd
electron energy spectra are almost identical, eXfce@bsolute value, to one another just
like the energy spectra shown in Figure 8.12.

The ambient differential secondary electron enesggctrum is the distribution of
secondary electron energies that are measureck aatfme observation point that was
used to determine the ambient flux. The ambieri¢iihtial energy spectra decreases at a
faster rate for all secondary electron energies thaes the differential energy spectra
shown in Figure 8.12. This is because the ambidfarential energy spectrum, just as
the ambient flux, is dominated by EASs initiateditwer energy cosmic ray primaries.
EASs initiated by lower energy cosmic ray primahese far fewer secondary electrons,
including fewer very high energy secondary elecrdhan the less frequent high energy
EASs initiated by higher energy cosmic ray primsrie

Previous experiments [89] have found that the amibsecondary electron energy
spectrum could be fit by two different power lamétions of the form

Epower taw(E, h) = aq;E"%, (8.11)

whereg; is a parameter to fit the absolute value of théedehtial flux andy is the power
law index of thei™ ambient secondary electron spectra. For the amisiecondary
electron energy spectra plotted in Figure 8.1&gatithmic scale on both axes, a power

law fit would be a straight line. The first poweml fits the secondary electron energies
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between 10 MeV and 1 GeV and the other power lafitted for secondary electrons
>1 GeV. Table 8.1 lists the fitted power law indexer both the 10 MeV to 1 GeV and
the >1 GeV curves from the EAS data simulated byRGXA.
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Figure 8.18: The fair weather ambient secondargtela energy spectrum at various
altitudes as calculated from CORSIKA simulations.
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Table 8.1: Fitted power law indexes of the ambgadondary electron energy spectra for
10 MeV to 1 GeV and >1 GeV secondary electron eesfigr different altitudes.

Altitude (km) 10 MeV to 1 GeV >1 GeV
Power Law Index Power Law Index
0 -1.669 £ 0.060 -3.159 £ 0.085
2 -1.691 £ 0.056 -2.853 £ 0.039
4 -1.696 £ 0.046 -2.787 £ 0.050
6 -1.669 £ 0.048 -2.676 £0.025
8 -1.663 £ 0.059 -2.690 £0.019
10 -1.609 £ 0.055 -2.667 £0.026
12 -1.532 £ 0.054 -2.652 £ 0.025

8.4. Comparisons with Previous Results

All the results presented in the Sections 8.2 8w&re calculated from secondary cosmic
ray data generated using CORSIKA. CORSIKA was iegtifwith cosmic ray and
accelerator experiments [13, 93, 94, 95], whichtgpecally trying to measure the highest
energy EASs [93, 94]. This work is focused ori®16 10° eV primary proton initiated
EASs that are typically background events to curgasmic ray experiments such as
Pierre Auger and Icecube projects [91, 109]. Thmeasurements of EASs initialized
10" to 10°° eV cosmic ray proton primaries are typically nobjished.

The most frequently referenced paper on the ambexdndary electron energy spectrum
for EASs initiated by <1 eV cosmic ray primaries Baniel and Stephernisom 1974
[90]. Even recently published cosmic ray refereteods [11] directly reuse the results
from Daniel and Stephen®aniel and Stephensas originally written as a review paper
on all the balloon borne experiments that meassesmndary electrons, positrons, and
gamma photons in the atmosphere up to that tibamiel and Stephenalso presented
model calculations of the ambient secondary elactiux in the atmosphere. However,
the majority of secondary electron measurementsravicellected at the top of the
atmosphere, well above the lightning initiatioritattes of 4 to 8 km.

The only direct comparison that can be made betweenresults published Daniel and
Stephensnd this work’s CORSIKA derived results are in the® power law fits of the
ambient secondary electron energy spectrum neagrthend. The absolute value of the
differential flux calculated in this work and Daniel and Stephensere within an order
of magnitude of each other [90]. For the 10 MeV1t&eV secondary electrons, the
power law index was approximately -2.0 and for >dVGecondary electrons, the power
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index was determined to be -2.9 [90]. There $emdipancy (-1.7 vs. -2.0) in the value of
the power law index between the differential flualotlated in this work and the
measurements iDaniel and Stephen®r the 10 MeV to 1 GeV power law. However,
there was a close agreement (-3.1 vs. -2.9) irpthveer law indices for the greater than
one GeV power law. No errors were reported with poger indexes irDaniels and
Stephensso there is no way of knowing how much of a dipancy there was between
the power laws calculated in this work and thatrfjarevious measurements [90].

Due to the lack of published results on the secgndzectron environment at
thunderstorm altitudes, the original authors of RIREA lightning initiation model had to
assume a secondary electron distribution as art pgrameter for the model. In a series
of studies byGurevich et al. [9, 15, 110], the theory of RREAs was developasl,
described in Chapter 6, as a method to initiat®laring discharge. One of the main
findings was that the electron stopping power ir(figure 6.4) had a minimum ~1 MeV.
Gurevich et al.[9] proposed that only electrons near the minimomnizing energy of

1 MeV would be able to run away in strong electiétds and generate RREAs. Thus,
Gurevich et alassumed that all the secondary electrons weresippaitely 1 MeV and
could runaway together, similar to how the seconddectron longitudinal distribution
was determined [89]Gurevich et al.did not consider >10 MeV secondary electrons
could run away in the electric field, because tsidylost energy with distance.

There are two main problems with the assumed secgrelectron energy distribution.
First, the secondary electrons are spread out saxral square kilometers, as is shown
in Figure 8.7, and there is no way that all thectets of an EAS could affect a small
localized region, such as around a charged hydewoneat the same time. The second
reason why the secondary electron distributionrassuinGurevich et alis unrealistic is
that from the energy spectra plotted in Figure 8The secondary electron energy
spectrum shown in Figure 8.11 shows that there mbfeMeV secondary electrons than
secondary electrons between 1 and 10 MeV at lightmiitiation altitude of 4 to 8 km in
an EAS. In Chapter 6, secondary electrons that Wigteer energy than the equilibrium
runaway energy (Figure 6.10) still lost energy wdiktance, but were still accelerated in
the electric field and will run away in strong dlec fields. These secondary electrons
were called decelerating runaway electrons dukdddct these electrons still lose kinetic
energy, i.e. are decelerating, but still runawaythe strong electric field and produce
RREAs. By not considering >10 MeV secondary eletras possible runaway electrons,
Gurevich et alwas removing a large population of runaway eletrioom their model.

The fair weather secondary electron environment adsulated in this work as an input
parameter into the RREA and hybrid lightning disgeamodels. However, a lightning
discharge can occur if enough electric charge Ieced into a small area to generate
electric streamer system, regardless of whethés in fair weather or thunderstorm
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conditions [10]. From long spark theoawson and Winnn 1965 [58] theoretically
determined that a streamer will propagate throbghatmosphere if £@lectrons reside
within a sphere with a radius of 3@n. Dawson and Winralculated that density of low
energy electrons would produce a strong enougltreldield to ionized the surrounding
ambient, no electric field atmosphere and genexgimpagating streamer. There has not
been an update of this calculation or computer rnesheulation of this process since
Dawson and Winij10, 20, 58]. A lightning leader is initiated bysaries of propagating
streamers (Section 4.1.4), so this work is usiregallectron density calculated Byawson
and Winnas a necessary condition for lightning initiattonthe RREA model.

The density inside the core of an EAS initiatedaby0° eV cosmic ray primary proton
can reach ~IVelectrons rif, according to Figure 8.7. Even assuming that liekiness
of the shower core is <2dm, which is not realistic [12], the number secodsectrons
inside the 3Qum radius sphere is ~Tpwhich is twelve orders of magnitude too low to
initiate an electric streamer. Therefore individE&ISs and the ambient flux do not have
sufficient number secondary electrons to initiateglatning discharge in the fair weather
atmosphere. However, the RREA model proposes kit tare a sufficient number of
runaway secondary electrons are generated by thevéather “seed” electrons in the
strong electric field regions of a thunderstornmitiate a streamer.
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CHAPTER IX
SECONDARY ELECTRON ENVIRONMENT IN THUNDERSTORM CONDIONS

The cosmic ray secondary electron environment Gkt from CORSIKA simulations
discussed in Chapter 8 were generated assumingvéagither conditions, i.e. no strong
electric fields. Thunderstorms produce strong eledtelds up to several hundred
kilovolts per meter [26], which affects the distriton of secondary electrons within an
EAS. In thunderstorm electric fields, the secondatgctrons initiate RREAs and
generate more high energy secondary electrons ithdair weather conditions. The
RREA model ofGurevich et al[9] and the hybrid model d?etersen et al[10] theorize
that RREAs initiated by secondary electrons fromSEAare sufficient to initiate a
lightning discharge.

9.1. Production of Secondary Electrons in the Ajphese

The electron stopping power in fair weather anchttaustorm conditions was discussed
previously in Chapter 6. The change in the kinetergy,AE, of a secondary electron
after traveling a distancay, in the atmosphere is given by,

dE
AE = (—

h)Ax + es(h)Ax,
dx)compound( ) ( ) (91)

where the stopping power is calculated from equati®.5) for either dry air (fair
weather) or moist air (thunderstorm conditioresis the charge of an electron, aftd) is
the electric field at the altitude For this work, the change in kinetic energy & BAS
secondary electrons w calculated with equation) (Bv@ry meter, i.eAx = 1 m, inside
the thunderstorm electric field region. The numbéradditional secondary electrons
(both high and low energy) generated where caledlatvery time the energy of the EAS
secondary electron is modified.

154



The number of high energy electrons, i.e. electadrie to run away in the electric field,
was calculated by,

E/Z I !
fEmm Eo(E,E"dE 9.2)

)

Nyigh (E, Emin) = E_
min

whered(E, E’) is the Mott scattering cross section defined inatipn (6.2),nigh is the
number of additional high energy secondary elestrgenerated by a primary high

energy electron and’ =% andEn;, is the minimum runaway energy for the particular
altitude and electric field strength. The minimwmaway energy is the minimum kinetic
energy required for an electron to run away inveegielectric field strength and altitude.

The number of low energy electron secondaries géeerby the EAS secondary
electrons is calculated from,

E
(d—E), Ax—fE/Z_ E o(E,E")dE'
ion min

dx 9.3)
Eion '

Npow (E’ Emin) =

d_E
dx
average energy lost by a primary electron to geeesasingle low energy secondary
electron. For airEjon = 34 eV [41].

where( ) is the collisional stopping power defined in edqu@at(6.1) andE, is the

9.2. Relativistic Electrons in Constant Accelergtifiectric Fields

According to equation (9.1), an energetic electnolh gain energy with distance in an
accelerating electric field relative to a similaleatron in fair weather conditions.
Figure 9.1 shows the energy of a 100 MeV electtarting at an altitude of 12 km as it
travels downward through the atmosphere in varaunstant accelerating electric fields.
In <100 kV ni* electric fields, the electron loses energy witktatice and eventually
ranges out. In fair weather conditions (0 k¥)rthe 100 MeV electron travels less than a
kilometer at an altitude of 11 km before ranging, @it in a 100 kV i} constant electric
field, a similar 100 MeV electron ranges out juskdw an altitude of 8 km. Even through
the electron never gains more energy from beinglacated in the electric field than it
loses to ionization and bremsstrahlung, the eladimahe 100 kV rit electric field still
travels three kilometers farther than in fair weattonditions.
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Figure 9.1: Plot of the kinetic energy of a 100 MeMctron starting at an altitude of
12 km and traveling downward through the atmosplerdested constant, accelerating
electric fields.

In >200 kV m' electric fields, the 100 MeV electron initially eterates and gains
energy with distance. The length of the accelenategion and the maximum energy the
electron reaches depend on the strength of thérieldield. The stronger 300 kV th
electric field accelerates the electron for a lorgeriod, for a total acceleration length of
~1.5 km, and to a higher maximum energy of ~170 M&¥Wer accelerating to a
maximum, the energetic electron begins to deceeuatil the electron ranges out or
reaches the ground. The energy of the electront as decelerating through the
atmosphere is the same as the equilibrium runawaygg shown in Figure 6.10. The
equilibrium runaway energy is the kinetic energgtthll electrons above the minimum
runaway energy obtain via accelerating if initidbtkglow or decelerating if initially above
the equilibrium runaway energy. The equilibrium away energy depends on both the
altitude and electric field strength.
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In Figure 9.2, the equilibrium runaway energy does depend on the initial energy of
the electron. In Figure 9.2, the energies of séwadextrons of different initial energies
are plotted as they travel downward through theoaphere in a 300 kV thaccelerating
electric field starting at an altitude of 12 kmn& all the electrons initially have less
energy than the equilibrium runaway energy of a BGOm™ electric field (~275 MeV
according to Figure 6.10), they begin by first aeding towards the equilibrium energy
as they travel downward through the atmosphere. Aigker initial energy electrons
reach their respective equilibrium runaway energjrss and begin to decelerate. All the
electrons decrease in energy along with the equihibrunaway energy and will have the
same kinetic energy while in the constant accetegadlectric field.
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Figure 9.2: Plot of the energy of electrons ofelisinitial kinetic energies starting at an

altitude of 12 km as they travel downward throupk aitmosphere in a 300 kV™'m
accelerating electric field.
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The number of additional secondary electrons (bagh and low energy) produced by a
primary electron as it travels through the atmospldepends on the kinetic energy of the
primary electron. Figure 9.3 shows the number ofMelV secondary electrons directly
produced by a primary electron of different initilergies in a 150 kV Melectric field.
The number of >1 MeV secondaries increases imitial energy of the primary electron.
However, the difference between the number of >V Mecondary electrons produce by
a 1l MeV and a 1 GeV primary electron is ~100 oher4 km distance of the lightning
initiation region of a thunderstorm.
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Figure 9.3: Integral number of >1 MeV secondarycetns produced by a primary
electron of the listed initial energies travelingwhward through the atmosphere at
lightning initiation altitudes in a 150 kV Trelectric field.

Figure 9.4 shows the number of <100 eV secondagtreins produced by a primary
electron of different initial energies in a 150 kW' electric field. The number of
<100 eV secondary electrons in Figure 9.4 follow #ame trend as the number of
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>1 MeV secondary electrons in Figure 9.3. Thera &ight increase (less than an order
of magnitude) in the number of <100 eV secondaegtebns produced by 1 MeV and
1 GeV primary electrons.
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Figure 9.4: Integral number of <100 eV secondasctebns produced by a primary
electron of the listed initial energies travelingwhward through the atmosphere at
lightning initiation altitudes in a 150 kV Trelectric field.

Figure 9.3 shows only the number of >1 MeV seconddectrons that were directly
produced by a seed electron. However in an RREA,MeV secondary electrons
themselves also function as seed electrons andaeredditional high energy secondary
electrons. Figure 9.5 shows the total number oMeY secondary electrons produced in
a 1 km long 150 kV i electric field region starting at an altitude ok by a 1 MeV
seed electron. The number >1 MeV secondary electgpows exponentially with the

distance traveled through the atmosphere. The nuofbel MeV secondary electrons
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increases by an order of magnitude over approxigmateery 200 m the RREA travels
through the atmosphere. After accelerating for 1 #ma RREA has a similar number of
electrons as found in the shower core of & ®¥ cosmic ray primary proton initiated
EAS at the same altitude.
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Figure 9.5: Total number of >1 MeV secondary etatdr produced by a 1 MeV seed
electron as it travels down through the atmospirere 150 kV nmi accelerating electric
field.

The distribution of secondary electrons within akS&raveling through a strong electric
field region of a thunderstorm is vastly differéh&in for a EAS traveling in fair weather
conditions. Even in electric fields as low as 180rk™, the secondary electrons lose less
energy with distance and remain energetic overdodgstances. In the maximum electric
field regions of the thunderstorm, EAS secondagctebns can initiate RREAs, which
are each capable of producing as many >1 MeV sergralectrons as are found in the
EAS shower core.
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9.3 Secondary Electrons in a Thunderstorm

The secondary electron distributions discussed a@cti& 9.2 only deal with the
propagation of electrons through constant eledtaltls. The electric field within an
active thunderstorm is not constant over the itatiap height. Figure 9.6 shows a
parameterization of the vertical electric field maa@d within a thunderstorm by
Marshall et al.[21]. The thunderstorm used in Figure 9.6 rangedliitude between 4.0
and 7.5 km. Below 7 km, the electric field is alwgositive which represents an upward
directed electric field. From Chapter 6, upwardedied electric fields accelerate
downward traveling secondary electrons in an EABe Taximum electric field is
reached at an altitude of 5.6 km of 175 kV* rand slowly decreases in strength to
150 kV m' at an altitude of 5.2 km. Below 5.2 km, the eliectield rapidly decreases to
25 kV m*, which is not sufficient to support the developmehRREAS.

Altitude (km)
[e)]

4 | 1 1 1 1
-100 -50 0 50 100 150 200

Electric Field (kV m™)

Figure 9.6: Parameterization of the vertical eledield measured in a thunderstorm by
Marshall et al.[21]. A positive electric field represents an upeaaccelerating electric
field.
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The number of >1 MeV secondary electrons that amegted in RREAs within the
vertical electric field region shown in Figure 9i§ determined from an initial population
of seed electrons. The highest concentration af stxtrons in the atmosphere are found
within the shower core of an EAS initiated by athenergy cosmic ray primary. For this
work, all the secondary electrons within 10 m @& g#hower axis of an EAS initiated by a
10'® eV cosmic ray primary proton were chosen as tit@lirseed electron population.
The fair weather differential energy spectrum a$ thitial population of seed electrons
at 8 km is shown in Figure 9.7.
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Figure 9.7: Fair weather differential energy spauctrof the secondary electrons within
10 m of the shower axis of an EAS initiated by &&¥ cosmic ray primary proton at an
altitude of 8 km. The data used in this plot wasegated by CORSIKA.

The initial seed electron population shown in Fgg@r7 begins at an altitude of 8 km and
propagates downward through the vertical elecigald fdescribed in Figure 9.6. While
the seed electrons are traveling through the athespequations (9.6) and (9.7) are used
to calculate the change in energy and flux in tbelper of seed electrons. Figure 9.8
shows the flux of >1 MeV secondary electrons affed#int altitudes within the
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thunderstorm. As the seed electron population sritex thunderstorm, the total number
of >1 MeV electrons increases because of beindexrated in the electric field. Between
8 and 6 km, the total number of >1 MeV seed elestiao the thunderstorm increases by
an order of magnitude relative to that in fair virest conditions. The electric field
between 8 and 6 km is not of sufficient strengtintbate RREAS, so the increase in the
number of >1 MeV seed electrons is because thdexated electrons are not ranging out
as they would in fair weather conditions. Betwedarband 5 km where the electric field
reaches its maximum strength, the number of >1 Me¥®&d electrons increases another
order magnitude to a total of two orders of magitetuelative to fair weather conditions.
The electric field between 6 and 5 km is sufficiéot the seed electrons to initiate
RREAs. These RREAs are responsible for the increasiee number of >1 MeV seed
electrons within the maximum electric field regiohhe number of >1 MeV seed
electrons decrease below 5 km due to the weakefitig electric field.
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Figure 9.8: The flux of >1 MeV secondary electronsboth fair weather (black) and
thunderstorm conditions (red) from an initial sesldctron population of secondary
electrons found within 10 m from of the shower asisan EAS initiated by a 10eVv
cosmic ray proton primary.
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Figure 9.9 shows the differential energy spectrdirseed electrons at an altitude of 5 km
for both fair weather and thunderstorm conditioRisere is a large enhancement in the
number of lower energy electrons in thunderstormddmns relative to fair weather
conditions. These low energy electrons were prodiuceRREAs found between 6 and
5 km altitude. The enhancement in the number ofi selectrons in thunderstorm
conditions relative to the fair weather conditiansFigure 9.9 continues for all seed
electron energies less than a 1 GeV.
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Figure 9.9: Differential energy spectrum of eleng@t an altitude of 5 km in fair weather
(black) and thunderstorm conditions (red).

According to Figure 9.5, the total number of >1 Mse&éd electrons produced in RREAs
that propagate through a 400 m acceleration regimuld be two orders of magnitude
higher than the initial population of seed electrofrom Figure 9.8, the total number of
>1 MeV seed electrons only increases one order ajnitude from 6 km to 5 km.

However, the acceleration region of the electraeddfiexists between 5.6 and 5.2 km.
Below 5.2 km, the electric field rapidly weakenslaro longer is sufficient to support the
development of RREAs. According to Figure 9.9, thajority of the seed electrons
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produced by the initial seed population are <10 M&Kese low energy seed electrons
are the newest seed electrons generated by RRE#m®. FHgure 9.2, a 1 MeV secondary
electron needs to accelerate for over 2 km in atem accelerating electric field before

reaching the equilibrium runaway energy. As theteiefield weakens below 5.2 km, the

newly created low energy seed electrons did noe lemough energy or range to travel
the additional 200 m distance needed to reachltitede of 5 km. All the seed electrons

that reach 5 km included in Figure 9.9 are ~20 Mw\greater at 5.2 km (according

Figure 6.5). The number of seed electrons rapidigrehses outside the acceleration
region.

9.4. Feasibility of the RREA and Hybrid Lightningitiation Models

Assuming the actual maximum flux of >1 MeV seedctens is an order of magnitude
larger than shown in Figure 9.8, the maximum flix>d MeV secondary electrons
within the thunderstorm described in Figure 9.6-1€P seed electrons fsr! showet'.
Because the seed electrons are being acceleratedvaod by the positive electric field,
the solid angle of the seed electrons would ba s so there could be up to
~10' >1 MeV seed electrons frin the shower core of an EAS initiated by &®16Vv
cosmic ray primary proton. From equation (9.8), M&V electrons produce ~10ow
energy secondary electrons'nthus the total flux of electrons is “t@lectrons ni.

The RREA and hybrid models both require a largesiigrof secondary electrons to
initiate a lightning discharge, but the ways theseondary electrons are used by these
models are different. As discussed in Chapteré&6RREA model requires a large density
of secondary electrons to produce streamers diregithout first creating a point
discharge. In the hybrid model, the secondary mlastenhance the local electric field
around a charged hydrometeor. With a sufficientctale field enhancement, the
hydrometeor would undergo a point discharge andnteedly initiate a lightning
discharge according to the conventional dischargdain(Section 4.4.1.1).

9.4.1. Feasibility of the RREA Model

As discussed in Section 8.4awson and Winn58] theorized that 0 electrons

concentrated within a sphere of a 3 radius are required to produce a propagating

streamer in the atmosphere. Using this value asctiteria for initiating a lightning

discharge for the RREA model, the 1@lectrons ni generated in the thunderstorm in
165



Section 8.3 translates to only “4@lectrons within a sphere of a gfh radius. That is
two orders of magnitude greater than the fair weathmbient secondary flux
(Section 8.4), but still ten orders of magnitude tow to initiate a lightning discharge.
The length of the acceleration region within thentterstorm would have to be over
2 km in order to generate enough electrons to theetriterion proposed Hyawson and
Winn The maximum electric field regions required togmate RREAS are rarely >1 km
in length [20], so much stronger electric field8@8 kV ni') than were measured in the
thunderstorm used for Figure 9.6 would be requitedthe RREA model to generate
lightning discharges in the atmosphere.

9.4.2. Feasibility of the Hybrid Model

The hybrid model proposed IBetersen et al[10] suggests that the seed electrons form
an ionized plasma in the atmosphere and enhandedaleelectric fields around charged
hydrometers found throughout a thunderstorm. Tagallzed enhancement of the electric
field allows charged hydrometeors to initiate stmees in lower ambient electric fields
strength. The amount of electric field enhancemequired to initiate streamer varies
greatly as a function of the physical characteristi the hydrometeor (liquid droplet,
jagged graupel, hail, etc.) and environmental dions (temperature, water content,
pressure, etc.). Measurements from hydrometeorrexpets have found that an electric
field enhancement of 100-200 kV "mcould initiate a lightning discharge in the
atmosphere [111]. An electric field enhancement200 kV m' is assumed as the
lightning discharge initiation criteria for the hyd model.

The amount of electric field enhancement createdhbyseed electrons depends on the
geometry and charge density of the ionized plagksauming that the relativistic seed
electrons are traveling near the speed of lightalihe circular disk of the EAS shower
front, the low energy electrons, which do not titaxery far after being created, are left
behind in a long cylindrical region. The base of ttylinder is the same area as the
shower front of the seed electrons and is assumedkction 8.3 to be a circle with a
radius of 10 m for the initial seed electron pogiola Low energy electrons typically
recombine with the atmospheric atoms and molecinesl0’ s [51]. This limits the
height of the cylinder to ~30 m. The maximum electield enhancement for this 10 m
radius, 30 m tall cylindrical region with an elestrdensity of 18 electrons rif is 12 kV
m™, which is not sufficient to initiate a lightningsg¢harge according to the assumed
criteria.
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Figure 9.10: The maximum electric field enhancenaasna function total electron density
in a 10 m radius, 30 m long circular cylindricagi@ centered at an altitude of 6 km.
The red line represents the dielectric breakdoveatet field strength on the ground in
dry air [51].

Figure 9.10 shows how the maximum electric fielthaarcement scales with electron
density. Unlike the RREA model, one order of magphét increase in the electron density
would generate a maximum electric field enhancen®nt130 kV m', which is
sufficient to initiate a lightning discharge [11Hlso, the above calculation does not
include the effect of high energy secondary elestroutside the shower core producing
their own RREAs. Secondary electrons from outsideshower core RREAs expand the
region of low energy secondary electrons and irserethe overall electric field
enhancement. If the acceleration region of thetitefield in Figure 9.6 was to expand
in length, to a total of ~600 m, maximum electield enhancement due to the ionized
plasma created by the low energy secondary electvaould be sufficient to allow
streamer formation on most types of hydrometedds $0].
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CHAPTER X

EXPERIMENTAL VERIFICATION OF THE RREA

AND HYBRID LIGHTNING INITIATION MODELS

Both the RREA and hybrid models require large catre¢gions of secondary electrons in
order to initiate a lightning discharge. From Clesp8, the largest concentration of
secondary electrons at lightning initiation altiésdn fair weather conditions is inside the
shower cores of EASs that were initiated by higargy cosmic ray primaries. In order to
verify either the RREA or hybrid model, there mhbsta correlation between the passage
of EASs initiated by high energy cosmic ray prirearithrough the thunderstorm and
lightning discharges.

Due to the difficulties and dangers of sending addn detectors into an active
thunderstorm, ground-based radiation detectorstterepreferred method to detect the
passage of EASs initiated by high energy cosmicprayaries. Figure 8.16 shows that
the fair weather ambient >1 MeV secondary electhaxion the ground is ~5 secondary
electrons rif sr* s*, which is lower than the number of energetic tetets and photons
from terrestrial sources [112]. In addition to thecondary electrons, EASs produce
secondary muons from the decay of charged pions kawhs. Secondary muons
produced by EASs are highly relativistic and tratrebugh the atmosphere and often
deep underground before ranging out [11, 22].

Secondary muons reach the ground with >1 GeV ddtkirenergy and can travel through
most material, e.g. human bodies [83], without mutergy loss. One method to
discriminate secondary muons from other less pategy forms of ionizing radiation,
such as low energy photons and electrons fromsieimeésources, is to use two radiation
detectors separated by a thick and dense matergallead. Because of the penetrating
power of the secondary muons, they can travel tiirdaoth detectors and the separating
material, but lower energy electrons and phototieerange out or are absorbed before
traveling through both detectors and the separaivgprber material. This method of
detecting secondary muons is called the coincidenethod, since the two radiation
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detectors detect the secondary muon in coincidevitte one another [113]. With the
coincidence method, secondary muons can be detantediscriminated reliably on the
ground.

Since secondary muons are created in the hadrasitade of an EAS simultaneously
with the electromagnetic cascades, the presensecoindary muons means that an EAS
has developed within the atmosphere. The seconelactrons at lightning initiation
altitudes from EASs range out before reaching theurmd. However, the secondary
muons that develop along with secondary electrdrikeoEAS do reach the ground and
can be detected via the coincidence method. Thendacy muons that are detected on
the ground can be used as a proxy for secondacyr@hs at lightning altitudes from the
same EAS.

In order to verify the RREA and hybrid models, arag of four ground-based cosmic ray
muon detectors was developed to detect the pasda§ASs initiated by high energy
cosmic ray primaries through the atmosphere. Toealtefrom the detector array are then
compared to the lightning initiation data from ®&lahoma Lightning Mapping Array
(OKLMA) to determine if there is a correlation betn the passage of EASs initiated by
high energy cosmic ray primaries and lightning ké&sges. The ground-based cosmic ray
muon detector array was deployed in Norman, OKrdeonto be near the center of the
OKLMA's three dimensional lightning detection regio

10.1. Cosmic Ray Secondary Muons

Secondary muons were discussed briefly in Chapt&ebondary muon and anti-muons
are the decay products of charged pions and kadmish are produced in the hadronic
cascade of the EAS. Charged pions and kaons amduged in many of the same

interactions [12, 68] that generate the neutrahpid®eing the decay products of hadronic
cascade secondaries, all secondary muons are gebducing the developing stage of an
EAS, before the hadronic cascade ends (middleidiBigure 8.2).

Secondary muons are leptons like electrons, butappgoximately two hundred times
heavier. As leptons, secondary muons are chargéidlps and lose energy via ionization
and bremsstrahlung. Secondary muons are also @algeotluce electron positron pairs
directly in the Coulomb field of a nucleus and twguce secondary hadrons through
inelastic, photonuclear interactions due to theavier mass [12, 114].
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The muon stopping powe(rZ—i) , in a material is generally written in the form of,
m

uon

(Z_i)mmn (E) = (%)muon o (E) + [bprem(E) + bpair (E) + (10.1)
bphoto (E)]E,

whereE is the kinetic energy of the secondaxyis depth traveled by the muon in the

dE

material, ( , Is the muon stopping power due to ionizationisahs,b; is the

dx)muon ion

energy lost to bremsstrahlung, direct pair produntiand photonuclear reactions,
respectively [12]. Because muons have a larger rtizess electrons, but are not as
massive as protons, deriving an analytic expres&iadhe ionization stopping power or
the energy losses due to the other processesyesdhe use of different nuclear models
to approximate the muon, e.g. treating a muon asyh®n for ionization collisions, but
electron-like for bremsstrahlung [12, 70]. Energgd equations that use approximations
for modeling muon interactions typically deviategrsficantly from experimental
measured and Monte Carlo simulated values [12, EQyerimental values of the muon
stopping power in dry air at sea level are showRigure 10.1.
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Figure 10.1: Muon stopping power in dry air at kel [114].
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In Figure 10.1, ionization energy losses dominate<f 1 TeV (16 GeV) muons in dry
air. For >1 TeV muons, the energy losses to paddgetion, bremsstrahlung, and
photonuclear interactions dominate the total muop@ng power . Between 100 MeV
and 100 GeV, the total stopping slowly increaseth wnuon kinetic energy due to
relativistic effects. The stopping power for 1 TeMions is ~1 MeV m, meaning muons
can travel hundreds to thousands of meters inedore ranging out. The range of muons
in dry air at sea level is shown in Figure 10.241According to Figure 10.2,
1 GeV muons have a >1 km range in the air at sed. |[Bue to this large range and low
stopping power, >1 GeV muons are very penetratimdy @an travel through meters of
material before significantly slowing down.
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Figure 10.2: Range of muons in dry air at sea leageh function of the initial kinetic
energy [114].
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Monte Carlo methods are able to simulate the praj@y of secondary muons through
the atmosphere [12]. CORSIKA simulates all the sdades produced in an EAS, not
just secondary electrons. Using the same methotty &&ir weather secondary electrons
in Chapter 8, a lateral distribution function cam defined for secondary muons in fair
weather conditions. From this secondary muon lathséribution function, the different
secondary particles distributions, such as thagbadensity and energy spectrum, can be
calculated in the same manner as in Chapter 8uré&i$j0.4 shows the secondary muon
densities and Figure 10.5 shows secondary muorgersgectra on the ground from
EASs that are initiated by different energy cosraic primary protons.
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Figure 10.3: Fair weather secondary muon densityhenground from a single EAS
initiated by the listed cosmic ray primary protoas a function of distance from the
shower axis, based on CORSIKA simulated data.
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Figure 10.3 shows the fair weather secondary m@msity on the ground as a function
of distance from the shower axis from EASs initiaby cosmic ray primary protons of
listed energy. The fair weather secondary electtensities for the same set of EASs
used in Figure 10.1 was shown in Figure 8.8. Theorsgary muon density is fairly

uniform across the shower front up to ~100 m awagnfthe shower axis. For distances
>100 m from the shower axis, the secondary muositjedecreases rapidly. As with the
secondary electrons, the number of secondary mpooduced in EASs scales with
cosmic ray primary proton energy.
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Figure 10.4: Fair weather secondary muon energgtspef all the secondary muons in
an EAS of listed cosmic ray primary proton energytioe ground, based on CORSIKA
simulated data.

Figure 10.4 shows the fair weather secondary munengy spectra of all the secondary
muons in EASs initiated by different energy cosmagy primary protons. For EASs
initiated by >10° eV cosmic ray primary protons, the number of sdaoy muons
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increases with energy from 100 MeV to a broad maxan~5 GeV before decreasing at
higher energies. According to Figure 10.2, 5 Getbadary muons have >10 km range
in air on the ground. For EASs initiated by £46V cosmic ray primary protons develop
higher in the atmosphere (Sections and 8.1 andtBa&?) do EASs initiated by higher

energy cosmic ray primary protons, so their secongaions must travel farther through
the atmosphere to reach the observation level engtibund. By traveling a farther

distance, the secondary muons that are measurétearound are of lower energy than
secondary muons from EASs initiated by higher epergsmic ray primary protons.

Thus, there are far fewer high energy secondarynsitioat reach the ground in EASs
initiated by lower energy cosmic ray primary prapthan from higher energy protons.

10.2. Experimental Methods

The goal of this portion of my research is to téet RREA and hybrid models by
correlating time- and location-resolved lightningtiation data from the OKLMA with
time- and location-resolved cosmic ray muon couwte rdata from an array of four
cosmic ray muon detectors located in Norman, OK.

10.2.1. Oklahoma Lightning Mapping Array (OKLMA)

The different processes of a CG lightning dischafigeussed in Section 4.4 all involve
the acceleration and movement of electric chargheratmosphere. Accelerating electric
charges generate electromagnetic radiation, saylaning discharge is a source of
electromagnetic radiation in the atmosphere. Dueth® variation in the different
lightning discharge processes, a lightning disobagenerates a broad range of
electromagnetic radiation frequencies [20].

The OKLMA is made up of 17 lightning mapping stasalistributed throughout Central
and Southwestern Oklahoma as shown in Figure 1M15][ Each lightning mapping
station is made up a VHF radio antenna, a GPSvegend a computer to store data as
shown in Figure 10.6. The VHF radio antenna recesignal from 60-66 MHz (unused
television channel 3) radiation events generatedidfytning discharges [43]. These
60-66 MHz radiation events are time stamped to $@aturacy with the signal from the
GPS receiver and written to the hard drive of teguter. The time stamped data from
all the lightning mapping stations are collectea] &y using a time of arrival algorithm,
the originating location of the radiation sourcen dze determined. Depending on the
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number of lightning mapping stations that measuhedsame radiation event (minimum
of six stations) and strength of the signal, thginating location of the radiation source
can be determined in two (orange region in Figue)llor three dimensions (purple
region in Figure 10.2) along with time of occurrerof the radiation source [43].
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Figure 10.5: Map of the OKLMA lightning mapping sten locations and coverage area.
The purple region represents where the OKLMA camp trghtning discharges in three
dimensions and the orange region represents thenr@ghere lightning discharges are
mapped in only two dimensions (no altitude inforioa) [115].

Since electric charge is accelerated the entirgtieof the lightning discharge, VHF
radiation events from the same lightning dischange produced at multiple locations in
the atmosphere. The lightning mapping stationsiveceach of these VHF radiation
events and the time of arrival algorithm is rolersbugh to separate them. These multiple
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VHF radiation events allow the entire length of tighitning discharge, including leader
branches and J-processes, to be detected by théM@KEor this work, only the first
VHF radiation event of a lightning discharge isdise indicate the time and location of
lightning initiation.

Figure 10.6: Photograph of the equipment usedlightning mapping array station. The
60-66 MHz radio antenna is shown on the left anith bloe GPS receiver and computer
are located in the white enclosure on the righ6]11

10.2.2. Cosmic Ray Muon Detectors

The cosmic ray muon detectors used in this workewsveloped and built by Aaron

Ruse of the Oklahoma State University RadiationsiRisyLaboratory. The cosmic ray

muon detectors use the coincidence method desanb8dction 8.1 to detect secondary
muons. A brief description of the cosmic ray muetedtors is presented below. A more
detailed description of the construction methodipcation, and equipment specifications
can be found iflRuse23].
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Figure 10.7: Diagram of the cosmic ray muon detel@8).

Figure 10.7 shows a diagram of the cosmic ray ndeiector. Each of the four ground-
based cosmic ray muon detectors contains two plastintillator paddles optically
coupled, via acrylic light guides, to photomultglitubes (PMT). Plastic scintillators are
an example of an organic scintillator. When a ckdrgarticle travels through plastic
scintillator, the bound electrons of the moleculeshe plastic are excited to a higher
energy state. Unlike in an atom, the electron doets de-excite directly to a lower
electron energy level, but instead de-excites geres of transitions to different lower
energy vibrational modes of the molecule beforeherw the ground state. In organic
scintillators, at least one of these transitionsegates a photon of lower energy than
electron gained via excitation. These photons ecdftiroughout the plastic scintillator.
By using total internal reflection and lightningides, the scattered photons are directed
at the PMT, where they are converted into an etadtrsignal [117]. Each plastic
scintillator paddle consists of a 50 cm x 50 cm xm2 sheet of Eljen EJ-200 plastic
scintillator [118]. Hamamatsu R329-02 PMTs with BES&ases are optically coupled to
the plastic scintillator paddles. Each PMT is carteé to a high voltage power supply
(HVPS). To separate the “hard component”, i.e. pating secondary muons, from the
“soft component”, i.e. low energy, electrons anatpohs, a 3 cm thick sheet of lead
absorber is placed between the two scintillatodjesl

The electric signals from the PMTs pass to an OB80A amplifer discriminator

modules for amplification and discrimination to @re noise in the signal. The filtered

signals from both the top and bottom scintillat@dgles are then passed to an Ortec

414A coincidence module. Secondary muons travedutiin both plastic scintillator
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paddles and the lead absorber, so the Ortec 41#kidence module only sends out a
pulse if signals arrive from within a few nanoseterirom each of the PMTs. Pulses
from the Ortec 414A coincidence module are sera womputer with a NI 6602 PCI
counting card. The number of muons detected ev@dyus is written to a text file via
custom Labview code. The output data are time stanfpom the output signal of a
Symmetricon BC637PCle GPS time card also locatédarcomputer. A photograph of a
cosmic ray muon detector is shown in Figure 10.8.

Figure 10.8: Photograph of a cosmic ray muon detedthe scintillator paddles are the
large black object on the right side of the phoapdr. In the middle of the picture is the
NIM module containing the amplifiers, discriminagpand coincidence units required to
read out the signal from the scintillator paddEse small grey box on the left side of the
photograph is the computer containing the countagd, GPS card, and Labview
software to collect and store the secondary muaa. ddot shown is the GPS antenna,
which is outside the wooden enclosure. The woodmtosures protects the cosmic ray
muon detector from the environment [23].
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10.2.3. Cosmic Ray Muon Detector Array

Detector One P §

jDetector Three

jD etector Eour

Figure 10.9: Image of the four cosmic ray muon detearray deployed in Norman, OK
[119].

According to Figure 10.3, the density of secondamwyons from EASs initiated by
<10™ eV cosmic ray primary protons is <1 secondary nsuuih showet at all distances
from the EAS. The cosmic ray muon detector desdribeSection 8.2.2 has a detection
area of 0.25 M so the likelihood of a single detector measudngjingle muon from an
EAS is low. However, the secondary muon densityEaSs initiated by 1% eV cosmic
ray primary protons is >1 secondary muon$ showet' for >100 m from the shower
axis. For EASs initiated by high energy cosmic paynaries, it is possible to measure
secondary muons produced by one EAS at differemations hundreds meters away from
one another. Thus, if several cosmic ray muon tlate@re arranged over a large area
and a majority of these detectors measure secomdaons in the same time interval,
there is a high probability that an EAS initiateg & high energy cosmic ray passed
through the area. This method of using the coimtideeasurement of secondary muons
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in multiple detectors to detect the passage of Eildlfisted by high energy cosmic ray
primaries has been used in previous cosmic rayrampets [91, 120, 121, 122].

An array of four of the cosmic ray muon detectoesatibed in Section 10.2.2 was
deployed at the University of Oklahoma’s SchooMsteorology Test Field in Norman,
OK (35° 14'9.38" N 97° 27' 55.10" W). This regimas chosen for the cosmic ray muon
detector array in order to be within the three dimenal coverage area of the OKLMA.
An image of the detector array is shown in Figue1The four detectors are arranged in
a ~200 m square, with a detector in each of thearer The time stamped data from each
of the detectors are collected and processed inGB& Radiation Laboratory in
Stillwater. In order to analyze the ~5 Gb of dataerated daily by each detector, a set of
custom Python and C++ computer programs were dpedldo determine coincident
secondary muon measurements between the four oleteét minimum of three of the
four cosmic ray muon detectors in the array musdsuee a secondary muon within the
same 10Qus time bin in order for a coincident measuremenbdoconsidered an EAS
event. The time and which coincident cosmic ray nsudetectors detected the EAS are
recorded for every EAS event for further analysis.

10.3. Experimental Results

In order to compare the lightning initiation datarh the OKLMA and the EAS event
data from the cosmic ray muon detector array diyetioth data sets need to use the
same time bins for their data. Because the liglgtmimapping stations time stamp the
radiation event as soon as it records it, the OKLNghtning initiation data are not
binned and are listed by the time of the lightndigcharge. Using a Python script, the
first radiation source of every lightning dischakgighin 1 km of the center of the cosmic
ray detector array is selected as a lightning dtign event. The time stamp of the
lightning initiation event is then converted to teme time bins used for the EAS event
data. Only lightning discharges within 1 km of t@smic ray detector array are used in
order to limit the range of EAS zenith angles tamevertical EASs that were assumed
in the fair weather CORSIKA simulations. Also, witimly four detectors in the array,
there is no way to determine the zenith angle @HAS with any degree of certainty. By
restricting our analysis to only lightning dischesgwithin 1 km of the center of the
detector, we are only looking at the most ideatarfditions.

Figure 10.10 shows the number of lightning inibas that occurred with 1 km of the
cosmic ray detector array for a thunderstorm onM&y 2013. Because of lack of
thunderstorms over the cosmic ray muon detectayaire during the Fall of 2013 and

Spring of 2014, the only data sets of thunderstoonditions were from May and June of
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2013. Those data sets used long 10 ms time bitsath®f the current 100s time bins.
Each black line shows the total number of secondargns that were measured within a
single time bin produced by a single EAS event. fidek lines represent time bins that
had at least one lightning initiation event.
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Figure 10.10: The distribution of EAS events amhtining initiation events within 1 km
of the cosmic ray muon detector array for a thustdem on 5/19/2013. Each black line
represents a single EAS event and the red lineshar@umber of lightning initiations
within a single 10 ms time bin.

From Figure 10.10, it can be seen that the numb&AS events far outnumbers the

number of lightning initiation events during thisuhderstorm. EAS events are seen to

occur at a constant rate regardless of the atmaspheather conditions, whereas the

lightning discharges occur in shorter 15 to 30 rtenperiods over the duration of the

thunderstorm. To correlate EAS events with lighgninitiations, the two data sets must

be compared at a smaller time scale than an etfiinederstorm. Figure 10.11 shows
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lightning initiations and EAS events on a 500 msetiscale, from the same thunderstorm
shown in Figure 10.10. The EAS events still outhanlightning initiations, but on this
500 ms time scale, individual EAS events can beiviesl. EAS events are stochastic in
nature, so the time between EAS events is not anhsthe pair of lightning initiations
in Figure 10.11 occurred 40 ms after a pair of CBEBAents.
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Figure 10.11: Plot of the EAS events and lightnimigation events within 1 km of the
cosmic ray muon detector array for a thunderstorm5¢19/2013. Each black line
represents a single EAS event and the red lineshar@umber of lightning initiations
within a single 10 ms time bin.

Figure 10.12 shows the distribution of the timewmstn EAS events and lightning
initiations that occurred within 1 km of the cosm&y muon detector array. The data for
Figure 10.12 were acquired from thunderstorms &6/2013-4/27/2013, 5/16/2013-
5/17/2013, and 5/18/2013-5/19/2013, which had @ tft310 lightning initiations within

1 km of the detector array. This is all the cosmalg muon detector array data that have
been collected during thunderstorm conditions dythis time. Approximately 15% of
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all lightning initiations occurred within 10 ms foWing a EAS event as detected by the
cosmic ray muon detector array. The statisticatiiance of this result was compared
to an average of 10 sets of simulated EAS even&s twe same time period. The
simulated EAS occurred at the same frequency asdasured EAS events but the exact
time bin was randomly determined. For the firstzetetime bins (0-100 ms between the
EAS event and a lightning initiation)? = 8.82 (ten degrees of freedom), which means
there is no significant difference between the mess and simulated EAS event data.
For the first two time bins (0-10 ms between a EA®&nt and a lightning initiation),
v* = 3.02 (one degree of freedom), which is sta@édliicsignificant at the >90%
confidence level. Therefore, it appears that thento ray muon detector array is
measuring statistically more EAS events coincidettih lightning initiations than from
an assumed random distribution of EAS events.
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Figure 10.12: Plot of the time between EAS eventslghtning initiation within 1 km of
the cosmic ray muon detector array. The black baemesent actual EAS events
measured by the cosmic ray muon detector arraytlaaded bars represent randomly
generated EAS events at the same average frequ€heyerror bars on the simulated
EAS events representcl Data is from thunderstorms on 4/26/2013-4/27/2013
5/16/2013-5/17/2013, and 5/18/2013-5/19/2013.
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10.4. Discussion of Experimental Work

The current experimentally results show that thendo ray muon detector array is
measuring more EAS events in coincidence with figtg initiation events within 1 km
of the detector array than expected if the EASsuwed independent of lightning
initiation. From the data collected from thundermste on 4/26/2013-4/27/2013,
5/16/2013-5/17/2013, and 5/18/2013-5/19/2013, thenderstorms produced a total of
310 lightning initiations within 1 km of the detect Approximately 15% of all lightning
initiations were preceded within 10 ms by a EASr¢weeasured by the cosmic ray muon
detector array. Also, at >90% confidence level, dosmic ray muon detector array
measured statistically more EAS events than annasguandom EAS distribution of
events in the 0-10 ms time bins. These prelimimasylts show that there may well be a
correlation between EAS and lightning initiatiossnce EASs generate the high energy
electrons required by the RREA and hybrid modélssé experimental results appear to
support both of these models for lightning initati

However, the cosmic ray muon detector data analyz&kction 10.3 were collected in
10 ms time bins which are much longer than the ti@ogiired for a lightning discharge to
be initiated within the atmosphere [3]. In NovemB64.3, the cosmic ray muon detectors
were upgraded to collect data in @time bins, a hundred times increase in resolution
in order to better correlate the passage of EARsith a thunderstorm and the initiation
of nearby lightning discharges. As of the writinigtiois work, there have not been any
cosmic ray muon detector array data collected atl®Opus time resolution during a
thunderstorm. As the experiment continues to cblidata, the lightning initiation
statistics that were presented in Section 10.3 imifirove and should be able to show
with better certainty if the passage of EASs thiowg thunderstorm is temporally
correlated with nearby lightning initiations.

With only four cosmic ray muon detectors in theagyithere is no way to determine with
any certainty the directional information of thetlpaf the EAS event. If the directional
information of the EAS event could be determinemirfrthe detector array data, then it
could be possible to follow the EAS shower frontlb@to the thunderstorm and try to
correlate the EAS event to specific lightning ismiton. Correlating EAS events to
specific lightning initiation events within the atsphere would provide much stronger
evidence in support of both the RREA and hybrid etedhan is found in the temporal
correlation found in Section 10.3. However, to deiae directional information for EAS

events, the number of detectors within the arrayldidhave to be increased. Ground
based cosmic ray experiments that measure thetidmatinformation of EASs typically

have over a hundred detectors spread out overadessprare kilometers [120, 121]. For
this experiment to prove that the passage of EAGsigh a thunderstorm cause lightning
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initiation, the number of detectors in the arrayuloneed to be increased in order to
determine the directional information of EAS events
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CHAPTER XI

DISCUSSION AND CONCLUSIONS

There are three research objectives in this wodk:ddtermining the fair weather
secondary electron environment, 2) determined @rahare sufficient numbers of
secondary energetic electrons to initiate a ligigrdischarge in the atmosphere, and 3) to
gather experimental evidence correlating the pa&ssafj GCR EASs through a
thunderstorm with nearby lightning discharges. Huor first objective, the secondary
electron environment at thunderstorm altitudes (<d4®) was determined from
longitudinal and lateral distributions simulatedngsthe cosmic ray Monte Carlo Code
CORSIKA 6.790. Using the secondary electron digstrdns and the geometry of an
EAS, the fair weather secondary electron flux andrgy spectra for both individual
EASs and the ambient distribution of EASs wereuwated. For the second objective, the
secondary electrons inside the shower core of a8 Bhiated by a 18 eV cosmic ray
primary proton were propagated through the vergtattric field profile measured in an
actual thunderstorm. The number of secondary elestwithin the EAS shower core was
then compared to the lightning initiation critef@a both the RREA and hybrid models.
For the third objective, secondary muons were nredsby an array of four ground
based cosmic ray muon detectors to determine tesaga of EASs initiated by high
energy cosmic ray primaries through the region abitne detector array. The time of
each EAS measured by the cosmic ray muon arrayonspared to the time of all
lightning initiations as measured by the OKLMA tetermine if there is a correlation
between the two events.

11.1. The Fair Weather Secondary Electron Envirerime

From the EAS simulations carried out using CORSIBA90, the secondary electron

flux and energy spectra for both individual EASd ambient distribution of the EASs in

fair weather conditions were determined. The largesncentration of secondary

electrons at lightning initiation altitudes (4-8 kmas found in the shower core of EASs
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initiated by high energy cosmic ray primary protoBASs initiated by a 6 eV cosmic
ray primary protons, the highest energy considerehdis work, had a >1 MeV secondary
electron density of ~FOelectrons nf within its shower core at an altitude of 6 km. The
fair weather ambient >1 MeV secondary electron faix 6 km was found to be
<10® electrons nf s, which is approximately two orders of magnitudevéo than the
>1 MeV secondary electron density found within shewer core of a $0eV cosmic ray
primary proton initiated EAS.

The fair weather secondary electron energy spsbtvaved that for developing EASs, the
secondary energetic electrons ranged from 1 Me¥1@0 GeV in the atmosphere. The
average energy of the secondary electrons decredtdedistance from the EAS shower
axis from >1 GeV near the shower axis to ~100 Mé\M.Gam from the shower axis to
~10 MeV near the edge of the shower front. The ayerenergy of all the secondary
electrons in an EAS was >10 MeV regardless of theide or energy of the initiating
cosmic ray primary. EASs initiated by lower enempsmic ray primaries dominate the
ambient secondary electron energy spectrum attialides. These low energy cosmic ray
initiated EASs have far few of >100 MeV secondalgceons at lightning initiation
altitudes than found in EASs initiated by higheergy cosmic ray primaries.

The fair weather ambient secondary electron enspggtrum on the ground calculated
based on CORSIKA simulations agrees with the semgndlectron energy spectrum
reported inDaniel and Stephen®0] from 1974.Daniel and Stephenis still the most
frequently referenced work on EAS secondary elestio the fair weather atmosphere
[11]. In Daniel and Stephenshere were no measurements of the secondaryaiecat
lightning initiation altitudes of 4 to 8 km, so shivork could be considered as an update
and expansion of the work IDaniel and Stephens

Future work in determining the fair weather secopddectron environment would need
to include the effect of non-vertical EASs and éiddal simulations of EAS initiated by
lower energy cosmic ray primaries. One of the magsumptions used to calculate the
secondary electron density and ambient flux was a@llathe EASs were vertical. For
vertical EASs, the horizontal cross section of #i®wer front is a circle and the
secondary electrons are distributed symmetricathyad the shower axis. In non-vertical
EASs, a horizontal cross section of the showertfravuld be an ellipse with the shower
axis in the center of the ellipse. This would reguhat the secondary electron density be
defined in a two-dimensional plane instead of thdial distance from the shower core.
Including non-vertical EAS to the analysis wouldhgemte a more realistic secondary
electron density and flux, but the analysis woutdcbnsiderable more difficult than the
analysis performed in this work.

Because the EASSs initiated by the lowest energynagay primaries are in the
attenuated stage of development at lighting indrataltitudes, these EASs have the
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greatest variation in the number of secondary edastat the chosen observation levels.
For this reason, multiple EASs were simulated fheof the cosmic ray primary proton
energy used in this work. However, due to the lawnher of secondaries and their
higher flux, the error associated with EASs ingaby low energy cosmic ray primaries
have a greater effect in the ambient secondarytrefe@nvironment. By increasing the
number of 167 and 16 eV cosmic ray proton simulations by an order ofjnitude, the
error associated with these EASs would be neakethes associated with the current
number of 18° eV simulations (~1%).

11.2. Lightning Initiation Models

From the analysis in Section 9.4, it was found thate was not a sufficient number of
secondary electrons (both low and high energy)ymred in the shower core of a’i@V
cosmic ray primary proton initiated EAS to initiadelightning discharge according to
either the RREA or hybrid models. However, the nexfl electron density needed to
initiate a lightning discharge is vastly differdmtween the two models, so it is best to
discuss the models separately.

11.2.1. The RREA Model

The RREA model is the most well documented of the tightning initiation models
considered in this workGurevich et al[9] originally proposed that the number of high
energy secondary electrons produced in RREAs wollsufficient to directly generate a
lightning discharge in the atmosphere. Qurevich et al. only ~1 MeV secondary
electrons were considered to run away and gen®RteAs in the strong electric field
regions of the thunderstorm [9]. In this work, >1eWl secondary electrons were
considered to be able to run away in the strongtrétefield region. Using the streamer
formation criteria ofDawson and Winj58], this work showed that the total (both high
and low energy) electron density produced in thdicad electric field profile from
Marshall et al.[21] was approximately ten orders of magnitude lmo to initiate a
streamer that can develop into a lightning leader.

After Gurevich et alproposed the RREA model [9], several research gratigrted to
develop Monte Carlo codes to study RREAs. In thdsate Carlo codes, a number of
monoenergetic electrons were introduced to a regfa@ir with a strong external electric

field. The monoenergetic electrons were then prafethrough strong electric field
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region following the interactions described in Clesy®. All the particles that reach an
observation level, both primaries and secondariigbes, were counted and analyzed [16,
17, 18]. These monoenergetic electron simulatioreyewthen weighted by some
parameterization to approximate an EAS.

Using their own electron Monte Carlo codeyyer[17] andDwyer and Smitfi18] found
that electrons between 1 and 10 MeV could run awaystrong electric field, unlike the
assumption made b@urevich et al[9]. Dwyer [17] also found that runaway electrons
had an average energy of 7.2 MeV regardless oélgwric field strength. From energy
spectra plotted in Figures 9.9, the secondary relegiopulation ranges in energy from
1 MeV to >10 GeV, with only the newly generatedsetary electrons being <10 MeV
in an accelerating electric field region. AsGurevich et al.the results oDwyer do not
match with the range of secondary electron energadsulated in this work from
CORSIKA simulations and model calculations.

Carlson et al[16] used the Monte Carlo code GEANT4 to simuRREAs after having
determined the secondary electron environment gagmic ray code AIRES, which is a
cosmic ray Monte Carlo code similar to CORSIKA [12Secondary electrons up to
10 GeV were simulated in GEANT4 i@arlson et al.However, Carlson et al.only
determined the efficiency of producing runaway ®&tets in the atmosphere, i.e. what
fraction of secondary electrons produced runawayprsgary electronsCarlson et al.
found that >1 MeV secondary electrons producedwayssecondary electrons, which is
expected for any secondary electron greater thacetihe minimum runaway energy,
shown in Figure 6.9. HoweveCarlson et al.is unique because it was the only study of
the RREA model that took into account >10 MeV selaog electrons.

In order for RREASs to initiate a lightning dischardirectly, the density of secondary
electrons (both high and low energy) would needbéoincreased by ten orders of
magnitude. This could be accomplished by expandimg length of the strong
accelerating electric field region to over a kildereand increasing the strength of
electric field to >300 kV . However, the average maximum electric field in a
thunderstorm is 130 kV thand the region of that electric field is typicatyt km [20].
Therefore, the RREA model as proposedGyevich et al[9] is likely not responsible
for initiating lightning discharges in typical thdierstorm conditions.

These results agree with the resultPefyer [19] showing that the RREA model is not
responsible for initiating most lightning dischasg®wyer [19] proposed a Positron
Feedback mechanism [17, 19] to produce a sufficientber of seed electrons to initiate
a lightning discharge. The Positron Feedback mashmaoauses secondary positrons that
are produced along with the secondary electronaninelectromagnetic cascade are
accelerated upward by the positive electric fidldese accelerated positrons collide with
electrons and annihilate, producing two photonscé&ihe kinetic energy of the positron
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is also divided between the pair of photons, theosdary photons will have enough
energy to initiate new electromagnetic cascadesth@ atmosphere. These new
electromagnetic cascades develop behind the regteoEAS shower front in the low
energy secondary electron plasma. The secondargtraie from this new
electromagnetic cascade generate more low enemgpngary electrons which increases
the electron density of the plasma. Secondary rpositfrom these new electromagnetic
cascades are then accelerated upward by the andiéemtic field and repeat the above
process until a lightning discharge is initiated,[19]. Future work on the RREA model
would include investigating the Positron Feedba&kinanism proposed iywyer, since
the RREA model proposed b@urevich et al.is not sufficient to explain lightning
initiation within the atmosphere.

11.2. The Hybrid Model

The hybrid model of lightning initiation proposed Betersen et al[10] hypothesizes
that instead of directly initiating a lightning digrge the low energy electron plasma
created by RREAs enhances the ambient electritt. fi&harged hydrometeors within this
enhanced electric field region will undergo poinsactharge and initiate a lightning
discharge according to conventional lightning d&ésge theory. From the analysis in
Section 9.4, the electric field enhancement way aal kV m' from the total electron
density calculated in this work. According@®urevich and Karashtifil11], the required
electric field enhancement to initiate a lightnimtischarge is between 100 and
200 kV mi*, which is an order of magnitude larger than theltdated in this work.
However, according Figure 9.10, the required electeld enhancement could be
obtained by an electron density that was only ateoof magnitude greater, unlike the
ten orders of magnitude increased needed in theARREBdel. This increase in the
secondary electron density could be created insteatonditions by a slight increase in
the electric field strength and length of the aecion region length [3, 21]. Thus it is
possible for the hybrid model to may be able tol&rpfor lightning discharges in the
atmosphere.

Unlike the RREA model, there have been few previsuglies of the hybrid model
initiating lightning discharges in the atmosphefée most referenced study on the
hybrid model isGurevich and Karashtif111], which looked at the radio emissions
before a lightning discharge was observed in thegphere. According tGurevich and

Karashtin the radio pulses that occur before a lightniregldiarge are made from bipolar
sources that are similar to the radio signals gigg#rby hydrometeors in an enhanced
electric field. Since the strength of the radionsigis proportional to electric field
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enhancement, the strength of the radio signal cbeldised to determine the electron
density of the plasma surrounding the hydrometdersm their resultsGurevich and
Karashtin estimate that EAS initiated by >f0eV cosmic ray primaries could enhance
the electric field enough to cause several hydreorstto breakdown simultaneously in
the atmosphere. The result calculated in this waw&s not agree with the results of
Gurevich and KarashtinHowever, this work still shows that the hybrid eebcould be
responsible for lightning discharges in the atmeseh

Future work with the hybrid model could include adhting the electric field
enhancement due to the low energy secondary etsctgenerated by high energy
secondary electrons along the entire EAS showaent frather than just the secondary
electrons within the shower core. The present wanmky calculated the electric field
enhancement due to the low energy secondary eteplesma created by high energy
secondary electrons within 10 m of the shower atisa 13° eV cosmic ray primary
proton initiated EAS. This region has the largestosidary electron density of the entire
shower front, but the majority of the secondarycetms in the EAS are found outside
this region in the rest of the shower front. Byluting the low energy secondary
electrons generated by the high energy secondagctrehs, the low energy electron
plasma will increase in size and can possibly iaseethe local electric field enhancement
and possibly initiate multiple hydrometeors simnéausly as was reported @Gurevich
and Karashtin111].

11.3. Experimental Evidence of the Correlation lbé tPassage of EASs through a
Thunderstorm and Lightning Initiation

In three thunderstorms that passed over the grbasdd cosmic ray muon detector array,
a total of 310 lightning initiations were measutedthe OKLMA within 1 km of the
center of the detector array. Of those 310 lighgninitiations, 47 (15%) of those
lightning initiations were preceded by less thamiby an EAS event measured by the
cosmic ray muon detector array. Compared to a randistribution of EASs, the cosmic
ray muon detector array measured more EAS thatramtwvithin 10 ms of a lightning
initiation at a >90% confidence level. These pretany results do support that the
passage of EASs through the thunderstorm are atetketo lightning initiations, but are
not sufficient to represent verifiable proof.

In order to improve this experiment, the experimeeeds to collect more data during
active thunderstorms and with smaller time binghe muon data. More data during
thunderstorms would generate better statisticstiam@maller time bins in the muon data
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would remove falsely labeled EAS events. Both asth improvements are currently
being implemented.

Another method to improve the experimental evidemnoald be to increase the number
of cosmic ray muon detectors within the array. €ntly, there are not enough detectors
in the array to accurately determine the direciiowhich the EAS was traveling through
the atmosphere. The OKLMA records the location, timee dimensions, in the
atmosphere of every lightning initiation within itdetection area. If the directional
information of the EAS were known, then the pathh&f EAS could be traced back into
the thunderstorm to determine if the EAS showentfrvaveled near any lightning
initiation locations. With that sort of analysishet passage of EASs through the
thunderstorm and nearby lightning initiations woldd much stronger evidence for a
correlation between EASs and lightning initiation.

11.4. General Conclusions

There are three main conclusions that can be dfewm this work. The first conclusion
is that there are numbers of >100 MeV secondatreles within EASs initiated by high
energy cosmic ray primaries. Because of their leiglrgy, these secondary electrons do
not gain energy with distance while running awaydacelerating electric fields typically
found at lightning initiation altitudes of 4 to 8k However, these >100 MeV secondary
electrons are accelerated in the electric field pratluce more runaway seed electrons
that can run away in thunderstorm electric fieldant ~1 MeV secondary electrons.
Especially early on in the development of an RREAese >100 MeV secondary
electrons are producing the majority of the otherdselectrons. Much of the previous
work with the RREA model only assumed that up toM&V seed electrons are able to
initiate an RREA and do not consider the effectt tteese higher energy secondary
electrons would have on RREA development [9, 14,18 17, 18]. Any future work
with RREAs should include the effects of these >M¥V secondary electrons in order
to generate a more realistic picture of the RREirenment within a thunderstorm.

The second conclusion is that the RREA model apga®d inGurevich et al[9] was

shown not to be responsible for lightning initistid he population of >1 MeV secondary
electrons in the shower core of an*®l&V cosmic ray primary proton initiated EAS as
determined from CORSIKA simulations traveling thgbuthe vertical thunderstorm
electric field profile measured bylarshall et al.[21], the total electron density was
calculated to be approximately ten orders of magieittoo low to initiate a streamer in
the atmosphere according to criteria calculatedDayvson and Winr[58]. Without

stronger thunderstorm electric fields and longecebaration regions, there are not a
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sufficient number of >1 MeV secondary electronsindgiate a lightning discharge
according to the RREA model. However, other lighgniinitiations models, e.g. the
hybrid model [10] or Positron Feedback mechanis8j, [tvhich still require RREAs to
generate a large number of secondary electronsl ciilll be responsible for lightning
initiation within the atmosphere. More work is neddto test these other lightning
initiation models.

The last conclusion is that the results from thenuoc ray muon detector array
experiment has shown that there is a correlatidwd®n the time an EAS event is
detected by the array and a lightning dischargaiimted within 1 km of the detector
array. With the current 310 recorded lightningiatibns, there is a >90% probability that
EASs are travelling through the thunderstorm whdighaning discharge is initiated. As
the experiment continues to collect data, improstdistics are expected to strengthen
the correlation between the passage of EASs thrdbghthunderstorm and nearby
lightning initiations. With the current four detect in the cosmic ray muon detector
array, there is no way to correlate specific EASghvany one lightning discharge
initiation. The directional information, in additioto timing information, of the EAS
events would need to be known with some certamtyrder to correlate a particular EAS
with a specific lightning initiation event. The coE ray muon detector array would
require additional detectors in order to deternthredirectional information of the EAS
events.
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