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Abstract

Title: Sprite Streamer Formation and Propagation: Theory

and Observations

Author: Burcu Kosar

Major Advisors: Ningyu Liu, Ph.D. and Hamid K. Rassoul, Ph.D.

Sprites are finely-structured, large scale electrical discharges typically initi-

ated near the lower boundary of the ionosphere at 70-85 km altitudes [Pasko,

2010; Ebert et al., 2010; Pasko et al., 2011, 2013; Liu, 2014; Liu et al., 2015b].

Their lateral extent is ∼5-10 km and vertical extent is ∼50 km, and hence the

atmospheric volume electrically and chemically affected by sprites is thousands

of cubic kilometers [Sentman et al., 1995; Lyons, 2006]. Halos are relatively

uniform, descending glows that may give rise to more structured features, from

which sprites are initiated. A large amount of observational [e.g., Gerken et al.,

2000; Cummer et al., 2006; McHarg et al., 2007; Stenbaek-Nielsen et al., 2007;

Stenbaek-Nielsen and McHarg, 2008; Stenbaek-Nielsen et al., 2013] and model-

ing [e.g., Liu and Pasko, 2004; Liu et al., 2009a; Luque and Ebert, 2009; Ce-

lestin and Pasko, 2010; Luque and Ebert, 2010; Qin et al., 2011; Liu, 2012; Liu

et al., 2012; Qin et al., 2012; Qin et al., 2014] work has recently been conducted

to understand the dynamics of the constituent electrical discharge of sprites -

streamers. The modeling results have shown that many physical parameters

(e.g., velocity, radius, and brightness) of sprite streamers exponentially increase

in time [e.g., Liu and Pasko, 2004; Liu et al., 2009a; Liu, 2010; Kosar, 2010;

Celestin and Pasko, 2011]. These results have been verified by high-speed video
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observations of sprite streamers [e.g., McHarg et al., 2007; Stenbaek-Nielsen

et al., 2007; Stenbaek-Nielsen et al., 2013].

As discussed in several recent review papers [Pasko, 2010; Ebert et al., 2010;

Pasko et al., 2011, 2013; Liu, 2014; Liu et al., 2015b], many important science

questions regarding the physics of sprite streamers and their collective effects

in the lower ionosphere are still unanswered. The purpose of this dissertation

is to investigate and address several outstanding problems on sprite streamer

initiation. A previously-developed plasma discharge model [Liu and Pasko,

2004; Liu et al., 2012] is used and improved to conduct detailed simulations

of streamer initiation process and to compare the obtained results with recent

high-speed images of sprite streamers.

The first research problem addressed in this dissertation is sprite streamer

initiation at subbreakdown conditions. Recent high-speed images of sprites com-

bined with electromagnetic measurements of lightning field have demonstrated

that the lightning field is often below Ek when sprite streamers are initiated in

the lower ionosphere. The plasma discharge model has been used and further im-

proved to investigate a theory of streamer initiation at subbreakdown conditions

that dense ionospheric columniform patches can initiate streamers in a light-

ning field below Ek. Numerical simulation results show that positive streamers

are able to form from the tip of an ionization column for a variety of electric

fields with the lowest field of 0.3Ek when a dense ionization column with proper

dimensions is introduced. Even though positive streamers are formed and prop-

agated through a substantial distance, negative streamers do not form from the

other tip of the ionization column, consistent with observations showing sprites

are initiated with downward propagating positive streamers.

The simulation results also indicate that the initial ionization patch from

which streamer is initiated may become very bright following the streamer for-

mation and its brightness persists as the streamer continues its propagation.

The brightness of the patch depends on its initial density, and the patch with

smaller density is brighter than the denser one. An analytical formula describing

the temporal and spatial variation of the electric field in the streamer channel is

derived to explain the brightening of the ionization column as well as the lumi-

nous streamer trail. Finally, comparisons between the streamers forming from
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the ionization patch and those forming in the vicinity of a conducting sphere

in an electric field below Ek show that the exponential growth rates associated

with the streamer characteristics are similar.

Those results also indicate that ionospheric inhomogeneities are required for

sprite streamer initiation. However, the peak plasma density of the inhomo-

geneity used is about 2-3 orders of magnitude larger than the ambient density

at lower ionospheric altitudes, posing a very strong constraint on the source pro-

cesses in the lower ionosphere. Our further investigation indicates that positive

streamers can also be initiated from large ionospheric patches with a density

comparable to the sprite halo density (<108 m−3). In addition, modeling results

on the associated optical emissions show that a luminous spherical-like cap ap-

pears around the lower tip of the ionization patch before streamer initiation and

the streamer is initiated from the bottom of this cap. These results appear to

be consistent with the observations reported by Stenbaek-Nielsen et al. [2011]

and Takahashi et al. [2012] in terms of the shape, size and brightness of the halo

structure initiating streamers. This study suggests that if the sprite halo front

is unstable, inhomogeneities developing from it can initiate sprite streamers at

subbreakdown conditions.

The last part of this dissertation studies the origin of the ionospheric inho-

mogeneities in the lower ionosphere leading to initiation of sprite streamers. In

the previous studies it is assumed that plasma inhomogeneities already exist at

sprite initiation altitudes and the density and dimension of the inhomogeneities

may be unrealistic. New simulations from a modified plasma discharge model

show that sprite streamers can be initiated from naturally-existing small-scale

neutral density perturbations created by gravity waves at mesospheric altitudes.

In addition, numerical simulation results are compared with the results of high-

speed observations to explain the initiation of prompt sprites. The time scales,

spatial scales, and speeds associated with the initiation process reach a close

agreement between the simulation results and high-speed observations.
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Chapter 1

Introduction

In this chapter, we first give a general overview of Transient Luminous Events

(TLEs). Then we give a review of the literature related to observational work

prior to this study and a discussion on sprite theories. Then, we discuss the

recent findings from high-speed observations that reveal the details of the com-

plex sprite morphology and dynamics. Finally, we close this chapter with a

brief summary of the main scientific contributions made by the work presented

in this dissertation.

1.1 Transient Luminous Events

Even though numerous eyewitness encounters of the transient luminous events

in the upper atmosphere have been reported for over a century in scientific

literature [Lyons et al., 2003, and references therein], the scientific quest for

these events did not start until the incidental capture of the very first image of

TLEs during testing a low light television camera in 1989 by Franz et al. [1990].

Following this discovery, since early 1990s TLEs have become one of the most
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active research topics studied by the atmospheric and space electricity com-

munity by means of modern optical detectors, radio instruments and computer

models [Inan et al., 1991; Sentman et al., 1995; Wescott et al., 1995; Pasko et al.,

1997]. TLEs cover a broad range of optical phenomena occurring in the region

of the atmosphere between the upper troposphere and the lower ionosphere

[Sentman et al., 1995; Lyons, 1996; Pasko, 2003, 2010; Liu, 2014; Liu et al.,

2015b]. Although they have different morphologies, time scales, spatial scales,

initiation altitudes, and physical mechanisms, they are all connected to the tro-

pospheric electrical activity. TLEs can be classified into two major groups: (1)

Upward electrical discharges from thunderstorms including starters, jets, and

gigantic jets (2) Lower ionospheric electrical discharges including sprites, halos,

and elves.

• Starters, Jets, and Gigantic Jets: Figure 1.1 presents low-light-level

video fields of seven upward discharges observed above Tropical Depression

Dorian over the Atlantic Ocean on August 3, 2013 [Liu et al., 2015c].

Events 1 and 3 are jets, Event 4 is a starter, and the rest of them are

gigantic jets. Starters and jets emerge from the thundercloud tops and

they propagate upwards into the higher atmospheric regions. They appear

as a slow-moving cone of blue light [Wescott et al., 1995; Lyons et al.,

2003]. Gigantic jets propagate upward from the cloud tops and are able

to reach up to the lower ionosphere, establishing direct electrical contact

between lower and upper atmospheric regions. They display a tree-like

structure with complex time dynamics [Pasko et al., 2002; Su et al., 2003;

van der Velde et al., 2007; Kuo et al., 2009; Cummer et al., 2009; Liu et al.,

2015c]. The termination altitude for each type of the upward discharges
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is different: 20-30 km for starters, 40-50 km for jets, and 70-90 km for

gigantic jets. Upward electrical discharges are not necessarily directly

associated with a particular cloud-to-ground (CG) lightning discharge,

but the lightning activity prior to their formation could create favorable

conditions for their initiation [Krehbiel et al., 2008; Riousset et al., 2010;

Edens, 2011; Liu et al., 2015c].

Figure 1.1: Low-light-level video fields of seven upward discharges observed
above Tropical Depression Dorian over the Atlantic Ocean on August 3, 2013
[Liu et al., 2015c]. Events 1 and 3 are jets, Event 4 is a starter, and the rest of
them are gigantic jets.

• Sprites, Halos, and Elves: Sprites are large, luminous electrical dis-

charges forming near the lower boundary of the ionosphere at 70-85 km

altitudes and propagate with speeds up to a significant fraction of the

speed of light [Sentman et al., 1995; Stanley et al., 1999; Gerken et al.,

2000; Cummer et al., 2006; McHarg et al., 2007; Stenbaek-Nielsen et al.,

2007]. Figure 1.2(a) illustrates the first color image of sprites, which was

obtained on July 4, 1995 during Sprite94 campaign conducted by Sent-

man et al. [1995]. Halos are relatively uniform, descending glows that

may give rise to more structured features, from which sprites are initi-

ated. Figure 1.2(c) illustrates 2 ms time sequence images of downward
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(b) Elve

      Elve
07/10/1990 04:05:20 UT
  (over French Guiana)

Lightning 
Flash

(a) Sprite

(c) Halo

Figure 1.2: Lightning related lower ionospheric electrical discharges: (a) First
color image of sprites, obtained during Sprite94 campaign conducted by Sent-
man et al. [1995]; (b) An elve observed over French Guiana during Mission
STS-41 [Boeck et al., 1992]; (c) 2 ms time sequence images illustrating down-
ward progression of halo preceding the development of vertical sprite structures
[Barrington-Leigh et al., 2001; Pasko, 2010].

progression of a halo preceding the development of vertical sprite struc-

tures [Barrington-Leigh et al., 2001; Pasko, 2010]. Halos have a lateral

extent of 40-80 km and they are typically centered at 75-80 km altitude

[Barrington-Leigh et al., 2001; Wescott et al., 2001; Frey et al., 2007]. They

typically appear within 1-2 ms after an intense CG and last for several

milliseconds [Stenbaek-Nielsen et al., 2000; Barrington-Leigh et al., 2001;

Wescott et al., 2001]. Halos could be accompanied by a preceding elve and

followed by a sprite but they can also form as an isolated event. While

the sprite initiation location could be horizontally displaced from the par-

ent CG strike position as far as 50 km, the initiation location of halos is

within a closer range (∼4.6 ± 2.7 km) of the parent CG [Wescott et al.,

2001]. Elves are fast-expanding, lightning-induced optical emissions that
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can have lateral dimensions of a few hundreds of kilometers [Inan et al.,

1996, 1997]. An elve event observed over French Guiana during mission

STS-41 is shown in Figure 1.2(b). They appear at higher altitudes than

halos, about ∼90-95 km. They are the most abundant TLE type in the

ISUAL survey database, and about 80% of the ISUAL TLE events are

elves [Chen et al., 2008].

Figure 1.3: Transient luminous events related to thunderstorms/lightning dis-
charges are presented above [Lyons et al., 2003; Pasko, 2003].

The transient luminous events described above are shown together in Figure 1.3

to illustrate their relative sizes and occurring altitude ranges. In the last two

decades, extensive research efforts have been conducted to improve our under-

standing of various aspects of TLEs. Several review articles have summarized
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the experimental and theoretical findings related to TLEs [Lyons et al., 2003;

Pasko, 2008, 2010; Ebert et al., 2010; Liu, 2014; Liu et al., 2015b]. Morphologi-

cal and dynamical complexity of sprites makes them one of the most interesting

type of TLEs. This dissertation work focuses on studying the dynamics of sprites

by means of numerical modeling and comparing high-speed video observations

with the results of numerical simulations.

1.2 Sprites

A brief discussion on the general features of sprites is given in Section 1.1. In

this section, we will give a comprehensive discussion on the sprite phenomena.

First, we will briefly discuss how they are classified in terms of their appearance

and time delay from the parent lightning discharge. Then, we will talk about the

properties of lightning discharges and the physical mechanism leading to sprite

formation. In addition, we will discuss the morphological features of sprites in

light of previous and most recent high-speed observations.

1.2.1 Classification of Sprites

Figure 1.4 presents the very first recorded image of sprites [Franz et al., 1990].

The event was very brief, lasting <30 ms, and sprite elements were vertically

extending above the thunderstorm. Sprites vary in appearance with altitude

[Pasko et al., 1998]. The altitude range between 75 to 85 km is the transition

region below which sprites exhibit highly structured luminous filamentary chan-

nels and above which non-structured diffuse glow dominates. Sprites are gener-

ally classified into two groups due to their appearance: (1) Carrot sprites (see
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Figure 1.4: The first image of sprites captured during testing a low light TV
camera in July 5, 1989 near Minneapolis [Franz et al., 1990].

Figure 1.5(a)); (2) Column sprites or C-sprites (see Figure 1.5(b)). These names

are given to them based on their resemblance to carrots or vertical columns in

video recordings with a rate less than about 1000 frames per second (fps). Fig-

ure 1.5(a) is a false color image reproduced from the original black and white

to emphasize the details of its structure and brightness, and does not represent

the true color of sprites. Typically the region of sprites above ∼ 50 km altitude

(a) (b)

Transition
  region

Diffuse region

Structured
filamentary
channels

Figure 1.5: (a) A carrot sprite observed at 05:24:22.804 UT, on August 18, 1999
[Pasko et al., 2000]; (b) Column sprites observed from Mt. Evans, Colorado at
06:35:48.583 UT, on 19 June 1995 [Wescott et al., 1998].
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appears to be red while the region below that appears to be blue [Sentman

et al., 1995]. Sprites can also be categorized depending on their delay from the

parent lightning flash [Cummer and Lyons, 2005; Hu et al., 2002, 2007; Li et al.,

2008; Gamerota et al., 2011] as: (1) Short-delayed or prompt sprites (<10 ms);

(2) Long-delayed sprites (>10 ms up to ∼100s of milliseconds). The time delay

of sprite initiation from the parent lightning discharge is closely related to the

ambient atmospheric conditions and the properties of the parent CG flash.

1.2.2 Properties of Sprite-Producing Lightning Discharges

Even though lightning is one of the most commonly experienced geophysical

phenomena on Earth, only a very small fraction of lightning flashes are accom-

panied by sprites. There are 30 to 100 CG lightning discharges per second

worldwide [Dwyer and Uman, 2014]. The most abundant type of CG lightning

discharges is of negative polarity (-CGs), effectively moving negative charge

from cloud to ground, while the positive polarity (+CG) is much less frequent.

Observations have shown that ∼99% of sprite events occur following intense

+CG lightning discharges, and only a few events were reported to be associated

with -CGs [Barrington-Leigh et al., 1999; Taylor et al., 2008; Li et al., 2012;

Cummer et al., 2013].

Lightning flashes can be described with several different parameters (i.e.,

polarity, peak currents, M-components, continuing currents, charge moment

changes). Among them, charge moment change (CMC) is a useful parameter to

evaluate the sprite-producing potential of a CG lightning flash [Cummer et al.,

2006; Hu et al., 2007; Li et al., 2008]. The charge moment change is defined

as QhQ, where Q is the charge removed by a CG lightning discharge and hQ is
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the altitude from which the charge is removed. Hu et al. [2002] studied a large

data set of sprite-producing lightning discharges and determined the charge

moment changes associated with 76 events at the time of sprite onset. The

results indicated that the charge moment change for sprite-producing lightning

discharges can be as low as 120 C km and as high as 3070 C km. In addition,

statistical considerations of the analyzed events yielded that almost 90% of

sprites are initiated with QhQ > 1000 C km while ∼10% are initiated with

QhQ < 600 C km within 6 ms after +CG return stroke [Hu et al., 2002], which

is consistent with mesospheric breakdown theories [Pasko et al., 1997]. Study

of Cummer and Lyons [2005] established a threshold value of 350-600 C km

to be the charge moment change associated with lightning flashes producing

short-delayed sprites. Li et al. [2008] reported results of coordinated analysis

of simultaneous measurements of lightning radiated magnetic fields and sprites

conducted during a summer campaign in 2005. The analysis of 83 distinct sprite

events indicated that 46% of them are long-delayed sprites that are initiated

more than 10 ms after lightning return strokes. The lightning charge moment

change at sprite initiation varied from 600 to 18,600 C km. The minimum value

required to initiate a long-delayed sprite ranged from ∼600 C km for 15 ms

delay to ∼2000 C km for more than 120 ms delay. Recently, Cummer et al.

[2013] reported analysis of measured impulse charge moment change for more

than 13 million NLDN-detected lightning flashes occurring over United States.

They found that the occurrences of negative and positive polarity lightning

discharges with 105 C km are equally common while at 300 C km and above,

positive polarity flashes are 10 times more frequent compared to the negative

polarity flashes that are equally large. Also, assuming a nighttime impulse
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charge moment change requirement of +300 C km for positive prompt sprites

[Cummer and Lyons, 2005] and -500 C km for negative prompt sprites [Li et al.,

2012], Cummer et al. [2013] found the annual occurrence rate of positive and

negative polarity prompt sprites to be 13,000 and 350, respectively.

1.2.3 Physical Mechanism of Sprite Production

Even though the detailed processes leading to sprite formation are quite com-

plex and some aspects of sprite initiation are currently unknown, the principal

physical mechanism of sprite formation can be summarized as follows, which

was first proposed by Noble Prize winner C.T.R Wilson [Wilson, 1925]. He

first recognized that the thundercloud charge field decreases with altitude r as

1/r3 (solid line in Figure 1.6). On the other hand, the conventional breakdown

threshold field, Ek, decreases more rapidly (dashed line in Figure 1.6) due to its

proportionality to the exponentially decreasing air density with altitude. There-

fore, the thundercloud charge field will exceed Ek at certain altitude, leading to

electrical breakdown of air. The mechanism discussed above implies sprites are

driven by the quasi-electrostatic field of cloud-to-ground lightning discharge.

To gain better insight of sprite production, it is necessary to understand

how the charge removal from the cloud by lightning discharge induces transient

QE fields in the upper atmosphere. A simplified picture of the charge struc-

ture inside the thundercloud is two layers of charges of opposite polarity with

a positive charge layer sitting on top of a negative layer. As the thundercloud

charges slowly build up before a +CG lightning discharge, the penetration of

the electric field of the cloud charge into the mesospheric altitude range is sup-

pressed by the appearance of space charges induced above thunderclouds. The
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Figure 1.6: Physical mechanism of sprites [e.g., Pasko, 2010]: “While the elec-
tric force due to the thundercloud falls off rapidly as r increases, the electric
force required to causing sparking (which for a given composition of the air is
proportional to its density) falls off still more rapidly. Thus, if the electric mo-
ment of a cloud is not too small, there will be a height above which the electric
force due to the cloud exceeds the sparking limit” [Wilson, 1925].

sudden removal of the charge of positive polarity by +CG from the cloud es-

tablishes a quasi-electrostatic field pointing downward between the cloud and

the ionosphere. The persistence time of this field is approximately equal to the

local relaxation time (i.e., τσ = εo/σ, where σ is the local conductivity and εo

is the permittivity of free space). If strong enough, this field leads to heating

of ambient electrons, ionization of neutral molecules, and production of optical

emissions, i.e., sprites and halos. Figure 1.7 presents a schematic representation

of the physical concept of penetration of electric fields to mesospheric altitudes
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Figure 1.7: Illustration of the mechanism of penetration of large quasi-
electrostatic thundercloud fields to mesospheric altitudes [Pasko et al., 1997].

described above [Pasko et al., 1997]. Measurements and modeling studies of

the quasi-electrostatic field produced by lightning discharges indicate that the

magnitude of this field at mesospheric altitudes is largely determined by the

lightning charge moment change [Cummer and Lyons, 2005; Hu et al., 2002,

2007; Li et al., 2008; Cummer et al., 2013] that is discussed in Section 1.2.2.

1.2.4 Streamer Nature of Sprites

Telescopic images of sprites with a narrow field of view (FOV) reported by

Gerken et al. [2000] indicate that sprites consist of filamentary channels, as

shown in Figure 1.8. Those filamentary channels are the same phenomena

known as streamer discharges at atmospheric pressure [Pasko et al., 1998; Liu

and Pasko, 2004]. The remarkable resemblance between laboratory streamers
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Figure 1.8: A large sprite event observed on July 13, 1998 [Gerken et al., 2000].
The wide (left) and narrow field of view (FOV) images of a bright sprite event
observed on July 13, 1998. The narrow FOV image is outlined by a white
rectangle in the wide FOV image.

and sprite streamers is shown in Figure 1.9. The top and bottom panels each

show three successive images of a positive streamer head observed in sprites and

laboratory experiment in a 3 cm gap with an applied voltage of 38 kV [Nudnova

and Starikovskii, 2008; Stenbaek-Nielsen et al., 2013], respectively. The sprite

streamer head has a radius of ∼500 m and the time separation between each

image is ∼62.5 µs, while the radius of the laboratory streamer head is 4-6 mm

and the image time separation is 5 ns. The larger size and longer duration of

sprite streamers at mesospheric altitudes can be explained by similarity law of

gas discharge theory.

Similarity laws are a useful tool to understand the properties of gas dis-

charges at different altitudes or gas pressures [Pasko et al., 1998; Liu and Pasko,

2004, 2006; Pasko et al., 2013; Liu, 2014]. Knowing the properties of gas dis-

charges at one pressure, similarity relations enable us to deduce the information

about the discharges at other pressures. The principle of similarity relations can

be concisely described as follows. If an electron is placed in a uniform electric
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Figure 1.9: (Top) three successive images of a sprite streamer recorded at 16,000
fps from Langmuir Laboratory, NM, on July 15, 2010 at 07:06:09 UT. (Bottom)
laboratory observations of a positive streamer in a 3 cm gap with an applied
voltage of 38 kV. The sprite and laboratory streamers show a remarkably similar
appearance [Nudnova and Starikovskii, 2008; Stenbaek-Nielsen et al., 2013].

field E established by two planar electrodes with a gap size d, the energy of

the electron is determined by the product Eλ, where λ is the mean free path

inversely proportional to gas density N or pressure p. Similar discharges can

be obtained if the product Eλ or E/p and the number of the mean free path

in the discharge gap d/λ or pd are kept constant. The parameter d can also
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mean the distance that the discharge has traveled, e.g., the distance between

the origin of an avalanche and its head. Similar discharges are obtained at dif-

ferent pressures p, if scaling factor E/p and product pd are kept constant [Achat

et al., 1992]. The similarity laws for various physical quantities of gas discharges

are discussed by Pasko [2006]. Some useful similarity laws commonly used to

understand streamer properties at different gas densities can be summarized

as follows: spatial dimensions such as length, diameter, radius, etc., and time

scales as ∼1/N , and plasma and charge density scales as ∼N2.

1.2.5 High-Speed Observations of Sprites

Resolving the rapid temporal development of sprites requires the utilization of

high-speed cameras that are capable of recording at sub-millisecond exposure

times. The difference between recordings made with a TV camera and a high-

speed camera is shown in Figure 1.10, where three images of the same sprite

event with different exposure times are shown. The first image on the left is

recorded at a standard video rate of 33 ms. The middle image is recorded with 1

ms exposure and the image on the right is at 50 µs. Even though recorded with

a high speed camera, the middle image does not show significant difference from

the left image recorded with a standard TV camera. The dynamics of sprite

streamers are only revealed at sub-millisecond exposure times, as shown in the

right image.

In order to understand the dynamical features of sprite development, Stanley

et al. [1999] conducted the first ground-based high-speed observation of sprites

with an intensified imager system that is capable of recording at >1000 fps. The

observational results show that sprites begin with a vertical columnar form and
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Figure 1.10: Sprites observed from Langmuir Laboratory, New Mexico, on July
9, 2005 at 06:05:46 UT. The three frames were recorded at the same time, but
with different exposure times, 33, 1, and 0.05 ms, respectively, to illustrate the
need for high time resolution in order to resolve sprite streamers. Figure is
adapted from Stenbaek-Nielsen and McHarg [2008].

the point of origin is typically at 75 km altitude. In a few cases, the initial col-

umn appears to grow from the point of origin primarily downwards and in most

cases the growth is both downwards and upwards. Following this study, many

research groups documented the details of sprite development further by ana-

lyzing the high-speed recordings of sprites with a time resolution smaller than a

millisecond [Stenbaek-Nielsen et al., 2000; McHarg et al., 2002, 2005; Cummer

et al., 2006; McHarg et al., 2007; Stenbaek-Nielsen et al., 2007; Stenbaek-Nielsen

and McHarg, 2008]. Figure 1.11 shows an example event observed with a time

resolution of 0.2 ms [Cummer et al., 2006]. The diffuse glow in the first frame

with a time stamp t = 1.66 ms is a halo. As time progresses, development

of bright structures at the lower edge of a previously homogenous halo is ob-

served. From the bright spots, downward propagating streamers are initiated,

and branched as they developed. The propagation direction of some streamers

in sprite tendrils seem to be affected by the presence of relatively close streamer
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Figure 1.11: High-speed video recordings of a sprite event with time resolution
of 0.2 ms. Detailed structured features are observable from high-speed images.
The time stamp in each image represents the delay after lightning discharge
[Cummer et al., 2006].

channels left behind by the passage of streamers that are formed earlier within

the event. After reaching their maximum brightness, sprites faded away grad-

ually. In a later study, McHarg et al. [2007] analyzed sprite videos recorded

at 10,000 fps with 50 µs image exposure time. The results indicate that sprite

events always start with positive streamers rapidly propagating downward. If

negative streamers are present in the event, they form later and originate from

bright, existing structures in the event.

Sprite Beads

In addition to streamers, sprites may have other structural features such as

beads and luminous trails, etc., (see Figure 1.12). In high-speed videos, the

luminous trail appears around the origin of initiation behind the descending

positive streamer head. Beads are bright, relatively stationary, and persisting
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Figure 1.12: (top) Time and spatial development of a single streamer observed at
10,000 fps [McHarg et al., 2007]. (bottom) A single frame from the observations
showing multiple streamers. The streamer shown by the arrow in Figure 1.12
(bottom) is shown in Figure 1.12 (top) in 100 µs time slice [Sentman et al.,
2008].

features of sprites, usually lasting tens of milliseconds [Gerken and Inan, 2002;

Stenbaek-Nielsen and McHarg, 2008] (beads can be seen in the last two panels

of Figure 1.11 with time stamps 6.26 ms and 7.86 ms, right below the bright

central region where streamers are initiated and in the middle of the last three

panels of the top image in Figure 1.12). Study of Cummer et al. [2006] have

18



indicated that beads can either form at the collision point when a streamer head

merges into adjacent existing streamer channels or spontaneously along a single

streamer channel. On the other hand, Stenbaek-Nielsen and McHarg [2008]

have suggested that beads form at the location of streamer head splitting.

Sprite Streamer Branching

Tip splitting is another feature of sprite streamers that is clearly revealed by

high-speed videos. Recently, McHarg et al. [2010] analyzed high-speed sprite

observations over midwest of United States and reported splitting of sprite

streamer heads. Sprite streamers with large radii tend to split during their

Figure 1.13: Successive frames of a sprite event demonstrating streamer tip split-
ting (note the splitting of the streamer tip in the fourth frame). The brightness
and width of each streamer tip are shown in the first three frames. Streamer
become wider and brighter preceding splitting [McHarg et al., 2010].

course of advancement. The median values of streamer tip radii are 193 m and

389 m for non-splitting and splitting streamers, respectively [McHarg et al.,

2010]. Figure 1.13 illustrates streamer tip splitting during a sprite event (note
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the splitting of the streamer tip in the fourth frame). The brightness of splitting

streamer heads (389 m) are found to be 4.3 times brighter than non-splitting

streamer heads (193 m) [McHarg et al., 2010].

Sprite Onset Altitudes

Accurate determination of sprite initiation altitude is important to test current

sprite theory and to compare observations with models. By triangulating the

tops of the sprites observed from two sites in New Mexico in 2007, Stenbaek-

Nielsen and McHarg [2008] reported the onset altitudes for 10 multiple column

sprites to range from 78 to 87 km altitude. In addition, they reported 80

km altitude to be the most likely onset altitude for most sprites within the

entire data set recorded in 2005. Recently, Stenbaek-Nielsen et al. [2010] es-

timated initiation altitudes for various types of sprites, such as column and

carrot sprites, by triangulation using multistation observations including one

high-speed observation. Detailed analysis indicates that the onset altitude, de-

fined by Stenbaek-Nielsen et al. [2010] as the altitude at which the streamer

heads become identifiable in high-speed images, is higher for column sprites

(85-90 km) than carrot sprites (66-78 km). The variation of the onset altitude

inferred from measurements over the years suggests the complexity of the sub-

ject in question, and it also indicates even though the characteristics of lightning

discharges producing sprite events are important, there are other factors affect-

ing the initiation process of sprites such as electrical and structural properties

of the ambient atmosphere.
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Speed of Sprite Streamers

Sprite streamer speeds can vary significantly and typical propagation speeds of

streamers fall within the range of 106 to 108 m/s [Stanley et al., 1999; McHarg

et al., 2002; Moudry et al., 2003; McHarg et al., 2007; Cummer et al., 2006; Li

and Cummer, 2009]. The fastest recorded speed of 1.4×108 m/s [McHarg et al.,

2002] is obtained from negative streamers that are generally faster compared to

positive streamers. Typical velocity profile of a positive streamer could be de-

Figure 1.14: Top: High-speed sprite images recorded at 5000 frames per second
on August 13, 2005. Center: The streamer head velocity as a function of time.
Bottom: Velocity versus altitude [Li and Cummer, 2009].
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scribed as follows: after the streamer is born with an initial speed, it accelerates

towards lower altitudes reaching a maximum speed, then it decelerates until it

stops. Acceleration rates of streamers of both polarity are found to be within

the range of 105 to 1010 m/s2 [McHarg et al., 2007].

Figure 1.14 shows a sprite event detected at 5000 fps by Li and Cummer

[2009]. The sprite streamers are initiated from a sprite halo at 72 km altitude

with an initial speed of 1.6×107 m/s. Streamers accelerate and reach maximum

speed 2.4 × 107 m/s, and then in the third frame shown in Figure 1.14 (top)

streamer head splits. The speed profiles for central and sideward streamers

are shown in center and bottom panels of Figure 1.14. As can be seen from

the figure, the sideward streamer exhibits different velocity profile from the

central one and the central streamer propagates with speeds faster than the

sideward streamer. The center panel also shows that both the central and

sideward streamers decelerate at a constant rate of 1010 m/s2 after reaching the

maximum velocity. According to the bottom panel, the termination altitude is

∼44 km for the central streamer and ∼53 km for the sideward streamer. In a

later study, Li et al. [2012] found that streamers terminate because the electric

field drops below a threshold value of 0.05Ek that can support their propagation

and it is independent of altitude.

Brightness of Sprite Streamers

Obtaining a typical range for the brightness of sprite streamers is important for

further improving the understanding of physical and chemical processes involved

in sprite streamers. In high-speed video recordings of sprites, positive streamer

heads are observed to accelerate, expand and get brighter, usually saturating the
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detectors [Stenbaek-Nielsen et al., 2000; McHarg et al., 2007; Stenbaek-Nielsen

et al., 2007; Stenbaek-Nielsen and McHarg, 2008; Stenbaek-Nielsen et al., 2013].

Study of Stenbaek-Nielsen et al. [2000] using a high-speed camera recording at

(a)

(b)

Figure 1.15: The strips shown above are extracted from successive images of
positive streamer head development towards lower altitudes. Bottom row shows
Gaussian profiles fitted to a row across the streamer head center at 3 different
times [Stenbaek-Nielsen et al., 2007].

1000 fps found that sprite events are very bright, about 4 times brighter than

the saturation level of ∼3 MR (i.e., 1 R = 106 photons per second per cm2

[Chamberlain, 1995]) of the imager used to detect them.

Figure 1.15 shows an image series of the downward development of a positive

streamer head recorded at 10,000 fps on July 9, 2005, at 04:38:00 UT. As can

be seen from the first panel of Figure 1.15, a small and dim positive streamer

head emerges out of the dark background. It grows in size and brightness very

fast, leading to the saturation of the imager in about 1.5 ms [Stenbaek-Nielsen

et al., 2007]. Assuming that the optical emissions in sprites are dominated by
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the first positive band system of N2 (1PN2), they found the total emission rates

in individual streamer heads to be ranging from 4× 1021 to 3× 1024 photons/s.

These values represent a volume emission rate from the entire streamer head.

Unexplained Features of Sprite Streamer Initiation

The theory of sprites (see Section 1.2.3) suggests that sprites/sprite streamers

occur when the lightning field exceeds the conventional breakdown threshold

field Ek in the lower ionosphere. However, recent high-speed observations of

sprites and electromagnetic measurements of lightning field showed that sprite

streamers can form in lightning field below Ek (subbreakdown conditions), with

a magnitude as low as 0.2Ek [Hu et al., 2007; Li et al., 2008; Gamerota et al.,

2011]. For the event presented in Figure 1.16, the sprite is initiated 144.4 ms

after the lightning return stroke (long-delayed event) and measurement-inferred

mesospheric lightning field is 0.45Ek at the time of sprite initiation at 72 km

altitude. The parent lightning discharge current and charge moment waveforms

shown in Figure 1.16a are derived from the recorded ELF/ULF (Extremely

Low Frequency/Ultra Low Frequency) sferic data of the parent lightning. The

current moment waveform is then used as an input to a full-wave 2D FDTD

(Finite Difference Time Domain) model to calculate the mesospheric electric

field produced by the lightning discharge (see Figure 1.16b).

Besides the initiation of sprite streamers at subbreakdown conditions, the

role played by the preceding sprite halo in streamer formation also has not

been addressed fully. More recent high-speed observations have revealed that

positive streamers can be initiated from luminous structures descending with

the halo [Stenbaek-Nielsen et al., 2011; Takahashi et al., 2012; Stenbaek-Nielsen
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(c)

Figure 1.16: Finite difference time domain (FDTD) simulation results for typical
long-delayed sprite events. (a) Estimated current moment and total charge
moment change. (b) Simulated electric fields above the lightning discharge. (c)
Sprite images recorded at 3600 fps [Li et al., 2008].

et al., 2013]. Figure 1.17 shows streamer development in an event recorded from

HIAPER aircraft flying at 14 km altitude over Oklahoma on August 27, 2009 at

09:15:23 UT. The recording was made at 16,000 fps with 25 µs exposure time.

Panel A shows an elve illuminating the center of the image and the halo is just

entering the field of view. Spatial structures appear in the halo in panel B.

Panel C shows the early stages of the streamer formation around the center of

the halo. Panel D shows the bright central region of the early streamers shown

in panel C and the development of isolated streamers on the left and right

side of the center. This event is a combination of multiple carrot (including

both downward positive and upward negative streamers) and column sprites
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Figure 1.17: Streamer development in the event recorded on August 27, 2009
at 09:15:23 UT [Stenbaek-Nielsen et al., 2013].26



(C-sprites, only downward positive streamers). Panel E shows a 2.5 ms image

time series to show the development of the halo and streamer. This image time

series show successive images of the sections outlined by the white rectangular

box shown in panels A-C. In this image time series, the structure of the halo

appears above 85 km altitude and descends towards lower altitudes with an

average speed of 0.4×107 m/s and the positive streamer is initiated from its tip

near ∼82 km altitude when the main halo has faded. The size of the structure

seems to be larger than the formed positive streamer head that propagates with

a speed of 1.7× 107 m/s.

1.3 Scientific Contributions

The purpose of this dissertation is to investigate and address the outstand-

ing problems in sprite streamer initiation through numerical modeling of sprite

streamers by using and modifying a previously developed plasma discharge

model [Liu and Pasko, 2004; Liu et al., 2012] and comparing the obtained results

with high-speed observations. Major contributions of this dissertation study are

documented in detail in Kosar et al. [2012, 2013] and Kosar et al., [2015] (in

preparation), which are summarized below.

• Results of a numerical study addressing the initiation of sprite stream-

ers from isolated ionization columns at subbreakdown conditions are re-

ported. It is found that downward propagating positive streamers can

be successfully initiated from the tip of an ionospheric patch in various

subbreakdown electric fields with the lowest being 0.3Ek. This research

indicates that ionospheric inhomogeneities are required for sprite streamer
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initiation [Kosar et al., 2012].

• The dependence of the brightening of the initial ionization column on its

density is investigated. It is found that the patch with a smaller density

is brighter than the denser patch. This dependence offers a new remote

sensing technique for the ionization density of ionospheric patches, which

at present are nearly impossible to be observed by other means [Kosar

et al., 2012].

• An analytical formula describing the temporal and spatial variation of the

electric field in the streamer channel is derived to explain the brightening

of the ionization column as well as the luminous streamer trail [Kosar

et al., 2012].

• Streamers forming from the ionization column and those forming in the

vicinity of a conducting sphere in a uniform field below Ek are compared.

The results indicate that their propagation characteristics are very similar,

particularly the exponential growth rate. This rate scales with neutral

density as ∼N and its dependence on ambient field is described by an

exponential function [Kosar et al., 2012].

• The possibility of initiating streamers from inhomogeneities with a density

close to the value obtained from halo modeling (<108 m−3) is investigated.

It is found that streamers can be initiated from large (10s-100s of meters

wide) ionization patches with a density on the order of ∼108 m−3 [Kosar

et al., 2013].

• Optical emissions produced during positive streamer formation from a
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large spherical inhomogeneity is investigated. The modeling results show

that a luminous spherical-like cap appears around the lower tip of the

large inhomogeneity before streamer initiation, which appears to be simi-

lar to streamer formation from luminous structures in the lower ionosphere

recorded by recent high-speed videos [Kosar et al., 2013].

• A naturally-existing source for the ionospheric inhomogeneities leading

to sprite streamer initiation in the lower ionosphere is proposed. A new

plasma discharge model is developed to investigate the initiation of sprite

streamers from natural inhomogeneities subjected to lightning QE field in

the lower ionosphere. Numerical simulation results indicate that naturally-

existing inhomogeneities such as those created by gravity waves due to

instability or breaking can amplify in lightning QE field and lead to initi-

ation of sprites [Kosar et al., 2015 (in preparation)].

• Numerical simulation results from this new sprite streamer initiation mech-

anism are compared with the results of high-speed observations to explain

the initiation of prompt sprites. The comparison with a prompt sprite

event recorded by high-speed cameras on 15 July 2010, 07:06:09 UT shows

that the principal parameters of the initiation process, including time

scales, spatial scales, and speeds, are in close agreement. The results indi-

cate the validity of the proposed theory to explain the initiation of prompt

sprites [Kosar et al., 2015 (in preparation)].
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Chapter 2

Theory of Streamer Discharges

Streamers are filamentary plasma channels that are highly nonlinear and self-

organized ionization waves. In the following sections, the concepts of electron

avalanches, Townsend breakdown mechanism, and streamer discharges from

conventional breakdown theory are discussed. Two technical terms, electrical

breakdown and electric discharges, appear in the following discussions. How-

ever, they are not clearly defined in the current literature of gas discharges.

We generally follow the definitions given by Raizer [1991] and Bazelyan and

Raizer [1998]. In the most general sense, “electrical breakdown” is defined as

the process of transformation of a nonconducting material into a conductor as

a result of applying to it a sufficiently strong field [Raizer, 1991, p. 128]. Elec-

trical breakdown process involves many fundamental physical processes such as

electron impact ionization of neutral molecules, drifting motion of electrons and

ions in the presence of an electric field, formation of electron avalanches, and

initiation of secondary electron avalanches. Electrical breakdown of gases is a

threshold process, which implies that the breakdown occurs if the electric field
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exceeds a critical value [Raizer, 1991, p. 128]. At ground pressure, the value of

conventional breakdown threshold field Ek is 32 kV/cm, defined by the equality

of the ionization and dissociative attachment coefficients in air. The term “dis-

charge” is a more general term applied to any flow of electric current through

ionized gas, and to any process of ionization of the gas by applied electric field

[Raizer, 1991, p. 1].

2.1 Electron Avalanche

The very first element of electrical breakdown is the formation of an electron

avalanche [Raizer, 1991, p. 128]. Imagine a free electron in an ambient electric

field established in a gap between two plane electrodes. The strength of the ho-

mogenous field is Eo = Φ/d, where Φ is the voltage applied to the electrodes and

d is the separation distance between them. The free electron in this gap gains

energy from the ambient field and collides with neutral molecules in the gap.

If the energy of the electron is large enough, the collision can cause ionization

of neutral molecules. As a result two electrons appear in the gap. If these two

electrons go through the same process, there will be four electrons in the gap.

This process can continue as long as Eo > Ek, and the number of free electrons

increases exponentially. This process is called electron avalanche. As illustrated

in Figure 2.1, the avalanche grows both temporally and spatially. The electrons

propagate towards the anode with electron drift velocity, vd = µeEo, where µe

is the mobility of electrons. The electron avalanche process can be expressed
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Figure 2.1: Left and Center: shape and charge distribution of an electron
avalanche at two consecutive moments of time. Arrows indicate directions of the
external field ~E0 and the velocity of the motion of the avalanche head [Raizer,
1991, p. 330]. Right: cloud chamber image of an individual electron avalanche
[Cooray, 2003, p. 69].

mathematically by the equation:

dne = αnedx, (2.1)

which has a solution of the form

ne(x) = neoexp(αx), (2.2)

where neo is the initial electron number density, ne is the electron number density

at distance x, and α is the Townsend ionization coefficient defined by the number

of ionizing collisions per unit length [Raizer, 1991, p. 53]. It can be seen that

the avalanche grows exponentially with distance.
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2.2 Townsend Breakdown Mechanism

The Townsend breakdown mechanism is a classical theory of gas discharges

and it applies to discharges in low pressure gases. This theory considers the

breakdown of a discharge gap due to electron avalanches. Electron avalanche

propagates in the opposite direction of the electric field and the electrons dis-

appear when they reach the anode. The ions produced by collisional ionization

drift towards and reach the cathode. When each positive ion reaches the cath-

ode, it knocks out an electron with a certain probability. This process is called

ion bombardment. Each of these newly produced electrons from the cathode

initiates an electron avalanche. Ions are also produced by each of these electron

avalanches. Each ion produced bombards the cathode and knocks out a new

electron. This process repeats itself as long as the uniform field in the gap is

maintained [Bazelyan and Raizer, 1998, p. 10]. Secondary electron emission due

to ion bombardment at the cathode therefore provides seed electrons for sustain-

ing electron avalanches inside the gap. If the probability of creating an electron

by the ion bombardment process at the cathode is γ (called secondary emission

coefficient for the cathode [Raizer, 1991, p. 131]), the condition for generating

a self-sustaining discharge in a homogenous field according to Townsend theory

is:

γ(exp(αd)− 1) = 1, (2.3)

which means that the positive ions produced by the electron avalanche initi-

ated by single free electron must create at least one electron at the cathode to

start a new avalanche. Self-sustaining discharge can also be thought of as the

compensation of the outflow of electrons and ions through the gap boundaries
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by the inflow of emission of secondary electrons due to ion bombardment at

the cathode and both species (i.e., electrons and ions) due to collisional ioniza-

tion in the discharge volume [Roth, 1995, p. 275]. The critical electric field Et

for Townsend breakdown depends on the following factors: gas type, cathode

material, gas pressure p, and d. It can be expressed as

Et
p

=
B

C + ln(pd)
, (2.4)

where B and C are constants dependent upon the properties of the gas and the

material of the electrodes [Raizer, 1991, p. 133].

2.3 Streamer Discharges

Many essential properties of gas discharges at pd < 200 Torr cm can be described

by the Townsend mechanism [Bazelyan and Raizer, 1998, p. 11]. However, for

large pd values the space charge field forming in the avalanche head can disturb

the ambient field, which leads to a different discharge mechanism. It should

be noted that Townsend theory does not take into account the effects of space

charge within the avalanche. In 1940s Loeb and Meek introduced a new break-

down theory to explain the discharge process at large pd values. This theory is

built on the concept of a streamer [Loeb and Meek, 1940]. Below, we discuss

the inception of streamers from electron avalanches and their general propa-

gation characteristics. Space charge field is created due to charge separation

in the avalanche head. The separation distance between the space charges is

determined by the ionization length defined as 1/α, where α is the Townsend

ionization coefficient introduced previously [Raizer, 1991, p. 332]. The space
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Figure 2.2: Electric fields in a gap containing an electron avalanche. (a) The

field lines of ambient electric field, ~E0, and the space charge field, ~E ′. (b) The

field lines of total field ~E = ~E0 + ~E ′ [Raizer, 1991, p. 332].

charges create a space charge field ~E ′, which adds up vectorially to the ambient

field ~E0 and therefore can modify the distribution of the total field. As we can

see from Figure 2.2a, the field strength in front of the avalanche head is en-

hanced (i.e., ~E0 and ~E ′ are in the same direction), while in the region between

charge separation the field is reduced (i.e., ~E0 and ~E ′ are in opposite direction).

In the early stages of avalanche development ~E ′ is negligible compared to ~E,

because the amount of space charge in the avalanche is small. As the avalanche

continues to grow in a long discharge gap, ~E ′ increases as the results of more

space charge produced in the avalanche. A streamer is born of an avalanche if

the field of its space charge reaches a value on the order of the ambient field (this

condition occurs when the avalanche size reaches ∼ 108 electrons) [Raizer, 1991,

p. 336]. The polarity of the streamer is defined by the sign of the charge in its

head. Negative (anode-directed) streamers propagate in the opposite direction

while positive (cathode-directed) streamers propagate in the same direction with
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Figure 2.3: Left: Schematic diagram of a positive streamer propagation in an
ambient electric field. Right: The electron density, electric field, and space
charge profiles along the symmetry axis of the streamer [Bazelyan and Raizer,
1998, p. 45].

the ambient electric field. The propagation of a positive streamer is illustrated

in the left panel of Figure 2.3. The electron density, electric field, and space

charge profiles along the symmetry axis of the streamer are shown in the right

panel of Figure 2.3. The space charge in the streamer head screens the ambient

field out of the streamer channel while enhancing the electric field significantly

ahead. As a consequence, electrons are accelerated in this region, and collision

of these electrons with neutral molecules can ionize and excite them [Dhali and

Williams, 1987; Vitello et al., 1994].

The strong field region in the streamer head is a source of photons (wavy

arrows in Figure 2.4) which produce seed electrons for electron avalanches in

the medium ahead of the streamer head (i.e., photoionization). The electron

avalanches initiated by the seed electrons are pulled towards the streamer head.

The amount of negative charge in the head of the electron avalanche rapidly

increases and neutralizes the positive space charge in the streamer head, leav-

ing behind an equal amount of net positive space charge at the location slightly
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Figure 2.4: Positive streamer at two consecutive moments of time. Photons il-
lustrated by wavy arrows provide seeds for secondary electron avalanches. Once
formed, these avalanches move towards the streamer head [Raizer, 1991, p. 335].

Figure 2.5: Propagation mechanism of cathode-directed streamer. R represents
the the radius of the streamer head [Cooray, 2003, p. 77].

ahead of the previous streamer head. Successive repetition of this process il-

lustrated in Figure 2.5 leads to advancement of positive streamer in a uniform

ambient field Eo [Cooray, 2003, p. 77].
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Chapter 3

Numerical Models

In the first two chapters, we have discussed sprites and sprite streamers in

detail, and reviewed the theory of streamer discharges. This chapter includes

description of the streamer discharge model to simulate the complex dynamics of

sprite streamers. Several different simulation setups are used to study streamer

initiation process and propagation characteristics.

3.1 Streamer Discharge Model

3.1.1 Model Formulation

The streamer model used in this work is a modified version of the model de-

veloped by Liu and Pasko [2004], which have been used to simulate streamers

at various air pressures [Liu and Pasko, 2005; Liu et al., 2006, 2009a,b]. In

this model, the dynamics of a streamer is described by the electron and ion

drift-diffusion equations coupled with Poisson’s equation in a cylindrical coor-

dinate system (Equations 3.1-3.4). Cylindrical symmetry is assumed to study
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the propagation of a single streamer without branching. The model equations

are as follows:

∂ne
∂t

+∇ · ne~ve −De∇2ne = (νi − νa2 − νa3)ne − βepnenp + Sph, (3.1)

∂np
∂t

= νine − βepnenp − βnpnnnp + Sph, (3.2)

∂nn
∂t

= (νa2 + νa3)ne − βnpnnnp, (3.3)

∇2φ = − e

εo
(np − ne − nn), (3.4)

where ne, np, and nn are electron, positive ion and negative ion densities, re-

spectively, ~ve is the drift velocity of electrons, νi is the ionization coefficient, νa2

and νa3 are two-body and three-body electron attachment coefficients, respec-

tively, βep and βnp are electron-positive ion and negative-positive ion recombi-

nation coefficients, respectively, De is the electron diffusion coefficient, Sph is

the electron-ion pair production rate due to photoionization, φ is the electric

potential, e is the absolute value of electron charge, and εo is the permittivity

of free space. Electron drift velocity is defined as ~ve = −µe ~E where µe is the

absolute value of electron mobility and ~E = −∇φ is the electric field. Since the

mobilities of negative and positive ions are two orders of magnitude less than

the electron mobility [Kulikovsky, 2000], ions are assumed to be immobile. The

coefficients of the model are assumed to be functions of the local reduced electric

field E/N , where E is the magnitude of electric field and N is the neutral air

density. The coefficients as functions of reduced electric field are obtained from

the solutions of the Boltzmann equation [Moss et al., 2006], with a few excep-

tions discussed below. Under the assumption that the most dominant positive

ion in streamer plasma is O+
2 [Naidis, 1999], electron-positive ion recombination
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coefficient βep is defined as [Zhao et al., 1995]

βep = 1.138× 10−11T−0.7e , (3.5)

where Te is the effective electron temperature in ◦K and can be evaluated as

Te =
eDe

µekB
, (3.6)

where kB is the Boltzmann constant. The coefficient of negative-positive ion

recombination is defined as [Kossyi et al., 1992]

βnp = 2× 10−13(300/T )0.5, (3.7)

where T is the air temperature and is assumed to be 300 ◦K in all simulations.

Electron drift-diffusion equation (3.1) is solved by using a modified Scharfetter-

Gummel algorithm [Kulikovsky, 1995], and Poisson’s equation (3.4) is solved

with successive over relaxation (SOR) method with boundary conditions up-

dated every time step by using the method discussed by Liu and Pasko [2006].

The current model accounts for the effects of photoionization in streamer dy-

namics by using SP3 method [Bourdon et al., 2007; Liu et al., 2007]. The

electron detachment from O− ions is not included in the model because it is

ineffective on the short timescale of streamer formation considered here [Liu,

2012].

Optical emissions are calculated using a similar model developed by Pasko

et al. [1997]. The intensity of optical emissions in Rayleighs is given by the
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expression [Chamberlain, 1978, p. 213]:

Ik = 10−6
∫
L′
Aknkdl (3.8)

where nk [1/cm3] is the number density of excited particles in state k, Ak [1/s] is

the radiation transition rate, and the integral is taken along L′ [cm], representing

the horizontal line of sight. Calculations in this dissertation, do not take into

account the effects of radiative transfer between the source of emission and the

observer. The quantity nk is governed by the relation [Sipler and Biondi, 1972]:

∂nk
∂t

= −nk
τk

+
∑
m

nmAm + νkne (3.9)

where τk = [Ak+α1NN2 +α2NO2 ]
−1 is the total lifetime of state k, α1, and α2 are

the quenching rates due to collisions with N2 and O2 molecules, respectively,

NN2 and NO2 are the number densities of N2 and O2 molecules respectively,

and the sum over the terms nmAm represents increases in nk resulting from

cascading from higher-energy states.

In the simulations, we calculate optical emission from the first (B3Πg →

A3Σ+
u ) positive band of N2, and second (C3Πu → B3Πg) positive bands of N2,

and the first negative bands of N+
2 (B2Σ+

u → X2Σ+
g ), which have been observed

from sprites [Mende et al., 1995; Hampton et al., 1996; Armstrong et al., 1998,

2000; Morrill et al., 2002; Bucsela et al., 2003]. The optical emissions from

the first and second positive bands of N2, and the first negative bands of N+
2

have the transition rates Ak = 1.7 × 105 1/s, 2 × 107 1/s and 1.4 × 107 1/s,

respectively [Vallance-Jones, 1974, p. 199]. Quenching of the B3Πg state of

N2 and B2Σ+
u state of N+

2 occurs primarily through collisions with N2, with
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α1 = 10−11 cm3/s and α1 = 4×10−10 cm3/s, respectively [Vallance-Jones, 1974,

p. 199]. Quenching of the C3Πu state of N2 occurs primarily through collisions

with O2 molecules with α2 = 3 × 10−10 cm3/s [Vallance-Jones, 1974, p. 199].

The optical excitation coefficients as a function of the reduced electric field are

taken from Moss et al. [2006]. The model calculates the full time dynamics of

optical emissions (without the steady state assumption). The optical emission

equations (3.9) are solved using a first-order finite difference method.

3.1.2 Conducting Sphere

To study streamer propagation dynamics, the simulation geometry that we em-

ployed is shown in Figure 3.1. This geometry has been utilized in many previous

studies to study propagation of streamers in electric fields below Ek [Babaeva

and Naidis, 1997; Liu and Pasko, 2006; Liu et al., 2009a; Kosar, 2010]. A

conducting sphere with radius b and an electric potential φ0 is immersed in a

uniform electric field E0 established by two remote electrodes to facilitate the

formation of the model streamer. To be consistent with the downward propagat-

ing positive streamers observed for the majority of sprites, the model streamer

is initiated near the top boundary and then it propagates towards the bottom

boundary. In our model, as a common practice for streamer simulations, a neu-

tral plasma cloud with spherically symmetric Gaussian distribution is initially

introduced and centered at a point on the symmetry axis slightly below the top

boundary. The characteristic spatial scale of the Gaussian distribution is σr,z

and the peak density of the plasma cloud is n0. These initial input parameters

for simulation setup at various altitudes are calculated once for 75 km altitude

and scaled to other altitudes using similarity laws [Pasko et al., 1998; Liu and
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Pasko, 2006].

z

Simulation
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E0 E0

E0 E0

E0 E0

Remote Electrode

Remote Electrode

b

(0,0)

φ
0

Figure 3.1: A cross-sectional view of the simulation domain for streamer initi-
ation in the vicinity of a conducting sphere.

For all simulation cases, φ0 is chosen to give a field of 3Ek at the tip of the

sphere when it is polarized in E0. The electric field and potential can be found

using the method of images. The potential at any point P in space is

φ(r, θ) = −Eocosθ

(
r − b3

r2

)
+
φob

r
, (3.10)

where r is the distance from the center of the sphere to the point P and θ is

the angle between r and z. Using ~E = −∇φ we obtain

E = Eocosθ

(
1 +

2b3

r3

)
+
φob

r
− Eosinθ

(
r − b3

r3

)
. (3.11)
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On the surface of the conducting sphere r = b and θ = 0, and then

Emax = 3Eo +
φo
b
. (3.12)

The field enhancement due to the conducting sphere is effective only in the

region within a distance of about 3b from the surface, and electric field is close to

E0 outside of this domain. Therefore, the streamer propagation characteristics

in E0 are obtained when the model streamer exits this region.

3.1.3 Isolated Ionization Column

To simulate the initiation of streamers from ionospheric disturbances, another

geometry is employed. A neutral plasma column that consists of a cylindrical

body and two hemispherical end caps is introduced in the middle of the sim-

ulation domain (see Figure 3.2). The plasma density inside the body of the

column is uniform in axial direction and follows Gaussian distribution in radial

direction, and the density in hemispherical caps follows spherically symmetric

Gaussian distribution. The peak plasma densities and characteristic spatial

scales of Gaussian distributions in the body and the end caps have the same

values. It is important to note that not any ionization column placed in a uni-

form electric field E0 will lead to the inception of a streamer. Dimension and

density of the ionization column are two important parameters determining if

the column is able to initiate a streamer when E0 is applied [Liu et al., 2012].

The electric field Em at the tip of a cylinder is [Bazelyan and Raizer, 1998]:

Em =
[
3 + 0.56(l/a)0.92

]
E0, (3.13)
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Figure 3.2: A cross-sectional view of the simulation domain for streamer initi-
ation from an ionization column.

where l and a are the length and the radius of the conductor, respectively. For

streamer initiation, Em should be similar to the electric field in the streamer

head that is 3-5Ek if the radius of the conductor, a, is taken to be on the order

of the streamer head radius. Then the value of l is

l = a
[

1

0.56
(Em/E0 − 3)

]1/0.92
. (3.14)

The amount of charge appearing on the surface of this cylindrical conductor

can be used to estimate the required peak density. The linear charge density

τ(z) away from the end points of this cylindrical conductor can be written as
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[Landau and Lifshitz, 1960]

τ(z) =
4πε0E0z

ln[4(l2/4− z2)/a2]− 2
. (3.15)

If z = 0 is the center of this conductor then the charge density at z = (l/2− a)

gives the low bound for the peak plasma density of the column as

ne0 = np0 =
τ(l/2− a)

eπa2
. (3.16)

The peak plasma density requirement for the hemispherical Gaussian cap can be

estimated by equating the total surface charge density of half of a conducting

sphere with potential E0l/2 in a uniform field E0 to total charge of a single

polarity

ne0 = np0 =
2ε0(3a+ l)E0

eπ0.5a2
. (3.17)

3.1.4 Large Spherical Ionospheric Inhomogeneity

The required peak plasma density for the isolated ionization column for streamer

initiation obtained in the previous section is about 2-3 orders of magnitude larger

than the ambient density at lower ionospheric altitudes. We have studied the

possibility of lowering the density requirement by using a large spherical patch.

The inhomogeneity is assumed to be spherically symmetric, and Meek’s criteria

for streamer initiation are used to estimate the required dimension and density:

∫ zp

a

νi − νa
µeE

dz ' 18− 22, (3.18)
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where a is the radius of the spherical patch, zp is the location where the field

drops to Ek, νi is the ionization frequency, νa is the electron attachment fre-

quency, µe is the absolute value of electron mobility, and E is the magnitude of

the electric field. The electric field is the vector sum of ambient electric field ~E0

and space charge field arising due to polarization of the patch. To obtain this

field, we approximate the polarized patch as a sphere containing only positive

ions. Even though this approximation is inaccurate and unphysical for certain

cases, it can establish a guideline on what values to be used for simulations. We

also use a hyperbolic tangent profile for the density distribution of the patch:

ne0(r, z) =
n0

2

1 + tanh

a−
√

(z − z0)2 + r2

σ

 , (3.19)

where a is the radius of the patch, σ controls the sharpness of its transition

region, and n0 is the peak plasma density. Compared to a spherically symmet-

ric Gaussian profile that is commonly used to initiate streamer simulations, the

hyperbolic tangent profile provides flexibility to change its size and sharpness

separately. This turns out to be important for streamer initiation from large

patches with a reduced density, because the Gaussian profile with a large ra-

dius may not result in a sufficiently-enhanced field region at its tip to promote

positive streamer formation.

3.2 Improved Streamer Discharge Model

The streamer discharge model discussed in Section 3.1 is modified to investi-

gate the initiation of prompt and long-delayed sprites from naturally-existing

inhomogeneities in the lower ionosphere. The model equations are essentially
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the same as those discussed in Section 3.1.1. However, it is recently found that

electron detachment from O− (O−+N2 → e + N2O) is an important source of

electrons at subbreakdown fields if O− ions are abundant [Liu, 2012]. There-

fore, the equations for electron and negative ion densities need to be modified

to include the O− detachment process:

∂ne
∂t

+∇ · ne~ve −De∇2ne = (νi − νa2 − νa3)ne − βepnenp + νdnn + Sph, (3.20)

∂nn
∂t

= (νa2 + νa3)ne − νdnn − βnpnnnp,(3.21)

where νd is the electron detachment frequency from O− ions.

Simulation configurations used to study long-delayed and prompt sprite ini-

tiation are shown in Figure 3.3 and Figure 3.4, respectively. The boundary

conditions considered for solving the Poisson’s equation in this two different

simulation configurations are discussed below. For long-delayed sprites, the ini-

tial density profiles of electrons and ions are described with a hyperbolic tangent

function imitating a sharp, slowly descending halo front [Liu, 2012]

ne = np =
n0

2

[
1 + tanh

(
z − z0
σz

)]
. (3.22)

The simulation domain is represented by a cylinder with a height of ∼4-5 km

and a radius of ∼2-3 km. The top boundary of the simulation region in Figure

3.3 falls behind the sharp halo front. This region is highly conductive due to

high electron density, therefore the potential at the top boundary is set to zero

(φ = 0). However, the bottom boundary is below the halo front around ∼70

km altitude where the electron density is low. At this altitude, the vertical
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Figure 3.3: Schematic diagram for the simulation configuration used to study
long-delayed sprite initiation.

component of the QE field due to lightning is dominant and slow-varying over

time [Liu, 2012]. Therefore, for the vertical component of the electric field, a

constant value scaled from −E0 at 70 km altitude (∂φ/∂z = E0 ×N70/Nbottom)

is used as a bottom boundary condition. For the outer boundary, we assume

that the horizontal component of the electric field is zero (∂φ/∂r = 0).

However, since prompt sprites occur at a higher altitude, sharp tangent
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Figure 3.4: Schematic diagram for the simulation configuration used to study
prompt sprite initiation.

hyperbolic profile discussed above is not suitable for the initial density profile.

A better choice would be using a standard D-region ionospheric density profile

[Wait and Spies, 1964] that is confirmed by measurements [Hu et al., 2007; Han
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and Cummer, 2010]. The function describing the profile is given by

ne = np = n0 exp(−0.15h′) exp[(β − 0.15)(h− h′)], (3.23)

where n0 = 1.43×1013 m−3. The reference altitude and the sharpness of the

distribution are described by h′ and β, respectively. In the case of prompt

sprites, a larger cylinder (height ∼13-18 km and radius ∼3-5 km) is chosen

to represent the simulation region. For the top boundary of the simulation

domain, we typically considered the altitude range between 85-90 km, which

corresponds to lower ionospheric altitudes. This region of the atmosphere is

highly conductive, therefore the potential at the top boundary is set to zero

(φ = 0). For the bottom boundary, instead of using a constant value, a time

varying electric field E0(t) is used, which represents a more realistic condition

imposed by the sprite halo dynamics. As a common practice in sprite streamer

and sprite halo modeling studies, the function shown below is used for describing

the time-varying electric field

E0(t) = E0
tanh(t/τf )

tanh(1)
, 0 ≤ t < τf , (3.24)

E0(t) = E0, t ≥ τf , (3.25)

where E0 is the final value of E0(t), and τf determines the timescale to reach

E0. For the outer boundary, we also assume that the horizontal component of

the electric field is zero (∂φ/∂r = 0).

For both cases, the perturbations simulating the irregularity of neutral den-

sity or plasma density in the lower ionosphere is introduced to the whole sim-

ulation domain during the entire simulation time by modifying the ionization
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frequency

νi = νi0 [1 + A cos(kr)], t < t1, (3.26)

νi = νi0, t ≥ t1, (3.27)

where νi0 is the ionization frequency calculated directly with the electric field,

A is the amplitude and k is the wavenumber of the perturbation, respectively.

The numerical simulation results obtained from above-mentioned models with

various simulation setups are reported in the next three chapters.
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Chapter 4

Streamers Initiated from Small

Ionospheric Disturbances

In this chapter, we report results of numerical modeling studies attempting to

address sprite initiation problem at subbreakdown conditions.

4.1 Motivation

The motivation of this study is briefly discussed in Section 1.2.5. It was empha-

sized that the sprite streamer theory had not been able to offer a satisfactory

explanation for the sprite streamer initiation below the conventional break-

down threshold field Ek. Until recently, Liu et al. [2012] proposed a theory

that streamers can be initiated from columniform ionospheric inhomogeneities

at sprite altitudes. They also provided numerical simulation results of streamer

initiation from an ionization column in an external field of 0.5Ek to demonstrate

the validity of this theory. The origin of ionospheric inhomogeneities may be
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attributed to ionospheric disturbances created by meteor trails, electrodynamic

effects from thunderstorm and/or lightning, and gravity wave breaking [e.g.,

Suszcynsky et al., 1999; Stenbaek-Nielsen et al., 2000; Zabotin and Wright,

2001; Sentman et al., 2003; Mende et al., 2005]. Suszcynsky et al. [1999] stud-

ied the development of a sprite event in the immediate vicinity of a meteor. It

was suggested that the amount of ionization in the lower ionosphere produced

through inelastic collisions between vaporized meteor atoms and air molecules

is significant, resulting in a 1-m wide plasma trail with a density of 1016 m−3

initially that then expands to ∼1 km diameter over a period of seconds to min-

utes. Zabotin and Wright [2001] studied the role of meteoric dust particles

in sprite formation and suggested that lightning quasi-electrostatic field may

trigger an arc discharge on a conducting micrometeoroid particle (∼25-100 µm

radii) transforming the particle into a plasma cloud from which streamers can be

initiated. It was concluded that a particle of 100 µm radius in lightning QE field

can create a plasma cloud of 10-30 m radius with an average electron density

of about 1012 m−3. Mende et al. [2005] studied the ionization of D-region due

to lightning-induced electromagnetic pulses and found that over a large circular

region of 104 m thickness, elves produce average electron density on the order of

108 m−3. Another possible source for ionospheric disturbances at sprite altitudes

is the inactive streamer channels from previous sprites [Stenbaek-Nielsen et al.,

2000]. Nonetheless, it is unknown which mechanism is primarily responsible

for the formation of the ionospheric inhomogeneities leading to the initiation of

sprite streamers. The main purpose of the present study is to further investi-

gate the streamer formation from ionospheric disturbances [Liu et al., 2012] and

present streamer simulation results for more field cases with the lowest field of
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0.3Ek.

4.2 Sprite Streamer Initiation from an Ioniza-

tion Column

The model used in this study is discussed in Section 3.1.1 and the simulation

setups are discussed in Sections 3.1.2 and 3.1.3 in detail. Following the simple

formulae for estimating the required spatial dimension and peak plasma density

for the ionization column given in Section 3.1.3, we first choose the radius of

the column a (e.g., ∼6 m at 75 km altitude) to be the typical radius of the

streamer head shortly after its formation. For the column placed in an ambient

field E0 = 0.3Ek at 75 km altitude, the ratio l/a is 14.5-30.5 and the required

peak plasma density ne0 is 6.1×109-1.2×1010 m−3 for a desired tip field of 3-5Ek.

The size of the simulation domain is adjusted accordingly with the size of the

ionization column. For all simulation cases presented below, the column length

and density values for a tip electric field of 5Ek is used to reduce simulation

runtime.

We first present simulation results for E0 = 0.3Ek at 75 km altitude, which

show successful inception of a positive streamer from an ionization patch with

the dimension and density determined by using the equations discussed in Sec-

tion 3.1.3. Figure 4.1 shows the cross-sectional views of electron density dis-

tributions at four different moments of time. At time t = 0 ms, an ionization

column of length l = 184 m, radius a = 6 m (i.e., l/a = 30.5), and peak plasma

density ne0 = 1.2×1010 m−3 is placed in the middle of the simulation region

where an ambient electric field of E0 = 0.3Ek is applied vertically downward
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simulating the lightning QE field in the lower ionosphere. Preceding the posi-
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Figure 4.1: Cross-sectional views of electron density distributions of a sprite
streamer forming from an ionization column in E0 = 0.3Ek at 75 km altitude
where Ek = 106.4 V/m.

tive streamer inception, the electron density distribution at t = 0.8 ms shows

the formation of a sharp boundary of electron density distribution around the

positive tip and a diffuse region around the negative tip of the column. Forma-

tion of these distinct regions around the opposite ends is caused by the electron

drift inside the volume of the ionization column in the opposite direction of

the applied electric field. The continuous upward motion of electrons raises the

electron density in the region surrounding the negative tip while depleting it
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at the lower tip. The accumulated electrons spread out from the upper end

forming the diffuse region. The depletion of the electrons in the lower tip ex-

poses the positive ions in a thin layer around that tip, which produces a large

space charge field. At time t = 1.1 ms, a positive streamer head forms from the

lower tip and propagates stably throughout the simulation region. Even though

the positive streamer almost reaches the bottom boundary at t = 1.85 ms, no

negative streamer originates from the upper tip of the column. We have also

conducted simulations for several other ambient field cases (i.e., 0.6 and 0.8Ek)

all of which show successful formation of a positive streamer but no sign for

negative streamer initiation. However, since the ambient field value for those

cases is greater than the propagation threshold field (0.3-0.4Ek) for a negative

streamer, it is possible that if the positive streamer is allowed to propagate a

large distance, a negative streamer will eventually form from the upper tip of

the column. Liu [2010] reported that the total current flowing in the positive

streamer channel increases exponentially with time as the streamer accelerates,

expands, and brightens during its propagation. It is very likely that the posi-

tive streamer forming from the ionization column also carries an exponentially

increasing current. Due to the exponential growth of the total current along the

streamer body, the negative charge will be deposited at the origin of the positive

streamer faster than its dissipation from the upper tip, which will eventually

lead to negative streamer formation. Luque and Ebert [2010] studied the neg-

ative charging of the trail of a positive streamer and they have also concluded

that it is likely negative streamers can form from the trail of a positive streamer.

Figure 4.2 shows electric field profiles along the symmetry axis for the pos-

itive streamer forming from the ionization column at E0 = 0.3Ek. As can be
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seen from the figure, electric field continuously increases at the lower tip of the

column initially because more and more positive ions are exposed. When the
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Figure 4.2: Electric field profiles along the symmetry axis for the streamer
developing in E0 = 0.3Ek at 75 km altitude where Ek = 106.4 V/m. Note that
only a portion of the field profile from the bottom boundary of the simulation
region to the lower tip of the column is shown here to illustrate the formation
and propagation of the positive streamer.

field reaches a value ∼2.8Ek at t = 1.1 ms, the electric field pulse starts to move

to the left, signaling the formation of the positive streamer. The maximum

field of the pulse continues to increase until t = 1.15 ms, it then levels off to a

constant value, which is a typical feature of streamer discharges, as the streamer

continues its propagation to the left in Figure 4.2.
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4.3 Brightening of the Initial Ionization Col-

umn Following Streamer Formation

One of the interesting features of sprite events recorded by high-speed cameras

is the appearance of persisting luminosities around the regions where positive

streamers are initiated. The high-speed video recordings of sprites at 10,000

frames per second reported by McHarg et al. [2007] and Stenbaek-Nielsen et al.

[2007] show that the trails left by positive streamer heads brightens and the

resulting luminosities persist for a long time. Their results also indicate that

sprites are initiated with downward propagating positive streamer heads, if neg-

ative streamers are present in an event, they form later and appear to originate

at a lower altitude from existing luminous structures. Liu [2010] proposed a

physical mechanism for explaining the sprite streamer luminous trail on the

basis of numerical simulation results. His modeling results show that the total

current flowing along the streamer body exponentially increases as the streamer

accelerates, expands and brightens. This current increase leads to increase in

the electric field in the streamer trail and then the brightening of that region. Li

and Cummer [2011] also investigated the nature of the persisting luminosities,

which they refer to as bright sprite cores, observed in their high-speed videos of

sprites. They studied the dynamics of the electric charge in the sprite core and

concluded that the sprite core is a dominant sink of negative charge transferred

from downward propagating positive streamers. The sprite core is produced

by collective action of many downward propagating sprite streamers, which is

governed by the same principle as proposed by Liu [2010].

Below, we present simulation results on optical emissions of the positive
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streamer initiated from the ionization column. The results provide further
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Figure 4.3: Cross-sections of electron density, electric field, and 1PN2 intensity
distributions for streamers forming from ionization patches in E0 = 0.8Ek at 75
km altitude where Ek = 106.4 V/m.

evidence for the mechanism proposed by Liu [2010]. Figures 4.3(a)-(c) show

cross-sections of electron density, electric field, and 1PN2 intensity distribu-

tions, respectively, for a streamer forming from an ionization patch of peak

plasma density ne0 = 8.7×109 m−3. The magnitude of applied electric field is

Eo = 0.8Ek and the l/a ratio is 7. Figure 4.3(c) shows brightening of the ini-

tial ionization column following the positive streamer formation, which is very

similar to the luminosity often appearing above the first streamer head visible

in high-speed video recordings [McHarg et al., 2007; Stenbaek-Nielsen et al.,
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2007; Stenbaek-Nielsen and McHarg, 2008]. The similar optical signatures of

the streamer initiation process from the model and the observations provide

evidence to support the physical mechanism proposed by Liu et al. [2012]. The

brightening of the ionization column is caused by the increase of the electric

field in the column following the streamer formation [see the field hump around

155 m in Figure 4.2 and the relatively strong field region between 190-225 m in

Figure 4.3(b) denoted by the horizontal arrow with the enhanced optical emis-

sion intensity in Figure 4.3(c)]. The increase of the electric field results from

two factors: 1) an increasing current carried by the streamer leads to negative

charging of the origin of the streamer [Liu, 2010; Luque and Ebert, 2010]; 2)

the lower ionization density of the column compared to the streamer electron

density ∼1011 m−3. An analytical explanation summarizing these two factors

is given in the next section. To demonstrate the effect of the initial density on

the brightening of the column, Figures 4.3(d)-(f) show the simulation results

for a column with a higher initial density than the case for Figures 4.3(a)-(c).

As the initial density is increased, electric field is reduced in the volume of the

ionization column, and the brightening does not occur in the same location but

instead a luminous junction appears between the column and the formed positive

streamer [see the region aligned by the horizontal arrow in Figures 4.3(d)-(f)].

The luminous junction occurs in the transition region from low to high electron

density (or from low to high conductivity). The charge drawn by the increas-

ing streamer current accumulates around that junction where a large gradient

in conductivity exists. As a result, electric field increases and then causes the

brightening of this region. Our study indicates that if the initial density of the

column is less than the streamer channel density, the ionization column gets
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very bright. The dependence of the brightness of the column on its density can

be utilized for remote sensing of the electron density of inhomogeneities in the

lower ionosphere.

4.4 Analytical Explanation for Brightness of

the Ionization Column and the Luminous

Trail of Sprites

The spatial and temporal variations of the field determine the characteristics

of the brightness of the conducting column or the streamer channel. In this

section, we formulate a simple analytical approach to evaluate the dynamics of

the electric field in the ionization column or the streamer channel.

Considering the total current flowing in the streamer channel or ionization

column, we have

~JT = σ ~E + ε0
∂ ~E

∂t
, (4.1)

and∇· ~JT = 0. Because both ~JT and ~E are dominated by the axial z component,

the problem can be simplified as

JT = σEz + ε0
∂Ez
∂t

, (4.2)

and ∂JT/∂z = 0. Liu [2010] found that the streamer current exponentially

increases with time. Let JT = J0
T e

t/τ , where J0
T is the initial value and τ is

the e-folding time for the increasing total current. At a fixed point in space we
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obtain

σEz + ε0
dEz
dt

= J0
T e

t/τ . (4.3)

The general solution to this differential equation can be written as

Ez = EzGe
− t
ε0/σ +

J0
T

σ + ε0
τ

et/τ , (4.4)

where EzG is a constant. If Ez(t = 0) = E0
z , then

Ez =

(
E0
z −

J0
T

σ + ε0
τ

)
e
− t
ε0/σ +

J0
T

ε0
(
σ
ε0

+ 1
τ

)et/τ . (4.5)

The term ε0/σ is the Maxwellian relaxation time scale in the streamer channel.

Its value is on the order of the time needed for a streamer to move through a

distance of its head radius. The Maxwellian relaxation time can be estimated

by rs/[vsln(nc/n0)] [Dyakonov and Kachorovskii, 1988], where vs is the streamer

speed, rs is the streamer radius, nc is the streamer channel density, and n0 is

the density at a distance rs ahead of streamer head. The value of ln(nc/n0) is

about 8 according to streamer simulation results. Take a sprite streamer speed

of 107 m/s and its head radius 100 m, ε0/σ is on the order of 1 µs. This value

is much smaller than the lifetime of sprite streamers, and it is also smaller than

the e-folding time of the increasing current τ that is on the order of 100 µs (see

the next section for more detail). Therefore, after the streamer moves through

several streamer heads,

Ez '
J0
T

σ
et/τ . (4.6)
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The above equation shows that the field in the streamer channel will increase

exponentially. It should be noted that the electric field in streamer channel in

Figure 4.2 does not show significant growth over (1.85 - 1.15) = 0.7 ms. This is

due to the fact that, the exponential growth rate (1/τ) for this case with E0 =

0.3Ek is small, since τ is larger than the value of ∼1 ms for E0 = 0.5Ek case (see

Figure 4.4). Equation (4.6) also describes the spatial distribution of the electric

field along the streamer channel. The region with lower conductivity has larger

electric field, which leads to stronger optical emission from the same region.

This equation therefore explains both the luminous trail of sprite streamers

and the influence of the density variation of the initial ionization column on

its brightening. It should be noted that the above analysis assumes that the

conductivity is unvarying with time and hence ignores the effects of ionization

and attachment that are field-dependent.

4.5 Exponential Growth Rates Associated with

Sprite Streamers

Exponential increase of streamer parameters is an important characteristics of

streamer propagation. Section 4.4 discusses how this property affects the lu-

minosity of the streamer trail. In this section, we study the dependence of the

growth rate on the electric field and investigate its variation with altitude. We

first consider streamers propagating in lightning QE fields of E0 = 0.8, 0.6, and

0.5Ek at typical sprite altitudes and then give the growth rates for other fields.

Time variations of speed and brightness are shown for streamers forming from

an ionization column in Figures 4.4(a) and 4.4(b) and for streamers forming in
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Table 4.1: Exponential growth rates for speed (1/τs) and brightness (1/τb) of
positive streamers forming in the vicinity of a conducting sphere (CS) and from
an ionization column (IC) at 75 km altitude

E0/Ek 1/τs (s−1) (CS) 1/τs (s−1) (IC) 1/τb (s−1) (CS) 1/τb (s−1) (IC)

0.8 3.3×103 2.7×103 1.0×104 7.7×103

0.6 1.7×103 1.8×103 5.4×103 4.7×103

0.5 9.0×102 9.3×102 2.4×103 2.7×103

the vicinity of a conducting sphere in Figures 4.4(c) and 4.4(d). The data are

plotted on logarithmic scale and are well approximated by a straight line, which

indicates that the speed and brightness of the streamers increase exponentially

in time. The results also clearly indicate that the growth rate (1/τ) increases

with increasing ambient electric field and growth rates for brightness (here the

brightness refers to the total number of photons emitted by the streamer head

per second) is ∼3 times larger than the growth rate for speed [Liu et al., 2009a;

Kosar, 2010]. The linear relationship between streamer speed vs and streamer

radius rs [Liu and Pasko, 2004] suggests that streamer radius also grows expo-

nentially in time. Since the emission volume of the streamer head approximately

depends on the streamer radius as r3s , an exponential growth for the brightness

can be obtained as [exp(t/τ)]3 = exp(3t/τ), which explains the factor of 3 dif-

ference between the growth rates for speed and brightness. Also the results

indicate that the growth rates for both speed and brightness are similar for the

streamers initiated from different configurations, and they are summarized in

Table 4.1. Although, the speed is order of magnitude smaller for the stream-

ers forming from the ionization column (∼105 m/s) than the streamers forming

from the conducting sphere (∼106 m/s) at the end of simulations, both of which
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Figure 4.4: Growth rates of speed and brightness: (a) and (b) for streamers
forming from an ionization column; (c) and (d) for streamers forming from a
conducting sphere in E0 = 0.5, 0.6, and 0.8Ek at 75 km altitude where Ek =
106.4 V/m.

are smaller than the maximum speed (∼107 m/s) observed by high-speed videos

[McHarg et al., 2007; Stenbaek-Nielsen et al., 2007; Li and Cummer, 2009], the

difference can be easily explained by the exponential growth of the speed. Fi-

nally, we discuss the scaling of the growth rate with air density or altitude
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below. It is known that the streamer properties are scaled to altitude of in-

terest as follows: time ∼1/N , length ∼1/N , streamer density ∼N2, and speed

∼N0 [Pasko et al., 1998; Liu and Pasko, 2004]. The exponential growth of the

streamer speed can be expressed as vs = v0e
t/τ , and then

τ =
t

ln
(
vs
v0

) ∼ 1/N

N0
→ Growth Rate =

1

τ
∼ N, (4.7)

From Equation (4.7) and Figure 4.5(a), it can be seen that if the exponen-

tial growth rate is known at any altitude for a particular reduced field, the

value can be scaled to any altitude of interest for the same reduced field. The
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Figure 4.5: Growth rate of sprite streamer speed as a function of (a) altitude
and (b) ambient electric field.

plot of growth rate as a function of ambient field (Figure 4.5(b)) suggests an

exponential relation between the two parameters but further investigation is

needed. Knowing the dependence of growth rate on ambient field can lead to

development of a remote sensing method to determine the ambient field driving

the sprite event by measuring the time variation of the brightness of observed
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streamers.

4.6 Conclusions

This work is a follow-up study on sprite streamer formation at subbreakdown

condition previously investigated by Liu et al. [2012]. It is found that down-

ward propagating positive streamers can be successfully initiated from the tip

of an ionospheric patch in various electric fields below the conventional break-

down threshold field Ek. Although the lowest ambient field considered here is

0.3Ek, there are no foreseeable factors to prevent successful formation of posi-

tive streamers in a lower field as long as it is greater than the positive streamer

propagation threshold field about 0.14Ek. This result explains previous obser-

vations showing lightning field is often below Ek when sprites/sprite streamers

are initiated [Hu et al., 2007; Li et al., 2008]. It also emphasizes that local

ionospheric inhomogeneities are required for initiation of sprites.

Even when the ambient electric field is greater than their propagation thresh-

old field at 0.3-0.4Ek, negative streamers fail to form from the other tip of the

patch during the time simulated in this study. This result provides an expla-

nation for high-speed video observations showing that sprites are commonly

initiated with downward propagating positive streamers [McHarg et al., 2007;

Stenbaek-Nielsen et al., 2007; Stenbaek-Nielsen and McHarg, 2008]. However,

the present study does not rule out the possibility of initiation of negative

streamers at later stage due to fast deposition of a large amount of negative

charge by the positive streamer at its origin [Liu, 2010].

A piece of evidence for this initiation mechanism of sprite streamers is the
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brightening of the ionization patch after the initiation of the positive streamer.

This agrees with observations of sprite streamers showing that luminous struc-

ture often appears above the first visible downward propagating streamer head

[McHarg et al., 2007; Stenbaek-Nielsen et al., 2007; Stenbaek-Nielsen and McHarg,

2008]. The brightening of the patch depends on its initial density, and the patch

with smaller density is brighter than the denser patch. This dependence offers

a new remote sensing technique for the ionization density of ionospheric inho-

mogeneities. The brightening of the patch and the sprite streamer luminous

trail that has been investigated in several previous studies can be explained by

a simple analytical approach formulated in this study.

Comparison between the streamers from the ionization patch and those form-

ing in the vicinity of a conducting sphere in a uniform field below Ek, a simu-

lation setup often used in previous modeling work of sprite streamers, indicates

that their propagation characteristics are very similar, particularly the exponen-

tial growth rate. This growth rate is mainly determined by the magnitude of the

ambient field. Therefore, the growth rate of a streamer is probably the most im-

portant parameter characterizing its propagation in different field values. Based

on simulation results, it is found that the growth rate scales with neutral den-

sity as ∼N , and its dependence on the field is approximately described by an

exponential function.
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Chapter 5

Formation of Sprite Streamers

from Ionospheric

Inhomogeneities Resembling

Observed Sprite Halo Structures

In Chapter 4, we demonstrated that ionospheric inhomogeneities are required

for sprite streamer initiation. In Section 3.1.3, we discussed peak plasma density

requirement for an inhomogeneity leading to streamer formation at subbreak-

down conditions. However, the value obtained there and used in the simulations

presented in Chapter 4 was about 2-3 orders of magnitude larger than the am-

bient density at lower ionospheric altitudes. The purpose of this chapter is to

investigate if the density of the inhomogeneities leading to sprite streamer initi-

ation can be reduced down to the value (<108 m−3) obtained from recent sprite

halo modeling results [Liu, 2012].
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5.1 Streamer Initiation from Large Ionospheric

Inhomogeneities

To investigate if the inhomogeneities with a density close to the value obtained

from halo modeling (<108 m−3) [Liu, 2012] are able to initiate streamers at

subbreakdown conditions, we used the numerical model and the simulation set

up described in Sections 3.1.1 and 3.1.4. We note that an ambient density is not

included in the simulation results presented below, but a test simulation with

an ambient density of 106 m−3 shows that the results do not vary significantly.

We first consider streamer initiation at subbreakdown conditions from large

ionization patches with a density much smaller than the value used for the

ionization column. Figures 5.1 and 5.2 show the formation of a positive streamer

from a spherical patch with n0 = 4×108 m−3, a = 65 m and σ = 3 m in a

lightning field of E0 = 0.6Ek. The direction of the electric field points vertically

downward. The 2D cross-sections of electron density, electric field, and charge

density distributions are shown in Figure 5.1a-c, 5.1d-f, and 5.1g-i, respectively.

Figure 5.1 shows three different stages of the streamer initiation process: a)

initial stage, b) before streamer initiation, and c) fully formed positive streamer,

with each stage being dominated by a different process.

After the patch is placed into the field, electrons drift toward the upper

tip in the opposite direction of the field, and positive ions are exposed in the

lower tip. At 0.15 ms, the peak electric field is 103 V/m, slightly below Ek,

and the two-body electron attachment time is 0.2 ms. The effects of both

ionization and two-body attachment are negligible. At this stage, the dominant

process is electron drift. Panels 5.1b, 5.1e, and 5.1h correspond to the stage
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Figure 5.1: Cross-sections of electron density (a-c), electric field (d-f), and
charge density (g-i) distributions for a streamer forming from a spherical iono-
spheric inhomogeneity at 75 km altitude in E0 = 0.6Ek. The spherical patch
has a peak density of 4×108 m−3 and a radius of a = 65 m with σ = 3 m.
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before streamer initiation. After the initial stage, electric field around the lower

tip continuously increases, as more and more positive charge is exposed due to

electron drift. As can be seen in Figure 5.2, the electric field becomes higher than

Ek at ∼0.3 ms shortly after the initial stage. As a result, ionization becomes

effective, increasing the electron density (Figure 5.2) around the lower tip. The

electrons that are produced due to ionization also drift towards the upper tip,

leaving more positive charge behind and therefore increasing the positive charge

density around the lower tip (Figure 5.1h). Right behind the lower tip, a trail

is formed around the symmetry axis with a positive charge density lower than

the surrounding region that has a relatively uniform positive charge density.

This low density trail forms due to the upward drift of the electrons produced

by ionization that partially neutralize the positive charge in this region. At

5.95 ms (see Figure 5.2), the high field region starts to move forward, which

represents the formation of a positive streamer. The three right panels of Figure

5.1 correspond to the last stage and shows a fully formed positive streamer.

Positive charge is confined in a thin layer around the streamer channel while

the negative charge is deposited around the origin due to an increasing current

drawn by the positive streamer [Liu, 2010; Kosar et al., 2012].

The value of 65 m is approximately the minimum radius required for a

spherical patch with a density of 4×108 m−3 to initiate a streamer in 0.6Ek. The

minimum radius for a given density varies with the magnitude of the ambient

electric field, as suggested by Meek’s criteria. On the other hand, if the radius

of the patch is specified, the required density varies with the magnitude of the

field. Table 5.1 summarizes the minimum radii of the initial spherical patches

to initiate streamers in 0.5Ek, 0.6Ek, and 0.8Ek when its density is fixed at

73



10
2

10
4

10
6

10
8

10
10

10
12

−50

0

50

100

150

200

250

300

350

400

450

500

E
le
c
tr
ic
 F
ie
ld
 [
V
/m
]

5.85 ms

5.95 ms

6.0 ms

0.45 ms

4.45 ms

6.05 ms

6.15 ms

6.1 ms

 E
k

0 20 40 60 80 100 120 140 160 180
z [m]

E
le
c
tr
o
n
 D
e
n
s
it
y
 [
m
−
3
]

5.95 ms

6.05 ms

5.85 ms

6.15 ms

4.45 ms

0.45 ms

6.0 ms

6.1 ms

Figure 5.2: Electric field and electron density profiles along the symmetry axis
for a streamer forming in E0 = 0.6Ek at 75 km altitude. The axial profiles show
the detailed dynamics of streamer formation from an ionization patch.
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Table 5.1: Minimum radii obtained from Meek’s criteria and the streamer sim-
ulations for n0 = 4×108 m−3 and σ = 3 m for three different ambient fields at
75 km altitude

E0/Ek Meek’s criteria [m] Streamer simulations [m]
0.8 63 - 67 50
0.6 74 - 78 65
0.5 80 - 84 105

n0 = 4×108 m−3. Table 5.2 summarizes the minimum densities of spherical

patches to initiate streamers when the radius is fixed at 105 m. There is a slight

difference between the results obtained from Meek’s criteria (see Section 3.1.4)

and the simulations, suggesting that the fully-polarized sphere approximation

used for evaluating the integral in Meek’s criteria does not accurately describe

the polarization of the spherical patch. As shown, for a given density, the

minimum size of the patch that can initiate a streamer decreases with increasing

ambient field; for a given radius, the minimum density requirement decreases

with increasing ambient field. The values obtained for the radius and density

have ±10 m and ±0.5×108 m−3 uncertainty associated with them, respectively.

It should be noted that the results may change when different values of σ are

used in the simulation. Although the lowest density presented in Table 5.2 is

2×108 m−3, additional simulations show that streamers can be initiated from a

larger patch (a = 500 m) with a density 9×107 m−3 in E0 = 0.8Ek. This density

may be lowered further, if a even larger patch is used. It can be concluded

that sprite streamers can be initiated at subbreakdown conditions from large

ionization patches of hundreds of meter wide with a density close to the sprite

halo density.
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Table 5.2: Minimum plasma densities obtained from Meek’s criteria and the
streamer simulations for a = 105 m and σ = 3 m for three different ambient
fields at 75 km altitude

E0/Ek Meek’s criteria [m−3] Streamer simulations [m−3]

0.8 2.0×108 2.0×108

0.6 2.5×108 2.25×108

0.5 2.75×108 4.0×108

5.2 Optical Emissions Produced During Posi-

tive Streamer Formation from Large Inho-

mogeneities

In this section, we present the optical emissions associated with the streamer

initiation from a large spherical ionization patch. A patch with n0 = 2×108

m−3, a = 330 m, σ = 70 m, and z0 = 687 m (z = 0 for 75 km altitude) is

initially placed in an ambient field of 0.8Ek at 75 km altitude. The cross-

sections of electron density, electric field, and 1PN2 intensity distributions for

a positive streamer forming from this patch are shown in Figure 5.3a-b, 5.3c-d,

and 5.3e-f, respectively. The plots at t = 1.5 ms represent the stage before

streamer initiation and those at t = 2.3 ms show that a positive streamer is

formed from the patch. Initially, electrons continuously shift upward leaving

the less mobile positive ions behind at the lower tip. When this field at the

lower tip becomes greater than the breakdown threshold field Ek at t = 0.4

ms, electron impact ionization becomes effective, producing free electrons in

that region. These electrons also move towards the upper tip, leaving more and

more positive charge behind and hence enhancing the electric field in the lower

tip further. The high field region starts to move at t = 1.8 ms, which indicates
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that the streamer is forming. Within the 1.4 ms time window the electrons

created due to ionization travel ∼170 m, and therefore are not able to bridge

the gap between the lower tip of the initial patch and the shifted location of its

electrons fully as seen in Figure 5.3a. Before the streamer initiation from the

lower tip, the electric field is enhanced in a large region around the lower edge of

the patch (Figure 5.3c). This electric field enhancement results in an increasing

intensity of 1PN2 emissions around the bottom edge of the patch. Figure 5.3e

shows that the luminous region before streamer initiation looks like a spherical

cap and the transverse size of this region is ∼200 m. It should be noted that

the optical emissions are mainly produced by the free electrons generated by

electron impact ionization not by the initial patch electrons. Although the size

of the luminous region is relatively large, the positive streamer head emerging

from it is compact, with a radius of ∼20 m. The peak emission intensity from

the spherical-cap structure is ∼3 × 105 R, which is two orders of magnitude

smaller than the peak emission intensity of ∼5× 107 R from the streamer head.

Given that the luminous structure is stationary while the streamer head is

fast-moving, the apparent intensity of the structure may be comparable to the

streamer heads on high-speed images. Therefore, the optical signatures from

streamer formation from a large ionization patch at subbreakdown conditions

appear to be consistent with the observations reported by Stenbaek-Nielsen

et al. [2011] and Takahashi et al. [2012] in terms of the shape of the structure

initiating streamers and the relative size and brightness between the structure

and the sprite streamer head.

This agreement suggests that streamer initiation from large inhomogeneities

with a density close to the sprite halo density may explain the recorded sprite

77



[m]

[m
]

t = 1.5 ms

 

 

−410 0 410

1000

750

500

250

0

[m  −3  ]

107

108

109

1010

1011

[m]

[m
]

 

 

−410 0 410

1000

750

500

250

0

[V/m]

0

100

200

300

400

[m]

[m
]

 

 

−410 0 410

1000

750

500

250

0

[R]

104

105

106

107

108

t = 1.5 ms t = 1.5 ms

[m]

[m
]

 

 

−410 0 410

1000

750

500

250

0

[m−3]

107

108

109

1010

1011

[m]

[m
]

 

 

−410 0 410

1000

750

500

250

0

[V/m]

0

100

200

300

400

[m]

[m
]

 

 

−410 0 410

1000

750

500

250

0 104

105

106

107

108
[R]

t = 2.3 ms t = 2.3 ms t = 2.3 ms

Electron Density

Electron Density

Electric Field

Electric Field

1PN
2

1PN
2

E
0
 = 0.8E

k

n
0
 = 2x108 m-3

E
0
 = 0.8E

k

(a)

(b)

(c) (e)

(d) (f)

Figure 5.3: Cross-sections of electron density (a-b), electric field (c-d), and
1PN2 intensity (e-f) distributions for a streamer forming from a spherical iono-
spheric inhomogeneity at 75 km altitude in E0 = 0.8Ek. The spherical patch
has a peak density of 2×108 m−3 and a radius of a = 330 m with σ = 70 m.

streamer initiation by high-speed videos. The size of the inhomogeneities must

be significantly smaller than the transverse size of sprite halos, so that they can

strongly amplify the electric field of the halo. In view of the recent sprite halo

modeling work of Liu [2012], a very sharp halo front (see electron density plot

in Fig. 5 in that paper) is formed as it descends downward with a decreasing

speed. Sharpening halo front may be unstable. Therefore, it seems reason-

able to speculate that the sharpening, unstable sprite halo front first produces

structures of hundreds of meter wide due to pre-existing inhomogeneities and

then sprite streamers are initiated from those structures. The sharpening of
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the sprite halo front is also emphasized by Luque and Ebert [2009]. However,

it should be noted without electron density growth at subbreakdown condition

allowed by electron detachment from O− ions and pre-existing inhomogeneities,

both of which are not included in that work, it is hard to imagine how the

sharpening front could produce structures of hundreds of meter wide to initiate

streamers.

5.3 Conclusions

Our simulations indicate that streamers can be initiated from hundred meter

wide ionospheric inhomogeneities with a density comparable to the sprite halo

density. The lowest density considered in this study is 9×107 m−3, but it may

be lowered further if even larger inhomogeneities are used in the simulation. It

is also find that for a given density, the minimum size of the inhomogeneities

that can initiate a streamer decreases with increasing ambient field, while for a

given radius, the minimum density decreases with increasing ambient field. Our

results suggest that if the halo front is unstable, the structures growing from pre-

existing inhomogeneities or background density fluctuations can initiate sprite

streamers in subbreakdown electric fields.
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Chapter 6

Prompt and Long-Delayed

Sprite Initiation from Realistic

Ionospheric Disturbances

In Chapter 1, we discussed some unexplained features of sprite streamer initia-

tion in the lower ionosphere reported by Li et al. [2008] and Stenbaek-Nielsen

et al. [2011]. It was shown that sprite streamers are often initiated in a light-

ning electric field below the conventional breakdown threshold field Ek and they

can be initiated from luminous structures descending with the sprite halo. In

Chapter 4, we demonstrated that sprite streamers can be initiated from iso-

lated ionization columns at subbreakdown conditions. However, the density of

the column was about 2-3 orders of magnitude larger than the ambient den-

sity at lower ionospheric altitudes so we searched for possible ways to reduce

it. In Chapter 5, we showed that positive streamers can be initiated from large

ionospheric patches with a density comparable to the sprite halo density.
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However, in the above-mentioned studies it is assumed that ionospheric in-

homogeneities already exist at sprite initiation altitudes and some parameters

used in numerical simulations do not represent the realistic ambient conditions

of the upper atmosphere. In this Chapter, we report numerical modeling results

showing that sprite streamers can be initiated from naturally-existing small-

scale perturbations created by gravity waves at mesospheric altitudes. In ad-

dition, numerical simulation results are compared with high-speed observations

to explain initiation of prompt sprites.

6.1 Introduction

It has been theoretically and numerically demonstrated that ionospheric inho-

mogeneities are required for sprite streamer initiation. Even though some pos-

sible sources are briefly discussed in Section 4.1 including meteor trails, gravity

waves, or ionospheric patches, it is unknown if the realistic inhomogeneities

created by any of those processes can initiate streamers. Recent work by Qin

et al. [2014] reported a modeling study showing that meteor trails could be a

possible source for ionospheric inhomogeneities leading to sprite initiation. The

dimensions of the ionospheric inhomogeneities used in their model are about 10

km long and 2 km wide. The plasma density is on the order of 100 cm−3, which

is 2 orders of magnitude higher than the typical ambient density of the iono-

sphere. The lifetime of such an ionization column is about ∼1 s at mesospheric

altitudes [Sentman et al., 2008]. It is also important to note that high-speed

recordings of sprites do not usually show sprites being accompanied or preceded

by the passage of a meteor. However, sprites were observed simultaneously with
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a gravity wave pattern in their vicinity [Sentman et al., 2003], which makes it

plausible to speculate that there could be a connection between sprite initiation

and gravity waves generated by thunderstorms.

Thunderstorms are convective systems that can generate atmospheric grav-

ity waves due to updrafts and downdrafts associated with convection [Fovell

et al., 1992]. Once generated, outwardly expanding waves can propagate up-

wards reaching lower ionospheric altitudes. Small-scale and short-period gravity

waves typically having a wavelength of a few tens of kilometers [Yamada et al.,

2001; Fritts and Alexander, 2003; Snively and Pasko, 2003; Hecht, 2004] are of

particular interest to our current study.

Gravity waves are known to break at high altitudes due to overturning,

which occurs when the wave speed exceeds its phase velocity [Pasko et al.,

1997]. Breaking can lead to more complex wave propagation creating localized,

even smaller perturbations. Yamada et al. [2001] reported an observation of

small-scale (∼27 km), short period (∼5.6 minutes) gravity wave breaking into

turbulence around the mesopause. Figure 6.1 shows formation of smaller-scale

instability structures (<10 km) due to wave breaking. It is important to note

that these turbulence-like structures persisted 40 minutes after the onset of wave

breaking, which implies that these structures have long lifetimes compared to

ionization patches.

The perturbations created by gravity waves typically modify the neutral den-

sity and temperature by a few percent in the upper atmosphere. In particular,

Hines [1960] estimated a 10% fluctuation around 90 km altitude. The neutral

density variation can cause a few times larger variations in the coefficient of

governing ionization process of electrical discharges. This is due to the strong
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Figure 6.1: Time sequence of OH airglow images observed during the period of
1619-1725 UT on December 23, 1995 [Yamada et al., 2001].

dependence of this coefficient on the E/N ratio, where E is the electric field

and N is the neutral density [Liu and Pasko, 2004].

Sentman et al. [2003] obtained simultaneous images of sprites and OH air-

glow modulated by gravity waves originating from an active sprite producing

thunderstorm over Nebraska (see Figure 6.2). During the observation time of 2

hours, approximately 24 bright sprite events were observed above the thunder-

storm, close to the center of an outwardly expanding gravity wave pattern. To

study the possibility of sprite initiation from small scale perturbations created

by gravity waves at mesospheric altitudes, we developed a new plasma discharge
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Figure 6.2: Outwardly expanding concentric ripples observed in OH emis-
sions using 25 s time exposure in the NIR. The field of view is approximately
60H×40V deg. The city lights of Custer, SD and lights from the Crazy Horse
Monument are labeled at the bottom of the large plot. The sprite on the main
image is shown in the inset in more detail (recorded by a separate ICCD camera)
[Sentman et al., 2003].

model, which is discussed in detail in Section 3.2.

6.2 Prompt and Long-Delayed Sprites

Depending on their delay from the causative parent lightning discharge, sprites

can be short-delayed/prompt or long-delayed. Properties of a lightning dis-

charge are important factors contributing to the time delay between the occur-

rence of sprites and the onset of their causative lightning. The electromagnetic

signatures of a return stroke, long impulse current, and the continuing current

from a typical positive cloud-to-ground lightning discharge is shown in Figure

6.3 [Li, 2010]. The long impulse current following the lightning return stroke
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Figure 6.3: The electromagnetic signatures of a return stroke, long impulse cur-
rent, and the continuing current from a typical positive cloud-to-ground light-
ning discharge.

is a unique feature of sprite-producing lightning discharges, but the continuing

current may or may not exist [Reising et al., 1996]. The existence of a continuing

current following a lightning return stroke creates possibility for sprites to occur

after a certain amount of delay (>10 ms) from the return stroke. Short-delayed

sprites, however, appear right after the return stroke and the long impulse cur-

rent, which lasts about a few milliseconds [Li, 2010].

Sprites are triggered by the quasi-electrostatic field established in high-

altitude atmospheric regions by a lightning discharge. Since the strength of

this QE field is proportional to the charge moment change resulting from a

lightning discharge, there have been numerous studies to quantify its value at

the time of sprite initiation [Cummer and Inan, 1997; Hu et al., 2002, 2007;

Li et al., 2008]. The charge moment change associated with the lightning dis-

charge producing short-delayed sprites is much less (350-600 C km) [Cummer

and Lyons, 2005] than long-delayed sprites (600-18600 C km) [Li et al., 2008].

The measurement-inferred lightning electric field at sprite initiation is found to
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be in the range of 0.2-0.8Ek for short-delayed sprites [Hu et al., 2007] and 0.2-

0.6Ek for long-delayed sprites [Li et al., 2008]. If the charge moment change is

provided by the impulsive return stroke, QE field can penetrate to high altitudes

where the dielectric relaxation time is short, and therefore short-delayed sprites

can be initiated at an altitude range of 75-80 km. However, for long-delayed

sprites a large fraction of the charge moment change is provided by the contin-

uing current. As a result lightning QE field penetrates to slightly lower altitude

of 70 km where the dielectric relaxation time is longer [Hu et al., 2007; Li et al.,

2008; Li, 2010; Gamerota et al., 2011]. In addition, it has been speculated that

the initiation altitude of sprites can also be affected by the electron detachment

process that is recently found to be significant [Luque and Gordillo-Vázquez,

2012; Liu, 2012].

6.3 Implications of Recent Sprite Halo Model-

ing

First two panels of Figure 6.4 show altitude profiles of normalized electric field

and electron density along the symmetry axis for various moments of time for a

sprite halo caused by a +CG with a charge moment change of 600 C km [Liu,

2012]. It is clearly shown that as the halo descends downward with a decreasing

speed, a very sharp halo front is formed around ∼70 km altitude. This sharp

halo front can be approximately viewed as a planar front to the spatial scale of

the streamers or the observed luminous structures.

Propagation of plane ionization wave under the influence of an electric field

can be successfully simulated by the model discussed in Section 3.2. The simu-
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Figure 6.4: Simulation results of a halo caused by a +CG stroke transferring
60 C charge from 10 km altitude to the ground in 1 ms; altitude profiles of (a)
normalized electric field, (b) electron density, and (c) O− along symmetry axis
for various moments of time [Liu, 2012].

lation results shown in Figure 6.5 is initialized with the following input param-

eters: n0 = 2×107 m−3, z0 = 73 km, σz = 300 m, and E0 = 0.6Ek. Top two

panels of Figure 6.5 show 2D cross-sections of electron density distributions at

two moments of time, t = 0 ms (top left) and t = 60 ms (top right). After the

electric field is applied to the simulation domain, plane wave gradually descends

downward and a sharp wave front is formed around 72.5 km altitude at time t

= 60 ms. Bottom two panels show normalized electric field (bottom left) and

electron density (bottom right) profiles along the symmetry axis. Even though

electric field is below Ek everywhere inside the simulation domain shortly af-

ter simulation is initiated, electron density grows continuously, except during a

very short initial period of time. The electron density growth at subbreakdown

conditions is caused by the interplay of three processes: electron impact ion-
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ization, two-body attachment, and electron detachment, which is described by

using a schematic diagram shown in Figure 6.6. Even when electric field is be-

low Ek, electron impact ionization creates electrons, and two-body attachment

converts them to O− ions simultaneously. As a result, the total density of elec-

trons and O− ions increases continuously as long as ionization is effective and

recombination is negligible. Initially, due to O− density being low, two-body

attachment process dominates over electron detachment, reducing the electron

density. However, when O− ions become abundant, electron detachment process

e + M e + e + M+
(Electron Impact Ionization)

e + O2 O- + O
(Two-body Attachment)

When E < Ek , electrons are created and converted to O- simultaneously

but the total density of electrons and O-  ions increases when recombination
is negligible. 

Initially due to O- density being low:

e + O2 O- + O
(Two-body Attachment)

FASTER THAN O- + M 
e + Mx

(Electron Detachment)

When O- density accumulates to certain level:

O- + M 
e + Mx

(Electron Detachment)
FASTER THAN e + O2 O- + O

(Two-body Attachment)

Figure 6.6: Schematic diagram describing the interplay of electron impact
ionization, two-body attachment, and electron detachment when E < Ek.

takes over two-body attachment increasing the electron density together with

O− density. Due to excessive electron density growth, the constant electric field

assumption for the bottom boundary condition is not valid after 60 ms.
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6.4 Brief Report on Long-Delayed Sprite Initi-

ation from Natural Mesospheric Structures

It is known that a planar discharge wavefront tends to be unstable (see Ebert

et al. [1997] for negative fronts and Kyuregyan [2012] for positive fronts). Of

particular interest to the present study is the transverse instability of the pos-

itive discharge front theoretically studied by Kyuregyan [2012]. In that work,

the positive front propagates in a background ionization density, and the author

found that the front is unstable when subject to transverse perturbations with

wavelengths in a range centered around the thickness of the front (the thick-

ness of the space charge layer) [Kyuregyan, 2012]. With the ionization density

growth in the lower ionosphere at subbreakdown conditions made possible by

electron detachment process of O− [Luque and Gordillo-Vázquez, 2012; Liu,

2012; Marshall, 2012; Neubert and Chanrion, 2013], a typical ionospheric elec-

tron density profile is able to support the propagation of a positive halo front

even though the peak electric field is smaller than Ek [Liu, 2012]. The speed

of the front decreases quickly when its peak field becomes smaller than Ek at

about 1 ms after the lightning [Liu, 2012]. As discussed in the previous section,

slowing down front forms a sharp boundary around sprite initiation altitudes.

Small scale perturbations created by gravity waves can grow in magnitude at

the sharp halo front leading to initiation of sprite streamers.

A recent study by Liu et al. [2015a] reported simulation results showing that

a positive streamer can successfully form at the sharp halo front perturbed by

mesospheric structures created by gravity waves. Perturbations were introduced

at the halo front in a horizontal layer for the initial 5 ms of the total simulation
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time of ∼10 ms. Their results showed that a protrusion formed and grew at the

halo front, and then a positive streamer is formed from its tip (see Figure 1 in

[Liu et al., 2015a]). The same paper reported additional simulations of sprite

streamer initiation with weaker perturbations, stronger ambient fields, larger

perturbation wavelengths, and deeper perturbations. In comparison to the first

simulation case that is discussed above, when the amplitude of the perturbation

was decreased or its wavelength was increased, the time delay before streamer

initiation became longer. However, if the electric field strength or the vertical

depth of the perturbation was increased, the delay is reduced.

In addition to the delay of streamer initiation, the intensities of optical

emissions from the perturbation and the streamer head as well as their spatial

dimensions varied when the initial input parameters were changed. However, the

variation of initial input parameters does not affect the principal results reported

[Liu et al., 2015a]. This study indicates that long-delayed sprite streamers can

be successfully initiated at the sharp halo front by perturbations created by

gravity waves. As a follow up on this study, we will investigate the initiation

of prompt sprites from small scale perturbations created by gravity waves and

compare our simulation results with the latest high-speed observations of sprites.

6.5 Initiation Mechanism of Prompt Sprites

Prompt sprites are initiated at a higher altitude compared to the long-delayed

sprites. Proper ambient conditions of the upper atmosphere is considered in

our model, which is discussed in Section 3.2. For studying the initiation of

prompt sprites, we used a typical D-region ionospheric density profile. This
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density profile is controlled by two parameters: the reference altitude h′ and

the sharpness β. The value of h′ essentially shifts the density profile up or

down vertically while the value of β adjusts its steepness. Typical values for

these two parameters have been documented by many research groups [Bickel

et al., 1970; Hu et al., 2007; Thomson et al., 2007; Han and Cummer, 2010;

Shao et al., 2012; Salem et al., 2015]. The reported results indicate that the

reference altitude varies between 82-87 km with a typical value of 85.5 km, and

the sharpness parameter varies between 0.5-1.06 km−1. The value of 0.63±0.04

km−1 for sharpness represents a long-term average nighttime value measured

by Thomson et al. [2007] and therefore can be assumed to represent the typical

value of the sharpness parameter β.

Below, we present simulation results (see Figure 6.7) showing that a positive

streamer can successfully form from lower ionospheric structures created by

gravity waves. Simulation results shown in Figure 6.7 is initialized with n0 =

1.43×1013 m−3, h′ = 85 km, and β = 0.63 km−1, which produced a smooth D-

region ionospheric profile (see panel (A1)). The parameter τf , which represents

the time scale for electric field to reach E0 is set to be the typical duration (∼1

ms) of the lightning discharge. Electric field at the bottom boundary is set to

0.5Ek scaled from 72 km altitude.

In view of Fritts and Alexander [2003] and Hecht [2004], gravity waves typ-

ically affect deeper layers of the upper atmosphere for a long period of time.

Therefore, in our simulations, perturbation is introduced by modifying the elec-

tron impact ionization frequency νi (by multiplying it with [1 + A cos(kr)])

inside the whole simulation region during the entire simulation time. The wave

amplitude and the wave number of the perturbation are A = 1 and k = 2π/6
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Figure 6.7: Initiation of a positive streamer from lower ionospheric structures
created by gravity waves. Row (A) shows 2D cross-sections of electron density
distributions at four moments of time. Row (B) and (C) show 2D cross-sections
of electric field and 1PN2 distributions at three moments of time.
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km, respectively.

In Figure 6.7, row (A) shows 2D cross-sections of electron density distri-

butions at four moments of time. Row (B) and (C) show 2D cross-sections

of electric field and 1PN2 distributions at three moments of time, respectively.

At time t = 0 ms, panel (A1) shows a smooth initial ionospheric density pro-

file obtained with the typical reference altitude and sharpness parameters. At

t = 0.75 ms, Panel (A2) shows the level of electron density enhancement above

80 km altitude due to the growth of perturbation. At time t = 0.95 ms, the

positive streamer is born from the tip of the disturbance around ∼78 km al-

titude. Streamer initiation took less than a millisecond. After the positive

streamer is formed, it propagates towards lower altitudes with an average speed

of 3 × 107 m/s. Electric field enhancement around the tip of the disturbance

and the streamer head is shown in panels (B1-B2) and panel (B3), respectively.

The optical emissions associated with this initiation mechanism is shown in

three panels of row (C). Panel (C1) shows the appearance of a glow preceding

the streamer formation. As the perturbation continues to amplify in terms of

electric field magnitude and electron density, the preceding glow moves slightly

downward, shrinking in size, and becoming brighter. Panel (C3) shows the

optical signature of a fully formed streamer. The streamer head and point

of initiation gets bright as the streamer propagates toward the bottom of the

simulation domain. Streamer head is much brighter compared to the brightness

of the initiation point.

Figure 6.8 shows electric field and electron density profiles along the sym-

metry axis for the simulation case presented in Figure 6.7. Panel (A1) shows

the electric field profiles for the perturbation stage (solid lines) followed by the
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Figure 6.8: Time evolution of electric field and electron density profiles along the
symmetry axis. Panel (A1) shows the electric field profiles for the perturbation
stage (solid lines) followed by the forming streamer stage (dashed lines) and the
corresponding electron density profiles are shown in panel (A2). Panels (B1)
and (B2) show the time evolution of electric field and electron density profiles
along the symmetry axis for the fully formed streamer.

forming streamer stage (dashed lines), and the corresponding electron density

profiles are shown in panel (A2). Panels (B1) and (B2) show the time evolution

of electric field and electron density profiles along the symmetry axis for the

fully formed streamer.

Initially, electric field gradually increases below ∼82 km altitude and relaxes
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quickly above it. When the electric field reaches the value of breakdown field

(∼61.2 V/m) at time t = 0.65 ms, an electric field pulse starts to push out

around ∼80 km altitude. This electric field pulse starts shifting its peak location

towards lower altitudes and its magnitude gradually increases until time t =

0.9 ms. After this moment, the electric field pulse becomes sharper and the

magnitude of the peak electric field increases to the value of a fully formed

streamer head in 0.08 ms. At time t = 1 ms, streamer is fully formed. The

maximum electric field in the streamer head fluctuates within a narrow range

of ∼ 310− 340 V/m.

6.6 Comparison of Model Results with High-

Speed Observations

Below, we first discuss the details of the event that we chose as a candidate for

comparison. Then, the optical emissions associated with prompt sprite initia-

tion from natural ionospheric perturbations will be compared with high-speed

observations. We pay special attention to the principal parameters describing

the initiation process including time scales, spatial scales, and speeds for both

the structure and the streamer.

6.6.1 Short-Delayed Sprite Event: 15 July 2010, 07:06:09

UT

The event was recorded from the Langmuir Laboratory near Socorro, New Mex-

ico, at 07:06:09 UT on 15 July 2010. Two Phantom imagers with different field
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of views (7.3×7.3 and 1.3×0.6 degrees) were used to conduct the observation.

The event was also simultaneously recorded by a Watec scene video camera

which has a much larger field of view (14.2×10.4 degrees). The event was very

fast, lasting less than 10 ms in high speed images. Even though the high-speed

imagers had a small FOV, elve, sprite halo, and many streamers were captured

successfully by both imagers. We will mainly use the images from the high-

speed camera with a larger field of view for comparison, because both of the

structures leading to streamer initiation and streamers are fully contained in

multiple images recorded by the camera. The camera was operated at 12,500

frames per second which corresponds to 80µs between images and the image

exposure time was 78 µs (no gating). The numbers of vertical and horizontal

pixels for the image are 256×512. The altitude scale displayed on the images

of the event was obtained assuming that the sprite event occurred at the same

range of 310 km as the parent lightning strike reported by NLDN (National

Lightning Detection Network).

In high-speed images, appearance of an elve is a useful indicator for the

time delay of halo or streamers from the causative lightning discharge. The

event shown in Figure 6.9 is an example for such a case. The time stamps

in the top right corner of each image represent the amount of time passed

after the appearance of the elve. The image at the bottom right corner of

Figure 6.9, shows an image time series from the sections outlined by a white

rectangular box for 15 consecutive frames. The image time series show the

downward development of the halo structures and the streamer heads. The

streamer heads that are in the FOV are initiated from well-defined, arc-like

structures that have a transverse size on the order of ∼ 5 km. After the structure
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Figure 6.9: Images from an event observed on 15 July 2010 at 07:06:09 UT with
a high-speed camera recording at 12,500 frames per second [Liu et al., 2015b].

becomes visible at the top of the first panel of the image time series, it accelerates

and becomes brighter. An average speed of 1.1×107 m/s was obtained for the

structure descending with the halo. As time progresses, the arc-like structure

sharpens into a V-shape and the streamer head emerges from its tip. The V-

shape is clearly identifiable in the images. The streamers forming from the

structures accelerate and become bright in a very short period of time. The

streamer speed is 2.1×107 m/s. In this particular event, besides the streamer
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heads forming in the FOV, there are also bright streamer heads entering into

the FOV. These bright streamer heads split into many pieces before exiting

the frame. The event discussed above is chosen as a candidate for comparison

with our numerical modeling results mainly due to being short-delayed and the

involvement of sprite halo structures in streamer initiation.

6.7 Comparison of Principal Streamer Param-

eters

In Section 6.5, we reported simulation results showing that prompt sprites can

be initiated from perturbations created by gravity waves and explaining the

details of this initiation mechanism. In this section, we report results from

another simulation case that is designed for the purpose of comparison with

the high-speed event discussed above. The simulation is initialized with the

following input parameters, n0 = 1.43×1013 m−3, h′ = 89 km, and β = 1.1

km−1, E0 = 0.8Ek, and τ = 0.4 ms. The value of the reference altitude is about

2 km higher than the upper bound and the value of β is at the upper bound of

its range, as discussed in Section 6.5. We note that, the variability of nighttime

electron density profiles shown in Figure 6.10 [Friedrich and Rapp, 2009] does

not rule out the probability of such a profile used in our model to study prompt

sprite streamer initiation in the D-region ionosphere. Compared to the previous

simulation case, the initial parameters used here establish a relatively sharper

ionospheric density profile at 89 km altitude.

Figure 6.11(a) shows the entire FOV of the imager at time t = 0.88 ms.

Figure 6.11(b), shows an image time series from the sections outlined by a
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Figure 6.10: Non-auroral nighttime electron densities obtained by various tech-
niques between 1970 and 1993 [Friedrich and Rapp, 2009, Figure 11].

yellow rectangular box for 17 consecutive frames. Panels are 0.08 ms apart.

The simulation results showing 2D cross-sections of 1PN2 intensity distributions

for the model prompt sprite streamer are also shown sequentially in time, each

panel being 0.08 ms apart as well. At the beginning of the simulation, there

is a small fluctuation in time but after the fourth frame, the development of

structure to streamer sequence takes exactly the same amount of time in our

simulation results and the sprite event.

After the simulation is started at time t = 0 ms with an ambient field of

0.8Ek pointing vertically downward, the perturbation starts growing in terms

of the magnitude of electric field and electron density. At time t = 0.48 ms,

the electric field around ∼88 km altitude becomes strong enough and therefore

the emissions from 1PN2 becomes visible within the dynamic range of 105-109

R. As time progresses, the perturbation continues to amplify and the arc-like

glow starts to move towards lower altitudes, shrinking in size, and becoming
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2D cross-sections of 1PN2 intensity distributions for the model prompt sprite
streamer.

brighter. Right before the streamer initiation the structure reaches down to

∼83 km altitude. At time t = 0.8 ms, the speed of the structure is ∼1.3×107

m/s which is very close to the value of ∼1.1×107 m/s obtained from the sprite

event for the exact same moment of time. At time t = 0.96 ms, the arc-like

structure sharpens into a V-shape and the positive streamer is initiated from
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its tip at ∼82 km altitude. Sprite event discussed above also shows that the

positive streamer initiation ∼82 km altitude. The V-shape is still preserved in

the next frame with a time stamp t = 1.04 ms. The speed of the streamer head

at this moment of time is ∼1.72×107 m/s which is also very close to the value

of ∼2.1×107 m/s obtained for the sprite event for the exact same moment of

time. After it forms, streamer propagates down to ∼77 km altitude in 0.24

ms. In the sprite event, bright streamer head splits in the last frame, but the

model streamer does not split. The splitting of a streamer head is still an active

research topic and it is not fully understood yet.

In summary, the comparison of the optical emissions associated with prompt

sprite initiation between modeling results and an event recorded by high-speed

cameras on 15 July 2010, 07:06:09 UT shows close resemblance in terms of

appearance of the structure to streamer development. This is the first study

showing that the sprite streamer initiation mechanism proposed by Liu et al.

[2015a] can explain the main properties of prompt sprite streamer initiation, in-

cluding time scales, spatial scales, and speeds, observed by high-speed cameras.
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Chapter 7

Suggestions for Future Research

In this chapter, some potential future research topics are suggested for contin-

uing the work presented in this dissertation.

7.1 Sprite Beads

Sprite beads are another main structural feature in sprite video observations.

They are long-lasting bright spots appearing in the streamer channel after a

positive streamer head has formed and propagated away from the origin. The

typical lifetime of beads is about tens of milliseconds [Gerken and Inan, 2002]

but it can be as large as a second [Stenbaek-Nielsen and McHarg, 2008]. From

the analysis of high-speed observations of sprites, Cummer et al. [2006] reported

that positive streamer heads are attracted to adjacent previous streamer chan-

nels, and in some cases they merge into these channels and sprite beads seem

to appear at collision points. This study also suggests that beads can form

spontaneously around the lower edge of the bright column appearing around

the initiation point of the positive streamer.
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Luque and Gordillo-Vázquez [2011] reported simulation results showing that

beads may be formed in the streamer channel due to the collision of a streamer

with an electrically neutral inhomogeneity in the path of the streamer. Accord-

ing to Luque and Gordillo-Vázquez [2011], the bead forms immediately after

the passage of the streamer head but in high-speed video observations beads

appear when the streamer head has propagated a long distance (∼10 km). In
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Figure 7.1: Cross-sections of [(a)] electron density, [(b),(d)] electric field, and
[(c),(e)] 1PN2 intensity distributions for streamers forming from double patches
with a density ne0 = 8.7 × 109 m−3 in an ambient electric field of E0 = 0.8Ek
at 75 km altitude.

addition, even though there may be multiple different ways beads can form in

reality (e.g., spontaneous formation in the channel, at the locations of streamer

head splitting, collision points of streamer heads into the adjacent streamer

channels etc.), the theory proposed by Luque and Gordillo-Vázquez [2011] only

addresses the spontaneous appearance of the bead along the streamer channel.
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We have done a preliminary study by attempting to simulate streamer colli-

sion with an adjacent streamer channel by placing two vertically aligned columns

with a density ne0 = 8.7 × 109 m−3 in an ambient electric field of E0 = 0.8Ek.

The simulation results are presented in Figure 7.1. When the positive streamer

collides with the negative tip of the column below, electric field in the streamer

head collapses to a value ∼Ek. The bright region corresponding to the junction

of the upper streamer and the upper tip of the lower column may represent

sprite beads observed at collision of streamers [Cummer et al., 2006].

Current streamer models can not fully address the physical mechanisms

leading to appearance of the brightest and longest-lasting feature of sprites. In

sprite literature, there is a need for more advanced discharge model offering an

explanation for sprite bead formation. This will definitely improve and advance

our current understanding of sprite physics.

7.2 Streamer Branching

Branching of sprite streamers is another common feature in high-speed obser-

vations of sprites. Current theories on streamer branching believe that when

the streamer channel reaches an ideal conductivity condition, the streamer head

field increases. An analytical study by Arrayás et al. [2002] showed that when

the ideal conductivity condition is reached, streamer head splits if perturbations

were present in the streamer head front. However, a recent study by Sadighi

et al. [2015] showed that the streamer head is still unstable even when the

perturbations are not present and it is likely to branch. Their results also indi-

cated that the geometry of the streamer head is an important factor affecting
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Figure 7.2: Images of the event observed on July 15, 2010 at 07:06:09 UT
recorded at 16,000 frames per second. It is a false color image to enhance the
contrast of splitting streamers [Liu et al., 2015b]

the streamer branching.

McHarg et al. [2010] reported results of high-speed observations on streamer

tip splitting and found that the brightness of the streamer head increases before

the splitting. This increase in brightness may be due to the exponential growth

property of the streamer head as it propagates downward or it may be due to

increase in the streamer head field. In addition, a closer look at the streamer

head geometry in high-speed videos during the pre-branching stage could be

useful. To sum up, high-speed observations of sprite streamers should be further

analyzed to find an evidence for the current streamer branching theories.

106



Bibliography

S. Achat, Y. Teisseyre, and E. Marode. The scaling of the streamer-to-arc

transition in a positive point-to-plane gap with pressure. J. Phys. D: Appl.

Phys., 25(4):661–668, 1992.

R. A. Armstrong, J. A. Shorter, M. J. Taylor, D. M. Suszcynsky, W. A. Lyons,

and L. S. Jeong. Photometric measurements in the SPRITES’ 95 and 96

campaigns of nitrogen second positive (399.8 nm) and first negative (427.8

nm) emission. J. Atmos. Solar Terr. Phys., 60:787–799, 1998.

R. A. Armstrong, D. M. Suszcynsky, W. A. Lyons, and T. E. Nelson. Multi-color

photometric measurements of ionization and energies in sprites. Geophys. Res.

Lett., 27:653–657, 2000.

M. Arrayás, U. Ebert, and W. Hundsdorfer. Spontaneous branching of anode-

directed streamers between planar electrodes. Phys. Rev. Lett., 88:174502(R),

2002. doi: 10.1103/PhysRevLett.88.174502.

N. Y. Babaeva and G. V. Naidis. Dynamics of positive and negative streamers

in air in weak uniform electric fields. IEEE Trans. Plasma Sci., 25:375–379,

1997.

107



C. P. Barrington-Leigh, U. S. Inan, M. Stanley, and S. A. Cummer. Sprites

triggered by negative lightning discharges. Geophys. Res. Lett., 26:3605–3608,

December 1999. doi: 10.1029/1999GL010692.

C. P. Barrington-Leigh, U. S. Inan, and M. Stanley. Identification of sprites and

elves with intensified video and broadband array photometry. J. Geophys.

Res., 106(A2):1741–1750, 2001. doi: 10.1029/2000JA000073.

E. M. Bazelyan and Y. P. Raizer. Spark Discharge. Chemical Rubber Company

Press, New York, NY, 1998.

J. E. Bickel, J. A. Ferguson, and G. V. Stanley. Experimental observation of

magnetic field effects on vlf propagation at night. Radio Science, 5(1):19–25,

1970.

W. L. Boeck, O. H. Vaughan, R. J. Blakeslee, B. Vonnegut, and M. Brook.

Lightning induced brightening in the airglow layer. Geophys. Res. Lett., 19:

99, 1992.

A. Bourdon, V. P. Pasko, N. Y. Liu, S. Célestin, P. Ségur, and E. Marode. Ef-

ficient models for photoionization produced by non-thermal gas discharges in

air based on radiative transfer and the Helmholtz equations. Plasma Sources

Sci. T., 16:656–678, 2007. doi: 10.1088/0963-0252/16/3/026.

E. Bucsela, J. Morrill, M. Heavner, C. Siefring, S. Berg, D. Hampton,

D. Moudry, E. Wescott, and D. Sentman. N2(B
3Πg) and N+

2 (A2Πu) vibra-

tional distributions observed in sprites. J. Atmos. Solar Terr. Phys., 65:

583–590, 2003.

108



S. Celestin and V. P. Pasko. Effects of spatial non-uniformity of streamer

discharges on spectroscopic diagnostics of peak electric fields in tran-

sient luminous events. Geophys. Res. Lett., 37:L07804, April 2010. doi:

10.1029/2010GL042675.

S. Celestin and V. P. Pasko. Energy and fluxes of thermal runaway electrons

produced by exponential growth of streamers during the stepping of lightning

leaders and in transient luminous events. J. Geophys. Res., 116(A15):A03315,

March 2011. doi: 10.1029/2010JA016260.

J. W. Chamberlain. Theory of Planetary Atmospheres. Academic, San Diego,

Calif., 1978.

J. W. Chamberlain. Physics of the aurora and airglow. American Geophysical

Union, Washington, D.C., 1995.

A. B. Chen, C-L Kuo, Y-J Lee, H-T Su, R-R Hsu, J-L Chern, H. U. Frey, S. B.

Mende, Y. Takahashi, H. Fukunishi, Y. S. Chang, T-Y Liu, and L. C. Lee.

Global distributions and occurrence rates of transient luminous events. J.

Geophys. Res., 113:A08306, August 2008. doi: 10.1029/2008JA013101.

Vernon Cooray. The lightning flash, volume 34. IET, 2003.

S. A. Cummer and W. A. Lyons. Implication of lightning charge moment

changes for sprite initiation. J. Geophys. Res., 110:A04304, 2005. doi:

10.1029/2004JA010812.

S. A. Cummer, N. C. Jaugey, J. B. Li, W. A. Lyons, T. E. Nelson, and E. A.

Gerken. Submillisecond imaging of sprite development and structure. Geo-

phys. Res. Lett., 33:L04104, 2006. doi: 10.1029/2005GL024969.

109



S. A. Cummer, J. Li, F. Han, G. Lu, N. Jaugey, W. A. Lyons, and T. E. Nelson.

Quantification of the troposphere-to-ionosphere charge transfer in a gigantic

jet. Nat. Geosci., 2:617–620, September 2009. doi: 10.1038/ngeo607.

S. A. Cummer, W. A. Lyons, and M. A. Stanley. Three years of lightning im-

pulse charge moment change measurements in the United States. J. Geophys.

Res., 118:5176–5189, June 2013. doi: 10.1002/jgrd.50442.

SA Cummer and US Inan. Measurement of charge transfer in sprite-producing

lightning using ELF radio atmospherics. Geophys. Res. Lett., 24(14):1731–

1734, JUL 15 1997. doi: 10.1029/97GL51791.

S. K. Dhali and P. F. Williams. Two-dimensional studies of streamers in gases.

J. Appl. Phys., 62:4696–4707, 1987.

J. R. Dwyer and M. A. Uman. The physics of lightning. Phys. Rep., 534(4):

147–241, 2014.

M. I. Dyakonov and V. Y. Kachorovskii. Theory of streamer discharge in semi-

conductors. Sov. Phys. JETP, Engl. Transl., 67:1049, 1988.

U. Ebert, W. van Saarloos, and C. Caroli. Propagation and structure of

planar streamer fronts. Phys. Rev. E, 55:1530–1549, February 1997. doi:

10.1103/PhysRevE.55.1530.

U. Ebert, S. Nijdam, C. Li, A. Luque, T. Briels, and E. van Veldhuizen. Review

of recent results on streamer discharges and discussion of their relevance for

sprites and lightning. J. Geophys. Res., 115(A14):A00E43, July 2010. doi:

10.1029/2009JA014867.

110



H. E. Edens. Photographic and lightning mapping observations of a blue starter

over a New Mexico thunderstorm. Geophys. Res. Lett., 38:L17804, September

2011. doi: 10.1029/2011GL048543.

R. Fovell, D. Durran, and J. R. Holton. Numerical simulations of convectively

generated stratospheric gravity waves. J. Atmos. Sci., 49(16):1427–1442,

1992.

R. C. Franz, R. J. Nemzek, and J. R. Winckler. Television image of a large

upward electric discharge above a thunderstorm system. Science, 249:48,

1990.

H. U. Frey, S. B. Mende, S. A. Cummer, J. Li, T. Adachi, H. Fukunishi, Y. Taka-

hashi, A. B. Chen, R.-R. Hsu, H.-T. Su, and Y.-S. Chang. Halos generated

by negative cloud-to-ground lightning. Geophys. Res. Lett., 34(18):L18801,

SEP 18 2007. doi: 10.1029/2007GL030908.

M. Friedrich and M. Rapp. News from the lower ionosphere: A review of recent

developments. Surv. Geophys., 30(6):525–559, 2009.

D. C. Fritts and M. J. Alexander. Gravity wave dynamics and effects in the

middle atmosphere. 41:1003, March 2003. doi: 10.1029/2001RG000106.

W. R. Gamerota, S. A. Cummer, J. Li, H. C. Stenbaek-Nielsen, R. K. Haa-

land, and M. G. McHarg. Comparison of sprite initiation altitudes between

observations and models. J. Geophys. Res., 116:A02317, FEB 22 2011. doi:

10.1029/2010JA016095.

111



E. A. Gerken and U. S. Inan. A survey of streamer and diffuse glow dynamics

observed in sprites using telescopic imagery. J. Geophys. Res., 107(A11):1344,

2002. doi: 10.1029/2002JA009248.

E. A. Gerken, U. S. Inan, and C. P. Barrington-Leigh. Telescopic imaging of

sprites. Geophys. Res. Lett., 27:2637–2640, 2000.

D. L. Hampton, M. J. Heavner, E. M. Wescott, and D. D. Sentman. Optical

spectral characteristics of sprites. Geophys. Res. Lett., 23:89–93, 1996.

F. Han and S. A. Cummer. Midlatitude nighttime D region ionosphere vari-

ability on hourly to monthly time scales. J. Geophys. Res., 115:A09323,

September 2010. doi: 10.1029/2010JA015437.

J. H. Hecht. Instability layers and airglow imaging. 42:RG1001, March 2004.

doi: 10.1029/2003RG000131.

C. O. Hines. Internal atmospheric gravity waves at ionospheric heights. Can.

J. Phys., 38(11):1441–1481, 1960.

W. Y. Hu, S. A. Cummer, and W. A. Lyons. Lightning charge moment changes

for the initiation of sprites. Geophys. Res. Lett., 29(8):1279, 2002. doi:

10.1029/2001GL014593.

W. Y. Hu, S. A Cummer, and W. A Lyons. Testing sprite initiation the-

ory using lightning measurements and modeled electromagnetic fields. J.

Geophys. Res., 112:D13115, Jan 2007. doi: 10.1029/2006JD007939. URL

http://www.agu.org/pubs/crossref/2007/2006JD007939.shtml.

112



U. S. Inan, T. F. Bell, and J. V. Rodriguez. Heating and ionization of the lower

ionosphere by lightning. Geophys. Res. Lett., 18:705–708, April 1991. doi:

10.1029/91GL00364.

U. S. Inan, S. C. Reising, G. J. Fishman, and J. M. Horack. On the association

of terrestrial gamma-ray bursts with lightning and implications for sprites.

Geophys. Res. Lett., 23(9):1017–1020, 1996.

U. S. Inan, C. Barrington-Leigh, S. Hansen, V. S. Glukhov, T. F. Bell, and

R. Rairden. Rapid lateral expansion of optical luminosity in lightning-induced

ionospheric flashes referred to as ‘elves’. Geophys. Res. Lett., 24(5):583–586,

1997.

B. Kosar. Investigation of the exponential growth rates of sprite streamer char-

acteristics: Theory and simulations. Master’s thesis, Florida Institute of

Technology, 2010.

B. C. Kosar, N. Y. Liu, and H. K. Rassoul. Luminosity and propagation char-

acteristics of sprite streamers initiated from small ionospheric disturbances at

subbreakdown conditions. J. Geophys. Res., 117(A16):A08328, August 2012.

doi: 10.1029/2012JA017632.

B. C. Kosar, N. Y. Liu, and H. K. Rassoul. Formation of sprite streamers at sub-

breakdown conditions from ionospheric inhomogeneities resembling observed

sprite halo structures. Geophys. Res. Lett., 40:6282–6287, December 2013.

doi: 10.1002/2013GL058294.

113



I. A. Kossyi, A. Y. Kostinsky, A. A. Matveyev, and V. P. Silakov. Kinetic scheme

of the non-equilibrium discharge in nitrogen-oxygen mixtures. Plasma Sources

Sci. T., 1(3):207–220, 1992.

P. R. Krehbiel, J. A. Riousset, V. P. Pasko, R. J. Thomas, W. Rison, M. A.

Stanley, and H. E. Edens. Upward electrical discharges from thunderstorms.

Nat. Geosci., 1:233–237, 2008. doi: 10.1038/ngeo162.

A. A. Kulikovsky. A more accurate Scharfetter-Gummel algorithm of electron

transport for semiconductor and gas discharge simulation. J. Comput. Phys.,

119:149–155, 1995.

A. A. Kulikovsky. The role of photoionization in positive streamer dynamics.

J. Phys. D: Appl. Phys., 33:1514–1524, 2000.

C. L. Kuo, J. K. Chou, L. Y. Tsai, A. B. Chen, H. T. Su, R. R. Hsu, S. A.

Cummer, H. U. Frey, S. B. Mende, Y. Takahashi, and L. C. Lee. Discharge

processes, electric field, and electron energy in ISUAL-recorded gigantic jets.

J. Geophys. Res., 114(A13):A04314, April 2009. doi: 10.1029/2008JA013791.

A. S. Kyuregyan. Transverse instability of a plane front of fast impact ionization

waves. J. Exp. Theor. Phys., 114(5):857–866, 2012. ISSN 1063-7761. doi:

10.1134/S1063776112030168.

L. D. Landau and E. M. Lifshitz. Electrodynamics of Continuous Media. Perg-

amon Press Ltd., New York, 1960.

114



J. Li. Coordinated Analysis of Sprites with High Speed Images and Remote

Electromagnetic Fields. PhD thesis, Duke University, Durham, NC, 2010.

J. Li and S. A. Cummer. Measurement of sprite streamer acceleration and decel-

eration. Geophys. Res. Lett., 36:L10812, 2009. doi: 10.1029/2009GL037581.

J. Li and S. A. Cummer. Estimation of electric charge in sprites from optical

and radio observations. J. Geophys. Res., 116:A01301, 2011. ISSN 0148-0227.

doi: 10.1029/2010JA015391.

J. Li, S. A. Cummer, W. A. Lyons, and T. E. Nelson. Coordinated analysis of

delayed sprites with high-speed images and remote electromagnetic fields. J.

Geophys. Res., 113(D12):D20206, October 2008. doi: 10.1029/2008JD010008.

J. Li, S. A. Cummer, G. Lu, and L. Zigoneanu. Charge moment change and

lightning-driven electric fields associated with negative sprites and halos. J.

Geophys. Res., 117(A9):A09310, 2012. doi: 10.1029/2012JA017731.

N. Y. Liu. Model of sprite luminous trail caused by increasing streamer current.

Geophys. Res. Lett., 37:L04102, February 2010. doi: 10.1029/2009GL042214.

N. Y. Liu. Multiple ion species fluid modeling of sprite halos and the role of

electron detachment of O− in their dynamics. J. Geophys. Res., 117:A03308,

2012. doi: 10.1029/2011JA017062.

N. Y. Liu. Upper atmospheric electrical discharges. In V. Cooray, editor, The

Lightning Flash, pages 725–786. The Institution of Engineering and Technol-

ogy, London, UK, 2nd edition, 2014.

115



N. Y. Liu and V. P. Pasko. Effects of photoionization on propagation and

branching of positive and negative streamers in sprites. J. Geophys. Res.,

109:A04301, 2004. doi: 10.1029/2003JA010064.

N. Y. Liu and V. P. Pasko. Molecular nitrogen LBH band system far-UV

emissions of sprite streamers. Geophys. Res. Lett., 32:L05104, 2005. doi:

10.1029/2004GL022001.

N. Y. Liu and V. P. Pasko. Effects of photoionization on similarity properties

of streamers at various pressures in air. J. Phys. D: Appl. Phys., 39:327–334,

2006. doi: 10.1088/0022-3727/39/2/013.

N. Y. Liu, V. P. Pasko, D. H. Burkhardt, H. U. Frey, S. B. Mende, H.-T. Su,

A. B. Chen, R.-R. Hsu, L.-C. Lee, H. Fukunishi, and Y. Takahashi. Compar-

ison of results from sprite streamer modeling with spectrophotometric mea-

surements by ISUAL instrument on FORMOSAT-2 satellite. Geophys. Res.

Lett., 33:L01101, 2006. doi: 10.1029/2005GL024243.

N. Y. Liu, S. Célestin, A. Bourdon, V. P. Pasko, P. Ségur, and E. Marode.

Application of photoionization models based on radiative transfer and the

Helmholtz equations to studies of streamers in weak electric fields. Appl.

Phys. Lett., 91:211501, 2007. doi: 10.1063/1.2816906.

N. Y. Liu, V. P. Pasko, K. Adams, H. C. Stenbaek-Nielsen, and M. McHarg.

Comparison of acceleration, expansion and brightness of sprite streamers ob-

tained from modeling and high-speed video observations. J. Geophys. Res,

114:A00E03, 2009a. doi: 10.1029/2008JA013720.

116



N. Y. Liu, V. P. Pasko, H. U. Frey, S. B. Mende, H.-T. Su, A. B. Chen, R.-

R. Hsu, and L.-C. Lee. Assessment of sprite initiating electric fields and

quenching altitude of a1Πg state of N2 using sprite streamer modeling and

ISUAL spectrophotometric measurements. J. Geophys. Res, 114:A00E02,

2009b. doi: 10.1029/2008JA013735.

N. Y. Liu, B. Kosar, S. Sadighi, J. R. Dwyer, and H. K. Rassoul. Formation

of streamer discharges from an isolated ionization column at subbreakdown

conditions. Phy. Rev. Lett., 109(2):025002, July 2012. doi: 10.1103/Phys-

RevLett.109.025002.

N. Y. Liu, Joseph R Dwyer, Hans C Stenbaek-Nielsen, and Matthew G McHarg.

Sprite streamer initiation from natural mesospheric structures. Nat. Com-

mun., 2015a. in review.

N. Y. Liu, M. G. McHarg, and H. C. Stenbaek-Nielsen. High-altitude electrical

discharges associated with thunderstorms and lightning. J. Atmos. Solar

Terr. Phys., 2015b. , submitted.

N. Y. Liu, Nicholas Spiva, Joseph R Dwyer, Hamid K Rassoul, Dwayne Free,

and Steven A Cummer. Upward electrical discharges observed above Tropical

Depression Dorian. Nat. Commun., 6:5995, 2015c. doi: 10.1038/ncomms6995.

L. B. Loeb and J. M. Meek. The mechanism of spark discharge in air at atmo-

spheric pressure. J. Appl. Phys., 11:438–447, 1940.

A. Luque and U. Ebert. Emergence of sprite streamers from screening-ionization

waves in the lower ionosphere. Nat. Geosci., 2(11):757–760, 2009. doi:

10.1038/NGEO662.

117



A. Luque and U. Ebert. Sprites in varying air density: Charge conservation,

glowing negative trails and changing velocity. Geophys. Res. Lett., 37:L06806,

MAR 30 2010. ISSN 0094-8276. doi: 10.1029/2009GL041982.

A. Luque and F. J. Gordillo-Vázquez. Sprite beads originating from inhomo-

geneities in the mesospheric electron density. Geophys. Res. Lett., 38:L04808,

February 2011. doi: 10.1029/2010GL046403.

A. Luque and F. J. Gordillo-Vázquez. Mesospheric electric breakdown and

delayed sprite ignition caused by electron detachment. Nat. Geosci., 5:22–25,

2012. doi: 10.1038/ngeo1314.

W. A. Lyons. Sprite observations above the U.S. high plains in relation to their

parent thunderstorm systems. J. Geophys. Res., 101:29641, 1996.

W. A. Lyons. The meteorology of transient luminous events - An introduction

and overview. In M. Füllekrug and E. A. Mareev and M. J. Rycroft, editor,

Sprites, Elves and Intense Lightning Discharges, volume 225 of NATO Sci-

ence Series II: Mathematics, Physics and Chemistry, pages 19–56. Springer,

HEIDleberg, Germany, 2006.

W. A. Lyons, Thomas E. Nelson, Russell A. Armstrong, Victor P. Pasko, and

Mark A. Stanley. Upward electrical discharges from thunderstorm tops. Bull.

Am. Meteorol. Soc., 84(4):445–454, 2003. doi: 10.1175/BAMS-84-4-445.

R. A. Marshall. An improved model of the lightning electromagnetic field in-

teraction with the d-region ionosphere. J. Geophys. Res., 117:A03316, 2012.

doi: 10.1029/2011JA017408.

118



M. G. McHarg, R. K. Haaland, D. R. Moudry, and H. C. Stenbaek-Nielsen.

Altitude-time development of sprites. J. Geophys. Res., 107(A11):1364, 2002.

doi: 10.1029/2001JA000283.

M. G. McHarg, T. Kammae, and H. C. Stenbaek-Nielsen. Streamer formation in

sprites. Eos Trans. AGU, 86(52), 2005. Fall Meet. Suppl., Abstract AE11A-

04.

M. G. McHarg, H. C. Stenbaek-Nielsen, and T. Kammae. Streamer development

in sprites. Geophys. Res. Lett., 34:L06804, 2007. doi: 10.1029/2006GL027854.

M. G. McHarg, H. C. Stenbaek-Nielsen, T. Kanmae, and R. K. Haaland.

Streamer tip splitting in sprites. J. Geophys. Res., 115:A00E53, August 2010.

doi: 10.1029/2009JA014850.

S. B. Mende, R. L. Rairden, G. R. Swenson, and W. A. Lyons. Sprite spectra;

N2 1 PG band identification. Geophys. Res. Lett., 22:2633–2637, 1995.

S. B. Mende, H. U. Frey, R. R. Hsu, H. T. Su, A. B. Chen, L. C. Lee,

D. D. Sentman, Y. Takahashi, and H. Fukunishi. D region ionization

by lightning-induced EMP. J. Geophys. Res., 110:A11312, 2005. doi:

10.1029/2005JA011064.

J. Morrill, E. Bucsela, C. Siefring, M. Heavner, S. Berg, D. Moudry, S. Slinker,

R. Fernsler, E. Wescott, D. Sentman, and D. Osborne. Electron energy and

electric field estimates in sprites derived from ionized and neutral N2 emis-

sions. Geophys. Res. Lett., 29(10):1462, 2002. doi: 10.1029/2001GL014018.

119



G. D. Moss, V. P. Pasko, N. Y. Liu, and G. Veronis. Monte Carlo model for

analysis of thermal runaway electrons in streamer tips in transient luminous

events and streamer zones of lightning leaders. J. Geophys. Res., 111:A02307,

2006. doi: 10.1029/2005JA011350.

D. R. Moudry, H. C. Stenbaek-Nielsen, D. D. Sentman, and E. M. Wescott.

Imaging of elves, halos and sprite initiation at 1 ms time resolution. J. Atmos.

Solar Terr. Phys., 65:509–518, 2003. doi: 10.1016/S1364-6826(02)00323-1.

G. V. Naidis. Simulation of streamer-to-spark transition in short non-uniform

air gaps. J. Phys. D: Appl. Phys., 32:2649–2654, 1999.

T. Neubert and O. Chanrion. On the electric breakdown field of the mesosphere

and the influence of electron detachment. Geophys. Res. Lett., 40:2373–2377,

2013. doi: 10.1002/grl.50433.

M. M. Nudnova and A. Y. Starikovskii. Streamer head structure: role of ion-

ization and photoionization. J. Phys. D: Appl. Phys., 41(23):234003, 2008.

V. P. Pasko. Electric jets. Nature, 423:927–929, 2003.

V. P. Pasko. Theoretical modeling of sprites and jets. In M. Füllekrug, E.

A. Mareev and M. J. Rycroft, editor, Sprites, Elves and Intense Lightning

Discharges, volume 225 of NATO Science Series II: Mathematics, Physics

and Chemistry, pages 253–311. Springer, Heidleberg, Germany, 2006.

V. P. Pasko. Blue jets and gigantic jets: transient luminous events between

thunderstorm tops and the lower ionosphere. Plasma Phys. Control. Fusion,

50:124050, December 2008. doi: 10.1088/0741-3335/50/12/124050.

120



V. P. Pasko. Recent advances in theory of transient luminous events. J. Geophys.

Res., 115:A00E35, 2010. doi: 10.1029/2009JA014860.

V. P. Pasko, U. S. Inan, and T. F. Bell. Sprites as evidence of vertical gravity

wave structures above mesoscale thunderstorms. Geophys. Res. Lett., 24:

1735–1738, 1997. doi: 10.1029/97GL01607.

V. P. Pasko, U. S. Inan, T. F. Bell, and Y. N. Taranenko. Sprites produced by

quasi-electrostatic heating and ionization in the lower ionosphere. J. Geophys.

Res., 102(A3):4529–4561, 1997. doi: 10.1029/96JA03528.

V. P. Pasko, U. S. Inan, and T. F. Bell. Spatial structure of sprites. Geophys.

Res. Lett., 25:2123–2126, 1998.

V. P. Pasko, U. S. Inan, and T. F. Bell. Fractal structure of sprites. Geophys.

Res. Lett., 27(4):497–500, 2000. doi: 10.1029/1999GL010749.

V. P. Pasko, M. A. Stanley, J. D. Matthews, U. S. Inan, and T. G. Wood.

Electrical discharge from a thundercloud top to the lower ionosphere. Nature,

416:152–154, 2002. doi: 10.1038/416152a.

V. P. Pasko, Y. Yair, and C.-L. Kuo. Lightning Related Transient Lumi-

nous Events at High Altitude in the Earth’s Atmosphere: Phenomenology,

Mechanisms and Effects. Space Sci. Rev., 168:475–516, June 2011. doi:

10.1007/s11214-011-9813-9.

V. P. Pasko, J. Qin, and S. Celestin. Toward Better Understanding of Sprite

Streamers: Initiation, Morphology, and Polarity Asymmetry. Surv. Geophy.,

34:797–830, July 2013. doi: 10.1007/s10712-013-9246-y.

121



J. Qin, S. Celestin, and V. P. Pasko. Formation of single and double-headed

streamers in sprite-halo events. Geophys. Res. Lett., 39:L05810, 2012. doi:

10.1029/2012GL051088.

J. Qin, S. Celestin, and V. P. Pasko. On the inception of streamers from sprite

halo events produced by lightning discharges with positive and negative po-

larity. J. Geophys. Res., 116:A06305, 2011. doi: 10.1029/2010JA016366.

Jianqi Qin, Victor P Pasko, Matthew G McHarg, and Hans C Stenbaek-

Nielsen. Plasma irregularities in the D-region ionosphere in associa-

tion with sprite streamer initiation. Nat. Comm., 5:3740, 2014. doi:

doi:10.1038/ncomms4740.

Y. P. Raizer. Gas Discharge Physics. Springer-Verlag, New York, NY, 1991.

S. C. Reising, U. S. Inan, T. F. Bell, and W. A. Lyons. Evidence for continuing

current in sprite-producing cloud-to-ground lightning. Geophys. Res. Lett.,

23(24):3639–3642, 1996.

J. A. Riousset, V. P. Pasko, P. R. Krehbiel, W. Rison, and M. A. Stanley. Model-

ing of thundercloud screening charges: Implications for blue and gigantic jets.

J. Geophys. Res., 115:A00E10, January 2010. doi: 10.1029/2009JA014286.

R. J. Roth. Industrial Plasma Engineering, Vol. 1: Principles. IOP Publishing

Ltd, 1995.

S. Sadighi, N. Y. Liu, J. R. Dwyer, and H. K. Rassoul. Streamer formation

and branching from model hydrometeors in subbreakdown conditions inside

thunderclouds. J. Geophys. Res., 2015.

122



Mohammad A. Salem, Ningyu Liu, and Hamid K. Rassoul. Effects of small

thundercloud electrostatic fields on the ionospheric density profile. Geo-

phys. Res. Lett., 2015. ISSN 1944-8007. doi: 10.1002/2015GL063268. URL

http://dx.doi.org/10.1002/2015GL063268.

D. D. Sentman, E. M. Wescott, D. L. Osborne, D. L. Hampton, and M. J.

Heavner. Preliminary results from the Sprites94 campaign: Red sprites. Geo-

phys. Res. Lett., 22:1205–1208, 1995.

D. D. Sentman, E. M. Wescott, R. H. Picard, J. R. Winick, H. C. Stenbaek-

Nielsen, E. M. Dewan, D. R. Moudry, F. T. S ao Sabbas, M. J. Heavner,

and J. Morrill. Simultaneous observations of mesospheric gravity waves and

sprites generated by a midwestern thunderstorm. J. Atmos. Solar Terr. Phys.,

65:537–550, 2003.

D. D. Sentman, H. C. Stenbaek-Nielsen, M. G. McHarg, and J. S. Morrill.

Plasma chemistry of sprite streamers. J. Geophys. Res., 113:D11112, June

2008. doi: 10.1029/2007JD008941.

X.-M. Shao, E. H. Lay, and A. R. Jacobson. Reduction of electron density in

the night-time lower ionosphere in response to a thunderstorm. Nat. Geosci.,

6:29–33, January 2012. doi: 10.1038/ngeo1668.

D. P. Sipler and M. A. Biondi. Measurements of O(1D) quenching rates in the

F region. J. Geophys. Res., 77:6202–6212, 1972.

J. B. Snively and V. P. Pasko. Breaking of thunderstorm-generated gravity

waves as a source of short-period ducted waves at mesopause altitudes. Geo-

phys. Res. Lett., 30(24):2254, 2003. doi: 10.1029/2003GL018436.

123



M. Stanley, P. Krehbiel, M. Brook, C. Moore, W. Rison, and B. Abrahams. High

speed video of initial sprite development. Geophys. Res. Lett., 26:3201–3204,

1999.

H. C. Stenbaek-Nielsen and M. G. McHarg. High time-resolution sprite imag-

ing: observations and implications. J. Phys. D: Appl. Phys., 41(23):234009,

December 2008. doi: 10.1088/0022-3727/41/23/234009.

H. C. Stenbaek-Nielsen, D. R. Moudry, E. M. Wescott, D. D. Sentman, and

F. T. S ao Sabbas. Sprites and possible mesospheric effects. Geophys. Res.

Lett., 27:3829–3832, 2000.

H. C. Stenbaek-Nielsen, M. G. McHarg, T. Kammae, and D. D. Sentman. Ob-

served emission rates in sprite streamer heads. Geophys. Res. Lett., 34:L11105,

2007. doi: 10.1029/2007GL029881.

H. C. Stenbaek-Nielsen, M. G. McHarg, R. Haaland, and T. Kanmae. Sprite halo

structures and streamer onset. General Assembly and Scientific Symposium,

2011 XXXth URSI, pages 1–4, 2011.

H. C. Stenbaek-Nielsen, T. Kanmae, M. G. McHarg, and R. Haaland. High-

Speed Observations of Sprite Streamers. Surv. Geophys., 34:769–795, March

2013. doi: 10.1007/s10712-013-9224-4.

H. C. Stenbaek-Nielsen, R. Haaland, M. G. McHarg, B. A. Hensley, and T. Kan-

mae. Sprite initiation altitude measured by triangulation. J. Geophys. Res.,

115:A00E12, MAR 2 2010. doi: 10.1029/2009JA014543.

124



H. T. Su, R. R. Hsu, A. B. Chen, Y. C. Wang, W. S. Hsiao, W. C. Lai, L. C.

Lee, M. Sato, and H. Fukunishi. Gigantic jets between a thundercloud and

the ionosphere. Nature, 423:974–976, 2003. doi: 10.1038/nature01759.

D. M. Suszcynsky, R. Strabley, R. Roussel-Dupre, E. M. D. Symbalisty, R. A.

Armstrong, W. A. Lyons, and M. Taylor. Video and photometric observations

of a sprite in coincidence with a meteor-triggered jet event. J. Geophys. Res.,

104(D24):31361–31368, 1999. doi: 10.1029/1999JD900962.

Y. Takahashi, Y. Sanmiya, M. Sato, T. Kudo, and T. Inoue. Lifetime and

structures of TLEs captured by high-speed camera on board aircraft. 2012.

Abstract AE41A-07 presented at 2012 Fall Meeting, AGU, San Francisco,

Calif., 3-7 Dec.

M. J. Taylor, M. A. Bailey, P. D. Pautet, S. A. Cummer, N. Jaugey, J. N.

Thomas, N. N. Solorzano, F. Sao Sabbas, R. H. Holzworth, O. Pinto, and

N. J. Schuch. Rare measurements of a sprite with halo event driven by a

negative lightning discharge over Argentina. Geophys. Res. Lett., 35:L14812,

2008. doi: 10.1029/2008GL033984.

N. R. Thomson, M. A. Clilverd, and W. M. McRae. Nighttime ionospheric d

region parameters from vlf phase and amplitude. J. Geophys. Res., 112(A7),

2007.

A. V. Vallance-Jones. Aurora. D. Reidel Publishing Co., Norwell, Mass, 1974.

125



O. A. van der Velde, W. A. Lyons, T. E. Nelson, S. A. Cummer, J. Li,

and J. Bunnell. Analysis of the first gigantic jet recorded over continen-

tal North America. J. Geophys. Res., 112:D20104, October 2007. doi:

10.1029/2007JD008575.

P. A. Vitello, B. M. Penetrante, and J. N. Bardsley. Simulation of negative-

streamer dynamics in nitrogen. Phys. Rev. E, 49:5574–5598, 1994.

J. R. Wait and K. P. Spies. Characteristics of the Earth-ionosphere waveguide

for VLF radio waves. Tech. Note 300, 1964. National Bureau of Standards,

Boulder, Colo., Dec. 30.

E. M. Wescott, D. Sentman, D. Osborne, D. Hampton, and M. Heavner. Pre-

liminary results from the Sprites94 aircraft campaign: 2. Blue jets. Geophys.

Res. Lett., 22(10):1209–1212, 1995.

E. M. Wescott, D.D. Sentman, M.J. Heavner, D.L. Hampton, W. A. Lyons,

and T. Nelson. Observations of ‘Columniform’ sprites. J. Atmos. Solar Terr.

Phys., 60:733–740, 1998.

E. M. Wescott, H. C. Stenbaek-Nielsen, D. D. Sentman, M. J. Heavner, D. R.

Moudry, and F. T. S. Sabbas. Triangulation of sprites, associated halos and

their possible relation to causative lightning and micrometeors. J. Geophys.

Res., 106(A6):10467–10478, 2001. doi: 10.1029/2000JA000182.

C. T. R. Wilson. The electric field of a thundercloud and some of its effects.

Proc. Phys. Soc. London, 37(32D), 1925.

126



Y. Yamada, H. Fukunishi, T. Nakamura, and T. Tsuda. Breaking of small-scale

gravity wave and transition to turbulence observed in OH airglow. Geophys.

Res. Lett., 28:2153–2156, 2001. doi: 10.1029/2000GL011945.

N. A. Zabotin and J. W. Wright. Role of meteoric dust in sprite formation.

Geophys. Res. Lett., 28(13):2593–2596, 2001. doi: 10.1029/2000GL012699.

X. M. Zhao, J. C. Diels, C. Y. Wang, and J. M. Elizondo. Femtosecond ul-

traviolet laser pulse induced lightning discharge in gases. IEEE J. Quantum

Electronics, 31:599–612, 1995.

127



Vita

BURCU KOSAR

April 23, 1984
Born in Istanbul, Turkey.

Education:

2004 - 2008, Florida Institute of Technology, Melbourne, FL, USA
B.S., Physics (magna cum laude)

2008 - 2010, Florida Institute of Technology, Melbourne, FL, USA
M.S., Space Sciences
Thesis Topic: Investigation of the Exponential Growth Rates of Sprite Streamer
Characteristics: Theory and Simulations
Major Advisor: Dr. Ningyu Liu
Co-Advisor: Dr. Hamid Rassoul

2010 - 2015, Florida Institute of Technology, Melbourne, FL, USA
Ph.D., Physics
Dissertation Topic: Sprite Streamer Formation and Propagation: Theory and
Observations
Major Advisor: Dr. Ningyu Liu
Co-Advisor: Dr. Hamid Rassoul

Journal Publications:

Kosar, B. C., N. Liu, and H. K. Rassoul (2013), Formation of sprite streamers at
subbreakdown conditions from ionospheric inhomogeneities resembling observed
sprite halo structures, Geophys. Res. Lett., 40, doi:10.1002/2013GL058294.



Kosar, B. C., N. Liu, and H. K. Rassoul (2012), Luminosity and propagation
characteristics of sprite streamers initiated from small ionospheric disturbances
at subbreakdown conditions, J. Geophys. Res., 117, A08328, doi:10.1029/
2012JA017632.

Liu, N. Y., B. Kosar, S. Sadighi, J. R. Dwyer, and H. K. Rassoul (2012), Forma-
tion of streamer discharges from an isolated ionization column at sub-breakdown
conditions, Phys. Rev. Lett., 109, 025002.

Conference Presentations:

Kosar, B., N. Liu, and H. K. Rassoul, (2012), Investigation of the density re-
quirement for ionospheric patches for sprite streamer formation atsubbreakdown
conditions, paper presented at CEDAR Workshop, Natl. Sci. Found., Santa Fe,
NM.

Kosar, B., N. Liu, and H. K. Rassoul, (2012), Investigation of luminosity and
propagation characteristics of sprite streamers initiated from small ionospheric
disturbances in lightning electric field below breakdown threshold field, paper pre-
sented at URSI National Radio Science Meeting, Boulder, CO.

Kosar, B., N. Liu, and H. K. Rassoul, (2011), Sprite streamer formation in
subbreakdown conditions from an ionospheric disturbance, paper presented at
AGU Fall Meeting 2011, San Francisco, CA.

Kosar, B., N. Liu, and H. K. Rassoul, (2011), Sprite streamer formation in
subbreakdown conditions, paper presented at CEDAR Workshop, Natl. Sci.
Found., Santa Fe, NM.

Kosar, B., N. Liu, and H. K. Rassoul, (2010), Investigation of the exponen-
tial growth rate of sprite streamer characteristics, paper presented at AGU Fall
Meeting 2010, San Francisco, CA.

Kosar, B., N. Liu, and H. K. Rassoul, (2010), Effects of ambient field and al-
titude variation on exponential growth rate of a model positive sprite streamer,
paper presented at CEDAR Workshop, Natl. Sci. Found., Boulder, CO.

Kosar, B., N. Liu, and H. K. Rassoul, (2010), Variation of the sprite streamer
exponential growth rate with ambient electric field and altitude, paper presented
at URSI National Radio Science Meeting, Boulder, CO.



Awards/Honors:

CEDAR Student Poster, 2nd Prize - MLT, 2013.

AGU Outstanding Student Presentation Award, 2011.

CEDAR Student Poster, 2nd Prize - MLT, 2011.

Outstanding Graduate in Physics, 2009, 2010.

Distinguished Student Scholar, 2006, 2007, 2008.

Memberships:

American Geophysical Union (AGU), 2009 - Present.

Sigma Pi Sigma (Physics Honor Society), 2007 - Present.


