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Abstract

The work presented in this dissertation is dedicated to the investigation of leader
discharge mechanisms in lightning and transient luminous events. We introduce
two new numerical models of the leader process that capture its onset and propagation, as brieﬂy described below.
The ﬁrst theoretical model simulates air heating and streamer-to-leader transition in gas discharges. The model accounts for all physical processes known
to play a role in the conversion of a streamer corona to a leader channel. Detailed discussion on the role of electron detachment in the development of the
thermal-ionizational instability that triggers the spark development in short air
gaps is presented. The dynamics of fast heating by quenching of excited electronic
states is discussed and the scaling of its main channels with ambient air density is
quantiﬁed. The developed model is employed to study the streamer-to-leader transition process and to obtain its scaling with ambient air density. The introduced
methodology for estimation of leader speeds is based on the assumption that the
propagation of a leader is limited by the air heating of every newly-formed leader
section. It is demonstrated that the streamer-to-leader transition time has an
inverse-squared dependence on the ambient air density at near-ground pressures,
in agreement with similarity laws for Joule heating in a streamer channel. Model
results indicate that a deviation from this similarity scaling occurs at very-low air
densities, where the rate of electronic power deposition is balanced by the channel expansion, and air heating from quenching of excited electronic states is very
ineﬃcient. These ﬁndings place a limit on the maximum altitude at which a hot
and highly-conducting lightning leader channel can be formed in the Earth’s atmosphere. This result is important for understating of the gigantic jet discharges
between thundercloud tops and the lower ionosphere. Our simulations of leader
propagation at stratospheric altitudes demonstrate that initial speeds of gigantic
jets are consistent with the leader propagation mechanism, and that the observed
iii

acceleration in gigantic jets can be attributed to the expansion of its streamer
zone in a medium of exponentially-decreasing air density. This process deﬁnes the
existence of an altitude at which the streamer zone becomes so long that it dynamically extends all the way to the ionosphere. We extend the air heating model
to simulate the eﬀects of strong currents ﬂowing in sprites in the mesosphere. We
show that fast air heating (due to quenching of excited electronic states) in sprite
cores can produce &0.01 Pa pressure perturbations on the ground, observed in
association with sprites.
The second theoretical model simulates the electromagnetic radiation generated during the initial breakdown stage of lightning discharges. We use this model
to describe in detail how the leader discharge dynamics generates the so-called
initial breakdown pulses (IBPs) and narrow bipolar events (NBEs) observed with
multi-station electric ﬁeld change sensors on the ground. IBPs have been correlated
with individual bursts of light that appear to be illuminations of a lightning leader
channel; as a ﬂash evolves the location of IBP sources inside the cloud coincides
with the position of negative leaders as determined by a VHF lightning mapping
system. NBEs are electric ﬁeld signatures with broadband waveforms resembling
classic IBPs in both amplitude and duration. Nonetheless, NBEs are quite peculiar
in the sense that very infrequently they are followed by conventional lightning processes. Only a small fraction of positive-polarity NBEs happen as the ﬁrst event in
an otherwise regular intracloud lightning discharge. Typically, the initiator-type
of NBEs has no diﬀerence with other NBEs that did not start lightning, except for
the fact that they occur deeper inside the thunderstorm (i.e., at lower altitudes).
In this dissertation we propose that IBPs and NBEs are the electromagnetic transients associated with the sudden (i.e., stepwise) elongation of the initial negative
leader extremity in the thunderstorm electric ﬁeld. To demonstrate our hypothesis
we use a novel model of the leader electrodynamics. It consists of a generalization
of electrostatic and transmission-line approximations existing in the refereed literature. We demonstrate how the IBP and NBE waveform characteristics directly
reﬂect the properties of the bidirectional lightning leader (such as step length, for
example) and amplitude of the thunderstorm electric ﬁeld.

iv

Table of Contents

List of Figures

viii

List of Tables

xiv

List of Abbreviations

xv

Acknowledgments

xvi

Chapter 1
Introduction
1.1 Phenomenology of Positive and Negative Leaders . . . . . . . . .
1.2 Air Heating and Leader Formation in Transient Luminous Events
1.2.1 Evidences of Air Heating and Leader Discharge Development in Upward Jets from Thundercloud Tops . . . . . . .
1.2.2 Evidences of Air Heating Within Sprite Streamer Channels
1.2.3 Brief Review of Air Heating Modeling Eﬀorts in the Context
of Electrical Discharges . . . . . . . . . . . . . . . . . . . .
1.3 Electromagnetic Signals Associated to the Initial Breakdown Stage
of Lightning Flashes . . . . . . . . . . . . . . . . . . . . . . . . .
1.3.1 Phenomenology of Initial Breakdown Pulses (IBPs) . . . .
1.3.2 Phenomenology of Narrow Bipolar Events (NBEs) . . . . .
1.3.3 Previous Modeling of IBP and NBE Sources . . . . . . . .
1.4 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . . .
1.5 Organization of the Dissertation . . . . . . . . . . . . . . . . . . .
1.6 Scientiﬁc Contributions . . . . . . . . . . . . . . . . . . . . . . . .

v

.
.

1
2
5

.
.

5
9

.

11

.
.
.
.
.
.
.

13
13
15
17
20
21
22

Chapter 2
Modeling of Air Heating and Streamer-to-Leader Transition in
Gas Discharges
2.1 Gas Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Kinetic Scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3 Energy Transfer from Charged to Neutral Particles . . . . . . . .
2.4 Vibrational-Translational Energy Relaxation . . . . . . . . . . . .

.
.
.
.

24
26
30
34
39

Chapter 3
Dynamics of Air Heating Driven by an Externally-Maintained
Electric Field
44
3.1 Breakdown of Short Air Gaps . . . . . . . . . . . . . . . . . . . . . 46
3.2 Scaling of Fast Heating with Electric Field and Altitude . . . . . . 50
3.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
Chapter 4
Dynamics of Streamer-to-Leader Transition and Its Scaling with
Ambient Air Density
55
4.1 Streamer-to-Leader Transition at Ground Level Pressure . . . . . . 56
4.2 Scaling of Streamer-to-Leader Transition Time and Leader Speed
with Altitude . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
Chapter 5
On the Upward Propagation of Gigantic Jets
5.1 Simulation of an Upward Leader at Gigantic Jet Altitudes
5.2 Eﬀective Dependence of Leader Speed on Current Density
5.3 Expansion of Gigantic Jet Streamer Zone . . . . . . . . . .
5.4 Acceleration of Gigantic Jets and Their Vertical Structure
5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

71
73
76
77
81
83

Chapter 6
Air Heating and Infrasound Radiation in Sprites
84
6.1 Conceptual Model of Air Heating in Sprite Cores . . . . . . . . . . 86
6.2 Infrasonic Acoustic Waves Generated by Fast Air Heating in Sprite
Cores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

vi

Chapter 7
Modeling of Electromagnetic Signals Associated to the Initial
Breakdown Stage of Lightning Flashes
95
7.1 Thunderstorm Charge Distribution and Source Heights of Initial
Breakdown Pulses (IBPs) and Narrow Bipolar Events (NBEs) . . . 96
7.2 Conceptual Model for IBP and NBE Generation . . . . . . . . . . . 99
7.3 Numerical Model of Charges and Currents in a Developing Lightning Leader . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
Chapter 8
Physical Mechanism of Initial Breakdown Pulses and Narrow
Bipolar Events in Lightning Discharges
8.1 Dynamics of Charges and Currents Generating Initial Breakdown
Pulses (IBPs) in Cloud-to-Ground Lightning . . . . . . . . . . . .
8.2 Eﬀects of the Leader Step Characteristics on Narrow Bipolar Event
(NBE) Waveforms . . . . . . . . . . . . . . . . . . . . . . . . . .
8.3 On the Origin of the Initial Leader Segment . . . . . . . . . . . .
8.4 Bouncing-Wave Mechanism of IBP and NBE Source Currents . .
8.5 NBEs, Conventional Lightning, Blue Jets, and Gigantic Jets . . .
8.6 IBPs and Terrestrial Gamma Ray Flashes . . . . . . . . . . . . .
8.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Chapter 9
Suggestions for Future Research
9.1 Polarity-Dependent Length and Time Scales for the Streamer-toLeader Transition Process . . . . . . . . . . . . . . . . . . . . . .
9.2 Morphology and Dynamics of Jet Discharges . . . . . . . . . . . .
9.3 Long Persistency of Sprite Beads . . . . . . . . . . . . . . . . . .
9.4 Asymmetries Between Positive and Negative Lightning Flashes . .

107
. 107
.
.
.
.
.
.

112
116
118
119
120
121
123

.
.
.
.

123
124
125
126

Appendix A
List of Chemical Reactions Used in the Air Heating Model

129

References

135

vii

List of Figures
1.1

1.2

1.3

1.4

1.5

1.6

Observed features (a,b) and inferred schematics (c,d) of laboratory
leaders. Panels (a,c) show positive-polarity leaders, while panels
(b,d) show negative-polarity ones. Adapted from Figure 4 of Gallimberti et al. [2002]. . . . . . . . . . . . . . . . . . . . . . . . . .
Examples of upward discharges from thundercloud tops: (a) blue
starter [Edens, 2011, Figs. 1 and 3], (b) blue jet [Wescott et al.,
2001, Fig. 1], and (c) gigantic jet [Soula et al., 2011, Figs. 5 and
11]. Top/bottom rows contain color/grayscale pictures of the same
events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Simulated discharges illustrating the diﬀerent known and postulated lightning types in a normally electried storm [Krehbiel et al.,
2008, Fig. 4]. (a–f), Blue and red contours and numbers indicate
negative and positive charge regions and charge amounts (c), respectively, each assumed to have a Gaussian spatial distribution. A
partially analogous set of discharges occurs or would be predicted
to occur in storms having inverted electrical structures (see Fig. S5
in Krehbiel et al. [2008, Supplementary Information]). . . . . . . .
Observed features (top panels) and inferred schematics (bottom
panels) laboratory leaders. Left panels show positive-polarity leaders, while right panels show negative-polarity ones [Cummer et al.,
2006, Fig. 2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Simulated electric ﬁeld IBP waveform as observed by four sensors
at diﬀerent ranges D, as reported by Karunarathne et al. [2014,
Fig. 4]. Time is measured from the arrival of the ﬁrst peak in the
closest sensor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Simulated electric ﬁeld NBE waveform as observed by two sensors
at far (a) and close (b) range, as reported by Eack [2004, Fig. 1].
Time is measured from the arrival of the ﬁrst peak in each sensor.

viii

.

3

.

7

.

9

.

10

.

14

.

16

2.1

2.2

2.3

2.4

3.1

3.2

(a) Sketch of a positive leader highlighting the simulated region.
(b) Exponential decrease of ambient air density with altitude in
Earth’s atmosphere. Bottom axis present Namb in cm−3 , while top
axis presents Namb /N0 , where N0 = 2.5×1019 cm−3 is the ambient
air density at ground level. . . . . . . . . . . . . . . . . . . . . . .
(a) Dependence of viscosity µv and heat conduction κT coeﬃcients
on translational temperature T [Boulos et al., 1994, pp. 413–417].
(b) Dependence of the correction factor F , that accounts for electron energy gained in super elastic collisions with vibrationally excited N2 (v), on vibrational temperature TV [Benilov and Naidis,
2003, eq. (8)]. Panel (a) also shows a simpliﬁed description for the
heat conduction coeﬃcient κ∗∗
described in the text. . . . . . . .
T
Partition of electronic power in a discharge in air. The fractions
are calculated using BOLSIG+ [Hagelaar and Pitchford , 2005] for
a composition of 79 % of N2 and 21 % of O2 at ambient temperature
of 300 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Illustration of (a) harmonic and (b) anharmonic potential models
for the N2 molecule. The harmonic (quadratic) potential imply the
existence of an inﬁnite number of vibrational energy levels equally
spaced in energy by an amount ~ω. The anharmonic (Morse) Potential imply the existence of a limited number vmax of energy levels
and that the energy spacing between levels decrease with increasing
energy. The anharmonic potential is more realistic and it is capable
of explaining molecular dissociation. . . . . . . . . . . . . . . . . .

.

25

.

28

.

36

.

41

(a) Simpliﬁed schematics of laboratory setup to study the breakdown of non-uniform short air gaps. (b) Comparison of calculated
values of streamer-to-spark transition time (τbr deﬁned as the time
to heat the channel up to 5000 K) with laboratory measurements for
two diﬀerent pressures: 0.75 and 1 atm [Černák et al., 1995; Larsson, 1998]. Solid/dashed lines represent simulation with/without
the inclusion of three-body ion-ion recombination reactions. Panel
(b) is plotted in the same format as Figure 4b of Riousset et al.
[2010a]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Temporal dynamics of (a,b) main charged species and (c,d) eﬀective
frequencies of electron production for (a,c) ground pressure and
(b,d) 70 km altitude in Earth’s atmosphere. Panels present axial
values of simulated quantities for an externally-applied constant
electric ﬁeld equivalent to 19 kV/cm at ground pressure. Panels
are presented for t ≤ τbr . . . . . . . . . . . . . . . . . . . . . . . . .
ix

45

48

3.3

3.4

3.5

4.1

4.2

4.3

4.4

4.5

Schematic representation of the chain of processes involved in the
thermal-ionizational instability. Upward/downward directed arrows represent an increase/decrease in a quantity (e.g., ∆ne ↑ represents an increase in electron density). Adapted from Raizer [1991,
eq. (9.8)]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Instantaneous values of the (a,b) ηE and (c,d) ηT fractions at t =
5 N0 /Namb ns for (a,c) ground pressure and (b,d) 70 km altitude.
Time instant is arbitrarily chosen to avoid eﬀects of VT relaxation
(i.e., t < τVT ). Panels also show partitioning of ηE and ηT as in
Tables 2.1 and 2.2, respectively. . . . . . . . . . . . . . . . . . . . .
Comparison of instantaneous values of (a) ηT and (b) ηT /ηE , for
two diﬀerent pressures corresponding to ground and 70 km altitude, with calculations by Popov [2011, Fig. 9], at ground level
pressure. (c) Altitude dependence of ηT /ηE for three diﬀerent values of reduced electric ﬁeld. . . . . . . . . . . . . . . . . . . . . . .
Temporal dynamics, at the discharge axis, of (a) change in air mass
density ρ/ρamb , (b) change in pressure p/pamb , (c) translational T ,
vibrational TV , electronic Te and ionic Ti temperatures, and (d)
electric ﬁeld E calculated from equation (2.10) and reduced ﬁeld
EN0 /N. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Temporal dynamics, at the discharge axis, of main (a) charged and
(b) neutral plasma components, (c) rates of energy exchange from
equations (2.13)–(2.14), and (d) eﬀective frequencies of electron production and loss from equation (2.9). . . . . . . . . . . . . . . . .
Radial dynamics of (a) change in pressure p/pamb , (b) change in
air mass density ρ/ρamb , and (c) electron density ne , at four time
instants: t = 0, 0.35, 1.7, and 10 µs. . . . . . . . . . . . . . . . . .
Qualitative behavior of (near-equilibrium) electron production and
loss rates in (a) stable and (b) unstable systems. (c) Qualitative behavior of the streamer-to-leader transition development. The vertical axis represents the components of Se , where production exceeding losses is equivalent to Se > 0. Adapted from Raizer [1991, Fig.
9.1]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Dependence of (a) streamer-to-leader transition time scale τh and
(b) leader speed vL on electric current I at ambient ground pressure.
Model results are shown for an initial radius rc = 0.3, 0.5, and 1 mm.
Panel (b) also shows leader speed calculations by Popov [2009, Fig.
9] and empirical relationships provided by Bazelyan and Raizer
[1998, p. 213] and Andreev et al. [2008]. . . . . . . . . . . . . . . .
x

49

52

53

.

57

.

58

.

59

.

62

.

64

4.6

4.7

4.8

5.1

5.2

5.3

Scaling of (a) streamer-to-leader transition time and (b) leader
speed with altitude, for several diﬀerent currents. Panel (a) displays τh , as well as, the ambient values of τc and τκT to illustrate
the discussion. Panel (b) displays the calculated leader speed with
formula (4.1) and τc and τκT plotted in units of speed (i.e., ∆ls /τc
and ∆ls /τκT ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Temporal dynamics of (a,b) electron density and temperature, (c,d)
electric ﬁeld, and (e,f) rates of electron production, for I =1 A, at
two diﬀerent altitudes (a,c,e) 20 km and (b,d,f) 40 km. Panels
(c,d) show the electric ﬁeld in equivalent value at ground pressure
EN0 /Namb and the reduced electric ﬁeld accounting for the lowering
of neutral density EN0 /N. Shaded areas in panels (e,f) mark the
time range at which electron production is higher than losses (i.e.,
Se > 0). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Schematic representation of the the closed chain of events occurring
during the passage of a low electric current through air in conditions of low air density Namb , such as shown in Figure 4.7. Similarly
to Figure 3.3, upward/downward directed arrows represent an increase/decrease in a quantity. . . . . . . . . . . . . . . . . . . . . .
Gigantic Jets observed by (a) Pasko et al. [2002] and (b) Soula et al.
[2011] (images in panel (b) are courtesy of Serge Soula). Symbols
show estimated top altitudes. Time reference is arbitrary and it is
the same as used in subsequent ﬁgures. The sequence of images for
Pasko et al.’s [2002] jet is spaced in time by 33 ms, while for Soula
et al.’s [2011] jet by 16.7 ms. Figures also show estimated speeds
during initial and ﬁnal stages of the upward propagation of both
GJs. Reprinted by permission from Nature Publishing Group and
American Geophysical Union. . . . . . . . . . . . . . . . . . . . . .
(a) Calculated streamer-leader transition time scales for diﬀerent
leader currents as a function of reduced air density N/N0 , where N0
corresponds to a reference value at ground level. (b) Dependence
of the leader speed on the current at ground pressure. (c) The
vertical height of the two GJs shown in Figure 5.1 as a function of
time. Solid lines depict modeled jet propagation for several diﬀerent
constant currents. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Simulated leader speed as a function of initial current density in
the leader stem at (a) ground and (b) 20 km altitude, for diﬀerent
values of stem radius. . . . . . . . . . . . . . . . . . . . . . . . . . .

xi

66

68

69

72

74

77

5.4

5.5

5.6

6.1

6.2

6.3

7.1

(a) Sketch of GJ upward propagation deﬁning length scales discussed in text. (b) Sketch of electric potential drop from the leader
head to the ionosphere. . . . . . . . . . . . . . . . . . . . . . . . . .
Calculated (a) streamer zone length LS and (b) top altitude hS = hL +
LS as functions of leader head altitude hL . (c) Fraction of potential drop across the streamer zone US /UL . (d) Altitude at which
streamer zone jumps to the ionosphere hjump as a function of UL .
Presented values correspond to positive leaders unless otherwise indicated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Comparison of observed GJ propagation with modeled upward leader
propagation for Jamb = 9.6×106 N 2 /N02 A/m2 , including expansion
of streamer zone, for two diﬀerent values of stem radius (a) 0.3 mm
and (b) 3 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

79

80

82

(a) Schematics of air heating in a sprite core leading to generation
of infrasonic acoustic waves observed on the ground, at a distance
Robs from the source. The ﬁgure highlights the geometry of the
simulated region, which describes a cross section of the sprite core
at h = 70 km altitude. The inset shows the waveform of the current
ﬂowing through the sprite core, Icore (t). (b,c) Time dynamics of
electric ﬁeld and current (b), and maximum modiﬁcation in temperature and pressure (c). . . . . . . . . . . . . . . . . . . . . . . . 85
(a,b) Time dynamics (at the axis of symmetry) of main charged
species (a), and eﬀective frequencies of electron production and loss
(b). (c) Energy deposited per unit channel length. (d) Optical
emissions. (e) Radial expansion of pressure wave. . . . . . . . . . . 87
Estimated amplitude of infrasound measured at the ground ∆pobs
as a function of the current waveform parameters. The horizontal
distance between the sprite and the observation point is ∼100 km,
as depicted in Figure 6.1a. The circles at the end of the curves are
8 sample cases for which the total deposited energy is also displayed. 90
Representative thundercloud charge structure and corresponded electric potential (Uamb ) and ﬁeld (Eamb ) vertical distributions. To the
right, a summary of diﬀerent kinds of electric ﬁeld pulses and their
region of occurrence in the thundercloud. . . . . . . . . . . . . . . .

xii

97

7.2

Schematics of conceptual model for generation of IBPs in +IC lightning and +NBEs. The proposed mechanism generates all pulses
summarized in Figure 7.1. In this view, IBPs and NBEs are the
transient electromagnetic radiation associated to charge redistribution following an initial leader step. (a,b) Steady-state distributions
of electric potential (a), and linear charge density (b), before and
after stepping. (c) Deﬁnition of heights and lengths used in the
text. Note that h0 = (h1 + h2 )/2 and ℓ0 = h2 − h1 . (d) Numerical
discretization of the simulated lightning leader. . . . . . . . . . . . 101

8.1

Vertical distribution of electric potential (a), linear charge density
(b), electric current (c), and line conductivity (d), at four selected
time steps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Comparison with current distribution obtained with MTLK model
by Karunarathne et al. [2014]. (a–h) Current vertical distribution
at selected time instants; solid lines show our calculations, while
dashed lines show results of Karunarathne et al. [2014]. (i–j) Twodimensional distributions of I(z, t) obtained with our model (i) and
by Karunarathne et al. [2014] (j). The dashed line in panels (i–j)
show the conductor’s geometry, emphasizing the stepping in our
model, while the triangles mark the time instant of the vertical
proﬁles plotted in panels (a–h). . . . . . . . . . . . . . . . . . . .
Comparison with charge moment change (a), current moment (b),
and its rate of change (c), as obtained by Karunarathne et al. [2014]
when simulating IBP-4. . . . . . . . . . . . . . . . . . . . . . . . .
Comparison with charge moment change (a), current moment (b),
and its rate of change (c), as obtained by Watson and Marshall
[2007] when simulating NBE-1. . . . . . . . . . . . . . . . . . . .
(a) Eﬀects of leader step length on the NBE waveform: Case 1 in
Table 7.1. Larger steps produce larger E-ﬁeld peaks, as also shown
in Figure 8.6a. (b) Best match for average parameters reported
by Nag et al. [2010]. Panel (b) contains the deﬁnition of the four
waveform parameters plotted in Figure 8.6. . . . . . . . . . . . . .
Dependence of the four waveform parameters (deﬁned in Figure
8.5b) on step length. Input parameters used for all cases are listed
in Table 7.1. The shaded bands show average ± one standard deviation, as inferred from Figures 9 and 10 of Nag et al. [2010]. The
best match within all simulated cases is marked with a circle (also
shown in Figure 8.5b). . . . . . . . . . . . . . . . . . . . . . . . .

8.2

8.3

8.4

8.5

8.6

xiii

. 109

. 110

. 112

. 113

. 115

. 116

List of Tables
2.1
2.2
2.3

Electron-Impact Ionization, Excitation, and Dissociation Reactions
Fast Heating Reactions . . . . . . . . . . . . . . . . . . . . . . . . .
Vibrational Relaxation Rates of N2 . . . . . . . . . . . . . . . . . .

37
37
42

4.1

Ambient Values of Main Time Scales Involved in the Streamer-toLeader Transition Process. Adapted from Raizer [1991, Table 9.1]. .

60

7.1

Input Parameters Used in All Simulated Cases Presented in Chapter 8 102

A.1 List of Chemical Reactions Used in the Air Heating Model . . . . . 132

xiv

List of Abbreviations
TLE Transient Luminous Event
GJ Gigantic Jet
BJ Blue Jet
CG Cloud-to-Ground (lightning discharge)
IC Intracloud (lightning discharge)
VLF Very Low Frequency
VHF Very High Frequency
IBP Initial Breakdown Pulse
NBE Narrow Bipolar Event
TIPP Transionospheric Pulse Pair
TL Transmission Line (modeling of lightning discharges)
EAS Extensive Air Shower
RREA Relativistic Runaway Electron Avalanche

xv

Acknowledgments
First and foremost I would like to thank my Ph.D. advisor Dr. Victor Pasko. It has
been an honor to work in his research group for the last four years. His mentoring
and guidance, as well as the trust placed in me, were crucial for the development of
my Ph.D. dissertation. His drive for excellence in research contributed signiﬁcantly
to the quality of the journal articles we published together. His enthusiasm in
seeking answers to new and exciting research questions is an example I aim to
follow in the future.
I would like to thank my committee members: Dr. Julio Urbina, Dr. IamChoon Khoo, and Dr. Deborah Levin, for their time reading my Ph.D. dissertation
as well as for their valuable suggestions that have considerably increased the quality
of this work. Particularly, I would like to express my gratitude to Dr. Urbina for
his career advice and recommendation letters.
A large fraction of my time at Penn State was spent at 227 EE East – the
Atmospheric Electrodynamics Group laboratory. At “the lab”, I’ve not only performed my research duties, but also had long chats and shared meals with my
labmates. Their insights have signiﬁcantly contributed to my research. But more
importantly, their friendship and help in all aspects of daily life made the time
I spent at Penn State quite enjoyable. Past and present members from the Atmospheric Electrodynamics Group that I am very grateful for having shared an
oﬃce with are: Sotirios Mallios, Jianqi Qin, Wei Xu, Sebastien Celestin, Jaroslav
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Chapter

1

Introduction
The work presented in this dissertation is dedicated to the study of the physical processes leading to the formation and propagation of a leader discharge [e.g.,
Bazelyan and Raizer , 1998, Chapter 6]. Leaders are a fundamental component in
the breakdown of long air gaps in laboratory discharges [e.g., Gallimberti et al.,
2002]. They are present in natural and artiﬁcial (i.e., triggered) lightning [e.g.,
Rakov and Uman, 2003, Chapters 4–9], and are believed to play a key role in the
recently-discovered subset of transient luminous events emanating from thundercloud tops, commonly referred to as jets [e.g., Wescott et al., 1995, 1996; Pasko
et al., 2002; Su et al., 2003; Lee et al., 2012; Liu et al., 2015].
Streamer-to-leader transition is the name given to a sequence of processes leading to the conversion of a cold (room temperature) streamer corona discharge to
a hot leader channel. The streamer-to-leader transition dictates the onset and
propagation of leader discharges. In literature, the physical processes leading to
the leader onset were theoretically studied in the context of laboratory discharges
[e.g., Gallimberti , 1979; Bondiou and Gallimberti , 1994; Aleksandrov et al., 2001a;
Vidal et al., 2002; Popov , 2003, 2009; Bazelyan et al., 2007a], where experimental data are available. Similarly, in the context of lightning discharges, numerical
models were employed to simulate the inception and propagation of upward lightning leaders from rocket-triggered lightning and tall structures [e.g., Aleksandrov
et al., 2001b; Lalande et al., 2002; Becerra and Cooray, 2006; Becerra et al., 2007;
Bazelyan et al., 2007b, 2008], where ambient conditions can be somewhat inferred.
In this dissertation we use numerical modeling to clarify the role of the diﬀerent
1

leader discharge mechanisms in lightning and transient luminous events. The goal
of this chapter is to introduce the pertinent concepts used throughout the dissertation. In Section 1.1 we deﬁne phenomenology of leader discharges. In Section
1.2 we present evidences of air heating and leader discharge development in transient luminous events. In Section 1.3 we review characteristics of electromagnetic
signatures associated to the initial breakdown stage of lightning ﬂashes. Finally,
the research problem is formulated in Section 1.4, the organization of the dissertation is presented in Section 1.5, and the scientiﬁc contributions are summarized
in Section 1.6.

1.1

Phenomenology of Positive and Negative
Leaders

Leaders are self-propagating discharges, capable of travel kilometer-long distances
at ground and near-ground pressure. They are the mechanism present in lightning
discharges, enabling a cloud-to-ground lightning to form a highly conducting path
that “short-circuits the gap” between a thundercloud and the ground, neutralizing (or reducing) the potential diﬀerence between cloud and ground. Extensive
literature review on the several lightning manifestations is provided by Rakov and
Uman [2003]. Most of the knowledge on leader discharges comes from laboratory
experiments [e.g., Bazelyan and Raizer , 1998, 2000, and references therein]. Figure 1.1 presents an example of a positive (a) and a negative (b) leader observed
in laboratory [Gallimberti et al., 2002, Fig. 4]. A leader is a complex structure,
nevertheless, its description can be made simpler by recognizing the existence of
three diﬀerent regions: (1) the streamer zone, (2) the leader head or stem, and (3)
the channel [Bazelyan and Raizer , 1998, Section 6.1.1]. The three distinct regions
are depicted in Figure 1.1c for a positive leader (see also Figure 6 by Bondiou
and Gallimberti [1994]). The streamer zone is composed by a fan of thousands of
streamers; the ionization process associated with the formation and propagation
of each single streamer is the source of electrical current for heating of the leader
channel. The second region is called in literature leader head [e.g., Bazelyan and
Raizer , 1998] or leader stem [e.g., Gallimberti et al., 2002]. Regardless of name,
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(a)

Positive
Leader Channel

(b)

(c)

Negative
Leader Channel

Leader Head

Positive
Streamer
Corona

Positive Streamer Corona
“The Streamer Zone”

Space Leader

(d)

Negative
Streamer
Coronas

Figure 1.1. Observed features (a,b) and inferred schematics (c,d) of laboratory leaders.
Panels (a,c) show positive-polarity leaders, while panels (b,d) show negative-polarity
ones. Adapted from Figure 4 of Gallimberti et al. [2002].

this segment is where the transition between cold streamers to a hot channel takes
place. The leader head is the common origin point for all streamers in the streamer
zone, which individually carry very low current. It is due to the addition of their
currents at this point that heating of air is made possible. The leader channel is
a hot plasma ﬁlament at temperatures of 5000–7000 K in laboratory leaders and
even higher in lightning [Aleksandrov et al., 2001a]. This channel is highly conducting and it is capable of transmitting the electrode’s potential to the leader head.
This is of fundamental importance, because an ionizing ﬁeld ahead of the leader
is required for the inception of streamer coronas, in the streamer zone region, to
promote the leader propagation. The three parts described above can be clearly
optically distinguished in streak photograph of laboratory leaders [e.g., Bazelyan
and Raizer , 1998, Fig. 6.1]. A fourth additional structure that can not be seen
is the leader cover. As the leader propagates it enters a region containing the
space charge previously formed in the streamer zone, which was left behind. This
charge region is accumulated around the channel and has the role of stabilizing the
channel by reducing the radial electric ﬁeld component, preventing its ionization
expansion [Bazelyan and Raizer , 2000, p. 67].
Positive leaders advance in space by creating a heating conversion zone in their
3

tips, i.e., the transition between cold streamers to a hot leader channel occurs in
the leader head, as schematically represented in Figure 1.1c. Negative leaders,
on the other hand, present a more complex dynamics and are characterized by
a stepped propagation [e.g., Rakov and Uman, 2003, pp. 136–137; Rakov , 2013,
and references therein]. Within the streamer zone region a plasma inhomogeneity
(referred to as a plasmoid by Petrov and Petrova [1999]) grows to form a space
stem. The electric ﬁeld conﬁguration around the space stem is capable of producing
two sets of streamer coronas, one in each opposite direction [Gorin et al., 1976].
The negative corona is formed in the direction of the main leader propagation,
while the positive corona is launched backwards, as shown in Figure 1.1d (see
also schematics by Petersen et al. [2008, Fig. 7]). The current produced by the
streamer coronas may be suﬃcient to promote Joule heating in the space stem,
turning it into a space leader [e.g., Gallimberti et al., 2002, Fig. 4]. The positive
extremity of the space leader connects to the main leader (see Figures 1.1b and
1.1d) and the system experiences a miniaturized return stroke-like process, which
is characterized by a transient increase in the radiation intensity. The negative
space leader extremity becomes the new leader head and the process is repeated
[Bazelyan and Raizer , 1998, p. 255]. The formation of a space leader ahead of
the negative leader is a fundamental stage in the leader progression, as evidenced
in laboratory [e.g., Ortega et al., 1994; Reess et al., 1995; Bazelyan and Raizer ,
1998; Gallimberti et al., 2002] and lightning [e.g., Biagi et al., 2009, 2010; Hill
et al., 2011] observations. Although positive and negative leaders exhibit diﬀerent
dynamical features, it can be seen, from the above discussion, that the streamer-toleader transition (or in other words, the air heating) is a fundamental process that
deﬁnes leader propagation in both cases. For positive leaders it occurs in the leader
head, attached to the main channel, while for negative leader this process occurs
during the growth of the space leader ahead of the main leader channel. Detailed
discussion on the phenomenology of leader discharges is provided by Bazelyan and
Raizer [1998, Chapter 6].

4

1.2

Air Heating and Leader Formation in Transient Luminous Events

1.2.1

Evidences of Air Heating and Leader Discharge Development in Upward Jets from Thundercloud Tops

The class of transient luminous events (TLEs) [e.g., Fullekrug et al., 2006; Neubert
et al., 2008; Pasko, 2010] generally referred to as jets includes a variety of discharges
that can be divided in three diﬀerent categories according to their terminal altitude:
blue starters [Wescott et al., 1996], blue jets [Wescott et al., 1995], and gigantic
jets [Pasko et al., 2002; Su et al., 2003]. Figure 1.2 shows examples of the three
kinds of upward discharges from thundercloud tops. Blue starters, blue jets, and
gigantic jets, have typical terminal altitudes of ∼20, 40, and 90 km, respectively

[Wescott et al., 1995, 1996; Su et al., 2003]. Blue jets (Figure 1.2b) are observed
developing upward from cloud tops at speeds of ∼105 m/s and are characterized

by a blue conical shape, hence the name “blue jet”. Blue starters (Figure 1.2a) are

believed to be closely related to blue jets, with the only distinguishable diﬀerence
being the lower terminal altitude. Gigantic jets (Figure 1.2c) are observed to live
thundercloud tops with speeds of .105 m/s and to accelerate to speeds above
106 m/s as they approach the lower ionosphere. In their lower part (∼20–50 km),
gigantic jets present blue color similar to blue jets, while in their upper part (∼50–
90 km), they are red, similarly to sprite discharges in the mesosphere [Sentman
et al., 1995, Fig. 1]. A detailed review of the dominant characteristics of jets is
given by Pasko [2008]. More recently, Lee et al. [2012] have reported observations
of secondary-TLEs from the ISUAL instrument onboard of the FORMOSAT-2
satellite [Chern et al., 2003; Chen et al., 2008]. Secondary-TLEs are observed to
occur a few milliseconds after a sprite discharge [Marshall and Inan, 2007]. Lee
et al. [2012] classiﬁed the secondary-TLEs recorded by ISUAL as “secondary jets”
and “secondary gigantic jets” due to their resemblance with the above described
blue jets and gigantic jets, respectively [Lee et al., 2012, 2013].
The observed phenomenology of blue jets and gigantic jets indicate that these
events may be related to conventional lightning leader processes as initially proposed by Petrov and Petrova [1999]. Wescott et al. [2001] have reported a two5

minute time exposure color photograph of a blue jet event taken from Réunion
Island, a French territory in the Indian Ocean. The corresponding inverted black
and white image from Wescott et al. [2001] is reproduced in Figure 1.2b (bottom
row) and shows details of faint streamers diverging from the main body of the
jet. More recently, Soula et al. [2011] have reported detailed observations of ﬁve
gigantic jets, also from Réunion Island. Examples from their observations are reproduced in Figure 1.2c. The event labeled as GJ4 shows contrasting diﬀerences
between lower and upper parts of a gigantic jet. A few thick channels extend from
the thundercloud top up to ∼30–40 km altitude with many thinner channels diverg-

ing from the main channels at altitudes above ∼40 km [see also Soula et al., 2011,
Fig. 9]. Both blue jets and gigantic jets show a very bright channel at their lower

portions, rooting into the thundercloud. We interpret the appearance of this bright
feature in both Figures 1.2b and 1.2c as the streamer-to-leader transition involving
strong heating and thermalization usually associated with a leader phenomenon.
This interpretation is supported by the original color photograph by Wescott et al.
[2001], in which the lower portion of the blue jet has a bright white color (Figure
1.2b, top row). We note that a bright, white, and thick, channel is not apparent in
the color pictures provided by Soula et al. [2011, Fig. 11] (Figure 1.2c, top row).
However, the existence of such a region is evident in the black and white images
provided by the authors [Soula et al., 2011, Fig. 5]. The presence of a very bright
channel in the bottom part of a gigantic jet is a feature that was also evident in
the ﬁrst recorded gigantic jet [Pasko et al., 2002], as discussed by Riousset et al.
[2010a, Fig. 1]. Thus, jets are likely to be associated with signiﬁcant heating of the
air in the regions of atmosphere near the cloud tops through which they propagate
[Pasko and George, 2002; Raizer et al., 2006]. The small-scale ﬁlamentary structures in the upper parts of the observed jets, identical to those observed in another
type of TLEs at higher altitudes called sprites [e.g., Stenbaek-Nielsen et al., 2007,
and references therein], can be associated with corona streamers. Such streamer
coronas are expected to constitute an essential part of the streamer zone of the
parent lightning leader [e.g., Bazelyan and Raizer , 1998, pp. 204, 238, and 253] as
hypothesized by Petrov and Petrova [1999] and further investigated by Pasko and
George [2002] and Tong et al. [2005a,b].
Krehbiel et al. [2008] discussed the charge imbalances in thunderstorms as a fun6

(a) Blue starter

(b) Blue jet

(c) Gigantic jet

Figure 1.2. Examples of upward discharges from thundercloud tops: (a) blue starter
[Edens, 2011, Figs. 1 and 3], (b) blue jet [Wescott et al., 2001, Fig. 1], and (c) gigantic
jet [Soula et al., 2011, Figs. 5 and 11]. Top/bottom rows contain color/grayscale pictures
of the same events.

damental condition allowing propagation of leaders downward as cloud-to-ground
lightning or upward as jet discharges. This work demonstrates that upward discharges are analogous to cloud-to-ground lightning and provides a uniﬁed view on
how lightning escapes from a thundercloud. Krehbiel et al. [2008] note that in
accordance with existing experimental evidence (and early theories by Kasemir
[1960]), the lightning initiation usually happens between adjacent charge regions
of diﬀerent polarity where the electric ﬁeld is the highest. If the negative and positive charge centers are approximately equal in magnitude, then the bidirectional
discharge propagates in the form of positive leaders inside of negative charge region and in the form of negative leaders inside of the positive charge region [e.g.,
Mazur , 2002; Riousset et al., 2007]. In this situation, the leader system, which
is assumed to be overall equipotential and neutral, remains at nearly zero potential [Riousset et al., 2007]. Krehbiel et al. [2008] demonstrate that when the two
charges are not balanced, the leader potential can be signiﬁcantly shifted in the
direction deﬁned by the charge with dominant magnitude, and the propagation of
the leader becomes essentially independent from the weaker charge center, allowing
7

it to penetrate through the weaker charge center and to escape from the thundercloud. To further support the ideas advanced by Krehbiel et al. [2008], Riousset
et al. [2010b] introduce a two-dimensional axisymmetric model of charge relaxation in the conducting atmosphere and apply this model in conjunction with the
three-dimensional lightning model proposed by Riousset et al. [2007] to illustrate
how blue and gigantic jet discharges are produced above cloud tops. The results of
Krehbiel et al. [2008] and Riousset et al. [2010b] provide a quantitative picture of
how the lightning leader can escape the cloud upward and serve as the initiation
of blue and gigantic jets. Figure 1.3 summarizes the results of simulating diﬀerent
types of discharges in a normally electriﬁed storm from Krehbiel et al. [2008]. It
can be seen that blue jets occur as a result of electrical breakdown between the
upper storm charge and screening charge attracted to the cloud top (Figure 1.3d);
they are predicted to occur 5–10 s or less after a cloud-to-ground or intracloud
discharge produces a sudden charge imbalance in the storm. Gigantic jets are
indicated to begin as a normal intracloud discharge between dominant mid-level
charge and a screening-depleted upper level charge (Figure 1.3f), that continues to
propagate out the top of the storm [Krehbiel et al., 2008]. As discussed in a recent
review [Pasko et al., 2012], the above described theory states that upward discharges are analogous to cloud-to-ground lightning and provides a uniﬁed view on
how lightning escapes from a thundercloud. Cummer et al. [2009] recently reported
measurement of total charge of –144 C transferred by a gigantic jet to the lower
ionosphere, which is in the range of charge transfers to ground by strong negative
cloud-to-ground lightning discharges [see also Liu et al., 2015]. More recently, Lu
et al. [2011a] have observed very high-frequency (VHF) electromagnetic signals associated with a negative-polarity gigantic jet. The VHF emissions were observed to
reach altitudes as high as 36 km, and they are indicative of an upward-propagating
negative leader. The VHF lightning mapping array was developed to resolve the
three-dimensional evolution of a lightning discharge [Rison et al., 1999; Thomas
et al., 2001] and, therefore, Lu et al. [2011a] results provide a conclusive evidence
of gigantic jets as manifestation of the leader breakdown mechanism, supporting
the uniﬁed theory depicted in Figure 1.3.
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Channels
Sprites are electrical discharges transversing the middle atmosphere, between 40
and 90 km altitude [Sentman et al., 1995]. They are generated by the the electric
ﬁelds produced by cloud-to-ground lightning in underlying thunderstorms [e.g.,
Boccippio et al., 1995; Pasko et al., 1997; Huang et al., 1999; Hu et al., 2007; Qin
et al., 2011; da Silva and São Sabbas, 2013]. Figure 1.4 shows a typical sprite
event observed by Cummer et al. [2006, Fig. 2]. The ﬁgure displays a sequence
of images obtained at 5,000 frames per second (fps) and it contains a diﬀuse halo
in the upper part followed by a sprite below it. Sprites are composed of many
ﬁlamentary channels called streamers [Pasko et al., 1998a]. Streamers are narrow
ﬁlamentary plasmas that are driven by highly nonlinear space charge waves in
their heads [e.g., Raizer , 1991, pp. 334–343]. Sprites are the most studied type
of transient luminous events. Since their discovery [Franz et al., 1990; Sentman
et al., 1995], several theoretical works have been developed to understand their
generation mechanism [Pasko, 2006, 2007, 2010, and references therein] and their
impacts in the mesosphere and lower ionosphere [e.g., Arnone et al., 2008; Enell
et al., 2008; Farges and Blanc, 2011] (see also review by Pasko et al. [2012, Section
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Figure 1.3. Simulated discharges illustrating the different known and postulated lightning types in a normally electried storm [Krehbiel et al., 2008, Fig. 4]. (a–f), Blue and red
contours and numbers indicate negative and positive charge regions and charge amounts
(c), respectively, each assumed to have a Gaussian spatial distribution. A partially analogous set of discharges occurs or would be predicted to occur in storms having inverted
electrical structures (see Fig. S5 in Krehbiel et al. [2008, Supplementary Information]).

1.2.2

15

Figure 1.4. Observed features (top panels) and inferred schematics (bottom panels)
laboratory leaders. Left panels show positive-polarity leaders, while right panels show
negative-polarity ones [Cummer et al., 2006, Fig. 2].

The optical [e.g., Stenbaek-Nielsen and McHarg, 2008] and electromagnetic
[e.g., Cummer et al., 1998] properties of sprites have been studied fairly in detail. For instance, numerical simulations of individual streamers in sprites are
capable of reproducing/explaining in detail their optical [e.g., Liu et al., 2009] and
low frequency (LF) electromagnetic emissions [e.g., Qin et al., 2012a]. In the last
decade, another outstanding feature of sprites was discovered: Liszka [2004] reported the detection of infrasound signatures that were associated with sources at
mesospheric altitudes during times of intense thunderstorm activity. These ﬁndings were conﬁrmed by Farges et al. [2005], whose authors have correlated the
infrasound recordings (in the frequency range of 0.1–9 Hz) with optical sprite observations. The main characteristic of infrasound from sprites is a chirp-inverted
signature, with high frequencies arriving at the detector before lower frequencies.
Typical sprite infrasound amplitudes are 0.01–0.1 Pa, as measured at ground at
distances of the order of 400 km [Liszka, 2004; Farges et al., 2005; Liszka and Hobara, 2006; Farges, 2009; Farges and Blanc, 2010; de Larquier and Pasko, 2010].
The above described discovery of infrasound radiation from sprites represents
an experimental evidence of air heating within sprite streamer channels, in a similar
way that audible thunder is an evidence of air heating occurring in lightning leader
10

channels [e.g., Few , 1986; Rakov and Uman, 2003, Chapter 11]. There is an obvious
discrepancy in the energy budget of lightning and sprites. While temperatures can
reach ∼30,000 K in lightning return stroke channels [e.g., Rakov and Uman, 2003,
p. 378], the available analysis of energy deposition in sprite discharges indicates

that neutral temperature is not raised more than a few degrees in the latter [Pasko
et al., 1998a; Sentman et al., 2003]. Nonetheless, experiments [e.g., Woolsey et al.,
1986; Ono et al., 2010] and numerical simulations [e.g., Eichwald et al., 1997;
Kacem et al., 2013; Tholin and Bourdon, 2013] of streamer discharges (at ambient
ground-level pressure) reveal that air heating, expansion, and formation of pressure
waves is an important element of the breakdown of short air gaps by streamer
discharges [e.g., Marode et al., 1979; Bastien and Marode, 1985; Naidis, 2005].

1.2.3

Brief Review of Air Heating Modeling Efforts in the
Context of Electrical Discharges

Throughout the years, an extensive amount of theoretical work has been done to
understand the role of air heating by a discharge current as a fundamental stage
for electrical breakdown. Most of contemporary eﬀorts to model the leader onset
and propagation are built on early work by Gallimberti [1979]. As pointed out
by Marode [1983], still in the early stages of this research topic, models presented
in literature follow two diﬀerent approaches. The channel-controlled approach
assumes a constant electric ﬁeld in the gap and it is employed to describe streamerto-spark transition after the streamer bridges a short gap [e.g., Marode et al., 1979;
Bastien and Marode, 1985; Aleksandrov et al., 1998; Naidis, 1999, 2005; Riousset
et al., 2010a]. The head-controlled approach postulates either a time-dependent or
a stationary current, and it is employed to study the streamer-to-leader transition
occurring in the leader inception and in leader heads propagating through long
air gaps [e.g., Gallimberti , 1979; Aleksandrov et al., 2001a; Gallimberti et al., 2002;
Bazelyan et al., 2007a; Popov , 2003, 2009]. Some key contributions, from the above
listed modeling works, are reviewed below.
Studies on spark formation have started with the identiﬁcation of the thermal
mechanism as being a fundamental stage in the gap breakdown [Marode, 1983,
and references therein]. The thermal mechanism leads to lowering of the gas num11

ber density N inside the channel due to the expansion of the heated gas [Marode
et al., 1979; Marode, 1983; Bastien and Marode, 1985]. This process leads to the
growth of the mean reduced ﬁeld E/N and, therefore, to an increase in the air
ionization rate (electron-impact ionization of N2 and O2 molecules). Later, the
importance of kinetic eﬀects in electrical discharges had been appreciated [e.g.,
Mnatsakanyan and Naidis, 1991; Kossyi et al., 1992]. Aleksandrov et al. [1997]
pointed out the importance of (stepwise) ionization of O atoms and NO molecules
for the transition, and that associative ionization between N and O atoms is the
most important mechanism for plasma maintenance at temperatures higher than
4500 K. In a subsequent work, Aleksandrov et al. [1998] developeded a model accounting for the fact that the Joule heating, owing to the current ﬂow in the
channel, is not solely used to increase the temperature of the background gas. Instead, only a small fraction of the deposited electronic power is used to heat the
channel in the so-called “fast heating” process, mainly associated with collisional
quenching of electronically excited states of N2 and O2 molecules; a signiﬁcant
fraction of the electronic energy is transferred to and stored in the vibrational
energy levels of the N2 molecules. Naidis [1999] studied the spark formation in
nanosecond time range and showed that accumulation of active particles (manly
O atoms) accelerate the rate of electron detachment contributing to streamer-tospark transition. In a subsequent work, Naidis [2005] demonstrated the existence
of two distinct regimes in the spark formation (at ambient ground pressure): the
ﬁrst one, occurring at times shorter than 1 µs, is dominated by the kinetic eﬀects,
while the second one, occurring at times longer than 1 µs, is dominated by the
thermal mechanism. Popov [2001, 2011] and Flitti and Pancheshnyi [2009] presented calculations of the electron energy partition and they have demonstrated
that the fraction of electronic power spent on excitation of electronic molecular
states that is converted into gas heating is approximately independent of electric
ﬁeld (and around ∼30 %), in agreement with previous assumptions by Aleksandrov
et al. [1998]. Popov [2003] employed a fully one-dimensional model to simulate

the streamer-to-leader transition occurring in the head of a positive leader with an
electrical current of ∼1 A. He discussed the eﬀects of the current contraction and

′1 −
the role of associative ionization processes involving N2 (A3 Σ+
u ) and N2 (a Σu ).

Later, Popov [2009] applied his previously developed model [Popov , 2001, 2003] to
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estimate leader speeds, following the approach of Bazelyan and Raizer [2000, p.
67] and Bazelyan et al. [2007a]. More recently, following the approach of Naidis
[1999, 2005], Riousset et al. [2010a] developed a streamer-to-spark transition model
capable of reproducing experimental data from Černák et al. [1995] and Larsson
[1998]. They studied the scaling of the breakdown time with ambient air density,
or pressure, in a range corresponding to 0–70 km altitude in Earth’s atmosphere.
Between ground and 70 km altitude the ambient air density Namb varies by approximately four orders of magnitude, as shown in Figure 2.1b. Riousset et al. [2010a]
have demonstrated that, under assumptions of a constant electric ﬁeld across the
gap, the breakdown time scales with air density close to 1/Namb . This scaling
leads to shorter breakdown time than that predicted by similarity laws for Joule
heating [e.g., Achat et al., 1992; Tardiveau et al., 2001; Pasko, 2006, p. 267], which
2
is 1/Namb
. They have attributed this acceleration to a strong reduction in electron

losses due to three-body attachment and electron-ion recombination processes with
reduction of air pressure [Riousset et al., 2010a].

1.3

Electromagnetic Signals Associated to the Initial Breakdown Stage of Lightning Flashes

1.3.1

Phenomenology of Initial Breakdown Pulses (IBPs)

The initial breakdown stage of a lightning ﬂash encompasses its ﬁrst several to
tens of milliseconds and it is characterized by a sequence of pulses typically detected with electric ﬁeld change sensors on the ground [e.g., Clarence and Malan,
1957; Kitagawa and Brook , 1960; Weidman and Krider , 1979; Bils et al., 1988; Villanueva et al., 1994; Shao and Krehbiel , 1996]. Recent results by Marshall et al.
[2014a] suggest that these initial breakdown pulses (IBPs) should be observable in
all lightning discharges. A “classical” IBP has duration of tens of microseconds and
it is one of the largest pulses at the beginning of both cloud-to-ground (CG) and
intracloud (IC) ﬂashes [e.g., Nag et al., 2009]. Figure 1.5 provides a model-based
depiction of a typical IBP waveform observed experimentally (further details are
presented in Section 8.1). Marshall et al. [2014a] performed a statistical analysis of
IBPs in CG ﬂashes in three diﬀerent locations. They reported average amplitudes
13
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Figure 1.5. Simulated electric field IBP waveform as observed by four sensors at different ranges D, as reported by Karunarathne et al. [2014, Fig. 4]. Time is measured
from the arrival of the first peak in the closest sensor.

(range-normalized to 100 km) of approximately ∼1–3 V/m, and that these ampli-

tudes are a fraction of ∼0.2–0.5 of the return stroke amplitude. In IC lightning,

classic IBPs are usually the highest amplitude pulses in an entire ﬂash [Bils et al.,
1988; Villanueva et al., 1994]. Nonetheless, Nag et al. [2009] demonstrated that
signiﬁcantly larger number of low-amplitude short-duration IBPs occur during the
initial states of lightning discharges and that classical IBPs are only a small fraction of the total number of IBPs occurring in a given a lightning ﬂash. They call
these lower-amplitude shorter-duration pulses narrow IBPs. They point out that
∼22–26 % of the IBPs have duration shorter than 1 µs [Nag et al., 2009].

Comparing IBP trains of CG lighting that were and were not followed by a
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return stroke, Nag and Rakov [2008, 2009] concluded that IBPs (in –CG lightning)
are formed when the downward negative leader extends from its initiation region,
just below the main negative charge region, and encounters an appreciable lower
positive charge region in the thundercloud. These authors speculate that when the
lower positive charge region is small IBPs are unlikely to be produced [Nag and
Rakov , 2009, Fig. 3]. The simultaneous observation, using both high-speed cameras and fast electric ﬁeld antennas, of the initial lightning development just below
the cloud base [Stolzenburg et al., 2013; Campos and Saba, 2013] has indicated
that IBP trains are related to bursts of light that appear to retrace the existing
lightning channel. Multi-station records of IBPs [Karunarathne et al., 2013] have
determined that as a ﬂash evolves the location of IBP sources inside the cloud
coincide with the position of negative leaders as determined by a VHF lightning
mapping system.

1.3.2

Phenomenology of Narrow Bipolar Events (NBEs)

Another class of electric ﬁeld signatures, that are not well understood at present,
are referred to as narrow bipolar events (NBEs). Legacy studies showed that
NBEs are a rather unusual kind of intracloud discharge, typically occurring in
complete isolation to any other kind of lightning process inside the thundercloud
[Le Vine, 1980; Willett et al., 1989]. However, more recent investigations show
that a considerable fraction occur as the initiation process in otherwise normal
lightning discharges [Rison et al., 1999; Thomas et al., 2001; Wu et al., 2014]. For
example, Wu et al. [2014] found that 103 out of 638 (∼16 %) recorded positive
NBEs were followed by lightning. NBEs are known to be the “strongest sources of
radio frequency radiation from lightning” [Le Vine, 1980]. At VLF/LF frequencies
(3–300 kHz) their amplitudes are comparable to typical (range-normalized to 100
km) return stroke amplitudes, of ∼6 V/m [Rakov and Uman, 2003, p. 154]. For

instance, using an array of ﬁeld change sensors [e.g., Kitagawa and Brook , 1960],
Smith et al. [1999] recorded amplitudes of ∼10 V/m. However it is at HF/VHF

(3–300 MHz) that these discharges are particularly intense. Thomas et al. [2001],
for example, reported a lightning mapping array (LMA) observation of a NBE with
source peak power of 300 kW in the 60–66 MHz passband of the receivers. This
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Figure 1.6. Simulated electric field NBE waveform as observed by two sensors at far
(a) and close (b) range, as reported by Eack [2004, Fig. 1]. Time is measured from the
arrival of the first peak in each sensor.

value contrasts with typical <10 kW source amplitudes associated to the stepping
of the negative lightning leader inside the thundercloud [Rison et al., 1999; Thomas
et al., 2001].
These electric ﬁeld signatures have received their name because they are characterized by a short-duration bipolar waveform. A typical (far-ﬁeld) NBE waveform “resembles a single full cycle of a distorted sine-wave, with a risetime of 1–2
µs, then falling and crossing zero in a few microseconds, followed by the second
half-cycle, which is lower-amplitude but longer-duration compared to the ﬁrst halfcycle; the typical NBE full-width is 10–20 µs” [Jacobson and Light, 2012]. Figure
1.6a provides a model-based depiction of a typical (far-ﬁeld) NBE waveform observed experimentally (further details are presented in Section 8.2). Average values
reported in the literature for the range-normalized peak amplitude, for the ratio of
the initial electric ﬁeld peak to the opposite polarity overshoot, for the total pulse
duration, and for the duration of the ﬁrst half cycle, are: ∼8–21 V/m, ∼2–10,

∼24–26 µs, and ∼2–5 µs, respectively [Willett et al., 1989; Smith et al., 1999; Nag
et al., 2010]. NBEs occur with both positive and negative polarity, with typically

negative ones occurring at higher altitudes [Smith et al., 2004]. The most common
ones are of positive polarity and occur between ∼7–16 km altitude, while negative

between ∼15–20 km [Smith et al., 2004; Wu et al., 2012].
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The intense VHF content of NBEs has made possible its detection by satellites,
ﬁrst by the Blackbeard VHF receiver onboard the ALEXIS satellite [Holden et al.,
1995; Massey and Holden, 1995] and later by the FORTE satellite [Jacobson et al.,
1999]. VHF NBE emissions are observed by satellites in the form of “transionospheric pulse pairs”, or TIPPs [Holden et al., 1995]. TIPPs consist of two pulses,
each a few microseconds long, separated by tens of microseconds [Jacobson et al.,
1999]. The second pulse is caused by the reﬂection from the conducting Earth
of the electromagnetic radiation emitted by the NBE source [Smith et al., 1999].
The FORTE satellite carried both a VHF and an optical detector. A puzzling
ﬁnding provided by these instruments is that the strong NBE VHF radiation is accompanied by very little light emission, in comparison to other lightning discharge
processes [Light and Jacobson, 2002; Jacobson et al., 2013].
Some publications refer to the source of an NBE as a “compact intracloud lightning discharge”, or CID [e.g., Nag et al., 2010; Rakov , 2013]. In this dissertation we
use the terminology “narrow bipolar event” [e.g., Eack , 2004; Jacobson et al., 2013]
(equivalent to narrow bipolar pulse [e.g., Smith et al., 1999; Thomas et al., 2001]),
because it describes the electric ﬁeld change waveform, as shown in Figure 1.6a.
This choice is motivated by the analogy with the name “initial breakdown pulse”,
which also refers to the electric ﬁeld change phenomenology (Figure 1.5). Later
in this document we relate both IBPs and NBEs to the same phenomenon inside
the thundercloud: the development of the initial lightning leader (more details in
Section 7.2).

1.3.3

Previous Modeling of IBP and NBE Sources

There are two classes of theoretical models for the source of electrical current,
I(z, t), that generates IBP and NBE pulses. The ﬁrst one is referred to as transmission line model and it was applied to make inferences about the sources of both
IBP and NBE signatures [e.g., Shao and Heavner , 2006; Watson and Marshall ,
2007; Nag and Rakov , 2010; Karunarathne et al., 2014]. The second one is based
on the assumption that relativistic runaway electron avalanches seeded by cosmic
ray air showers are the source of NBEs [e.g., Gurevich et al., 2002, 2004; Gurevich
and Zybin, 2004; Tierney et al., 2005; Arabshahi et al., 2014]. Having obtained
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the current distribution I(z, t) using either modeling strategy, the electric ﬁeld
generated by these sources can be calculated and compared to measurements. The
vertical electric ﬁeld just above the surface of the perfectly conducting ground, at
a distance D from the source, can be conveniently expressed as a sum of three
components [Uman et al., 1975]:
1
E(D, t) =
2πε0

Z

1
2πε0

Z

1
−
2πε0

Z

+

where R(z ′ ) =

√

h2

h1
h2

h1
h2
h1

2z ′2 − D 2
R5 (z ′ )
′2

2

Z

t′

I (z ′ , τ ) dτ dz ′

0

2z − D
I (z ′ , t′ ) dz ′
c0 R4 (z ′ )

(1.1)

D 2 ∂I (z ′ , t′ ) ′
dz ,
c20 R3 (z ′ )
∂t

z ′2 + D 2 , t′ = t − R(z ′ )/c0 , and c0 is the speed of light in vacuum.

In equation (1.1) it is assumed that the source current is distributed between

heights h1 (lower) and h2 (upper). The three terms on the right-hand side of
equation (1.1) are commonly referred to as electrostatic, induction, and radiation
ﬁelds, respectively. For distances far away from the source, the amplitude of these
components decrease with distance as 1/R3 , 1/R2 , and 1/R, respectively.
Transmission line (TL) models for IC discharges are an extension of the TL
models developed for simulation of lightning return strokes [Uman and McLain,
1969] (detailed reviews on TL return stroke models are available in the literature
[e.g., Baba and Rakov , 2007]). In this framework the existence of a conducting
channel inside the thunderstorm is assumed and a current pulse is injected at one
of its extremities. For instance, consider the existence of a conducting channel
between heights h1 and h2 [e.g., Nag and Rakov , 2010, Figure 5]. Consider also
that a current pulse I(h1 , t) is injected at the channel’s lower extremity at height
h1 . Disregarding eﬀects of reﬂection at the upper end, the solution for the current
distribution on the channel is:


z − h1
,
I(z, t) = f (z) I h1 , t −
v

(1.2)

where f (z) is a function that prescribes the attenuation (or ampliﬁcation) of the
current wave and v is its speed. There are several variations of this model de18

pending on the functional dependence of f (z). Watson and Marshall [2007] and
Karunarathne et al. [2014] employed these models to match multi-station measurements of NBEs and IBPs, respectively. They have used several variations of
the TL model choosing f (z) to be constant, linearly-decreasing, exponentiallydecreasing/increasing, and following the Kumaraswamy’s distribution (which is
zero at the channel’s extremities and peaks somewhere in the middle of the TL).
These authors demonstrated that, for a speciﬁc pulse measured, diﬀerent choices
of f (z) lead to (order of magnitude) similar inferred parameters for the current
source. For example, they inferred that the source of both NBEs and IBPs should
be ∼100–1000 m long [Karunarathne et al., 2014, Table 4].

Equation (1.2) is a general solution for the wave equation for an inﬁnite TL [e.g.,

Bazelyan and Raizer , 2000, pp. 175–176]. The limitation of this approach is that it
neglects reﬂections at the channel’s termination. For instance, for electromagnetic
waves propagating in the TL at approximately the speed of light, reﬂections will
occur in a time scales of ∼0.3–3 µs, for channels ∼100–1000 m long, respectively.

This time scale is comparable or shorter than the above mentioned duration of
both IBPs (Section 1.3.1) and NBEs (Section 1.3.2). Nag and Rakov [2010] in-

troduced the eﬀects of reﬂections by using eﬀective reﬂection coeﬃcients at the
TL extremities and writing the total current wave as a summation of an inﬁnite
number of waves that are injected in the TL every time the original wave reaches
one of the TL terminations. A detailed description of this technique can be found
in engineering electromagnetics textbooks [e.g., Inan and Inan, 1998, Section 2.3].
A weakness of TL models is that they do not explain what is the physical source
of the current pulse injected in the channel and what process creates the channel
in the ﬁrst place. It should be noted that both Watson and Marshall [2007] and
Nag and Rakov [2010] suggest, but do not substantiate using physics-based modeling, that runaway breakdown might have created the initial channel in which the
NBE current pulse was injected. This assumption is based on a diﬀerent modeling
strategy that is described next below.
The second class of NBE models are based on the idea that high-energy electrons, from cosmic ray extensive air showers (EASs), reaching thundercloud altitudes, may act as seed particles for relativistic runaway electron avalanches
(RREAs) [Gurevich and Zybin, 2004]. A requirement for RREA multiplication
19

is that the electric ﬁeld within the thunderstorm is larger than the runaway breakdown threshold in kilometer-long scales. This threshold is ∼3 kV/cm at sea-level

and it decreases exponentially with altitude following the ambient air density [e.g.,
Gurevich et al., 2002; Dwyer , 2003]. Depending on the energy of the seed particles
and the thunderstorm ﬁeld strength the runaway electrons can rapidly multiply
and produce a large number of low-energy electrons. These low energy electrons
would drift in the thunderstorm ﬁeld and produce a current distribution that radiates in the LF/VLF frequency range. Its electromagnetic radiation would have a
characteristic bipolar waveform, similar to NBEs. However, as suggested by Dwyer
and Uman [2014, Section 6.5] and further quantiﬁed by Arabshahi et al. [2014],
the required thunderstorm and EAS properties to match observed NBE waveforms
appear to be unrealistic. For instance, Arabshahi et al. [2014] demonstrated that
the required minimum cosmic ray energy to reproduce measured NBEs through
the EAS–RREA model is ∼1021 eV. These authors estimate that the frequency

of occurrence of an EAS with such high energy, over a typical thunderstorm area
of 100 km2 , is 1 every 67 years. These authors also concluded that, required for

this mechanism, thunderstorm electric ﬁeld magnitudes should be comparable to
the conventional breakdown threshold [Arabshahi et al., 2014, Fig. 2]. The conventional breakdown threshold is deﬁned by the equality between electron-impact
ionization and attachments rates, it has a value of ∼30 kV/cm at ground level, and

it decreases exponentially with altitude, following air density. It should be noted
that such high electric ﬁelds have never been measured inside thunderstorms [e.g.,
Dwyer and Uman, 2014, Table 3.1].

1.4

Problem Formulation

This dissertation is dedicated to answering the following science questions, regarding leader discharge physics and its implications for the phenomenology of lightning
and transient luminous events:
• Question 1: What is the mechanism of leader discharge formation in lightning discharges? What are the dominant processes contributing to streamerto-leader transition?
20

• Question 2: What is the fraction of electronic power dissipated in streamer

channels that contributes for direct heating of air and, consequently, to leader
discharge formation?

• Question 3: What is the dependence of a lightning leader speed on electrical

current and ambient air pressure? What is the maximum altitude in Earth’s
atmosphere at which leader formation is possible?

• Question 4: What governs the dynamics of an upward-propagating lightning leader such as in the case of gigantic jets (GJs) escaping from thundercloud tops? What is the reason for the observed acceleration in GJs?
• Question 5: What are the levels of air heating within sprite streamer channels? What is the mechanism of production of infrasonic acoustic waves by
sprites?
• Question 6: What are the implications of the asymmetric growth of pos-

itive and negative leader extremities (i.e., continuous vs. stepwise) for the
phenomenology of electric ﬁeld change data detected on the ground?

• Question 7: What is the physical mechanism responsible for the source of
initial breakdown pulses (IBPs) in lightning discharges?

• Question 8: What is the in-cloud discharge process that generates the socalled narrow bipolar events (NBEs)? What is the connection between IBPs,

NBEs, and the physics of leader discharges?

1.5

Organization of the Dissertation

In order to address the science questions listed in Section 1.4, we have developed
two new computational models, described in Chapters 2 and 7. The scientiﬁc
contributions made possible by these two models are described in Chapters 3–6
and 8, respectively.
The ﬁrst theoretical model, described in Chapter 2, simulates air heating and
streamer-to-leader transition in gas discharges. The model accounts for all physical
processes known to play a role in the conversion of a streamer corona to a leader
21

channel. In Chapter 3 we discuss spark formation as a consequence of a thermalionizational instability and we calculate the fraction of electronic power spent
on direct heating of the neutral gas. In Chapter 4 we describe the dynamics of
streamer-to-leader transition, and calculate lightning leader speeds, at groundlevel and reduced air densities. Chapters 3 and 4 present the eﬀorts devoted to
answering science questions 1–3.
In Chapter 5 we apply the modeled lightning leader speeds to interpretation of
the experimentally-inferred phenomenology of gigantic jets, in an eﬀort to address
research question 4. In Chapter 6 we extend the the streamer-to-leader transition
model to quantify the levels of air heating within sprite streamer channels and
clarify the mechanism responsible for infrasonic acoustic radiation from sprites.
Chapter 6 is, therefore, dedicated to answer science question 5.
The second theoretical model, described in Chapter 7, simulates the electromagnetic radiation generated during the initial stages of the bidirectional lightning leader development inside the thunderstorm. In Chapter 8 we describe in
detail how the leader discharge dynamics generates these so-called initial breakdown pulses and narrow bipolar events observed with multi-station electric ﬁeld
change sensors on the ground. Therefore, Chapter 8 reports our eﬀorts to answer
research questions 6–8.

1.6

Scientific Contributions

Major advances related to the research questions 1–8 have been recently achieved
and documented in peer-reviewed journal publications [da Silva and Pasko, 2012,
2013a,b, 2014, 2015], which can be summarized as follows:
• Development of an air heating model capable of simulating both the spark

formation in short air gaps and the leader onset in long air gaps, such as
in the case of lightning discharges. Determination of the spark and leader
onset time scales in agreement with existing experimental data and modeling
works. Quantiﬁcation of the fraction of electronic power that is spent directly
on gas heating and its dependence on applied electric ﬁeld and ambient air
density [da Silva and Pasko, 2013b].
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• Development of a methodology to calculate the speeds of lightning leaders
and gigantic jets (GJs). Development of quantitative theory of the scaling

of leader speeds with air density, or altitude in the Earth’s atmosphere. Determination of the maximum altitude in the Earth’s atmosphere at which
streamer-lo-leader transition can occur as a function of the characteristics of
the leader stem [da Silva and Pasko, 2012, 2013b].
• Development of a time-dynamic model simulating the upward propagation
of a GJ. The model results show that initial speeds of GJs are comparable

to lightning leader speeds and that the observed acceleration of GJs can be
explained by the expansion of its streamer zone. As a consequence, the GJ
acceleration indicates the region in the atmosphere where transition between
leader and streamer portions of GJs occur [da Silva and Pasko, 2012, 2013a].
• Quantitative description of air heating in sprite streamer channels. These

studies connect for the ﬁrst time the well-known optical and electrical properties of sprites to their infrasound signatures. It has been demonstrated that
air heating in sprites, and subsequent infrasonic acoustic wave radiation, can
be produced as a consequence of fast air heating due to quenching of excited
electronic states [da Silva and Pasko, 2014].

• Development of a novel electrodynamic model for simulation of the lightning

leader tree growth inside thunderstorms. An uniﬁed theory is introduced
in order to explain the diﬀerent kinds of electromagnetic ﬁeld signatures
observed during the initial stages of lightning discharges (i.e., initial breakdown pulses in intracloud and cloud-to-ground lightning and positive- and
negative-polarity narrow bipolar events). This new perspective relates, for
the ﬁrst time, the diﬀerent kinds of electric ﬁeld signatures to the same phenomenon inside the thundercloud, i.e., to the initial leader growth [da Silva

and Pasko, 2015].
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Chapter

2

Modeling of Air Heating and
Streamer-to-Leader Transition in
Gas Discharges
In this chapter, we introduce a model for streamer-to-leader transition built on
three principal assumptions: (1) the axial variations along the channel are negligible in comparison to the radial ones and, therefore, the leader head can be represented by a one-dimensional (1–D) radial system, (2) the electrical current of a
propagating leader is produced in the streamer zone and injected in the leader head
and, therefore, it is an external parameter for this region, and (3) the streamer-toleader transition takes place on a time scale τh on which a newly formed portion
of the leader is heated to a temperature of ∼2000 K. Figure 2.1a presents the
schematics of a positive leader, highlighting the simulated region. The physical

interpretation of the simulation region is straightforward in the case of a positive
leader. In the case of negative leaders an analogous process can be assumed to take
place in the space stem, during the growth of a space leader, ahead of the main
leader channel, as mentioned in Section 1.2.3. The proposed methodology is based
on previous theoretical works reviewed in Section 1.2.3 [e.g., Naidis, 1999, 2005;
Popov , 2003, 2009; Riousset et al., 2010a]. The approximation that the leader
head can be treated as a 1–D system (2–D with axial symmetry) is made necessary due to the extensive list of physical/chemical processes, with largely diﬀerent
time scales, involved in the non-equilibrium plasma described here.
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Figure 2.1. (a) Sketch of a positive leader highlighting the simulated region. (b)
Exponential decrease of ambient air density with altitude in Earth’s atmosphere. Bottom
axis present Namb in cm−3 , while top axis presents Namb /N0 , where N0 = 2.5×1019 cm−3
is the ambient air density at ground level.

The initial conditions for the leader stem describe a solitary plasma channel
embedded in a non-perturbed atmosphere consisting of 79 % of N2 and 21 % of
O2 at ambient temperature T0 = 300 K. Initially, the plasma channel is set to
have a Gaussian radial distribution ne (r) = ne,a exp(−r 2 /rc2), with a peak value of
ne,a = 2×1014 cm−3 and a 1/e radius rc = 0.3 mm, at ground pressure. Charge
neutrality is ensured by setting the initial density of O+
2 ions to be equal to the
electronic one, and densities of all other ion species to zero [Popov , 2003, 2009]. The
initial conditions for simulations at diﬀerent altitudes are obtained by scaling the
ground parameters with air density using similarity laws for streamer discharges
[e.g., Pasko, 2006, pp. 265–267]. For example, the initial radius and electron
2
density are written as rc = rc,0 N0 /Namb and ne = ne,0 Namb
/N02 , respectively, where

Namb is the ambient air density at an altitude of interest and N0 is the ambient air
density at ground level. Figure 2.1b shows the exponential decrease of Namb with
altitude h. Note that Namb represents only the initial conditions for the simulations,
i.e., N(t=0) = Namb . An important characteristic of the model described below is
that it allows for actual value of N to reduce due to gas expansion and to increase
due to dissociation. Hence, in this dissertation, we refer to Namb when discussing
scaling of properties with altitude in Earth’s atmosphere and to N when discussing
the eﬀects of dynamic lowering of neutral density in the reduced electric ﬁeld E/N
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during the leader formation process. To summarize, quantities with subindex
“amb” refer to the ambient values, quantities with subindex “0” refer to ambient
values at ground pressure, and quantities with neither “amb”, nor “0” subindex
refer to actual dynamic values of the variables.
The above described initial conditions are chosen such that the leader stem
resembles a single streamer channel at the beginning of the simulation [see e.g.,
Liu and Pasko, 2004]. These initial conditions are used through Chapters 3–5,
unless otherwise indicated, as for example in Section 5.2 where the eﬀects of rc
are discussed. The leader stem is then dynamically followed assuming a given
current I, and evolution of all parameters is tracked as a function of time t and
radial position r. The current I ﬂowing through the leader head is created by the
collective action of all the streamers in the streamer zone, as schematically represented in Figure 2.1. The set of physical/chemical processes required to describe
the conversion of this cold streamer to a hot leader channel can be divided into
four groups: neutral gas dynamics (Section 2.1), a comprising set of chemical reactions (Section 2.2 and Appendix A), energy exchange between charged and neutral
particles (Section 2.3), and delayed relaxation of vibrational energy (Section 2.4),
as described below.

2.1

Gas Dynamics

The ﬁrst block of the model contains a set of gas dynamics equations to describe
the air heating and expansion due to the passage of the electrical current through
the stem’s cross section, as follows:
∂ρ ~
+ ∇·(ρ~v) = 0 ,
∂t
∂ρ~v ~
~ + 1 µv ∇(
~ ∇·~
~ v) + µv ∇2~v ,
+ ∇·(ρ~v~v) = −∇p
∂t
3
∂ε ~
∗~
~
+ ∇·[(ε + p) ~v] = Qeff
T + ∇·(κT ∇T ) ,
∂t
∂εV ~
~
~
+ ∇·(εV~v) = Qeff
+ ∇·(D
V ∇εV ).
V
∂t

(2.1)
(2.2)
(2.3)
(2.4)

The equation (2.1) accounts for mass transport, where the mass density is
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deﬁned as the sum over all neutral species, at ground electronic state, ρ =

P

j

mj nj

(where nj and mj are the number density and mass of the j-th neutral specie,
N2 , O2 , O, N, and NO, as described in Section 2.2), and ~v is the bulk velocity
of the neutral gas. The equation (2.2) describes the transport of momentum,
with ρ~v accounting for the momentum per unit volume of the neutral gas. The
forcing term is the pressure (p) gradient. Dissipation due to viscous forces [e.g.,
Sparrow and Raspet, 1991, eq. (2)] is also accounted for in equation (2.2), with
µv being the viscosity coeﬃcient in units of kg/m·s or Pa·s [Boulos et al., 1994,
pp. 413–417]. Figure 2.2a shows the dependence of µv on temperature. Equations
(2.3)–(2.4) describe the energy transport, where ε and εV are the translational and
vibrational energy densities (expressed in units of J/m3 ), respectively, and T and
TV the associated temperatures. The energies are related to the temperatures as
ε=
and
εV =

1
5
NkB T + ρ ~v ·~v
2
2

(2.5)

nN2 ~ω
,
exp(~ω/kBTV ) − 1

(2.6)

where ~ω = 0.29 eV is the vibrational quantum of the N2 molecule [e.g., Naidis,
2005, 2007], nN2 is the N2 number density, and kB is the Boltzmann constant. Note
that ε describes the overall translational energy of the neutral gas, while εV the vibrational energy of solely N2 molecules. Describing the spatio-temporal evolution
of the mean energy distribution by a set of two equations is necessary because,
while the equilibrium between translational and rotational degrees of freedom can
be assumed to be instantaneously reached, the relaxation of vibrational energy of
N2 molecules occurs on a signiﬁcantly longer time scale τVT (deﬁned in Section 2.4),
that can be comparable to (or longer than) the channel heating time itself [e.g.,
Naidis, 1999; Benilov and Naidis, 2003]. The vibrational temperatures of other diatomic molecules are close to the translational temperature T [Benilov and Naidis,
2003]. Equation (2.3) accounts for heat conduction, where κ∗T (expressed in units
of W/m·K) is the thermal conductivity without the contribution of vibrationally
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Figure 2.2. (a) Dependence of viscosity µv and heat conduction κT coefficients on
translational temperature T [Boulos et al., 1994, pp. 413–417]. (b) Dependence of the
correction factor F , that accounts for electron energy gained in super elastic collisions
with vibrationally excited N2 (v), on vibrational temperature TV [Benilov and Naidis,
2003, eq. (8)]. Panel (a) also shows a simplified description for the heat conduction
coefficient κ∗∗
T described in the text.

excited nitrogen molecules [Naidis, 2007, eq. (11)]:
∗

κT = κT − nN2 DV kB



~ω
kB T

2

exp(~ω/kBT )
[exp(~ω/kBT ) − 1]2

(2.7)

where κT is the total thermal conductivity in equilibrium conditions (T = TV ) [Boulos et al., 1994, pp. 413–417]. Figure 2.2a shows the dependence of κT on temperature. This correction is made necessary because equation (2.4) already accounts
for energy loss due to diﬀusion of vibrationally excited nitrogen molecules. The
diﬀusion coeﬃcient is given by DV = 1.7 × 10−5 (T /T0 )1.5 N0 /N m2 /s [e.g., Shneider et al., 2012], where T0 = 300 K is the ambient value of temperature, N is the
P
neutral gas density deﬁned as the sum over all neutral species N = j nj , and
N0 = 2.5×1019 cm−3 is its ambient value at ground pressure (see Figure 2.1b). The

equation of state p = NkB T closes the system of equations (2.1)–(2.4). The terms
Qeff
and Qeff
are the eﬀective rate of energy deposition in translational and vibraT
V
tional degrees of freedom, respectively, and are deﬁned in Section 2.3. These two
quantities describe the coupling between the electrical current and the neutral gas.
An important contribution for the thermal conductivity comes from the chemical reactions occurring in the plasma [Boulos et al., 1994, pp. 271–273]. For
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instance, the two peaks in the dependence of κT (T ), shown in Figure 2.2a, are related to the dissociation of O2 [e.g., Raizer , 1991, Fig. 10.20] and N2 [e.g., Boulos
et al., 1994, Fig. 7.2] molecules. In this work, we use the thermal conductivity κT
from Boulos et al. [1994, pp. 413–417], which is calculated under the assumption
of local thermodynamical and chemical equilibrium, at ground level pressure. In
a more general case, the contribution for κT , coming from the chemical reactions
in the plasma, depends on pressure and gas composition. The general description
of all components of the thermal conductivity in the non-equilibrium case [e.g.,
Chen and Li , 2003; Nemchinsky, 2005; D’Angola et al., 2008] is beyond the scope
of the present work. We also introduce a simpliﬁed version of the thermal conductivity κ∗∗
T = 19 kB µv /4 mair , where mair = ρamb /Namb is the average mass of an air
molecule. This deﬁnition of κ∗∗
is obtained from the Eucken relationship between
T
the thermal conductivity and the viscosity coeﬃcient by assuming that the speciﬁc
heat ratio (γ = 7/5) is independent of temperature [e.g., Hirschfelder et al., 1964,
pp. 499–501; Boulos et al., 1994, pp. 294–295; Laurendeau, 2005, p. 312]. Hence,
κ∗∗
only accounts for energy transport associated to translational and rotational
T
degrees of freedom, neglecting the contributions of vibrational degrees of freedom
and chemical reactions. The coeﬃcient κ∗∗
is also shown in Figure 2.2a. In all
T
calculations in this document we use the coeﬃcient κ∗T , deﬁned by equation (2.7).
The coeﬃcient κ∗∗
T is only used to demonstrate (please see Section 4.2) that the
results and conclusions of the present work do not have a signiﬁcant dependence
on the choice of thermal conductivity description.
Transport equations (2.1)–(2.4) are written in the general form of a hyperbolic
equation [e.g., Potter , 1973, eq. (3.78); Hoﬀman, 2001, p. 651] and solved with
ﬁnite diﬀerences [e.g., Sparrow and Raspet, 1991]. The transport equations are
solved with second-order midpoint integration in time [e.g., Potter , 1973, eqs.
(2.91)–(2.92); Hoﬀman, 2001, p. 365]. Advective (hyperbolic) transport terms are
discretized with ﬁrst-order upwind scheme [e.g., Hoﬀman, 2001, p. 673]. On the
other hand, parabolic terms [e.g., Potter , 1973, eq. (3.111); Hoﬀman, 2001, p.
587], such as heat conduction, viscosity, and diﬀusion, are discretized with secondorder central diﬀerences [e.g., Hoﬀman, 2001, p. 598]. Equations are solved on
a non-uniform radial grid with ﬁnest resolution of ∆r1 = 3 N0 /Namb µm at the
axis of symmetry, which is ∆r1 = rc /100. The grid size ∆rı increases radially
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following an exponential function. Numerical tests performed with FCT (ﬂuxcorrected transport) schemes [Boris and Book , 1973; Zalesak , 1979] showed that
the upwind scheme performs satisfactorily well near the axis of symmetry for the
grid resolution ∆rı used in this work.

2.2

Kinetic Scheme

To describe the plasma composition a comprehensive kinetic scheme is employed,
containing 21 species including: neutrals N2 , O2 , O, N, NO; neutral species with
3
′1 −
3
excited electronic states O2 (a 1∆g ), N2 (A 3 Σ+
u ), N2 (B Πg ), N2 (a Σu ), N2 (C Πu ),
−
O(1D), O(1S), N(2D); electrons e; negative ions O− , O−
2 , O3 ; and positive ions
+
+
NO+ , O+
2 , O4 , O2 N2 . Hereafter, the excited electronic states of diatomic molecules

are represented by simpliﬁed notation: O2 (a), N2 (A), N2 (B), N2 (a′ ), and N2 (C)
[e.g., Kossyi et al., 1992]. In the above nomenclature, N2 (B) is an eﬀective state
corresponding to the triplet states N2 (B 3 Πg ), N2 (W 3 ∆u ), and N2 (B ′ 3 Σ−
u ). Hence,
the states N2 (W 3 ∆u ) and N2 (B ′ 3 Σ−
u ) are assumed to relax instantaneously to the
state N2 (B 3 Πg ), and they are represented by the eﬀective state N2 (B) [Kossyi
et al., 1992, eq. (2)]. Similarly, N2 (a′ ) describes the singlet states N2 (a′1 Σ−
u ),
N2 (a1 Πg ), and N2 (w 1∆u ), and N2 (C) accounts for N2 (C 3 Πu ), N2 (E 3 Σ+
g ), and
N2 (a′′ 1 Σ+
g ) [e.g., Kossyi et al., 1992; Popov , 2001; Flitti and Pancheshnyi , 2009].
All model species are described by a continuity equation with allowance for radial
advection and diﬀusion:
∂nj ~
~
~
+ ∇·(nj~v) = Sj + ∇·(D
j ∇nj ) ,
∂t

(2.8)

where all species are assumed to be transported with the bulk velocity of neutral
gas ~v [e.g., Popov , 2003, eq. (4)]. Neutral species are assumed to diﬀuse with the
same coeﬃcient DN = DV . Its ambient (ground-level) value 1.7×10−5 m2 /s is of
the order of magnitude of the diﬀusion coeﬃcient for several binary mixtures of
atmospheric gases at ambient temperature and ground pressure, as can be seen in
Table 6.2 of Capitelli et al. [2000, p. 97]. On the other hand, charged species are
assumed to follow ambipolar diﬀusion dynamics [e.g., Raizer , 1991, p. 28] with
ambipolar diﬀusion coeﬃcient Da ≈ kB µp Te /qe , where µp is the positive ion mobility
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[Morrow and Lowke, 1997, eq. (A14)], Te the electron temperature (equation (A.1)
in the Appendix A), and qe the electronic charge. The diﬀusion coeﬃcients DN ,
DV , and Da , are inversely proportional to the air density, carrying, therefore, the
same scaling as electron and ion mobilities.
The 21 species are assumed to participate in a total of 106 reactions presented
in Table A.1 in the Appendix A. This set contains the 67 reactions previously
presented in Table 2 of Riousset et al. [2010a] and is further extended to include
processes that gain importance at high temperature. The kinetic scheme adopted
for the present study explicitly includes the NO+ specie and its pertinent chemistry.
For instance, at ground pressure, associative ionization, producing NO+ ions, (reaction R5 in Table A.1) and electron recombination with NO+ ions (reaction R11)
are the dominant mechanisms for electron density maintenance at temperatures
higher than 4500 K [Aleksandrov et al., 1997].
The source term in the electron number density equation, for example, can be
written as [Naidis, 1999, eq. (7)]:
Se = (νion + νstep + νassoc + νdet − νa2 − νa3 − νrec ) ne ,

(2.9)

where νion corresponds to electron-impact ionization of N2 and O2 (reactions R1–
R2), νstep to stepwise ionization of O atoms and NO molecules (reactions R3–R4),
νassoc to associative ionization in collisions between N and O atoms and in collisions
3 +
between N2 (a′1 Σ−
u ) and N2 (A Σu ) molecules (reactions R5–R7), νdet to electron

detachment of negative ions (reactions R15–R24), νa2 to two-body attachment to
O2 molecules (reaction R8), νa3 to three-body attachment (reaction R9), and νrec
to electron-ion recombination (reactions R10–R14).
The rate coeﬃcients in Table A.1 eﬀectively depend on four quantities: E, N,
T , and TV . The axial electric ﬁeld E can be calculated from the current I through
Ohm’s law, which in cylindrical coordinates can be expressed as [Popov , 2003, eq.
(3)]:
E=Z

I
∞

,

(2.10)

σ(r) 2πrdr
0

where r is the radial coordinate and σ(r) the radially-dependent electrical conductivity. Expression (2.10) has the form E = R I, where R is the channel’s linear
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resistance with units of Ω/m. The neutral gas density N is mainly governed
by gas-dynamic expansion (equation (2.1)) and dissociation (reaction R58). The
translational and vibrational temperatures (T and TV ) are calculated by inverting
equations (2.5) and (2.6), respectively.
Under conditions of vibrational non-equilibrium, when TV > T , rates of electronimpact processes (R1–R4, R8, R25–R32) are accelerated due to super elastic collisions with vibrationally excited N2 . In the present modeling such an eﬀect is
accounted for through the multiplying factor [Benilov and Naidis, 2003, eq. (8)]:



exp(−~ω/kB TV )
F = exp C
,
(E/N)2

(2.11)

where E/N is given in Td (1 Td = 10−17 V·cm2 ) and C = 6500 Td2 . Figure 2.2b
shows the dependence of F on vibrational temperature. Similarly, the conditions
of vibrational non-equilibrium facilitate dissociation of N2 . This eﬀect can be
accounted for by using a two-temperature rate coeﬃcient in reaction R58 [e.g.,
Fridman and Kennedy, 2004, pp. 151–154]. Such eﬀect is accounted for through
the inclusion of the factor [Krivonosova et al., 1991]:


θD − βT
1 − exp(−~ω/kBTV )
,
exp −
Z(T, TV ) =
1 − exp(−~ω/kBT )
Tm

(2.12)

where θD = 113260 K is the dissociation temperature of N2 (note that END2 = kB θD =

9.76 eV is the dissociation potential of N2 [Capitelli et al., 2000, p. 87]), β = 3,
and 1/Tm = 1/TV − 1/T .

The kinetic scheme includes two- (reactions R84–R101) and three-body (R102–

R106) ion-ion recombination reactions [Kossyi et al., 1992]. Note that although
+
Kossyi et al. [1992] did not list three-body recombination between O−
2 and O4

ions (reaction R106), we have included this process following approach described
by Pancheshnyi et al. [2005]. The importance of reaction R106 is also highlighted
by Smirnov [1982, p. 140] and Raizer [1991, p. 63]. However, we emphasize
that the dominant ion-ion recombination reactions in our system are the ones
that involve O− ions, which are the dominant negative ion specie. Rates of ionion recombination (reactions R84–R106) depend on ion temperature Ti (equation
(A.2) in the Appendix A), while rates of ion-molecule reactions (reactions R23,
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R70, R72–R75, R83) depend on the eﬀective temperature of ions colliding with
neutrals TReffj (equation (A.3) in the Appendix A).
The kinetic scheme includes the most important electron detachment reactions
(R15–R24) in an air plasma [Kossyi et al., 1992]. Among these reactions, the
dominant one is reaction R15 of electron detachment in collisions between O− and
N2 . The dependence of the rate coeﬃcient of this reaction on electric ﬁeld is the
same as used by Luque and Gordillo-Vázquez [2012], which is a simple analytical ﬁt
for the original measurements of Rayment and Moruzzi [1978]. The kinetic scheme
also accounts for thermal dissociation of N2 , O2 , and NO (reactions R58–R60)
and the respective inverse recombination reactions (R61–R63). We use the same
coeﬃcients for thermal dissociation and recombination reactions as Krivonosova
et al. [1991] and Aleksandrov et al. [1997]. Following the steps of Riousset et al.
+
+
+
[2010a], we assume that N+
2 , N4 , and O are readily converted into O2 ions and

that densities of N2 (B), N2 (C), O(1D), O(1S), and N(2D) states are given by steadystate approximations [Naidis, 1999, 2005; Riousset et al., 2010a].
We note that in contrast to several models in literature that use zero-dimensional
chemistry [e.g., Gallimberti , 1979; Aleksandrov et al., 1997; Naidis, 1999, 2005;
Aleksandrov et al., 2001a; Gallimberti et al., 2002; Bazelyan et al., 2007a; Riousset
et al., 2010a] or that use a simpliﬁed chemistry [e.g., Rogoﬀ , 1972; Jaeger et al.,
1976; Marode et al., 1979; Vidal et al., 2002; Shneider et al., 2012], the present
model locally updates, using equation (2.8), the density of every specie considered,
including all transport and chemical processes in which the specie is involved, at
every point along the radial dimension.
The continuity equations (2.8) are solved with the same numerical methods as
the transport equations for neutral gas (2.1)–(2.4). Chemistry source terms are also
integrated in time with second-order midpoint (or explicit two-step [e.g., Potter ,
1973, pp. 34–35]) method under severe restrictions for the time step ∆t, in order
to capture the evolution of all kinetic and transport processes (e.g., ∆t ≪ 1/νion ,
1/νa2 , ∆r1 /cs , NkB ∆r12 /κT , etc.). Typically we choose the time step to be at

least a factor of 1/10 shorter than the fastest process in the system. Numerical
tests performed with the DVODE package, for time integration of ﬁrst-order stiﬀ
diﬀerential equations, showed that the second-order midpoint method performs
well for the very short time steps used in this work. The DVODE package is
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used in ZDPlasKin, which is a tool to simulate the time evolution of the species
densities and gas temperature in a non-thermal plasma with an arbitrarily complex
chemistry [e.g., Flitti and Pancheshnyi , 2009, and references therein].

2.3

Energy Transfer from Charged to Neutral
Particles

Energy is transferred from the electrical current produced in the streamer zone to
translational and vibrational degrees of freedom at a rate of:
Qeff
= QT + QL + Qi + QVT + QVV + QD ,
T

(2.13)

Qeff
V = QV − QVT − QVV − 2QD ,

(2.14)

respectively, in units of W/m3 (see equations (2.3) and (2.4)). The rates of energy
exchange, in the above equations (2.13) and (2.14), are deﬁned as follows: QT
corresponds to quenching of excited electronic states, QL to elastic collisions, Qi
is the Joule heating from the ion current, QV to the excitation of vibrations in
N2 molecules, QVT represents the vibrational-translational relaxation of the ﬁrst
excited vibrational level in N2 , QVV relaxation from upper levels, and QD to dissociation (see further discussion below).
The rate of energy lost (per unit volume) by the plasma species and gained
by the neutrals is Q = σE 2 = (σe + σi ) E 2 , where σe and σi are the electron an ion
conductivities, respectively. The total electrical conductivity is deﬁned as the sum
P
σ = j qj µj nj over all charged species (qj , µj , and nj are the charge, mobility,

and density, respectively, of charged species; mobilities are taken from Morrow
and Lowke [1997, eqs. (A8)–(A14)]). Note that, in equation (2.13), all ionic (volumetric) power Qi = σi E 2 is assumed to be transferred directly into translational
degrees of freedom. The electronic power Qe = σe E 2 , on the other hand, requires
a special treatment. The deposition of electronic power can be conveniently partitioned into three channels: (1) excitation of vibrations, (2) elastic collisions, and
(3) excitation of electronic states. The ﬁrst one accounts for excitation of the ﬁrst
eight vibrational levels in N2 molecules and it is deﬁned as QV = ηV σe E 2 . The sec-
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ond one is the electronic power spent in elastic collisions with O2 and N2 molecules,
including excitation of rotations (in both) and vibrations in O2 (that quickly relax
into translational energy), and it is deﬁned as QL = ηL σe E 2 . The third one is represented as QE = ηE σe E 2 and comprises ionization (R1–R4), excitation of electronic
states including metastables (R25–R29), and dissociation (R30–R32). The dependence of the three fractions ηV , ηL , and ηE , on EN0 /N, calculated using BOLSIG+
[Hagelaar and Pitchford , 2005] (with cross sections from the Phelps database [Lawton and Phelps, 1978; Phelps and Pitchford , 1985]), is shown in Figure 2.3. It can
be seen from the ﬁgure that most of electronic power (in the electric ﬁeld range
displayed) is spent on excitation of vibrations in N2 molecules. In our calculations,
we use the fractions ηV and ηL , shown in Figure 2.3, to calculate QV and QL in
equations (2.13) and (2.14).
The dependence of ηV and ηL on plasma composition is taken into account by
simply reducing them proportionally to the number fraction of N2 and O2 as these
molecules dissociate. The elastic power loss is proportional to the number fraction
of the molecules colliding with electrons, for example ηL ∝ nO2 /N, and we ensure

that nO2 and N are the updated values, as function of time and radial position, of
the O2 and total neutral gas densities (see also deﬁnitions of energy fractions by
BOLSIG+).
The dependence of ηV on TV is taken into account by subtracting the increase
in QE due to the non-equilibrium factor F , presented in equation (2.11), i.e.,

ηV ∝ [kV∗ ne nN2 − (F − 1)QE /F ]/σe E 2 , where kV∗ is the rate coeﬃcient for electron-

impact excitation of vibrations in N2 and (F − 1)QE /F is the power gained by

electrons in superelastic collisions with excited N2 (v) that contributes to the increase of QE , since QE ∝ F (more details on the method for evaluation of QE are

provided below).

The rate of energy exchange between electrons and neutrals that comes from
the collisional quenching of excited atomic and molecular states is typically deﬁned
in gas discharge literature as QT = 0.3 QE , where QE = ηE σe E 2 [Aleksandrov et al.,
1998; Naidis, 1999, 2005; Riousset et al., 2010a]. The approximation that 30 % of ηE
contributes to gas heating was introduced by Aleksandrov et al. [1998] to explain
available experimental data on nitrogen discharges and they assert that this is
probably applicable for a discharge in air, as well. To apply this approximation
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Figure 2.3. Partition of electronic power in a discharge in air. The fractions are
calculated using BOLSIG+ [Hagelaar and Pitchford, 2005] for a composition of 79 % of
N2 and 21 % of O2 at ambient temperature of 300 K.

ηE can be calculated with BOLSIG+, as done by Riousset et al. [2010a]. The
obtained ηE fraction is shown in Figure 2.3, to illustrate the discussion. Instead
of using the above mentioned approach, we introduce a method to calculate QE
and QT , directly from the chemical reactions, based on the work by Popov [2001].
This method is more general than the above described approach, and accounts
for the scaling of ηE and ηT fractions with air density at diﬀerent altitudes in the
Earth’s atmosphere. Thus ηE calculated with BOLSIG+ is only used in this work
to illustrate the discussion in this section and for the sake of comparison. All model
results are obtained with QE and QT as described in the next paragraph.
The rate of energy transfer due to electron-impact excitation of electronic states
P
is deﬁned as QE = j Ej∗ Sj , where Ej∗ is the excitation threshold, Sj is the reaction

rate, and the summation is performed over all reactions listed in Table 2.1 (the
corresponding energy thresholds and literature reference are listed in the table).
Similarly, the rate of energy transferred to translational degrees in chemical reacP
tions is deﬁned as QT = j EjT Sj , where EjT is the excess kinetic energy of products,

Sj is the reaction rate, and the summation is performed over all reactions listed in
Table 2.2. The amount of energy transferred to translational degrees of freedom
per reaction act, shown in Table 2.2, is calculated following the approach of Popov
[2001, 2011] and examples follow below.
A major contribution for QT , and therefore for air heating, comes from quench36

Table 2.1. Electron-Impact Ionization, Excitation, and Dissociation Reactions
Reaction
Ej∗ (eV)
Reference
+
R1
O2 + e → O2 + e + e
12.08
Capitelli et al. [2000, p. 85]
Capitelli et al. [2000, p. 85]
15.58
R2
N2 + e → N+
2 + e + e
R3
NO + e → NO+ +e + e
9.26
Capitelli et al. [2000, p. 85]
+
Capitelli et al. [2000, p. 85]
R4
O + e → O +e + e
13.62
R25
N2 + e → N2 (A) + e
6.17
Capitelli et al. [2000, p. 121]
Capitelli et al. [2000, p. 121]
R26
N2 + e → N2 (B) + e
7.35
R27
N2 + e → N2 (a′ ) + e
8.4
Capitelli et al. [2000, p. 121]
R28
N2 + e → N2 (C) + e
11.03
Capitelli et al. [2000, p. 121]
Capitelli et al. [2000, p. 122]
R29
O2 + e → O2 (a) + e
0.98
Popov [2011]
R30a
N2 + e → N + N(2D) + e
13
b
Popov [2011]
R31
O2 + e → O + O + e
5.9
R32c
O2 + e → O + O(1D) + e
8.34
Popov [2011]

Reaction R30 occurs through the excitation of a predissociation state N∗2 with excitation energy
D
= 13 eV and dissociation energy EN
∗ = 12.1 eV [Popov , 2011].
2
Reaction R31 occurs through the excitation of a predissociation state O∗2 with excitation energy
∗
D
EO
∗ = 5.9 eV and dissociation energy EO∗ = 5.12 eV [Popov , 2011].
2
2
c
Reaction R32 occurs through the excitation of a predissociation state O2 (B) with excitation
D
∗
= 7.08 eV [Popov , 2011].
= 8.34 eV and dissociation energy EO
energy EO
2 (B)
2 (B)
a

∗
EN
∗
2
b

Table 2.2. Fast Heating Reactions
R10
R11
R12
R13
R14
R30
R31
R32
R35
R39
R41
R43
R45
R48
R50
R53
R57

Reaction
e → O + O(1D)
NO + e → O + N(2D)
O+
4 + e → O2 + O2
O+
2 N2 + e → O2 + N2
O+
2 + e + M → O2 + M
N2 + e → N + N(2D) + e
O2 + e → O + O + e
O2 + e → O + O(1D) + e
N2 (A) + O2 → N2 + O + O
N2 (A) + N2 (A) → N2 (B) + N2
N2 (B) + O2 → N2 + O + O
N2 (a′ ) + O2 → N2 + O + O(1D)
N2 (C) + O2 → N2 + O + O(1D)
O(1D) + N2 → O + N2
O(1D) + O2 → O + O2
N(2D) + O2 → NO + O
O2 (b, v) + O2 → O2 (b) + O2 (v)
O+
2 +
+

EjT (eV)
5
5
5
5
5
0.9
0.78
1.26
1.05
4
2.23
1.32
3.95
1.96
1.96
2.38
0.37
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Estimation Method or Reference
Popov [2001]
T
= ER10
T
= ER10
T
= ER10
T
= ER10
∗
D
= EN∗2 − EN∗2 = 13 − 12.1
= EO∗ ∗2 − EOD∗2 = 5.9 − 5.12
= EO∗ 2 (B) − EOD2 (B) = 8.34 − 7.08
= EN∗ 2 (A) − EOD∗2 = 6.17 − 5.12
Popov [2001]
= EN∗ 2 (B) − EOD∗2 = 7.35 − 5.12
= EN∗ 2 (a′ ) − EOD2 (B) = 8.4 − 7.08
= EN∗ 2 (C) − EOD2 (B) = 11.03 − 7.08
∗
= EO(
1D)
∗
= EO(1D)
∗
= EN(
2D)
∗
= EO2 (v=2)

ing of excited N2 molecules (reactions R35, R41, R43, and R45), as in reaction
T
R41, for example. In this case ER41
= EN∗ 2 (B) − EOD∗2 = 2.23 eV is given by the diﬀer-

ence between the excitation energy of the N2 (B) state, EN∗ 2 (B) = 7.35 eV, and the

amount of energy required to dissociate the O2 molecule, EOD∗2 = 5.12 eV [Popov ,
2011]. For the sake of simplicity, we assume that molecules produced in all reac-

tions in Table 2.2 relax instantaneously to the ground vibrational level. Another
important contribution for air heating comes from electron-impact dissociation.
T
For example, in reaction R30, ER30
= EN∗ ∗2 − END∗2 = 0.9 eV is deﬁned as the diﬀer-

ence between the excitation energy of a predissociation state N∗2 , EN∗ ∗2 = 13 eV, and

its dissociation threshold with products N + N(2D), END∗2 = 12.1 eV [Popov , 2011].
Our model also accounts for air heating in electron-ion recombination (reactions

T
R10–R14). An amount ER10
= 5 eV is released in the form of kinetic energy of

atomic oxygen products in reaction R10 [Popov , 2001]. We assume that the same
amount is released in electron recombination with other positive ion species, since

R10 is dominant during initial stages of air heating. The model also accounts for
self-quenching of N2 (A) (reaction R39) and quenching of O(1D) (reactions R48
and R50) [Popov , 2001]. We also assume that the excited state O2 (b1 Σ+
g , v = 2)
[Popov , 2001, Section 4], referred in short as O2 (b, v), produced in reactions R36
and R49, quickly exchange its vibration excitation with ground-state O2 molecules
(reaction R57) [e.g., Vallance Jones, 1974, p. 116]. Heat release ﬁnally occurs due
to vibrational relaxation of the produced O2 (v) [Popov , 2011, Section 2.3].
The method for estimation of the energy released, in the form of kinetic energy
of products in every reaction, is listed in the fourth column of Table 2.2. If we write
QT =ηT σe E 2 , one
can see that our
approach
P
 gives eﬀective values of the fractions
P T 
2
∗
2
ηT =
j Ej Sj /σe E and ηE =
j Ej Sj /σe E as a function of E, N, T , TV ,
and plasma composition. The air heating due to the energy release in the chemical

reactions listed in Table 2.2 (∂T /∂t ∝ QT ) is referred in literature as “fast heating

mechanism”, because this process is essentially instantaneous when compared with

air heating due to vibrational-translational relaxation [see e.g., Aleksandrov et al.,
2010]. In Section 3.2 we present the calculated values of these fractions and discuss
the commonly used relation ηT /ηE ≈ 30 %.
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2.4

Vibrational-Translational Energy Relaxation

In this section we describe the rates of energy exchange between vibrational and
translational degrees of freedom: QVT , QVV , and QD . An important characteristic of the system under consideration is the strong vibrational non-equilibrium
TV ≫ T . In this case, high-energy vibrational levels are reasonably populated. In

order to correctly capture this regime, we include the eﬀects of the anharmonicity

of N2 molecule potential, accounting for the fact that the vibrational quantum is
smaller at higher energy levels [e.g., Fridman and Kennedy, 2004, p. 86]. Figure
2.4 illustrates the implications on the energy spacing between levels when considering both harmonic and anharmonic potentials for the N2 molecule. We calculate
the vibrational energy with the harmonic oscillator formula (2.6) [see e.g., Fridman
and Kennedy, 2004, p. 163], because it can be demonstrated that (under the excitation regime considered) the ﬁrst vibrational levels can be ﬁtted by a Boltzmann
distribution with temperature TV , leading to the expression for vibrational energy
given by equation (2.6). Nonetheless, we include the eﬀects of anharmonicity in
the rates of vibrational-translational (VT) energy relaxation, following discussion
by Capitelli et al. [2000, Chapter 3].
The energy pumped and stored into vibrational levels of N2 molecules relaxes
from the lowest vibrational level into translational energy on a time scale τVT ,
mainly due to quenching by atomic oxygen [e.g., Popov , 2001]. The rate of VT
energy exchange is given by the following expression [Capitelli et al., 2000, p. 28]:
QVT =

εV (TV ) − εV (T )
,
τVT

(2.15)

calculated from the diﬀerence between the local value of the vibrational energy,
εV (TV ), and its equilibrium value at a temperature TV = T , εV (T ). The VT relaxation time scale is deﬁned as [Chernyi et al., 2004, pp. 45, 79]:
X
1
= [1 − exp(~ω/kBT )]
kjVT nj Lj ,
τVT
j

(2.16)

with the sumation performed over the 5 ground states: N2 , O2 , NO, N, and O. In
the equation above, kjVT is the rate of deactivation of the ﬁrst excited vibrational
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state of N2 molecules in collisions with j-th specie (N2 (v=1) + Mj → N2 (v=0) +
Mj ) and Lj is the Losev correction factor [Capitelli et al., 2000, p. 38]:
"

1 − exp(−~ω/kB TV )


Lj =
1 − exp −(~ω/kBTV ) + δjVT

where δjVT = 0.427xe (~ω/kB)l

p

#2

,

(2.17)

M/T is the inverse (dimensionless) radius of the

VT exchange in collisions with j-th specie, xe = 6.13×10−3 is the anharmonicity

coeﬃcient, l ≈ 0.2 Å is the range of the repulsive Born-Mayer potential of the in-

teraction, and M is the reduced mass of the colliding particles [Capitelli et al.,

2000, p. 107]. The VT relaxation term, as described by equations (2.15)–(2.17),

is said to have a Losev dependence and it includes eﬀects of the anharmonicity of
the N2 potential in the rate of VT relaxation [Losev , 1981, p. 72]. The majority of
models in gas discharge literature neglect this eﬀect by setting Lj = 1 (or δjVT = 0),
in which case the VT relaxation term is said to have a Landau-Teller dependence

[e.g., Fridman and Kennedy, 2004, p. 273]. The factor Lj introduces the depen-

dence of QVT on TV . Typically, this correction is very small in comparison with
the change in QVT due to increase of neutral gas temperature T . Nonetheless, we
have decided to keep Lj for the sake of completeness. Table 2.3 lists the rates for

VT relaxation kjVT as well as the inverse radius δjVT used in our work.

In the regime of intense vibrational energy pumping QV ≫ QE at which QVT is

ineﬃcient, another mechanism governs the relaxation of vibrational energy. Note
that QVT can only be an eﬃcient mechanism for vibrational energy relaxation if T
is high or in collision with atoms (see Table 2.3). Energy can not be accumulated
indeﬁnitely in the ﬁrst level and it is rather transported upward in the “vibrational
ladder” (Figure 2.4) in collisions with other N2 molecules. The mechanism of
vibrational-vibrational (VV) exchange follows the reaction N2 (v ′ ) + N2 (v ′′ ) →

N2 (v ′ − 1) + N2 (v ′′ + 1), where the preferential direction of the reaction is for

v ′′ > v ′ [e.g., Fridman and Kennedy, 2004, p. 175]. It can be seen, from Figure
2.4b, that the discrete propagation of a quantum in the vibrational energy space
results in loss of vibrational energy, because the spacing between levels becomes
smaller and smaller. Assuming only single-quantum exchanges, at every step up
in the vibrational ladder, the excess energy 2xe ~ωv is lost to translational degrees
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(a) Harmonic Potential

(b) Anharmonic (Morse) Potential

Figure 2.4. Illustration of (a) harmonic and (b) anharmonic potential models for the N2
molecule. The harmonic (quadratic) potential imply the existence of an infinite number
of vibrational energy levels equally spaced in energy by an amount ~ω. The anharmonic
(Morse) Potential imply the existence of a limited number vmax of energy levels and
that the energy spacing between levels decrease with increasing energy. The anharmonic
potential is more realistic and it is capable of explaining molecular dissociation.

of freedom [e.g., Fridman and Kennedy, 2004, p. 275]. Therefore, the rate of VT
relaxation because of VV exchange QVV = ~ωΠ is proportional to the ﬂux of quanta
in the vibrational energy space Π [Raizer et al., 1995, pp. 63–64], which is given
by the following expression [Biberman et al., 1987, p. 399]:
4xe k VV
Π = VVN32
(δN2 )



~ω
kB T



2
n2N2 (v=0) vTr





~ω
2
exp −2xe vTr
−1
kB T

(2.18)

where kNVV2 is the rate of the VV exchange (see Table 2.3) and vTr = (T /xe TV + 1)/2
marks the location (in the vibrational energy space) of the minimum of the Treanor
distribution [Capitelli et al., 2000, pp. 38–39]. The Treanor distribution describes a
one-component system of anharmonic oscillators dominated by VV exchanges and
was ﬁrst derived by Treanor et al. [1968]. The inverse radius of the VV exchange
is calculated in the same way as in the VT case, in fact, δNVV2 = δNVT2 (Table 2.3). The
density of unexcited N2 molecules (with v = 0) is nN2 (v=0) = nN2 [1−exp(−~ω/kBTV )]
[Raizer et al., 1995, p. 64]. The above described model for QVV is also used by
Shneider et al. [2012] to study air heating and contraction of the plasma column
of a glow discharge in nitrogen.
Another consequence of strong vibrational non-equilibrium is the increase in
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Table 2.3. Vibrational Relaxation Rates of N2
Reference
kjVT or kjVV (cm3 /s)
Specie
δjVT or δjVV
Adiabatic Vibrational-Translational Relaxation: N2 (v=1) + Mj → N2 (v=0) + Mj
1
Molecule
kjVT = 6.4×10−12 exp(−137/T 3 ) Mnatsakanyan and Naidis [1985]
1
N2
δNVT2 = 6.8/T 2
1
VT
= 7.0/T 2
O2
δO
2
1
VT
NO
δNO = 6.9/T 2
Nonadiabatic Vibrational-Translational Relaxation: N2 (v=1) + Mj → N2 (v=0) + Mj
Capitelli et al. [2000, p. 110]
Atom
kjVT = 2.3×10−13 exp(−1280/T )
+ 2.7×10−11 exp(−10840/T )
1
N
δNVT = 5.6/T 2
1
VT
O
δO
= 5.8/T 2
Vibrational-Vibrational Exchange: N2 (v ′ ) + N2 (v ′′ ) → N2 (v ′ − 1) + N2 (v ′′ + 1)
3
1
kNVV2 = 2.5×10−14 (T /300) 2
Raizer et al. [1995, p. 64]
N2
δNVV2 = 6.8/T 2

the rate of N2 dissociation (reaction R58) by the factor Z(T, TV ). This occurs in
the regime of incomplete vibrational relaxation τD < τVT , where τD = nN2 /SD is the
N2 dissociation time scale and SD is the net dissociation rate given by the diﬀerence
of rates R58 and R61. The rate of vibrational energy loss due to the loss of oscillators in dissociation is 2QD , where QD = END2 SD . A simple inspection of equation

(12) of Treanor and Marrone [1962] shows that the energy loss per dissociation act
is ∼ END2 = 9.76 eV, in the limit TV ≫ T . Considering anharmonicity eﬀects, this

amount doubles. The total loss of energy to translational degrees of freedom in
the excitation of the N2 molecule from the ground state (v = 0) to the dissociation
level (v = vmax ) can be calculated by adding up the resonance defect 2xe ~ωv of
each step up in the vibrational ladder (Figure 2.4b). This calculation gives an
amount ∼ END2 [Fridman and Kennedy, 2004, p. 275]. Therefore, in the dissoci-

ation of anharmonic oscillators under strong vibrational non-equilibrium 2 END2 is
removed from the vibrational energy pool per dissociation act (2 QD in equation

(2.14)), and half of this energy relaxes into kinetic energy (QD in equation (2.13)).
The inclusion of Z(T, TV ) and QD in our model accounts for all the details of the
vibration-dissociation-vibration coupling [Treanor and Marrone, 1962; Marrone
and Treanor , 1963]. In the considered system, this mechanism plays the role of
clipping the vibrational temperature, even if excitation (QV ) is very high. Vibrational temperature can not increase indeﬁnitely because strong non-equilibrium
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TV ≫ T leads to increase in Z(T, TV ); an increase in the dissociation rate leads to

an increase in QD , reducing vibrational energy and, consequently, TV . Note that

QD also contributes to raise of T and accelerate other rates of vibrational energy
relaxation.
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Chapter

3

Dynamics of Air Heating Driven by
an Externally-Maintained Electric
Field
In laboratory short non-uniform gaps if the applied potential Ugap is such that
the average electric ﬁeld in the gap E = Ugap /d (where d is the interelectrode distance) is higher than the critical electric ﬁeld for stable streamer propagation Ecr ,
the streamer can bridge the gap. The critical electric ﬁeld for positive streamer
propagation, for example, is Ecr ≈ 5 kV/cm at ground pressure. Therefore, for a

centimeter-long gap, a streamer can bridge the space between anode and cathode if Ugap > 5 kV. After the streamer bridges the gap, the average electric ﬁeld
across the streamer body can be approximated as E = (Ugap − Ucath )/d, where

Ucath ∼ 0.2 kV is the potential drop near the cathode [Naidis, 1999]. If the applied

potential is such that the average electric ﬁeld across the gap is lower than the
conventional breakdown threshold Ek , the bridging of the gap does not necessarily lead to breakdown. The electric ﬁeld threshold Ek is deﬁned by the equality

between ionization (reactions R1–R2) and two-body attachment (R8) frequencies
νion = νa2 [Raizer , 1991, p. 135], i.e., kR1 nO2 + kR2 nN2 = kR8 nO2 , and it has the value
Ek N0 /N = 28.51 kV/cm for the rate coeﬃcients used in the present work [Benilov
and Naidis, 2003].
A simpliﬁed schematics of the laboratory setup used to study the breakdown
of short air gaps is sketched in Figure 3.1a. The actual electric circuit used in
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Figure 3.1. (a) Simplified schematics of laboratory setup to study the breakdown of
non-uniform short air gaps. (b) Comparison of calculated values of streamer-to-spark
transition time (τbr defined as the time to heat the channel up to 5000 K) with laboratory
measurements for two different pressures: 0.75 and 1 atm [Černák et al., 1995; Larsson,
1998]. Solid/dashed lines represent simulation with/without the inclusion of three-body
ion-ion recombination reactions. Panel (b) is plotted in the same format as Figure 4b of
Riousset et al. [2010a].

experiments to maintain a constant electric ﬁeld across the gap is much more
complicated [e.g., Larsson, 1998, Fig 1.]. However, the schematics shown in Figure
3.1a is useful to illustrate the discussion below.
A streamer can bridge a centimeter-long gap on a nanosecond time scale. A
simple estimate for average streamer speeds in the range 106 –107 m/s shows that
the streamer crosses the gap in 1–10 ns. However, experimental results show that
the breakdown, or short-circuiting, of the gap occurs on much longer time scales,
e.g., ∼1 µs for an applied potential of 19 kV [Černák et al., 1995; Larsson, 1998].
Figure 3.1b presents experimentally measured breakdown times by Černák et al.
[1995] and Larsson [1998] (see original references for details). This shows that
the breakdown is a consequence of the cumulative eﬀects of a sustained current
ﬂowing through the body of the streamer [Naidis, 1999]. The breakdown process
in this case is referred as streamer-to-spark transition (since the gap is short there
is no leader development). In this chapter, we apply our model (introduced in
Chapter 2) to simulate the kinetic and gas-dynamic processes in the streamer
body during the development of a spark. The results presented in this chapter
have been published in [da Silva and Pasko, 2013b].
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3.1

Breakdown of Short Air Gaps

As pointed out in Section 1.2.3 [see also Marode, 1983], the channel-controlled
framework is used in literature to describe the electrical breakdown of short air
gaps, where the axial electric ﬁeld remains approximately constant after streamer
has bridged the gap [Naidis, 1999]. Although this approximation can not be applied to describe the formation of a leader channel in open space (because a constant electric ﬁeld cannot be enforced in the leader head), it is extremely useful
for calibration of an air heating model, due to the availability of experimental
data. In order to perform a validation of the proposed model, the breakdown
times are calculated, following the approach of Naidis [2005] and Riousset et al.
[2010a]. In this framework, a cross sectional area of the streamer channel depicted
in Figure 3.1a is simulated, under a constant applied electric ﬁeld E. Calculations
are performed for an initial electron density at the axis of the streamer channel
2
equal to ne,a = 2×1014 Namb
/N02 cm−3 and for an e-fold scale of its Gaussian radial

distribution equal to rc = 0.3 N0 /Namb mm, the same values as used in subsequent
sections. Experimentally, the breakdown time is the measured time delay between
the streamer bridging the gap and the spark formation. Theoretically, the gap
breakdown time τbr is deﬁned as the time to heat the streamer channel up to
5000 K [Naidis, 1999]. Figure 3.1b shows that the calculated breakdown times are
in good agreement with the experimental data obtained by Černák et al. [1995]
and Larsson [1998] for two diﬀerent pressures (1 and 0.75 atm), similarly to what
was obtained by Riousset et al. [2010a, Fig. 4b].
We note that our model explicitly includes three-body ion-ion recombination
reactions (R102–R106), which are dominant over two-body recombination (R84–
R101) at ground-level pressure and room temperature. These reactions play a
signiﬁcant role in determining the breakdown time at p = 1 atm and in the lower
range of electric ﬁelds displayed in Figure 3.1b. The role of three-body reactions
is reduced with the reduction of ambient pressure (or air density), as can also be
seen from Figure 3.1b.
The sequence of processes leading to the breakdown of short air gaps is referred
as streamer-to-spark transition (there is no leader development in this case). Below we discuss the physical mechanisms responsible for spark formation in these
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conditions. The electric ﬁeld range shown in Figure 3.1b is a reasonable fraction
of the conventional breakdown threshold Ek . For this electric ﬁeld range, the transition is triggered by the kinetic mechanism alone, i.e., with no gas expansion.
In fact, Naidis [1999] obtained good agreement with experimental data using a
zero-dimensional model with constant gas density N = Namb . Figure 3.2 presents
the temporal dynamics of the (a,b) main plasma species and (c,d) eﬀective frequencies of electron production for (a,c) ambient ground pressure and (b,d) 70
km altitude in Earth’s atmosphere. We note that at 70 km altitude the ambient
pressure is 6.9 Pa and Namb = 1.7×1015 cm3 . The applied electric ﬁeld is equivalent
to 19 kV/cm at ground pressure. Figure 3.2 is presented in a format that can be
compared to previous modeling works [Naidis, 1999, Fig. 3; Riousset et al., 2010a,
Figs. 7 and 9]. It can be seen that, the initial response of the system is characterized by electron density decrease because the kinetic source term is negative
at sub-breakdown ﬁelds (Se < 0 because νa2 > νion ). Two-body dissociative attachment (reaction R8 in Table A.1) results in accumulation of O− ions, which readily
detach, mainly because of reaction R15. An eﬀective detachment frequency νdet
can be deﬁned such that νdet ∝ kR15 nN2 nO− /ne (see also equation (2.9)). Note that

in contrast to νion and νa2 , νdet depends on the ratio nO− /ne [see e.g., Luque and
Gordillo-Vázquez , 2012]. On the time scale of electron detachment from O− the
kinetic rate of electron production changes its sign (Se > 0 because νion +νdet > νa2 ).
This behavior was pointed out by Naidis [1999] for ground pressure (Figure 3.2c)
and it is also evident at reduced air densities (Figure 3.2d), as demonstrated by
Riousset et al. [2010a, Fig. 9d]. Under these conditions, a small perturbation in
electron density ∆ne is suﬃcient to trigger a thermal-ionizational (TI) instability
[Raizer , 1991, p. 222]. Figure 3.3 contains a schematic representation of the chain
of processes involved in a TI instability.
The TI instability is a plasma instability that leads to unrestricted growth of
electron density, and it can be started from any step in Figure 3.3. In the case
of streamer-to-spark transition, electron detachment is the dominant triggering
mechanism. The subsequent chain of process occurs as follow: an increase in ∆ne
leads to an increase in Joule heating ∆Qe , that leads to an increase in temperature
∆T , that leads to a lowering of neutral gas density ∆N due to gas expansion, that
leads to an increase in the reduced electric ﬁeld ∆(E/N), that leads to an increase
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Figure 3.2. Temporal dynamics of (a,b) main charged species and (c,d) effective frequencies of electron production for (a,c) ground pressure and (b,d) 70 km altitude in
Earth’s atmosphere. Panels present axial values of simulated quantities for an externallyapplied constant electric field equivalent to 19 kV/cm at ground pressure. Panels are
presented for t ≤ τbr .

in the rate of electron production ∆Se (e.g., νion , νstep ), that leads to an increase
in electron density, closing the chain. Note from Figure 3.3 that an increase ∆T
leads to an increase in the rates of VT relaxation accelerating the temperature
raise itself. Note also from the ﬁgure that the increase ∆Se happens because of
both increase in reduced electric ﬁeld and temperature. For the streamer-to-spark
transition, the “electric ﬁeld channel” (rectangle in Figure 3.3) is dominant over
the “temperature channel” for increase of ∆Se , because the electric ﬁeld E is kept
constant, and a slight reduction of N produces a considerable enhancement of
E/N. Therefore, a system with a constant (maintained by an external source)
and suﬃciently high (to produce O− ions due to attachment) axial electric ﬁeld is
unstable. This is the case of the results shown in Figure 3.2. The change in sign of
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E-Field
Channel

Temperature
Channel

Figure 3.3. Schematic representation of the chain of processes involved in the
thermal-ionizational instability. Upward/downward directed arrows represent an increase/decrease in a quantity (e.g., ∆ne ↑ represents an increase in electron density).
Adapted from Raizer [1991, eq. (9.8)].

Se occurs at 0.39 µs and 1.1 ms for ground an 70 km altitude, respectively, and it
is clearly associated to the balance between νa2 and νdet . After the change in sign
of Se , breakdown is unavoidable. The breakdown occurs at 1.27 µs and 81.8 ms at
ground and 70 km altitude, respectively. The time scale for electron detachment
from negative ions increases with altitude inversely proportional to the decrease in
ambient neutral gas density (i.e., τdet ∼ 1/kR15 nN2 ). Our further analysis indicates

that the breakdown time scales with air density close to ∝1/Namb because it follows

the electron detachment time scale τdet ∝ 1/Namb . This scaling is diﬀerent from the
2
expected air heating time scaling ∝1/Namb
(simple analysis of Joule heating process
2
predicts that the air heating time scales with air density ∝1/Namb
, see e.g., Table

4.1). The ∝1/Namb approximate scaling of the streamer-to-spark transition time is

only possible because three-body attachment and electron-ion recombination, that
play secondary role in the transition at ground pressure (Figure 3.2c), have even
less importance at reduced air pressures (Figure 3.2d). Although Riousset et al.
[2010a] did not attribute the ∝1/Namb approximate scaling to the role of electron
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detachment in changing the sign of Se , this eﬀect was already visible in their results
[e.g., Riousset et al., 2010a, Fig. 9d]. We would like to point out that detachment
reactions are known to play a major role in nanosecond time-range spark formation
in laboratory discharges [Naidis, 1999], and recently have received major attention
in the context of transient luminous events [Luque and Gordillo-Vázquez , 2012;
Liu, 2012; Qin et al., 2012b; Neubert and Chanrion, 2013].

3.2

Scaling of Fast Heating with Electric Field
and Altitude

Constant-ﬁeld simulations can also be used to demonstrate the dependence of the
fast heating mechanism on the axial electric ﬁeld strength. The fast heating accounts for the energy released to neutrals in chemical reactions (Table 2.2). The
main components of fast heating are quenching of excited electronic states and
electron-impact dissociation [Popov , 2001]. As demonstrated in Figures 3.4 and
3.5, the fast heating represents only a small fraction of the electronic power. Figure 3.4 presents the electric ﬁeld dependence of the ηE and ηT fractions. According
to their deﬁnitions in Section 2.3, ηE and ηT are the fractions of electronic power
spent on excitation of electronic states and gas heating, respectively. Figure 3.4
presents the instantaneous values of the two fractions and their partition in several
channels listed in Tables 2.1 and 2.2. Comparing the calculated values of ηE at
ground pressure (Figure 3.4a) and 70 km altitude (Figure 3.4b), we can see that
ηE exhibits weak (or insigniﬁcant) dependence on pressure. It can also be seen
that, at moderate electric ﬁelds, most electronic power is spent on dissociation
(R30+R31+R32) and excitation of N2 (B) state (R26). On the other hand, ηT is
considerably reduced from ground (Figure 3.4c) to 70 km altitude (Figure 3.4d).
At ground pressure the main source of air heating is the quenching of of O(1D) (including vibrational energy exchange of O2 (b, v), i.e., R48+R50+R57) and N2 (B)
(R41) states. Additional contribution is from the excess kinetic energy of dissociation products (including quenching of N(2D), i.e., R30+R31+R32+R53) and, at
the upper range of electric ﬁelds, from quenching of N2 (C) state (R45). Figures 3.4c
and 3.4d also display the contribution of N2 (A) and N2 (a′ ) states (R35+R39+R43)
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and recombination (R10+R11+R12+R13+R14) for fast air heating.
At 70 km altitude the main contributions for air heating come from: quenching
of O(1D), dissociation, and quenching of N2 (B) (Figure 3.4d). There is a reduction
of the quenching eﬃciency of N2 (B) and N2 (C) states in the upper atmosphere.
In fact, by equating the collisional and radiative quenching rates of N2 (B) state
kR33 = nO2 kR41 we can estimate the quenching altitude to be 66 km, in terms of
standard nomenclature of auroral physics [Vallance Jones, 1974, p. 119]. Using
the same procedure (kR34 = nO2 kR45 ) we can estimate the quenching altitude of the
N2 (C) state to be 30 km. Thus, Figure 3.4d shows that, no air heating comes
from quenching of N2 (C) state at 70 km and the contribution of N2 (B) is about
half of its value at ground level. We would to like point out that our model
speciﬁcally account for the quenching of N2 (B) state by O2 molecules (reaction
R41). In contrast, previous works in the literature of transient luminous events
[Pasko, 2007, and references therein] consider the N2 (B) state to be collisionally
deactivated by N2 molecules. We emphasize that the deactivation by N2 is slower
and, therefore, places the corresponding quenching altitude at 53 km. Reaction
R41 is broadly accepted in gas discharge literature as the main source of N2 (B)
collisional deactivation [e.g., Kossyi et al., 1992; Aleksandrov et al., 1997, 2010;
Popov , 2001, 2011].
In Figure 3.4a, the ηE fraction, given by the summation of all electronic excitation processes in BOLSIG+ (same as in Figure 2.3), is provided for comparison.
Our modeled value of ηE overestimates the value calculated with BOLSIG+ by
.5 %. This occurs mainly due to the diﬀerent electron-impact rate coeﬃcients
used in our work (from Aleksandrov et al. [1995] and Benilov and Naidis [2003]).
Furthermore, Figure 3.5a emphasizes the reduction of ηT with altitude in Earth’s
atmosphere. As discussed in previous paragraph, this reduction is due to the fact
that quenching of N2 excited electronic states is less eﬀective at upper altitudes.
In fact, Figure 3.5b shows that ηT /ηE is ∼24.2 % at ground pressure and ∼16.4 %
at 70 km altitude. The ratio ηT /ηE presents very weak dependence on reduced

electric ﬁeld EN0 /Namb within the range 15–35 kV/cm. Figure 3.5c presents an
altitude scan of the ratio ηT /ηE for EN0 /Namb = 15, 25, and 35 kV/cm. It can
be seen that, for 15 kV/cm, the reduction of ηT /ηE is more signiﬁcant above the
quenching altitude of N2 (B), while for 35 kV/cm, it is more signiﬁcant above the
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Figure 3.4. Instantaneous values of the (a,b) ηE and (c,d) ηT fractions at t =
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arbitrarily chosen to avoid effects of VT relaxation (i.e., t < τVT ). Panels also show
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three different values of reduced electric field.

quenching altitude of N2 (C). The main conclusion to be drawn from Figure 3.5 is
that: the assumption that the ratio ηT /ηE is independent of electric ﬁeld is a good
ﬁrst-order approximation at a given pressure, however this ratio is not the same
in such a wide range of pressures encompassing 0–70 km altitude.
For comparison purposes, Figures 3.5a and 3.5b show the results from Popov
[2011]. Although calculations by Popov [2011] describe a diﬀerent discharge setup
(at ground pressure), the diﬀerence in ηT /ηE is only ∼4–5 %. The slight diﬀerence

is likely associated with diﬀerences in the methodology used to estimate the energy
released to gas heating per reaction act (EjT in Table 2.2). The present modeling
does not include details of vibrational excitation of the excited electronic states
N2 (A), N2 (B), N2 (a′ ), and N2 (C) (produced in reactions R25–R28), as well as, for
the N2 products of quenching reactions R35, R41, R43, and R45. However, this
simpliﬁcation does not introduce signiﬁcant deviations from the results by Popov
[2001, 2011], as shown in Figure 3.5.

3.3

Summary

In this chapter we have performed a model validation by calculating the spark
formation time in short air gaps and compared it to available experimental data.
The streamer-to-spark transition time (for a given constant electric ∼0.7–1 Ek ﬁeld

across the gap) scales with ambient air density very close to ∝1/Namb , as evidenced

by experiments and numerical simulations. This dependence is a consequence of
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the decisive role of electron detachment in the streamer-to-spark transition; time
scale for electron detachment from oxygen atoms increases with reducing air density as ∝1/Namb . Detachment compensates the rate of electron loss in the streamer

body and, eventually, is responsible for a change in sign in the electron balance
equation, triggering the development of a thermal-ionizational instability. The
constant electric ﬁeld simulations were also used to study the “fast heating” mechanism (responsible for air heating on short time scales .100 ns at ambient ground

pressure). We pointed out that the main channels for rapid heating are quenching
of O(1D) and N2 (B) states and electron-impact dissociation of air components. We
also have quantiﬁed the dependence of these channels on ambient air density, showing the considerable reduction of the fast heating eﬃciency above the quenching
altitude of the N2 (C) state, which is ∼30 km.
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Chapter

4

Dynamics of Streamer-to-Leader
Transition and Its Scaling with
Ambient Air Density
In this chapter, we describe the internal processes occurring in the leader head
during the inception of a leader or the formation of a new section during its propagation, according to schematics presented in Figure 2.1a. The simulations describe
the conversion of cold (room temperature) streamer to a hot (and constricted)
leader channel under a given constant current ﬂowing through the channel [Aleksandrov et al., 2001a; Gallimberti et al., 2002; Popov , 2003]. The condition of an
externally maintained (constant) electric ﬁeld in the leader head is not generally
valid. On the other hand, the assumption of continuity of the current, through
the streamer zone, leader head, and channel, is more general. In this framework,
the leader current is created by the ionization processes responsible for the development of the streamer zone and injected in the leader head [Bondiou and
Gallimberti , 1994; Goelian et al., 1997]. The parameterization of the results with
respect to input electric current is also justiﬁable because the channel base current is a quantity easily obtainable from laboratory [see e.g., Andreev et al., 2008,
Fig. 4] and rocket-triggered lightning [see e.g., Lalande et al., 2002, Fig. 4] experiments. In Section 4.1 a reference case, at ground-level pressure, is discussed
in detail, allowing to illustrate the details of the streamer-to-leader transition process and to compare our results with existing theoretical works [e.g., Aleksandrov
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et al., 2001a; Gallimberti et al., 2002; Popov , 2003]. In Section 4.2, the scaling of
the streamer-to-leader transition time with ambient air density, or altitude in the
Earth’s atmosphere is discussed. The results presented in this chapter have been
published in [da Silva and Pasko, 2013b].

4.1

Streamer-to-Leader Transition at Ground
Level Pressure

Figures 4.1 and 4.2 illustrate the temporal dynamics of the streamer-to-leader
transition process for a constant electric current I = 1 A, at ambient ground pressure. The transition starts as a temperature raise (Figure 4.1c) due to the fast
heating mechanism (QT in Figure 4.2c), which has two consequences: (ﬁrst) an
acceleration in the rates of VT relaxation (QVT , QVV , and QD ), and (second) a
qualitative change in the air ionization mechanism, from an interplay between
electron-impact ionization (νion in Figure 4.2d), dissociative attachment (νa2 ) and
detachment (νdet ) to the associative ionization mechanism (νassoc ). This process
culminates in an even stronger raise in temperature and characterizes the TI instability for this system. As a consequence a hot leader channel with a stationary
temperature of ∼5000 K is formed. Inside this highly conducting plasma channel

the axial electric ﬁeld drops to a stationary value of ∼0.5 kV/cm (Figure 4.1d)

and conductivity is mainly maintained by thermal ionization mechanisms (interplay between νassoc and recombination νrec ). An important characteristic of this
system is strong vibrational non-equilibrium (note TV ≫ T in Figure 4.1c), that re-

sults in a predominance of QD over QVT and QVV (Figure 4.2c). Note that although
QVV has its peak value below the other two rates of VT relaxation, QVV is the ﬁrst
of the three rates to play a signiﬁcant role. Also note that QVT is the dominant
mechanism for air heating in the formed leader channel (t & 10 µs). Figure 4.1c
also illustrates the fact that Ti ≫ T before the transition, emphasizing the need to

use the eﬀective temperature TReffj in ion-molecule reactions.

An important quantity to characterize the leader formation is the streamerto-leader transition time scale τh , deﬁned here as the time to heat the channel
up to a temperature of 2000 K [Popov , 2003]. For I = 1 A at ambient ground
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Figure 4.1. Temporal dynamics, at the discharge axis, of (a) change in air mass density
ρ/ρamb , (b) change in pressure p/pamb , (c) translational T , vibrational TV , electronic Te
and ionic Ti temperatures, and (d) electric field E calculated from equation (2.10) and
reduced field EN0 /N .

pressure, we have τh = 0.29 µs. At this moment of time, we can see a strong
reduction in air density (Figure 4.1a) and increase in pressure (Figure 4.1b). The
reduction of air density N is suﬃcient to keep the reduced electric ﬁeld EN0 /N
around one order of magnitude higher than the electric ﬁeld E (note that electronimpact processes, such as ionization νion , are function of E/N and not of simply E).
Figure 4.2a shows a strong increase in the density of charged particles around t ≈ τh ,
characteristic of the TI instability. Since reaction R5 is the dominant mechanism of
electron production at high temperatures, a change in the composition of positive
ions occurs. Around t ≈ τh , NO+ becomes the dominant ion (instead of O+
2 ) and

negative and complex ions disappear. Figure 4.2b illustrates the high level of
dissociation of the neutral gas; practically all O2 dissociates (note also the strong

raise in density of N atoms). For this reason, at t ≈ τh , stepwise ionization (νstep in
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neutral plasma components, (c) rates of energy exchange from equations (2.13)–(2.14),
and (d) effective frequencies of electron production and loss from equation (2.9).

Figure 4.2d) overcomes direct ionization (νion ), and νstep even surpass νa2 because
of the absence of O2 molecules.
A key role in the streamer-to-leader transition is played by the channel’s radial
dynamics, as illustrated in Figure 4.3. The energy deposition by Joule heating
leads to a reduction of neutral density, which is stronger at the axis than in the
periphery (as shown at t = 0.35 µs in Figure 4.3b). Electron production is radially
non-uniform, also being stronger at the axis (Figure 4.3c). Consequently, the
discharge channel contracts toward the axis enhancing the non-uniformity of the
electronic power deposition Qe . A strong raise in pressure occurs with a peak of
6.2 atm at t ≈ τh and pressure is equalized in a time scale of a few microseconds

(Figure 4.3a). In fact, the time scale for pressure equalization across the channel
is τc = cs /rc , where cs is the speed of sound and rc is the initial radius (i.e., efold scale) of the current distribution [e.g., Naidis, 1999, 2005]. For rc = 0.3 mm,
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at ambient ground pressure, τc = 0.87 µs. Table 4.1 contains the ambient value
of several time scales involved in the system under investigation. The time scale
τc is a very useful parameter to characterize the gas-dynamic expansion of the
channel. For t ≪ τc air heating is isochoric (ρ = const, see Figure 4.1a), while for
t ≫ τc heating is isobaric (p = const, see Figure 4.1b). For a ﬁxed value of the Joule

heating rate Q, isochoric heating is faster than isobaric, because in the former the
deposited volumetric power (QT + QL + Qi ) can be considered to contribute solely
to temperature raise, while in the latter, it contributes to both temperature raise
and gas expansion. Around t ≈ τh the heating is strongly non-linear and none of

the isolated regimes occur.

Although the rate of channel contraction increases during the development of
the TI instability, the channel can not be inﬁnitely thin [e.g., Bazelyan and Raizer ,
2000, p. 65]. A non-uniformity in electron density is smoothed because of the ambipolar diﬀusion. The ambient value for the time scale of ambipolar diﬀusion is
τDa = rc2 /4Da ≈ 38 µs (see Table 4.1). However this value reduces signiﬁcantly as
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Table 4.1. Ambient Values of Main Time Scales Involved in the Streamer-to-Leader
Transition Process. Adapted from Raizer [1991, Table 9.1].

Process
Direct Ionization
Two-body attachment
Three-body attachment
Detachmentb
VT Relaxationc
VV Relaxation
Pressure Leveling
Ambipolar Diﬀusion
Heat Conduction
Air Heatingd

N2

Ambient Valuea (s)
∼3.7×10−8 N0 /Namb
∼1.3×10−8 N0 /Namb
2
∼1.8×10−7 N02 /Namb
∼5.3×10−8 N0 /Namb
∼6×10−2 N0 /Namb

τc ≈
τDa ≈
τκT ≈ 4(γ−1)κT
N kB ∆T
τh ≈ (γ−1)η
2
T σe E

∼8.7×10−7 N0 /Namb
∼3.8×10−5 N0 /Namb
∼7×10−4 N0 /Namb
2
∼3.2×10−7 N02 /Namb

Deﬁnition
1
τion = kR1 nO +k
R2 nN2
2
1
τa2 = kR8 nO
2
τa3 = kR9 n1O N
2
τdet ≈ kR171nN nne−
2 O
τVT ≈ kVTnO1+kVTN
O

τVV =

1

VT n
kN
N2
2
rc
cs
rc2
4Da
N kB rc2

∼2×10−6 N0 /Namb

a

Quantitative estimates are made assuming EN0 /Namb = 23 kV/cm and T = T0 = 300 K.
Estimated assuming nO− ≈ ne .
c
Estimated assuming nO ≈ 10−3 nO2 . Note that VT relaxation due to collision with molecules is
very slow, 1/kNVT
N ≈ 4.8 s.
2
d
Simple analytical estimation assuming ∆T ≈ T0 and ηT ≈ 10 %. Assuming ∆T = 2000 K, one
would get τh ≈ 2 µs, at ground level.

b

the channel contracts because τDa ∝ rc2 and it becomes comparable to τh , placing a

bound for the instability development. As for example, when rc drops to ∼1/10 of

its initial value (see Figure 4.3c), we have τDa ∼ τh . Air heating is the most signif-

icant process that drives the streamer-to-leader transition. Hence, it is important
to introduce an additional time scale. The time scale for heat conduction across
the channel is τκT = NkB rc2 /4(γ −1)κT (see Table 4.1). Its ambient value is ∼700 µs
at T = 300 K. Similarly to τDa , in the hot and contracted channel, τκT ∼ τh . Since

temperature-dependent ionization processes are the dominant source of electrons
at t ≈ τh , heat conduction also contributes to placing a limit on the growth rate of

the TI instability [e.g., Bazelyan and Raizer , 2000, p. 65].

The most pronounced diﬀerences in the TI instability occurring at constant
current, instead of constant electric ﬁeld, come from the fact that equation (2.10)
introduce an eﬀective relationship E ∝ 1/ne . At the beginning of the simulation the

electric ﬁeld is Eamb = I/σπrc2 ≈ 23 kV/cm. At this electric ﬁeld strength, two-body
attachment (νa2 ) is the dominant (negative) component in the electron production
rate Se < 0 (Figure 4.2d). Similarly, to the streamer-to-spark transition at constant
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electric ﬁeld considered in Section 3.1, on the time scale of electron detachment
from O− ions, the sign of Se becomes positive. However, at constant current, the
electric ﬁeld drops (Figure 4.1c). Hence in this case, the change in the air ionization mechanism, from electron-impact to thermal ionization, Se (E/N) → Se (T ), is

a necessary condition for streamer-to-leader transition. A simple inspection in the
schematic representation of the TI instability (Figure 3.3), leads to the conclusion
that the streamer-to-leader transition can not eﬃciently proceed by the “electric
ﬁeld channel” (rectangle in Figure 3.3), because the lowering of neutral density is
not enough to compensate the drop in the electric ﬁeld (see Figure 4.1d). This
is the key diﬀerence between the constant-ﬁeld and constant-current instabilities.
The former proceeds mainly by the “electric ﬁeld channel” (in Figure 3.3), while the
latter mainly by the “temperature channel”. This is the reason why the streamerto-leader transition time scale τh is restricted by the condition of air heating. The
above discussion is better illustrated by Figure 4.4. Figure 4.4a shows the qualitative picture of a stable system around its equilibrium point, where an increase
in electron density ∆ne leads to Se < 0 and, consequently, drives the system back
to equilibrium. Figure 4.4b depicts the behavior of an unstable system, as in the
case of streamer-to-spark transition, for constant applied electric ﬁeld, discussed
in Section 3.1. An increase in electron density ∆ne , that leads to Se > 0, drives
the system into an irreversible state, where electron density increases indeﬁnitely.
This is possible in the cases studied in Section 3.1, because the electric ﬁeld E is
kept constant (and it is reasonably high). Figure 4.4c best describes the behavior of the streamer-to-leader transition, where during the instability development
the electric ﬁeld decreases. After the development of the TI instability Se (T ) is
independent of E. In the hot channel electron production is due to associative
ionizations between N and O atoms (reaction R5) and Se (T ) is also independent
of ne .
The streamer-to-leader transition time scale τh can be physically interpreted
as the minimum time that a streamer corona, emanating from an electrode, has
to persist to promote the ignition of a leader discharge. In the case of a developed leader, τh is the time scale on which the leader increases in length by an
amount ∆ls . The size of ∆ls is dictated by the dynamics of the streamer zone
[Bazelyan and Raizer , 2000, Section 2.3.4; Bazelyan et al., 2007a]. Streamers are
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Figure 4.4. Qualitative behavior of (near-equilibrium) electron production and loss
rates in (a) stable and (b) unstable systems. (c) Qualitative behavior of the streamer-toleader transition development. The vertical axis represents the components of Se , where
production exceeding losses is equivalent to Se > 0. Adapted from Raizer [1991, Fig.
9.1].

produced in the high electric ﬁeld region around the leader tip at a frequency of
∼109 s−1 , for I ∼ 1 A. The streamers follow the conﬁguration of the electric ﬁeld
lines and, therefore, the macroscopical appearance of the streamer zone resembles

the bottom part of a broom, as sketched in Figure 2.1a. Electron losses in the
streamer zone are dictated by three-body attachment and, therefore, the length of
the conducting section behind the streamer tips can be estimated as ∆ls = vs τa3 ,
where vs is the streamer velocity and τa3 is the three-body attachment time scale.
At ground pressure τa3 ≃ 10−7 s and for a streamer speed vs ≃ 105 m/s (typical of

young weak streamers in the streamer zone) it gives ∆ls ≃ 1 cm [Bazelyan et al.,

2007a]. This size of ∆ls is comparable with the measured radius of the leader

head in laboratory discharges at ground pressure. Therefore, one can suppose that
the leader head, that is clearly visible on photographs, is a collection of initial,
still conducting, closely located streamer segments [Bazelyan et al., 2007a]. Thus,
the leader propagation speed can be estimated as [Bazelyan and Raizer , 2000, eq.
(2.38)]:
vL =

∆ls
.
τh

(4.1)

The above deﬁnition of leader speed has straightforward interpretation in the case
of positive leaders (Figure 2.1a), because they propagate continuously, with the
streamer-to-leader transition process occurring in the leader head. On the other
hand, the dynamics of a negative leader is more complex. Negative leaders present
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a characteristic stepped propagation [see e.g., Gallimberti et al., 2002, Fig. 4].
Despite of the diﬀerent dynamical features, we assume that the streamer-to-leader
transition (i.e., air heating) is the fundamental process that deﬁnes leader propagation in both cases. In case of negative leader this process occurs during the
growth of a space leader ahead of the main leader channel. The growth of the space
leader is the slowest process in the sequence of relatively fast events accompanying
development of a stepped leader [e.g., Bazelyan and Raizer , 2000, Section 4.6], and
we assume that in time average sense the heating of the space leader is the main
process deﬁning speed with which negative leader advances in space [da Silva and
Pasko, 2012, 2013a]. In the present work we do not discuss details of polaritydependent features of leaders, and we focus on the leader speed estimated from
formula (4.1). For instance, Figure 4.5 presents the calculated dependence of (a) τh
and (b) vL on electric current, for range of values I = 1–100 A, at ambient ground
pressure. The ﬁgure shows calculations for our reference case with rc = 0.3 mm,
as well as, for two additional cases with rc = 0.5 and 1 mm. The lower range of
displayed speeds vL = 104 –105 m/s is characteristic of laboratory discharges [e.g.,
Bazelyan et al., 2007a], while the upper range vL = 105 –106 m/s is characteristic of
lightning [e.g., Saba et al., 2008].
Figure 4.5b also shows calculations by Popov [2009, Fig. 9] and empirical
relationships provided by Bazelyan and Raizer [1998, p. 213] and Andreev et al.
[2008]. Initial conditions used by Popov [2009] are similar to our reference case.
Empirical relationships have the power-law form vL = αv I β , where Bazelyan and
Raizer [1998, p. 213] give αv = 4×104 m/s·Aβ and β = 0.5, and Andreev et al. [2008]
give αv = 1.88×104 m/s·Aβ and β = 0.67. Note that both empirical formulas were
obtained by ﬁtting experimental data in a narrower range of currents than the ones
displayed in Figure 4.5b. Nonetheless, we have extrapolated the empirical results
for the whole range I = 1–100 A to show that calculations and measurements follow
the same trend for vL (I) [see also Popov , 2009, and references therein]. Figure 4.5b
shows that our model best approaches previous works when the initial radius for
the leader stem, at ground pressure, is approximated by rc = 0.5 mm.
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Figure 4.5. Dependence of (a) streamer-to-leader transition time scale τh and (b) leader
speed vL on electric current I at ambient ground pressure. Model results are shown for
an initial radius rc = 0.3, 0.5, and 1 mm. Panel (b) also shows leader speed calculations
by Popov [2009, Fig. 9] and empirical relationships provided by Bazelyan and Raizer
[1998, p. 213] and Andreev et al. [2008].

4.2

Scaling of Streamer-to-Leader Transition
Time and Leader Speed with Altitude

In this section, we discuss the scaling of streamer-to-leader transition, under conditions of constant leader current, with ambient air density Namb or altitude h in
Earth’s atmosphere. Figure 4.6 presents the calculated values of (a) the streamerto-leader transition time scale τh , deﬁned in Section 4.1 as the time to heat channel
up to 2000 K, and (b) the calculated leader speed, using equation (4.1). To esti2
mate leader speeds at reduced air densities, we assume that ∆ls = ∆ls,0 N02 /Namb
,
2
where ∆ls,0 = 1 cm. We assume the scaling ∆ls ∝ 1/Namb
because ∆ls is gov-

erned by the three-body attachment time scale, which has a ∝1/N 2 dependence

on air density (see Table 4.1) [da Silva and Pasko, 2012, 2013a]. We note that

three-body attachment is a very ineﬃcient plasma decay process at mesospheric
altitudes (where Namb ≪ N0 ). Hence, the assumption that the streamer channel

lifetime is dictated by τa3 (reaction R9) is not correct in the context of sprite discharges. At sprite altitudes two-body dissociative attachment (reaction R8) can
be a more eﬃcient mechanism of electron loss in streamer channels. In this case,
∆ls would be restricted by τa2 , rather than τa3 . However, the concept of ∆ls ∝ τa3

is only used in this work to estimate leader speeds below ∼60 km altitude, as
shown in Figure 4.6. Comparing the rates of reactions R8 and R9, one can see
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that, in the altitude range shown in Figure 4.6, τa3 < τa2 for electric ﬁelds below
∼6 Namb /N0 kV/cm. Since the average electric ﬁeld in the streamer zone of a

positive leader is ∼5 Namb /N0 kV/cm [Bazelyan and Raizer , 2000, p. 69], the as-

sumption that ∆ls ∝ τa3 is justiﬁed. More accurately, the length scale of the leader

tip is determined by the simultaneous action of several processes and its evaluation
is more complex than the one presented here. In the present work the value of
∆ls is taken as an external parameter [Bazelyan et al., 2007a] and the analysis is

focused on the inﬂuence of τh on the leader speed.
Besides the streamer-to-leader transition time scale τh , for illustrative purposes,
Figure 4.6a also shows the gas dynamics time scale τc and the heat conduction
time scale τκT . Additionally, Figure 4.6b also presents both time scales plotted
in units of speed (i.e., ∆ls /τc and ∆ls /τκT ). Note that both time scales increase
with altitude inversely proportionally to the decrease in ambient neutral density,
as shown in Table 4.1. We can see from Figure 4.6 that, at near-ground pressures
2
(lower altitudes), air heating time τh scales very close to ∝1/Namb
. This assertion

is more evident in Figure 4.6b where, since both ∆ls and τh scale with altitude as

2
∝1/Namb
, estimated velocities are almost independent of altitude, in the regime

2
τh < τc (a perfect scaling τh ∝ 1/Namb
would result in vertical lines in Figure 4.6b).

Note, in Figure 4.6b, the strong deviation of the velocity behavior for vL < ∆ls /τc .
Moreover, we found that transition can not occur for τh > τκT . The reason for such
constraint is discussed below.
As demonstrated in previous section, an increase in air temperature ∆T is the
required condition to drive the system to the TI instability (Figure 3.3). Neglecting eﬀects of radial dynamics, equation (2.3) can be written as NkB ∆T /τh ∼ (γ −

1)ηT σe E 2 . If we assume that all quantities scale with ambient air density following
similarity laws for streamer discharges, i.e., σe and E scale proportionally to N

[Pasko, 2006, pp. 265–267], we can predict the air heating time at diﬀerent alti2
tudes to be τh = τh,0 N02 /Namb
, as shown in Table 4.1 [see also Bazelyan and Raizer ,

2000, eq. (2.37); Riousset et al., 2010a, eqs. (1)–(2)]. Although this analysis is
approximate, it can explain the scaling of the streamer-to-leader transition time
2
is very
at near-ground pressures, shown in Figure 4.6a. The scaling τh ∝ 1/Namb

2
strong, it introduces a multiplying factor of N02 /Namb
∼ 200 at 20 km altitude and

of ∼105 at 40 km (see Figure 2.1b). At low pressures where the required heating
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Figure 4.6. Scaling of (a) streamer-to-leader transition time and (b) leader speed with
altitude, for several different currents. Panel (a) displays τh , as well as, the ambient
values of τc and τκT to illustrate the discussion. Panel (b) displays the calculated leader
speed with formula (4.1) and τc and τκT plotted in units of speed (i.e., ∆ls /τc and
∆ls /τκT ).

time is very long, the Joule heating term in equation (2.3) is balanced by radial
spreading of energy due to advection and heat conduction and, therefore, air heat2
ing can be expected to be slower than the above prediction (i.e., τh > τh,0 N02 /Namb
).

Thus, when τh > τc transition is delayed because the energy introduced in the system (Joule heating) is radially distributed by advection on a shorter time scale.
Similarly, when τh > τκT the channel can not experience contraction and, therefore,
streamer-to-leader transition can not occur.
The strong lengthening of the streamer-to-leader transition time at upper altitudes in the Earth’s atmosphere introduces some peculiarities, when compared
to its behavior at ambient ground pressure. In fact, the instability factor (air
heating) is very slow. The system stays in an equilibrium state (Figure 4.4a) for
a long time. Figure 4.7 shows the temporal dynamics of (a,b) electron density
and temperature, (c,d) electric ﬁeld, and (e,f) rates of electron production, at two
diﬀerent altitudes (a,c,e) 20 km and (b,d,f) 40 km. Simulations in Figure 4.7 were
performed for I = 1 A, an electric current value that leads to streamer-to-leader
transition at h ≤ 25 km. Comparing panels (a) and (b), we can see a sharp increase

in both temperature and electron density (characteristic of the TI instability) occurring only for h = 20 km. A pronounced feature of the results shown in Figure

4.7 is the presence of oscillations in electron density, electric ﬁeld, and kinetic
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rates of electron production. The reasons are very similar to those presented in
previous section. The oscillations are consequence of the relationship E ∝ 1/ne ,
introduced by equation (2.10). Figure 4.8 qualitatively describes the behavior of

a near-equilibrium system under the restriction of a constant electric current not
producing signiﬁcant air heating, such as shown in Figure 4.7. For the initial value
of electric ﬁeld (Eamb < Ek ), electron density decreases because of ﬁeld induced
attachment. The decrease of ne leads to an increase in E (equation (2.10)), and,
eventually, production overcomes loss. When Se > 0, electron density increases,
electric ﬁeld decreases and losses become dominant again. This sequence of events
introduces the oscillations seen in Figure 4.7. The electric ﬁeld is “trapped” between two equilibrium points (such as in Figure 4.4a): an upper value of electric
ﬁeld, where νdet + νion > νa2 , and a lower value of electric ﬁeld, where νa3 > νdet
(Figures 4.7e and 4.7f). The system crosses the higher equilibrium point because
of detachment and the lower equilibrium point because of three-body attachment.
Detachment is much faster than three-body attachment (see Table 4.1). Owing
the fact that τa3 ≫ τdet , we can see from Figures 4.7c and 4.7d that the valleys are
longer than the peaks (except for the last peak that occurs at reasonably high T

and low N). The lower bound for the electric ﬁeld is approximately set by the
condition νa2 = νa3 . Since νa2 ∝ N and νa3 ∝ N 2 , the average value of the reduced

electric ﬁeld E/N is lower and lower at reduced air densities, hindering even more
the air heating process.
The point that we would like to emphasize in this section is that the disequilibration factor, the air heating, that drives the system from the near-equilibrium
state, sketched in Figure 4.8, to the unstable state, sketched in Figure 3.3, is slower
and slower at reduced air densities. The quantitative model results presented in
this document can be interpreted from a qualitative standpoint, by a simple analysis of the air density scaling of the key processes involved. In other words, a
simple look to the diﬀerent scalings of the air heating and heat conduction time
2
(i.e., τh ∝ 1/Namb
and τκT ∝ 1/Namb ) indicates that there is an altitude on Earth’s

atmosphere where τh is longer than τκT and, therefore, streamer-to-leader transition can not occur. The quantitative values for the maximum altitude where a
leader can be formed are marked by the end of solid lines in Figure 4.6 and they
depend on I and rc .
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Figure 4.7. Temporal dynamics of (a,b) electron density and temperature, (c,d) electric
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Figures 4.7a and 4.7b show the simulated evolution of temperature using the
diﬀerent values for the thermal conductivity, as deﬁned in Section 2.1, κ∗T (solid
line) and κ∗∗
T (dashed line). Calculations using the latter lead to a ﬁnal temperature which is a few degrees higher than when using the former and, therefore, the
diﬀerence is practically imperceptible from the ﬁgures. We have performed several
tests, varying I and h in the range shown in Figure 4.6. The results show that the
only diﬀerence obtained when using κ∗∗
instead of κ∗T is that the stationary temT
. Moreover,
perature is from tens up to hundreds of degrees higher when using κ∗∗
T
the calculated values of τh are not aﬀected by the choice of the thermal conduc68
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Figure 4.8. Schematic representation of the the closed chain of events occurring during
the passage of a low electric current through air in conditions of low air density Namb ,
such as shown in Figure 4.7. Similarly to Figure 3.3, upward/downward directed arrows
represent an increase/decrease in a quantity.
∗
tivity description because κ∗∗
T ≃ κT , for T < 2000 K. In the analysis presented in

Figure 4.6, τh is compared to τκT , which is obtained from the ambient value of the
thermal conductivity and, therefore, is also independent of the choice between κ∗T
and κ∗∗
.
T
Although further investigation is necessary, one can speculate that the oscillations in electric ﬁeld shown in Figure 4.7 can be mapped into optical emissions.
Thus, the mechanism sketched in Figure 4.8 may be in part responsible for the
ﬂickering of small structures observed in gigantic jets [see e.g., Soula et al., 2011].
Despite the fact that air heating is slower at reduced air densities, a current
as low as 1 A can promote signiﬁcant air heating to enhance the NO production.
This possibility was not considered by Mishin [1997] when evaluating the eﬀects
of blue jets in the ozone layer. Note that lightning is known to be the main
source of non-anthropogenic NOx production [e.g., Brasseur et al., 1996, Table
2] in the atmosphere. Nitrogen oxide participates in catalytic cycles of ozone
destruction and, therefore, the eﬀects of gigantic jet leaders on the ozone layer
are an important topic requiring further investigation. Recently, Winkler and
69

Notholt [2015] have used the results presented in this dissertation, and published
in refereed literature [da Silva and Pasko, 2013b], to estimate ozone depletion in the
stratosphere driven by blue and gigantic jets. Winkler and Notholt [2015] use our
air heating estimations as input parameters in a more complex chemistry model to
conclude that concentrations of NO and N2 O increase by orders of magnitude (and
O3 is reduced by comparable amount) following the occurrence of a jet discharge.

4.3

Summary

In this chapter, we have applied the air heating model to study the sequence of
physical processes leading to streamer-to-leader transition, under conditions of a
constant electrical current in the leader stem. The change in air ionization mechanism from electron-impact to associative ionization was discussed in detail, as well
as, the role of the channel contraction during the thermal-ionizational instability
responsible for leader formation and propagation. We have presented a methodology to calculate leader speeds in a broad range of currents and pressures based
on the fact that the leader propagation is determined by the air heating of every
newly-formed leader section. The study of air heating in the leader stem revealed
2
that the streamer-to-leader transition time scales very close to ∝1/Namb
at near-

ground pressures and, hence, leader speeds have weak dependence on air density.

This scaling follows the similarity law for Joule heating in a streamer channel,
2
which increases with reducing air density as ∝1/Namb
. However, this scaling does

not hold for very low air densities, where the rate of energy deposition is balanced

by the channel expansion (and heating from quenching of excited electronic states
is very ineﬃcient), placing a limit on the maximum altitude in Earth’s atmosphere
where streamer-to-leader transition can occur. This altitude is a function of the
leader stem characteristics, such as, its current and radius.
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Chapter

5

On the Upward Propagation of
Gigantic Jets
Gigantic jets (GJs) are upward-directed large-scale electrical discharges that are
observed to leave thundercloud tops and propagate up to ∼90 km altitude, con-

necting to the lower ionosphere [Pasko et al., 2002; Su et al., 2003]. Figure 5.1

shows two examples of GJs observed by Pasko et al. [2002] and Soula et al. [2011].
GJs are the most recently discovered member of the Transient Luminous Events
(TLEs) family. The ﬁrst scientiﬁc recording of a GJ was obtained in 2001 [Pasko
et al., 2002]. The observations were made from the Arecibo Observatory in Puerto
Rico and the GJ occurred over an oceanic thunderstorm cell ∼200 km away of

the observation site. Pasko et al. [2002] have estimated the bright portions of the
GJ to reach altitudes as high as ∼70 km; however, further analysis (described

in Section 5.1) demonstrated that the terminal altitude of the observed GJ was
∼84 km (Figure 5.1a). Pasko et al. [2002] have observed the GJ to emerge from
the thundercloud top at a speed ∼5×104 m/s and to accelerate, reaching a speed
&106 m/s. The term “gigantic jet” was introduced by Su et al. [2003]. These

authors have observed ﬁve GJs emerging from an oceanic thunderstorm near the
Philippines and reaching altitudes ∼86–91 km. Su et al. [2003] pointed out the
existence of three phenomenologically distinct stages in the observed GJs: the

leading jet stage corresponding to the upward propagation, the fully developed jet
stage with persistent luminosity after the connection with the ionosphere, and the
trailing jet corresponding to the lower part of the GJ that decays slower than other
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Figure 5.1. Gigantic Jets observed by (a) Pasko et al. [2002] and (b) Soula et al.
[2011] (images in panel (b) are courtesy of Serge Soula). Symbols show estimated top
altitudes. Time reference is arbitrary and it is the same as used in subsequent figures.
The sequence of images for Pasko et al.’s [2002] jet is spaced in time by 33 ms, while for
Soula et al.’s [2011] jet by 16.7 ms. Figures also show estimated speeds during initial
and final stages of the upward propagation of both GJs. Reprinted by permission from
Nature Publishing Group and American Geophysical Union.

portions. Su et al. [2003] also reported that GJs persisted ∼417–650 ms and that

average velocities were ∼1–1.2×106 m/s.

In recent years, the number of ground-based [van der Velde et al., 2007, 2010;

Cummer et al., 2009; Soula et al., 2011; Lu et al., 2011a; Chou et al., 2011; Liu
et al., 2015] and satellite-based [Kuo et al., 2009; Chou et al., 2010] observations of
GJs has increased considerably. Remote-sensing of VLF emissions have revealed
that most GJs are of negative polarity and transport hundreds of coulombs of negative charge to the ionosphere [e.g., Cummer et al., 2009]. The current theoretical
understanding of the GJ process describes it as an upward-directed discharge, analogous to cloud-to-ground lightning [Krehbiel et al., 2008]. As discussed in Section
1.2.1, GJs are initiated between adjacent charge regions (similarly to intracloud
lightning discharges) by a bi-directional leader discharge. Krehbiel et al. [2008]
demonstrated that when charge regions in the thunderstorm were not balanced
(meaning the upper positive charge center contains less net charge than the midlevel negative charge center), the leader potential could be signiﬁcantly shifted in
the direction deﬁned by the charge with dominant magnitude. In this situation the
propagation of the leader becomes essentially independent from the weaker charge
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center, allowing it to penetrate through the weaker upper charge center and to
escape from the thundercloud upward and serve as the initiation of a GJ [Krehbiel
et al., 2008].
Complementarily, Raizer et al. [2006, 2007, 2010] point out that as the leader
propagates upward, the streamer zone ahead of it becomes longer, because of
the dynamics of streamer growth in a medium with exponentially-decreasing air
density. Therefore, there is an altitude where the streamer corona in the leader
head can “escape” to the ionosphere. In this chapter, we apply the results obtained
in Chapter 4 to analysis of the GJ development (the leading jet phase). We present
a simple time dynamic model for the description of GJ propagation and, ﬁnally, we
explain the vertical structuring of GJs by combining results of our time-dynamic
model with the ideas introduced by Raizer et al. [2006] and Krehbiel et al. [2008].
The results contained in this chapter have been published in [da Silva and Pasko,
2012, 2013a].

5.1

Simulation of an Upward Leader at Gigantic
Jet Altitudes

In this section, we apply the leader speeds estimated in Section 4.2 to analysis
of the GJ development and we compare to the two GJs shown in Figure 5.1.
We use equation (4.1) to estimate the speed of a leader, with the initial conditions for the radial distribution of the current density in the leader stem set
to resemble a single streamer, i.e., ne (r) = ne,a exp(−r 2 /rc2), with a peak value of
2
ne,a = 2×1014 Namb
/N02 cm−3 and a 1/e radius rc = 0.3 N0 /Namb mm. The depen-

dence of leader speed as a function of altitude and current is shown in Figure
4.6b.
Figure 5.2 presents experimental data and model calculations for the propagation of the two GJs shown in Figure 5.1. As suggested by van der Velde et al.
[2010], we have reestimated the distance between the observation site and the most
probable location of Pasko et al.’s [2002] jet to be 235±20 km, which implies a
correction of ∼18 % in the estimated altitudes, positioning the jet’s top at 83.7±7

km altitude. The corrected altitudes are shown in Figures 5.1a and 5.2a. The

73

Current (A)

Altitude (km)

40
35

7

10 (b)

I = 100 A
40

100
Speed (m/s)

45 (a)

5

30
25

2

20
15

50
(c)
40
Soula et al. [2011]
30
Pasko et al. [2002]
20
10
0

6

5
5

10

3
4

10
0

50

100

150

200

40

10

250

2
0

Time (ms)

3
50

100

150

200

250

Time (ms)

Figure 5.2. (a) Calculated streamer-leader transition time scales for different leader
currents as a function of reduced air density N/N0 , where N0 corresponds to a reference
value at ground level. (b) Dependence of the leader speed on the current at ground
pressure. (c) The vertical height of the two GJs shown in Figure 5.1 as a function of
time. Solid lines depict modeled jet propagation for several different constant currents.

altitude range of Soula et al. [2011] jet was estimated from their Figure 7a. Soula
et al.’s [2011] jet was observed at 53 km range. The fact that the jet’s top is seen at
larger distances than the bottom introduces the non-uniform altitude scale seen in
Figure 5.1b. This correction is not necessary for Pasko et al.’s [2002] jet because it
was observed at a much greater distance. Figure 5.2b shows the GJ speeds. Both
GJs initiate with speeds of ∼5–10×104 m/s, compatible to the speed of laboratory

leaders with currents of a few amperes [e.g., Popov , 2009, Fig. 6, and references
therein]. It is also noticeable that both GJs accelerate to speeds greater than 106

m/s, compatible to streamer speeds [e.g., Liu and Pasko, 2004, Table 2]. The last
point of each data set in Figure 5.2b represents a lower estimate of the jet speed.
The model jet propagation is calculated by solving the diﬀerential equation
dhL /dt = vL (hL , I) between 19–45 km altitude. Solid lines in Figure 5.2a and 5.2b
present modeled height (hL ) and speed (dhL /dt), respectively, for several constant
currents. It is evident from the ﬁgures that a constant current leader does not
match a GJ propagation. The current behavior that best mimics the propagation
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of the two GJ, between 19 and 45 km altitude, is shown in Figure 5.2c. We can see
from Figure 5.2a that the initial propagation of both GJs can be matched by an
upward propagating leader with current I ≈ 2 A. In fact, Figure 5.2c shows that
initially, in the range of altitudes of ∼20–30 km, both GJs speeds are compati-

ble with currents <10 A. Another feature evident from Figure 5.2c is that above
∼30 km the propagation of both GJs can only be matched by raising the current

as function of time from 10 to 40 A.

The simulation results show that leader speeds do not have signiﬁcant dependence on pressure (see Figure 4.6b), in agreement with experimental results of
Bazelyan et al. [2007a] in the pressure range of 0.3–1 atm. The similarity laws
−2
−2
0
τh ∼ Namb
, ∆ls ∼ Namb
, and, consequently, vL ∼ Namb
, for a given constant current,

lead to a good ﬁrst-order estimator for the leader speed at pressures &10−3 atm.

Therefore, to mimic the experimentally observed GJ acceleration, a strong increase
in the leader current (Figure 5.2c) is required to obtain speeds of &5×105 m/s.
Nevertheless, the scaling used here for ∆ls is a very rough estimate and may introduce a considerable error at low pressures. For instance, Bazelyan et al. [2007a]
measured ∆ls as 1 cm and 7 cm at the pressures 1 atm and 0.3 atm, respectively,
−1.6
which gives the dependence ∆ls ∼ Namb
. On the other hand, the heating time

scaling obtained with our model diﬀers from that obtained by Popov [2009]. This

discrepancy is probably associated with the diﬀerences in the kinetic models. Consequently, these two aspects are the main sources of uncertainty in the evaluation
of leader speeds at reduced air pressures.
The main conclusions to be drawn from Figure 5.2 are that a constant-current
leader cannot describe the observed GJ acceleration and, moreover, this acceleration is not due to an acceleration in the rate of streamer-to-leader transition. It is
quite the opposite: leader formation is hampered at low air densities, as demonstrated in Section 4.2. One drawback of the approach used in this section is that,
although the initial propagation of GJs can be simulated by an upward directed
leader, the matching current of ∼2 A may seem very low in comparison to typical

lightning leader currents, which can range from tens to hundreds of amperes (or
more) [e.g., Rakov and Uman, 2003, pp. 125–126]. We address the issues of current
and acceleration in GJs in the following sections.
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5.2

Effective Dependence of Leader Speed on
Current Density

In the previous section, we have assumed that the initial radial distribution of
the electron density ne = ne,a exp(−r 2 /rc2 ) in the leader stem resembles a single
2
streamer channel, with ne,a = 2×1014 Namb
/N02 cm−3 and rc = 0.3 N0 /Namb mm.

Using the above mentioned value for rc and the obtained dependence vL (hL , I), we
have attempted to simulate the GJ upward propagation. The parameterization of
leader speed with respect to the electrical current I ﬂowing through the channel is a
common approach used in the literature [e.g., Popov , 2009], because channel base
current is a parameter easily obtainable from experiments [e.g., Andreev et al.,
2008]. However, from a physical standpoint, the leader speed should be more
generally deﬁned as a function of the current density J rather than the total current
~ Figures 5.3a and 5.3b present simulated leader speed as
I (because ∂T /∂t ∝ ~J· E).
a function of the initial current density in the leader stem Jamb , at ground and 20

km altitude, respectively. We note that current density scales with air density as
∝N 2 and the range of current values shown in Figure 5.3a and 5.3b is diﬀerent
by a factor of 200, approximately reﬂecting this scaling. We can see a similar

dependence on Jamb = I/πrc2 for both altitudes and for a one order of magnitude
range of change in rc . We can also see that the same leader speed can be obtained
with two orders of magnitude diﬀerence in I. The value rc = 0.3 mm has been
proven to reproduce well laboratory leaders, which are generated in meter-long
gaps, under potential diﬀerences of hundreds of kilovolts to a few megavolts [e.g.,
Popov , 2009]. Under these conditions the leader has I ∼ 1 A and vL ∼ 104 m/s

[Bazelyan and Raizer , 2000, p. 67]. However, in the formation of a leader in open

air with available thundercloud potential the initial radius for the stem might be
signiﬁcantly larger due to various reasons, as for example, streamer expansion and
overlapping.
The main implication of a larger rc on the scaling of leader speed with ambient
air density comes from the fact that τc ∝ rc and τκT ∝ rc2 . Because the energy

dissipation time scales τc and τκT increase with increasing rc , the regimes τh > τc and
τh > τκT (discussed in Section 4.2) occur at higher altitudes in Earth’s atmosphere,
2
for a ﬁxed value of current density Jamb N02 /Namb
. As a consequence the scalings
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Figure 5.3. Simulated leader speed as a function of initial current density in the leader
stem at (a) ground and (b) 20 km altitude, for different values of stem radius.
2
τh ∝ 1/Namb
and vL ≈ const are valid for a wider range of pressures. In contrast

to streamer radius, that can change by more than one order of magnitude at a
given ambient pressure [e.g., Briels et al., 2006, 2008], the electron density in the

2
streamer body has an approximately constant value ∼1014 Namb
/N02 cm−3 and,

therefore, it does not aﬀect the obtained values for leader speeds [see also Popov ,

2009].
The main conclusion to be drawn from Figure 5.3 is that leader speed does not
provide a unique measure of the current ﬂowing in the leader channel, but rather
from current density. Hence, the initial speeds of the GJs shown in Figure 5.1 can
be related to a current of 2.7 or 270 A, depending on the actual value of the leader
stem radius. In the following sections we address the issue of GJ acceleration and
we point out that GJ currents are more likely to be in upper range of the above
mentioned values.

5.3

Expansion of Gigantic Jet Streamer Zone

Theory of leader discharges predicts the existence of an average constant electric
ﬁeld in the streamer zone equal to the critical electric ﬁeld value for stable streamer
propagation Ecr [Bazelyan and Raizer , 2000, pp. 67–69]. For a positive leader at
ambient ground pressure, for example, this value is Ecr,0 ≃ 5 kV/cm [Bazelyan and
Raizer , 2000, p. 69]. For the sake of simplicity, most of calculations presented
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below are performed for positive leaders. We also include some representative
values for negative leaders by introducing the critical electric ﬁeld for negative
streamer propagation, which is 12.5 kV/cm, at ground pressure [e.g., Pasko, 2006,
p. 261, and references therein]. The average electric ﬁeld in a leader streamer zone
is expected to reduce exponentially with altitude proportionally to air density, i.e.,
Ecr = Ecr,0 Namb /N0 [Pasko, 2006, p. 266]. As ﬁrst noticed by Raizer et al. [2006],
this fact has important consequences in an upward propagating leader, such as in
the case of GJs escaping from thundercloud tops. Consider an upward-propagating
leader with its head located at an altitude hL , as sketched in Figure 7.2a. The
leader head carries a potential UL with respect to the ionosphere, located at an
altitude hI = 90 km. The potential drop between the leader head and ionosphere
can be written as:
UL = US + Uext ,

(5.1)

where US is the potential drop in the streamer zone (hL < h < hS = hL + LS ,
where LS is the length of the streamer zone) and Uext is the potential drop in
the remaining region between the top of the streamer zone and the ionosphere
(hS < h < hI ), as sketched in Figure 7.2b. The potential drop in the streamer zone
is [Raizer et al., 2006, eq. (3)]:
US =

Z

hS
hL

Ecr,0 e−h/hN dh = hN (Ecr,L − Ecr,S ) ,

(5.2)

where Ecr,L = Ecr,0 e−hL /hN and Ecr,S = Ecr,0 e−hS /hN . For purposes of simplifying
the evaluation of US (5.2), the ambient air density has been approximated by an analytical expressions Namb (h) = N0 e−h/hN , where hN = 7.2 km and N0 = 2.5×1019 cm−3 .
This expression is a simple ﬁt to the altitude dependence shown in Figure 2.1b.
The potential drop in the remaining portion can be calculated by assuming that
the electric ﬁeld is continuous through the boundary of the streamer zone and that
it is proportional to 1/(h − hL )2 [Bazelyan and Raizer , 2000, p. 69]. Such electric

ﬁeld can be produced by a point charge QL = 4πε0 L2S Ecr,S placed at altitude hL .
Therefore, the remaining potential drop is:
Uext =

Z

hI

hS

Ecr,S



LS
h − hL

2
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dh = LS Ecr,S



hI − hS
hI − hL



.
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Figure 5.4. (a) Sketch of GJ upward propagation defining length scales discussed in
text. (b) Sketch of electric potential drop from the leader head to the ionosphere.

For simplicity, eﬀects of all other charges in the system are ignored.
Figures 5.5a and 5.5b present the calculated length of the streamer zone LS and
top altitude hS , respectively, by numerically inverting equation (5.1). It is evident
from the ﬁgures that owing to the exponential decrease in air density the size of
streamer zone increases with altitude location of leader head hL . Moreover, there
is an altitude hjump so that indeﬁnite streamer growth is possible and the streamer
zone becomes so long that it “jumps” to the ionosphere. To further illustrate
these relationships we discuss limit solutions for equations (5.1)–(5.3). When LS
is small (LS ≪ hN and hS ≪ hI ) we have US = Uext = LS Ecr,L . This leads to the

classical result that half of the leader voltage drop occurs in the streamer zone

and to the well-known formula for its length LS = UL /2Ecr,L [Bazelyan and Raizer ,
2000, p. 69], which provides the initial slope in curves presented in Figure 5.5a.
In the other extreme, when the streamer zone approaches the ionosphere hS → hI ,

Uext → 0 and, consequently, UL ≈ US . Figure 5.5c presents the ratio US /UL as a

function of hL to illustrate that the potential drop in the streamer zone shifts from

UL /2 to UL as the leader propagates upward and approaches the jump altitude.
Thus, we can obtain an analytical approximation for the length of the streamer
zone, by inverting equation (5.2) [Raizer et al., 2006, eq. (4)]:
"
LS = hN ln 1 −

79

US
hN Ecr,L

−1 #

,

(5.4)

10

90

(a)

4

30 MV

60 MV

70

120 MV
10

(b)

80

3

10 MV

60 MV

60
50

10

30 MV

2

120 MV

40

1 MV

30
10

1

20

10 MV, Positive

10

10 MV, Negative
0

1

10

(c)

20

30

40

1 MV

50

0

60

0

60

0.9

20

30

40

50

60

100

120

(d)

10 MV

30 MV

10

50

60 MV

Negative

0.8
120 MV

1 MV

40

0.7
30

0.6

Positive
20

0.5
0

10

20

30

40

50

1

60

20

40

60

80

Figure 5.5. Calculated (a) streamer zone length LS and (b) top altitude hS = hL +
LS as functions of leader head altitude hL . (c) Fraction of potential drop across the
streamer zone US /UL . (d) Altitude at which streamer zone jumps to the ionosphere hjump
as a function of UL . Presented values correspond to positive leaders unless otherwise
indicated.

where US = UL /2 if hL ≪ hjump and US = UL if hL ≈ hjump . The jump altitude is presented in Figure 5.5d and it is easily obtained from equation (5.4) by recognizing

that LS → ∞ when UL = hN Ecr,L, consequently hjump = hN ln(hN Ecr,0 /UL ). When

UL ≪ hN Ecr,L , equation (5.4) reduces to LS = US /Ecr,L . The condition UL /Ecr,L = hN ,
approximating the jump altitude, points out that the streamer zone jumps to the
ionosphere when its size becomes longer than the atmospheric scale height hN .
Note that for the same values of hL and UL the streamer zone of an upward
negative leader is shorter than of the positive one, as shown in Figure 5.5a for
UL = 10 MV. Consequently, the jump altitude is higher for negative leaders, as
shown in Figure 5.5d.
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5.4

Acceleration of Gigantic Jets and Their Vertical Structure

In this section we model the GJ propagation using the concepts introduced in
Sections 5.2 and 5.3. We assume (for simplicity) that a constant current I = 2.7 A
(Figure 5.3a) and 270 A (Figure 5.3b) is ﬂowing through the leader stem. Initial
2
current density Jamb = 9.6×106 Namb
/N02 A/m2 is the same in both cases. In view

of the discussion in Section 5.2, the diﬀerence in current is due to diﬀerent initial
stem radius rc = 0.3 N0 /Namb mm and 3 N0 /Namb mm, respectively. For these two
values of current the dependence vL (hL , I, rc ) is obtained and a leader upward
propagation is simulated by solving the equation dhL /dt = vL (hL , I, rc ). For every
position of the leader head hL the size of the streamer zone is calculated from
formula (5.4) assuming that US = UL /2 and that the leader potential is deﬁned for
a cylindric conductor elongating in an external uniform electric ﬁeld, UL = I/vL C,

where the capacitance per unit length is C ≈ 2πε0 = 5.56×10−11 F/m [Bazelyan and
Raizer , 2000, p. 62]. The shaded areas in Figures 5.6a and 5.6b show the length
of the streamer zone LS above the leader head, the lower boundaries of the shaded
regions represent hL , while the upper boundaries hS . Leader potential varies within
0.8–30 MV and 84–121 MV in Figures 5.6a and 5.6b, respectively. Consequently
the streamer zone is shorter in Figure 5.6a.
The conclusion to be drawn from Figures 5.6a and 5.6b is that the strong acceleration in GJs is a consequence of their vertical structure. GJs initiate inside the
thundercloud as a conventional intracloud lightning discharge. As demonstrated
by Krehbiel et al. [2008], owing to the charge imbalance in thunderclouds one or
more lightning leaders can escape upward. The leader propagates upwards with
a stable speed .105 m/s, consistent to a current density of .107 N 2 /N02 A/m2 in
the leader stem (see Figure 5.3). The leader is capable of bringing the high thundercloud potential UL to upper altitudes [Raizer et al., 2006]. When the leader
approaches the jump altitude (Figure 5.5d), the streamer zone expands causing
the observed acceleration. During this stage the GJ speed is closer to that of
streamers measured in laboratory &106 m/s [e.g., Briels et al., 2008]. Results presented in Figures 5.6a and 5.6b indicate that the initial leader stem radius (prior
to channel contraction) should be larger than that of a single streamer, and more
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Figure 5.6. Comparison of observed GJ propagation with modeled upward leader
propagation for Jamb = 9.6×106 N 2 /N02 A/m2 , including expansion of streamer zone, for
two different values of stem radius (a) 0.3 mm and (b) 3 mm.

likely to be a few millimeters (scaled to ground pressure). Thus, the upward propagating GJ would carry a current of tens to hundreds of amperes, on the same order
of magnitude as is reported in measurements [e.g., Cummer et al., 2009; Kulak and
Mlynarczyk , 2011].
The jump altitude is a useful parameter to trace the transition between leader
and streamer portions of GJs during the leading jet phase. After the connection to the ionosphere, GJs exhibit a return stroke-like process [Kuo et al., 2009,
Fig. 5]. Owing to the high electrical current, ∼1 kA, ﬂowing through the channel [Cummer et al., 2009, Fig. 3] the leader portion may reach higher altitudes.

However, a leader cannot bridge the gap between cloud and ionosphere, because
streamer-to-leader transition is hindered at very low air densities. The air heat2
ing time exhibits a strong quadratic dependence on air density, τh = τh,0 N02 /Namb

at near ground pressures. At very low air densities, where τh is longer than the
time scale for pressure equalization in the leader stem τc = rc /cs (where cs is the
speed of sound), air heating is isobaric and occurs at slower and slower rates, i.e.,
2
τh > τh,0 N02 /Namb
. Therefore, for each set of initial conditions (I and rc ) there

is an altitude above which streamer-to-leader transition can not occur. As for
example, modeling results indicate that, for I = 0.5 kA and rc = 0.3 N0 /N mm,
streamer-to-leader transition cannot occur above ∼70 km altitude. It takes a time

τh ≃ 1 s to signiﬁcantly heat the air at 68 km altitude, longer than the duration
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of the whole GJ event, which is typically hundreds of milliseconds. The analysis
presented in this Chapter has contributed to explain the phenomenology of jet
discharges recently observed over a tropical thunderstorm [Liu et al., 2015].

5.5

Summary

In this chapter, we applied the calculated leader speeds for simulation of the upward
gigantic jet (GJ) propagation. We have demonstrated that the initial speeds of
GJs are comparable to lightning and laboratory leader speeds. We also point out
that leader speed can be more generally deﬁned as a function of the current density
in the leader stem rather than total current. We have discussed the dynamics of
an upward propagating leader in a non-uniform atmosphere, pointing out that the
GJ acceleration can be understood as a consequence of the expansion of the leader
streamer zone, as previously hypothesized. Therefore, the jump altitude, deﬁned
in Section 5.3, may serve as a ﬁrst-order estimate for the transition region between
leader and streamer portions in GJs.
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Chapter

6

Air Heating and Infrasound
Radiation in Sprites
Sprites are large scale electrical discharges occurring between 40 and 90 km altitude
[Sentman et al., 1995] generated by strong quasi-electrostatic ﬁelds produced by
cloud-to-ground lightning discharges in an underlying thunderstorm [Pasko et al.,
1997]. Analysis of energy budget in sprites, based on optical emissions, indicate
that on average several to tens of MJ are deposited in the atmosphere per sprite
event [e.g. Sentman et al., 2003; Kuo et al., 2008]. Pasko and Snively [2007]
demonstrated that an energy deposition of hundreds of MJ in sprites is necessary
to produce infrasound amplitudes ∼0.1 Pa as measured on the ground, far away

from the source. Further modeling studies of infrasound propagation in a realistic
atmosphere with frequency- and altitude-dependent attenuation of acoustic waves

were undertaken by de Larquier [2010] and de Larquier and Pasko [2010]. de Larquier [2010, pp. 51–56] demonstrated that a local pressure modiﬁcation of 1 %,
occurring within a cylindrical source of 1.5 km radius and 5 km height centered
at 75 km altitude, is capable of producing infrasound amplitudes of ∼10−3 Pa, as
measured by an observer at the ground ∼400 km away from the source. Modeling

results by Pasko and Snively [2007] and de Larquier [2010, pp. 51–56] support
the ideas advanced by Farges et al. [2005] that the long-range chirp-shape signature can be explained by the horizontal size of the whole sprite. The infrasound
signal coming from the nearest side of the sprite (relatively to the sensor) reﬂects
at higher altitude, has reduced high-frequency content due to strong absorption
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Figure 6.1. (a) Schematics of air heating in a sprite core leading to generation of
infrasonic acoustic waves observed on the ground, at a distance Robs from the source.
The figure highlights the geometry of the simulated region, which describes a cross section
of the sprite core at h = 70 km altitude. The inset shows the waveform of the current
flowing through the sprite core, Icore (t). (b,c) Time dynamics of electric field and current
(b), and maximum modification in temperature and pressure (c).

at high altitudes, and arrives ﬁrst at the observation point. The infrasound signal generated from the farthest side of the sprite reﬂects at lower altitude, has
enhanced high-frequency content, and arrives second at the observation point.
In this chapter we extend the model developed for analysis of air heating and
leader discharges mechanism in lightning leaders and jet discharges for evaluation
of air heating levels within sprite streamer channels in the mesosphere. We present
below a novel mechanism of infrasonic acoustic wave generation by fast air heating in sprite cores, and describe the relationship between infrasound amplitudes
and sprite currents. This work is the ﬁrst step towards connecting optical [e.g.,
Stenbaek-Nielsen and McHarg, 2008] and electromagnetic [e.g., Cummer et al.,
1998] properties of sprites, with their acoustic signatures [e.g., Farges et al., 2005].
The results contained in this chapter have been published in [da Silva and Pasko,
2014].
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6.1

Conceptual Model of Air Heating in Sprite
Cores

The models employed to study the sprite development, and their eﬀects in the
mesosphere, can be divided in two groups: (1) models of individual sprite streamer
channels developing under externally applied lightning electric ﬁeld [e.g., Liu et al.,
2009; Luque and Ebert, 2010; Qin et al., 2013], and (2) models of in situ chemical
eﬀects of sprite electric ﬁelds [e.g., Sentman et al., 2008; Gordillo-Vazquez , 2008;
Gordillo-Vazquez and Luque, 2010]. The ﬁrst group of models is successful in explaining the dynamics of individual streamers, specially of their optical emissions.
Their drawback is that they can only simulate time scales shorter than a few milliseconds, mainly because on longer time scales streamers branch and cannot be
fully described by an axisymmetric 2–D ﬂuid model. The second group of models
simulate a control volume in the mesosphere subjected to the passage of a sprite
streamer. They account for an extensive list of chemical processes taking place
in the sprite plasma on time scales of up to hundreds of seconds after the sprite
occurrence. The drawback of these models is the usage of a 0–D geometry, not
accounting for axial and radial dynamics in sprite channels. In order to investigate
the levels of air heating within sprites and the mechanism of infrasound generation
we have developed a new model that describes the coupling between charged and
neutral species in the sprite plasma that leads to ambient gas heating. The model
is implemented in a 1–D (radial) geometry and accounts for over 100 chemical reactions, providing a synergistic connection between the two above mentioned classes
of models, i.e., between spatial dynamics and composition of the sprite plasma.
The conceptual model of the sprite infrasonic source is depicted in Figure 6.1a.
Sprites manifest themselves in the form of streamer discharges or, more precisely,
streamer coronas. Typically, a sprite is initiated from a local inhomogeneity present
in the lower ionospheric conductivity, developing as an initial downward positive
streamer that accelerates, expands and branches [e.g., Liu et al., 2009]. In some
sprites, the development of downward streamers is followed by the formation of
upward streamers, depending on the available lightning electric ﬁeld [Qin et al.,
2013]. Sprites with only downward streamers are referred to as column sprites,
while those with both downward and upward streamers are referred to as carrot
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Figure 6.2. (a,b) Time dynamics (at the axis of symmetry) of main charged species
(a), and effective frequencies of electron production and loss (b). (c) Energy deposited
per unit channel length. (d) Optical emissions. (e) Radial expansion of pressure wave.

sprites. A common characteristic for both types of morphologies is the existence of
a bright core associated with the path traced by the ﬁrst downward streamer. The
schematics of a sprite core, shown in Figure 6.1, is consistent with sprite morphology observed at submillisecond time resolution [Cummer et al., 2006]. We associate
the strong brightness of the sprite core, as evidenced in high speed imagery [e.g.,
Cummer et al., 2006; Stenbaek-Nielsen and McHarg, 2008], with the passage of
a strong current through it. This mechanism is diﬀerent from the one associated
with processes in the sprite streamer heads, where very bright and compact regions
are formed due to the existence of strong space charge ﬁelds of ∼3–5Ek [e.g., Liu
et al., 2009] (where Ek is the breakdown threshold ﬁeld deﬁned by the equality

between ionization and two-body attachment frequencies in air [e.g., Raizer , 1991,
p. 135]). As inferred from optical observations [e.g., Cummer et al., 2006], the
sprite core has a length Lz ≃ 10 km. On the other hand, the transverse scale Lr , is

of the order of tens to hundreds of meters. Since Lz ≫ Lr , we represent the sprite

core by a 1–D axisymmetric radial system, located at an altitude h = 70 km, as
schematically shown in Figure 6.1a.
In this conceptual model the sprite current Isprite , as inferred from remote sensing of electromagnetic ﬁelds [e.g., Cummer et al., 1998], is not ﬂowing in the whole
cross sectional area of a sprite (∼1000 km2 ), but it is rather conﬁned within the
several sprite cores, which have substantially higher conductivity than the regions

87

of the atmosphere in their vicinity. The number of sprite cores Ncore can vary from
event to event, typically from a few to tens of cores and, for quantitative analysis
conducted in this chapter, we assume that on average a sprite has Ncore = 10. The
current ﬂowing through a given sprite core, therefore, is Icore = Isprite /Ncore . The
inset in Figure 6.1a shows the Icore (t) waveform adopted in our simulations. The
waveform is characterized by three parameters: the peak current Ip , the rise time
τp (to rise the current from the initial value I0 to its peak Ip ), and the duration of
the strong current phase ∆τI . We assume that the peak current is sustained during
the time interval τp ≤ t ≤ τp + ∆τI . For t > τp + ∆τI the current slowly decreases as
∝1/t [e.g., Barrington-Leigh et al., 2002]. The maximum current ﬂowing through

a sprite can be estimated from a moving-capacitor plate model [e.g., Pasko et al.,
1998b; Barrington-Leigh et al., 2002] as being ∼IQ hQ /hI , where IQ is the current of the parent cloud-to-ground lightning, hQ is the altitude of charge removal

from the thundercloud, and hI is the lower ionospheric altitude, or the altitude
of the moving capacitor plate. For a lightning with high peak current ∼100 kA,

and hQ /hI ≃ 1/5 (e.g., hQ =10 km and hI =50 km), one gets Isprite ≤ 20 kA. We
note that, although rare, sprites current of ∼20 kA were already observed [e.g.,

Hager et al., 2012]. Complementarily, Cummer et al. [1998] measured peak currents Isprite ≃ 2 kA. Therefore, we estimate that realistic peak currents Ip in bright

sprite cores should range between 200 and 2000 A. The time scales τp and ∆τI are
adjusted to make the waveform shown in Figure 6.1a resemble the measurements.
To describe the physical/chemical processes in the sprite core plasma, we use

the air heating model described in Chapter 2. An important feature of this model,
that is pertinent to this chapter, is the capability of calculating the fraction of
discharge power σE 2 (where σ is electrical conductivity and E electric ﬁeld) that
is directly used for heating of air in the so called “fast heating” mechanism [e.g.,
Popov , 2011] and its dependence on ambient air density Namb . The fast heating
mechanism accounts for quenching of excited electronics states, electron impact
dissociation, and electron-ion recombination (Sections 2.2 and 3.2).
The initial conditions for the simulation are set to make the sprite core resemble a single sprite streamer channel at 70 km altitude (right after the passage of
the ﬁrst streamer head), i.e., the electron density has a Gaussian radial distribution ne = ne,a e−r

2 /r 2
c

, where ne,a = 106 cm−3 and rc = 20 m. Charge neutrality is
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ensured by setting nO+2 = ne , where nO+2 is the density of O+
2 ions. The value ne,a
is the typical electron density in a streamer body as obtained from sprite streamer
simulations [e.g., Liu et al., 2009], while rc is consistent with high-speed optical
observations of initial sprite streamer radii [Kanmae et al., 2012]. The choice for rc
is also consistent with observed acoustic spectral content, i.e., a cylindrical acoustic radiator with a diameter of 40 m is expected to produce dominant frequencies
below cs /2rc ≃ 8 Hz, where cs is the ambient speed of sound. The initial condition

for the electric current is I0 = qe (µe +µp )ne,a Ek πrc2 ≃ 26 A, where qe is the electronic

charge, and µe and µp are the mobilities of electrons and positive ions, respectively.

The ambient temperature and pressure at 70 km altitude are Tamb = 200 K and
pamb = 4.68 Pa, respectively. We apply the current Icore to the cross sectional area
of the sprite core and we track the plasma parameters, i.e., densities of charged
and neutral particles, electric ﬁeld, translational and vibrational temperature of
neutrals, air pressure, etc., as a function of time t, and radial position r, in a
cylindrical domain of size Lr = 400 m.

6.2

Infrasonic Acoustic Waves Generated by Fast
Air Heating in Sprite Cores

The input parameter of the model is the current ﬂowing in the sprite core Icore .
To illustrate the mechanism of infrasonic acoustic wave generation in the sprite
core by fast air heating we ﬁrst show a reference case. We chose a peak current
Ip = 2000 A in the upper range of sprite core currents (discussed in the previous
section), to emphasize that only extraordinary sprites can produce infrasound signatures detectable on the ground. The other parameters of the current waveform
are τp = 6 ms and ∆τI = 4 ms. Results are shown in Figures 6.1b–6.1c and 6.2a–
6.2e. Figure 6.1b shows the applied current and the calculated electric ﬁeld from
Ohm’s law, it can be seen that an electric ﬁeld plateau of ∼Ek is sustained during
the current growth phase. Figure 6.1c shows the percent change in temperature

and pressure at the axis of symmetry of the sprite core. It can be seen that the
maximum modiﬁcation in pressure is ∼1 % and that the highest rate of pressure

growth occurs during the current rise stage. Figures 6.2b–6.2c show the time dy-
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Figure 6.3. Estimated amplitude of infrasound measured at the ground ∆pobs as a
function of the current waveform parameters. The horizontal distance between the sprite
and the observation point is ∼100 km, as depicted in Figure 6.1a. The circles at the end
of the curves are 8 sample cases for which the total deposited energy is also displayed.

namics of main charged species and eﬀective frequencies of electron production
and loss, following nomenclature used in Section 2.3. Ohm’s law indicates that the
increase in current should drive an increase in the electric ﬁeld, however, an incremental increase in the electric ﬁeld above Ek leads to increase in ionization (νion )
that leads to conductivity enhancement and reduction of the electric ﬁeld. Hence,
the above mentioned plateau E ≈ Ek is formed. In these conditions two-body at-

tachment (νa2 ) and ionization rates balance each other. Figures 6.2b–6.2c show

that the resulting increase in electron density in the sprite core is resulting from the
accumulation of O− ions followed by electron detachment (νdet ), in agreement with
conclusions of more detailed kinetic models [Gordillo-Vazquez and Luque, 2010].
On longer time scales (t & 1 s) the plasma decays owing to electron-ion recombination (νrec ) and three-body attachment (νa3 ). The above described mechanism
for the quick establishment of E ≈ Ek makes our modeling results independent of
the initial electric ﬁeld in the sprite core. If initially E < Ek , the ﬁeld will rapidly

grow to a value near Ek .
Figure 6.2c shows the energy deposited in the sprite core per unit of channel length W (t) (which is obtained by integrating σE 2 over the cross sectional
Rt
area of the sprite core and in time, i.e., W (t) = 0 IE(t′ )dt′ ). Total energy de-

posited per unit channel length is W = 1.37 kJ/m (see Figure 6.2c at the end of
the simulation, i.e., t ≃ 1 s), which translates in a total energy deposited in the
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sprite Ncore Lz W = 137 MJ. Figure 6.2c also shows the calculated amount of energy transferred to heating of air WTeff (t), including fast heating, elastic collisions,
heating from ion current, and vibrational-translational energy relaxation (WTeff is
obtained by integration of the eﬀective heating rate Qeff
, following nomenclature
T
used by in Section 2.3). A total amount WTeff = 217 J/m is used for heating of air,
which corresponds to only ∼16 % of the total deposited energy. The two major
channels for heating of air WTeff are also shown in Figure 6.2c. During the current

rise stage the fast heating mechanism, WT (t), is dominant. During latter stages,
when electric ﬁeld is signﬁcantly below Ek , WL (t) is dominant; WL accounts for
energy transfer in elastic collisions, as well as, excitation of rotations in O2 and N2 ,
and vibrations in O2 . Comparing Figures 6.1b, 6.1c, and 6.2c, we can assert that
the dominant contribution for pressure increase comes from the fast heating WT ,
during the current rise stage. Moreover, calculation of optical emissions from the
sprite core shows that the current rise is also associated with the maximum brightness of the sprite, as shown in Figure 6.2d. The sustained luminosity associated to
rapid current growth is in agreement with the mechanism for the sprite streamer
luminous trail proposed by Liu [2010]. The direct correlation between current
waveform and sprite brightness is also evident in measurements [e.g., Cummer
et al., 1998, Figs. 4–6].
Figure 6.2e shows the radial expansion of the pressure pulse. It can be seen
that the response of the neutral gas to this weak source is approximately linear,
√
i.e., pressure amplitudes decrease with distance as ∆p ∝ 1/ r, as highlighted by

the dashed line in Figure 6.2e. The maximum pressure amplitude at a reference

point rref = 10 rc is ∆pref = 6×10−3 Pa. We next estimate the infrasound amplitudes ∆pobs as measured by an observer on the ground far away from the source,
from simple scaling derived from energy conservation. It can be demonstrated that
the intensity of an acoustic wave Is (expressed in units of J/m2 ·s) is related to the

amplitude of pressure perturbation as Is = (∆p)2 /2ρamb cs [e.g., Blackstock , 2000,
pp. 48–51], where ρamb = mair Namb is the ambient air mass density. Neglecting the

eﬀects of atmospheric absorption, the power generated by the source is conserved
R
after the wave has propagated for a distance r, i.e., S Is dS = const, where the
energy ﬂux is integrated through a reference surface S surrounding the source.

The area of this surface is 2πrLz and 4πr 2 , for a long (cylindrical) radiator and for
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a (spherical) point source, respectively. Hence, the scaling of the pressure ampli√
√
√
tudes with distance and altitude are approximately ∝ Namb / r and ∝ Namb /r,

for cylindrical and spherical sources, respectively. Assuming that for sprites the
cylindrical dependence holds for a distance about the vertical size of the acoustic
radiator (i.e., Lz ), we obtain:
∆pobs = ∆pref

r

N0
Namb

r

rref
Lz



Lz
Robs



,

(6.1)

where N0 and Namb are the ambient air densities at ground level and 70 km altitude,
respectively. Assuming that the observation point is at a distance Robs = 100 km
from the source, as schematically shown in Figure 6.1a, and for the above deﬁned
length scales, this approach gives a correcting factor ∆pobs /∆pref ≃ 1.72, to esti-

mate amplitudes on the ground from amplitudes at a reference position near the
source. For the reference case, shown in Figures 6.1b–6.1c and 6.2a–6.2e, we have

∆pobs = 0.01 Pa, which is in the lower range of amplitudes reported in literature
[Farges et al., 2005; Farges and Blanc, 2010].
Formula (6.1) is a simple estimate of pressure amplitudes on the ground assuming that geometrical energy spreading is dominant over atmospheric absorption.
It also neglects any interaction between coherent sources. For distances larger
than ∼100 km, the typical height of the Earth-Thermosphere waveguide, the scal√
ing with distance is once more cylindrical, i.e, ∝1/ r. This factor diminishes

the pressure amplitude by only a factor of 2 as the wave propagates from 100 to
400 km. Although simple, formula (6.1) agrees with large-scale infrasound propagation models [Pasko and Snively, 2007; de Larquier , 2010], in the sense that a
local modiﬁcation of 1 % in pressure leads to amplitudes of &0.01 Pa measured on
the ground.
Figures 6.3a–6.3b show the dependence of the pressure amplitude measured on
the ground, estimated from formula (6.1), on the current waveform parameters.
The total energy deposited in the sprite is also shown for 8 cases (extremity of
curves) for reference. It can be seen that ∆pobs is directly proportional to peak
current. For instance, Figure 6.3a shows that a ten-fold increase in Ip leads to an
increase in ∆pobs of ∼10, while a ten-fold increase in ∆τI leads only to doubling

of ∆pobs . From Figure 6.3b we can can see that a ten-fold increase in τp also
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introduces small changes in ∆pobs . On the other hand the deposited energy in
the sprite, Ncore Lz W , increases proportionally to all three current waveform parameters. These results show that sprite infrasound amplitudes measured at the
ground are a better tracer of peak currents in sprites rather than total energy deposited and that a special care should be taken when estimating energy deposited
in sprites from infrasound measurements. Only in the case when τp and ∆τI are
known quantities, the infrasound amplitudes uniquely translate into peak current
and, consequently, in total deposited energy. Note that long time scales τp and
∆τI are unrealistic. Under sprite conditions they are expected to be of the order of
a few milliseconds. However, we have included extreme cases in Figures 6.3a–6.3b
to demonstrate that they weakly aﬀect the pressure amplitudes.
As demonstrated in this chapter, signiﬁcantly strong currents are required to
produce the registered infrasound amplitudes at ground level &0.01 Pa. We note
also that individual streamer channels cannot produce any signiﬁcant air heating
at sprite altitudes. Assuming that the current in an individual streamer channel
can be as low as a fraction of ampere, it indicates that hundreds to thousands
of streamers have to be attached to a common stem, the sprite core, to produce
observable acoustic radiation on the ground. Hence, not all sprites can produce
detectable acoustic radiation. Nonetheless, we emphasize that air heating is the
most likely mechanism for production of infrasonic acoustic radiation from sprites,
as discussed below.
At near-ground-level pressure, corona discharges are known to produce sound
[e.g., Bastien, 1987, Section 5]. A well-know example is the crackling and hissing noise produced by high-voltage transmission lines [e.g., Straumann, 2011, and
references therein]. In these regimes two physical mechanisms determine the amplitude and spectrum of the generated acoustic radiation: momentum and energy
transfer [e.g., Bastien, 1987, Section 2]. The former mechanism has been extensively studied in recent years in the context of ﬂow control by plasma actuators
[e.g., Roth, 2003; Boeuf et al., 2007] and it is associated with the electrohydro~ (per unit volume) exerted by the plasma on the neutral gas,
dynamic force ρc E
where ρc is the electrical charge density. The latter is the mechanism responsible for the formation of thunder in lightning [e.g., Few , 1986], where energy is
transferred from the charged to neutral particles, at a rate σE 2 (per unit time
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and unit volume), in the discharge channel leading to Ohmic heating of air and
expansion. In the case of sprites, the air heating/energy transfer mechanism is
dominant over the momentum transfer. This fact can be understood as follows:
~ = ∇p
~ E , where pE = ǫ0 E 2 /2 is
the electrohydrodynamic force can be written as ρc E

the electrostatic pressure; for a maximum electric ﬁeld available in sprites of ∼5Ek

(in streamer tips), we have pE ≃ 4×10−6 Pa, which is signiﬁcantly weaker than the

local changes in pressure due to air heating, which are ∼10−3 –10−2 Pa. Note that

this analysis overestimates the eﬀects of the electrohydrodynamic force because the
residence time of a streamer head (of ∼1–10 µs), in a volume of space where the

head passes through, is signiﬁcantly shorter than the time scale for fast air heating
(of ∼τp ). The ineﬃciency of momentum transfer by streamer discharges at sprite

altitudes was also discussed by Ebert et al. [2006, Section 3.4]. To conclude, this
analysis demonstrates that air heating or, more precisely, fast air heating, is the
physical mechanism responsible for infrasonic acoustic radiation from sprites.

6.3

Summary

The analysis presented in this chapter demonstrates that air heating or, more
precisely, fast air heating, is the physical mechanism responsible for infrasonic
acoustic radiation from sprites. Although the predicted levels of air heating are
low (.1 %), our results demonstrate that &0.01 Pa pressure perturbations on the
ground, observed in association with sprites, can be produced by exceptionally
strong currents in sprite cores, exceeding 2 kA.
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Chapter

7

Modeling of Electromagnetic Signals
Associated to the Initial Breakdown
Stage of Lightning Flashes
This chapter introduces a new conceptual picture on how the the diﬀerent electromagnetic signatures observed in association with the initial breakdown stage of
lightning ﬂashes (reviewed in Sections 1.3.1–1.3.2) are generated inside the thundercloud (Section 7.1). We propose that both initial breakdown pulses (IBPs) and
narrow bipolar events (NBEs) are the electromagnetic response to the sudden elongation of the initial lightning leader channel inside the thunderstorm (Section 7.2).
To demonstrate this idea we develop a new computational model to simulate the
growth of the bidirectional lightning leader tree (Section 7.3). The model is built
on a bidirectional (zero-net-charge) lightning leader concept [e.g., Kasemir , 1960,
2013; Mazur and Ruhnke, 1998]. We simulate a ﬁnite-length ﬁnite-conductivity
leader elongating in the thunderstorm electric ﬁeld and we solve a set of integrodiﬀerential equations to retrieve the full dynamics of charges and currents induced
in it. Hence, our proposed approach consists of a generalization of the transmission
line [e.g., Nag and Rakov , 2010] and electrostatic [e.g., Pasko, 2014] approximations
used for analysis of in-cloud discharge processes.
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7.1

Thunderstorm Charge Distribution and Source
Heights of Initial Breakdown Pulses (IBPs)
and Narrow Bipolar Events (NBEs)

Figure 7.1 shows a typical representation of a normal-polarity thunderstorm charge
structure. The simpliﬁed picture is built on the general view inferred by Stolzenburg
et al. [1998, Fig. 3] from nearly 50 electric ﬁeld soundings in diﬀerent kinds of
thunderstorms. The charge conﬁguration consists of the well-known tripolar charge
distribution [Williams, 1989; Rakov and Uman, 2003, p. 69] supplemented with
a screening charge layer on the top [MacGorman and Rust, 1998, pp. 51, 72–
74]. According to Stolzenburg et al. [1998], this thunderstorm charge structure
is representative of the updraft region of either an isolated thunderstorm or of
a convective element of a multicell thunderstorm (e.g., a mesoscale convective
system).
Each charge region in Figure 7.1 is assumed to be a disk of uniform charge
density and its size is represented by the colored rectangles in the ﬁgure. The total
charge in each disk is also displayed. The electrostatic potential Uamb (the subscript
~ amb = −∇U
~ amb ,
“amb” stands for ambient), and its associated electrostatic ﬁeld E

are also shown in Figure 7.1. The size, height, and magnitude of each charge region

is consistent with work by Krehbiel et al. [2008]. The chosen charge magnitudes are
such that produce maximum large-scale in-cloud electric ﬁelds of ∼50–100 kV/m,

consistent with observations [e.g., Marshall et al., 1995; Stolzenburg et al., 2007].
Similarly to the vertical electric ﬁeld proﬁles obtained from ballon soundings [Marshall et al., 1995, Figs. 2–6], we also show in Figure 7.1 the breakeven threshold
for reference. The breakeven threshold can be linked to acceleration of relativistic
(∼1 MeV, i.e., cosmic ray secondaries) electrons and is “the electric ﬁeld strength
at which the rate of energy gain from the ﬁeld is equal to the rate of energy loss
(mostly due to ionization of the air) for an electron moving directly along the ﬁeld
line” [e.g., Dwyer and Uman, 2014, Section 3.7]. The breakeven threshold ﬁeld is
commonly associated with the maximum large-scale electric ﬁeld observed in thunderstorms [e.g., Marshall et al., 1995]. The depicted charge structure forms three
electric ﬁeld regions, A/B/C, with upward/downward/upward directed ambient
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Figure 7.1. Representative thundercloud charge structure and corresponded electric
potential (Uamb ) and field (Eamb ) vertical distributions. To the right, a summary of
different kinds of electric field pulses and their region of occurrence in the thundercloud.

electric ﬁeld, respectively. The direction of the ambient electric ﬁeld deﬁnes the
polarity of the electric ﬁeld pulses observed on the ground, as discussed in Section
7.2.
To the right of Figure 7.1 we present a summary of the diﬀerent types/polarities
of electric ﬁeld pulses and their region of occurrence inside the thundercloud.
Three-dimensional VHF mapping of lightning sources [e.g., Rison et al., 1999;
Thomas et al., 2001] combined with ballon electric ﬁeld soundings [e.g., Coleman et al., 2003] have shown clearly that –CG lightning initiates just below the
main negative charge regions, while +IC lightning starts in the gap between the
main dipole charge centers in the storm. Recent studies have also shown that
the source heights for IBPs in –CG and +IC lightning (approximately) coincide
with the location of initial VHF sources as measured by a lightning mapping array
[Karunarathne et al., 2013; Marshall et al., 2013]. Hence, for the thunderstorm
charge conﬁguration depicted in Figure 7.1, IBPs in –CGs and in +IC lightning
occur in Regions A and B, respectively.
The NBE source heights have been estimated by measuring the direct NBE
wave and its reﬂection in the ionosphere [Smith et al., 2004; Wu et al., 2012]. It
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has been found that –NBE nearly always occur above +NBEs in the same storm.
Statistical analysis of a large pool of data lead previous investigators to draw
the qualitative picture that +NBEs are generated between the main negative and
positive charge regions, while –NBEs occur between the main positive charge region
and the screening layer on top of the storm [Wu et al., 2012, Fig. 7]. Following the
nomenclature used in Figure 7.1 of this work, +/– NBEs occur in Regions B/C
of the thunderstorm, respectively. Note that the actual source heights of charge
layers vary from storm to storm depending on storm type, geographic location,
etc. They may even vary within the same storm over time. Hence, the deﬁnition
of Regions A, B, and C, in Figure 7.1, is only relative to the charge conﬁguration
here adopted. For instance Region B is located between 7 and 10 km altitude. In
contrast, Smith et al. [2004] found that most +NBE sources were located between
7 and 15 km altitude, thus suggesting that “Region B in their thunderstorms”
extended to higher altitudes. Also note that in our schematics the truncation of
Region C at 13 km altitude does not imply that –NBEs cannot occur at higher
altitudes, since –NBEs have been observed to occur up to ∼20 km [Wu et al., 2012,
Fig. 6] and ∼30 km altitude [Smith et al., 2004, Fig. 5].

In our model, the upper negative screening charge layer plays an important role

in enhancing the electric ﬁeld at the thunderstorm top, creating a favorable scenario
for the generation of high-altitude –NBEs. There is a long history of studies
on thunderstorm screening charge layers, as reviewed in detail by MacGorman
and Rust [1998, pp. 72–74]. Over 60 years ago, Grenet [1947] and Vonnegut
[1953] independently suggested that screening layers would form at cloud tops
and were important in thunderstorm electricity. Brown et al. [1971] were the ﬁrst
to model screening layer formation. Winn et al. [1978] provided the ﬁrst direct
measurements of screening layers. Many more measurements of screening charge
layers were later performed by Stolzenburg et al. [1998], which contributed to the
conceptual model of thunderstorm charge structure shown in Figure 7.1. For a
detailed description of self-consistent modeling of thundercloud screening charge
layers we guide the readers to the work of Riousset et al. [2010b].
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7.2

Conceptual Model for IBP and NBE Generation

In contrast to existing models of IBP and NBE sources (Section 1.3.3), we propose
that they are generated by a common physical mechanism, and that they are linked
to the initial development of the bidirectional lightning leader tree. We propose
that IBPs and NBEs are the electromagnetic response to the stepping process of
the initial lightning leader. In this paper we use the word “stepping” to describe the
intermittent propagation of negative-polarity tips of IC lightning leaders. Recent
studies have advanced our understanding on how negative stepped leaders in CG
lightning propagate [e.g., Rakov , 2013, Section 4]. For instance, high-speed camera
recordings by Hill et al. [2011] (at 300,000 frames per second) show that negative
lightning leaders below the cloud base show average interstep intervals of ∼16

µs and step length of ∼5 m, as they approach the ground. Additionally, high-

speed camera observations of stepped leaders in natural [Hill et al., 2011] and
triggered [Biagi et al., 2010] lightning have showed that the stepping process in
negative lightning leaders proceeds via the formation of a space leader ahead of the
main leader channel. The space leader is analogous to the pilot systems observed
in meter-scale negative-polarity discharges in laboratory [e.g., Gorin et al., 1976;
Ortega et al., 1994; Reess et al., 1995; Kochkin et al., 2015].
Similar investigations of IC lightning propagation mechanisms with high-speed
cameras may not be feasible, since the cloud is opaque to optical radiation. For
this reason, we have to rely on phenomenology inferred from studies at radio
frequencies. Combining ground-based and ballon-borne electric ﬁeld change measurements with VHF mapping of IC lightning leader locations, Winn et al. [2011]
have provided a comprehensive description on the the stepping process of IC lightning leaders. These authors have shown that the time interval between steps of IC
lightning is ∼0.5–7 ms, while the estimated step length is ∼50–600 m. Note that

these numbers are signiﬁcantly larger than in negative leaders in CG lightning.

According to Winn et al. [2011], to date there is no clear experimental evidence of
whether space leaders are involved in the stepping process of IC lightning leaders.
Therefore, in our model, we introduce a simpliﬁed representation of the complex
sequence of process that might be involved in the stepping of an IC negative leader.
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We simulate the stepping process by allowing the leader to “lurch forward” during
a step [Winn et al., 2011, Section 7].
Our proposed conceptual picture of how IBPs and NBEs are generated is
schematically shown in Figure 7.2. The ﬁgure shows speciﬁcally how IBPs in
+IC lightning and +NBEs are created in Region B of the thunderstorm, but a
completely analogous process can be assumed to occur in Regions A and C to
generate the other kinds/polarities of pulses. Consider the existence of an initial
lightning leader of length ℓ0 between heights h1 and h2 , as shown in Figure 7.2c.
Consider now the lengthening of its negative extremity through one step of length
ℓstep . The upper (negatively charged) tip moves from height h2 to h′2 . Figures 7.2a
and 7.2b show the electrostatic potential and linear charge density distributions,
respectively, before and after the stepping process, as inferred from electrostatic
models of the bidirectional lightning leader development [e.g., Mazur and Ruhnke,
1998; Pasko, 2014]. In Figure 7.2a the ambient electric ﬁeld is assumed constant
and directed downward, hence the potential linearly increases with altitude, resembling the potential distribution in Region B of the storm (Figure 7.1).
The stepping process creates a new conducting segment ahead of the main
leader on a time scale τstep . Currents are induced in order to redistribute the
charge on the leader towards the new steady state. The existing leader has a
ﬁnite line conductivity G0 , expressed in units of S·m. The line conductivity G0
is simply the reciprocal of the channel’s linear resistance, i.e., 1/G0 has units of
Ω/m. The line conductivity can be evaluated from detailed plasma physics models
[e.g., Chemartin et al., 2009; da Silva and Pasko, 2013b] by integrating the leader
Ra
conductivity, σ(r, t), over the channel’s cross section, i.e., G(t) = 0 σ(r, t)2πrdr,
where a is the channel radius.

Between the two electrostatic steady states shown in Figures 7.2a and 7.2b
there is a transient current surge that radiates in the LF/VLF frequency range.
The induced current will have the same direction of the ambient electric ﬁeld, which
is downward in Figure 7.1a, i.e., Eamb < 0. The radiated electric ﬁeld will have a
positive polarity ﬁrst peak, since the radiation component of the total electric ﬁeld
is E(D, t) ∝ −∂I/∂t (see equation (1.1)). Therefore the location h0 of the existing

leader inside the thundercloud determines the polarity of the observed electric
ﬁeld waveform. In the proposed framework, the characteristics of waveform itself
100

z

(d)
Numerical
Discretization

ℓstep

 amb
E

i+1
Stage 2:
After Stepping

i

ℓ0

i−1

U (z)

Stage 1:
Before Stepping

∆z

(a)

(b)

Electric
Potential

Linear
Charge Density

Ii , zI,i , Ei

qi , zq,i , Ui
Grid Segment
of Uniform
Charge Density

(c)
Problem
Geometry

Ground

Figure 7.2. Schematics of conceptual model for generation of IBPs in +IC lightning and
+NBEs. The proposed mechanism generates all pulses summarized in Figure 7.1. In this
view, IBPs and NBEs are the transient electromagnetic radiation associated to charge
redistribution following an initial leader step. (a,b) Steady-state distributions of electric
potential (a), and linear charge density (b), before and after stepping. (c) Definition of
heights and lengths used in the text. Note that h0 = (h1 + h2 )/2 and ℓ0 = h2 − h1 . (d)
Numerical discretization of the simulated lightning leader.

will depend on a minimal number of four parameters: ℓ0 and G0 (that describe
the existing leader), and ℓstep and τstep (that describe the stepping process). In
Chapter 8 we demonstrate that both IBP and NBE waveforms can be reproduced
with realistic values for these four parameters (see likely range of values below).
This represents an advance in comparison to existing TL and EAS–RREA models
(see Section 1.3.3) that either have no physics-based explanation for the input
parameters, or require unrealistic ones.
We simulate the initial stages of the lightning tree development, where it can
be assumed that the discharge is predominantly vertical and has a length scale,
ℓ0 , between tens of meters up to ∼2 km. Beyond this length the leader network

starts to branch horizontally inside the thunderstorm charge centers [e.g., Rison
et al., 1999; Thomas et al., 2001; Behnke et al., 2005]. Winn et al. [2011, Fig. 9]
used electric ﬁeld change data recorded at distances of ∼200 m from the lightning

channels combined with VHF mapping to estimate leader step lengths of ∼50–

600 m. Marshall et al. [2013, Table 2] used an array of fast antennas to estimate
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Table 7.1. Input Parameters Used in All Simulated Cases Presented in Chapter 8
Label
IBP-4
NBE-1
Case 1
Case 2
Case 3

Type
IBP in –CG
+NBE
+NBE
+NBE
+NBE

Figures
h0 (km)
1.5, 8.1, 8.2, 8.3
6
1.6, 8.4
7.2
8.5, 8.6
8
8.6
8
8.6
8
Range of likely values:

G0 (S.m)
0.85
0.65
0.65
0.65
0.65
0.01–1

ℓ0 (m)
700
830
800
800
1600
200–2000

τstep (µs)
28
17
8
16
16
1–100

ℓstep (m)
480
800
50–1500
50–1500
50–1500
50–1500

vertical displacements in IBP bursts of ∼200–1800 m. For this reason, we assume

that ℓstep can vary between tens of meters up to ∼1.5 km. Nonetheless, it should

be kept in mind that IC lightning leaders steps longer than 600 m have not being
unambiguously measured yet.
The stepping time scale, τstep , is bounded by (1) the streamer-to-leader transition time scale, and (2) the observed interstep interval during the in-cloud development of lightning ﬂashes. The former is the physical time to convert a streamer
corona to a hot and highly-conducting leader channel and it is estimated, from a
ﬁrst-principles heating model (Chapter 4), to be between one and several microseconds. The latter is measured to be between ∼0.01–1 ms [e.g., Winn et al., 2011;
Marshall et al., 2013]. It is likely that only a fraction of the interstep time interval

is used to form the new leader segment. A considerable fraction of this interval
may be used for building up of streamer zones and space leaders (if present). For
this reason we estimate that τstep should be between several to tens of microseconds. The leader’s line conductivity can be estimated from experiments in long
laboratory sparks [Frind , 1960; King, 1961]. The experimental results of King
[1961] have been widely used in lightning literature to discuss the negative diﬀerential resistance of lightning leader channels [e.g., Heckman, 1992; Williams and
Heckman, 2012; Mazur and Ruhnke, 2014]. From King’s Volt-Ampere curve [e.g.,
Mazur and Ruhnke, 2014, Fig. 4], one can estimate that between currents of ∼10–
1000 A the leader (steady-state) line conductivity lies between 0.01–1 S·m. This

range of possible values for G0 is adopted in the present work. This range is also
consistent with the values used in return stroke simulations. For instance, Rakov
[1998] estimates that ahead of the return stroke wave the lightning channel line
conductivity is 0.29 S·m. However, in some works, values of up to 14 S·m are
adopted [Baba and Rakov , 2007, Table 1]. The likely range of the values for the 4
input parameters of the model are listed in the bottom of Table 7.1.
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Simulating the VHF radiation from the source of IBPs and NBEs is out of
the scope of the present work. Nonetheless, in the proposed framework it can
be clearly seen that charge redistribution leads to the induction of electric current/potential waves in the conducting leader. In regions where the potential
diﬀerence ∆U = U − Uamb exceeds the threshold for streamer corona formation,
streamer corona ﬂashes will occur around the conducting leader, specially at its

tips. This process will copiously emit VHF radiation. The strength and location of
streamer ﬂashes around the conducting leader are modulated by the electric current/potential waves propagating in it. Hence, the envelope of HF/VHF radiation
should be directly related to the LF/VLF radiation waveform.

7.3

Numerical Model of Charges and Currents
in a Developing Lightning Leader

Consider a lightning leader as a long (with length ℓ changing with time) and thin
(with radius a ≪ ℓ) conductor formed inside the thunderstorm and, initially, situ-

ated at an altitude h0 , as schematically shown in Figure 7.2. The leader is a good
(but not perfect) conductor with an eﬀective line conductivity G. As the leader
~ amb charge and current are
develops in the thunderstorm ambient electric ﬁeld E
induced on the leader’s surface (linear charge density q and current I are expressed
in units of C/m and A, respectively). Charge redistribution in the leader takes
place through surface electromagnetic waves, and the full dynamics of these waves
can be obtained by the solution of the complete set of Maxwell’s equations for
~ and magnetic B
~ ﬁelds. The properties of electromagnetic waves
the electric E
guided by a single-conductor transmission line were ﬁrst investigated by Sommerfeld [1899] over a century ago. These “Sommerfeld” waves were investigated with
purpose of engineering applications [Goubau, 1950] and were also used to simulate
lightning dart leaders and return strokes [Borovsky, 1995]. Their dominant mode,
as described in the aforementioned works, is a transverse magnetic one, with the
only non-zero components being Ez , Er , and Bφ , in cylindrical coordinates. The
number of unknown variables can be further reduced by introducing the electric
~ = A ẑ potentials. Consequently, we can describe the leader
U and magnetic A
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electrodynamics by a set of four equations and four unknowns:
Z h2
q(z ′ , t′ ) ′
1
dz ,
U(z, t) = Uamb (z) +
4πε h1 R(z, z ′ )
Z h2
I(z ′ , t′ ) ′
µ
dz ,
A(z, t) =
4π h1 R(z, z ′ )
∂A ∂U
I
+
+ =0,
∂t
∂z
G
∂q ∂I
+
=0.
∂t ∂z

(7.1)
(7.2)
(7.3)
(7.4)

Equations (7.1) and (7.2) deﬁne the retarded electric and magnetic potentials,
respectively. The integration limits are from the lower h1 to the upper h2 leader
tips (that may vary over time). The potentials at a location z and time t are
generated by charges and currents at a retarded time t′ = t − R(z, z ′ )/c, where
p
R(z, z ′ ) = (z − z ′ )2 + a2 is the distance between source and observation points

and c is the speed of light in the medium. Equation (7.3) is obtained from the
relationship between electric ﬁeld and potentials (Ez = −∂U/∂z − ∂A/∂t) and by

ensuring Ohm’s law along the leader (I = GEz ). Equation (7.4) is the continuity
equation. The system (7.1)–(7.4), although already complete, can be supplemented
with the Lorenz gauge condition ∂U/∂t + c2 ∂A/∂z = 0 .

In order to solve the system (7.1)–(7.4), we put forward a numerical method
based on the time-domain electric ﬁeld integral equation [e.g., Miller et al., 1973;
Davies and Duncan, 1994]. A similar approach has been used to simulate lightning return strokes [Moini et al., 2000; Liang et al., 2014] and to estimate lightning electromagnetic ﬁelds capable of generating terrestrial gamma-ray ﬂashes
[Carlson et al., 2010]. We divide the leader in N equal segments of length ∆z,
as schematically shown in Figure 7.2d.

Charges and currents are deﬁned by

piecewise constant functions on a staggered grid, where the position of charges
zq,i = (i − 1/2)∆z and currents zI,i = i∆z are oﬀset by ∆z/2.

The time step

is deﬁned as ∆t = ∆z/c, in such a way that the electric potential, at position
P
k−|i−j|
zq,i and time tk , can be conveniently discretized as Uik = Uamb,i + j Ki,j qj
,
where [Ki,j ]−1 is the capacitance (per unit length) matrix. Expressions for Ki,j

are provided, for example, by Balanis [1989, p. 674]. A similar expression can
P
k−|i−j|
be deﬁned for the magnetic potential: Aki = j Li,j Ij
, where [Li,j ] is the in104

ductance (per unit length) matrix. Equations (7.3)–(7.4) are discretized with an
implicit ﬁrst-order ﬁnite-diﬀerence scheme. Equation (7.3), for example, becomes
k+1
Ak+1
= Aki − (Ui+1
− Uik+1 )/c − ∆t Iik+1 /Gk+1
. Finally, introducing the abovei
i

deﬁned expressions for Uik and Aki , into equations (7.3)–(7.4), one can obtain a

k+1
k+1
tridiagonal system of equations for currents ai Ii−1
+ bi Iik+1 + ci Ii+1
= di that can

be easily solved with Thomas algorithm [e.g., Hockney and Eastwood , 1988, p.
185]. The proposed time-marching algorithm is more eﬃcient than the original
method proposed by Miller et al. [1973] in the sense that it requires the inversion
of a tridiagonal (sparse) matrix at every time step instead of a fully populated
(dense) matrix. The choice of ∆t made here also makes the numerical expressions
for the potentials more intuitive, since cumbersome temporal interpolations are
not necessary. The implicit time-marching scheme is stable as long as ∆z > 4a (see
detailed numerical analysis by Davies and Duncan [1994]). In all simulated cases
in this dissertation we adopt ∆z = 5 m and a = 1 cm.
In equations (7.1)–(7.2) ε = 5.3ε0 and µ = µ0 [Moini et al., 2000]. The increase
of ε with respect to its vacuum value is performed to account for the fact that
the leader has a larger capacitance than a thin conductor of 1 cm radius. The linear charge density q(z) distributed along the leader channel generates an electric
ﬁeld component perpendicular to it that creates an streamer corona envelope. The
corona sheath redistribute the leader charge around it, increasing its capacitance
[Baum and Baker , 1990; Maslowski and Rakov , 2006]. Instead of including a conductor with larger radius in our simulations, we increase the leader’s capacitance
by increasing ε. It introduces a completely analogous eﬀect (see explanation below)
without compromising the stability of the numerical scheme. The total capacitance
of our simulated leader is 2πεℓ/ ln(ℓ/a) [Jackson, 2000]. Now, let’s hypothetically
replace the conductor of radius a embedded in the medium with permittivity ε, by
another one with larger radius Rc embedded in the atmosphere, with permittivity
ε0 . The capacitance of the new object is 2πε0(ℓ + 2Rc )/ ln[(ℓ + 2Rc )/Rc ]. Equalizing these two expressions for capacitance, and assuming ℓ ≈ 1 km, one can ﬁnd

that the increase in permittivity (ε = 5.3ε0), proposed by Moini et al. [2000] and
adopted in the present work, produces the same capacitance as a leader with an
eﬀective corona sheath radius Rc ≃ 90 m. The increase in the leader’s capacitance

also reduces the group velocity of waves propagating in it. The speed of light
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1

in the medium becomes c = (µǫ)− 2 ≈ 0.43c0 =1.3×108 m/s, which better reﬂects
observations [Moini et al., 2000].

In the present work we speciﬁcally simulate one of the initial steps of the
leader’s negative extremity. In these short time scales, we can assume that the
leader properties such as its capacitance matrix and line conductivity are constant
over time. Moreover, we assume that the leader line conductivity is uniform and
equal to a constant value G0 . The stepping process is simulated by raising the
conductivity of the new leader segment from a very small number, 10−9 G0 , to the
leader steady-state value, G0 , on a time scale τstep . This process is parameterized
with a Gaussian function G(t) = G0 exp[−(t − τstep )2 /τr2 ] for 0 ≤ t ≤ τstep , where
p
τr = τstep / ln(109 ).

The numerical model described in this section can be used to simulate the com-

plete dynamics of the asymmetric bidirectional lightning leader tree. The model
can be extended to account for three-dimensional features of the leader network,
such as branching, for example [e.g., Lalande and Mazur , 2012]. It also allows
for implementation of nonlinear eﬀects in the resistance (the so-called negative
diﬀerential resistance [e.g., Mazur and Ruhnke, 2014]) and capacitance (through
modiﬁcation of the corona sheath region [e.g., Maslowski and Rakov , 2006]). In
the present work, we study the ﬁrst elongation of the leader’s negative tip as an
isolated process and show how its dynamics produce the observed IBP and NBE
electric ﬁeld waveforms.
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Chapter

8

Physical Mechanism of Initial
Breakdown Pulses and Narrow
Bipolar Events in Lightning
Discharges
In this chapter we use the model introduced in Chapter 7 to evaluate the full
dynamics of charges and currents in a growing leader channel that radiates in
the form of initial breakdown pulses (IBPs, Section 8.1) and narrow bipolar events
(NBEs, Section 8.2). We then discuss the implications of our results to a number of
diﬀerent phenomena including: conventional lightning, transient luminous events,
and terrestrial gamma ray ﬂashes (Sections 8.3–8.6).

8.1

Dynamics of Charges and Currents Generating Initial Breakdown Pulses (IBPs) in Cloudto-Ground Lightning

In this section we present the full dynamics of charges and currents during the ﬁrst
stepwise elongation of the bidirectional leader negative extremity during the initial
stages of a CG lightning discharge. The radiated electric ﬁeld has the waveform
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of a classic IBP [Nag et al., 2009]. We empirically choose the 4 input parameters
to match IBP-4 recorded by Karunarathne et al. [2014] in 2011 near the NASA
Kennedy Space Flight Center. The input parameters used are summarized in the
ﬁrst line of Table 7.1. The simulated multi-station electric ﬁeld waveforms are
shown in Figure 1.5 in the same format as presented by Karunarathne et al. [2014,
Fig. 4]. The full dynamics of charges (a), potential (b), current (c), and line
conductivity (d), are shown in Figure 8.1. At t = 0, one can see in the ﬁgure the
existence of a short (ℓ0 = 700 m) leader. The leader is evident by the equipotential
region in Figure 8.1a, centered at h0 = 6 km height, in Region A of the thunderstorm. The stepping process occur in an analogous form to the schematics shown
in Figure 7.2, but in the downward direction (the step length is ℓstep = 480 m). This
is evident from Figure 8.1d, where the line conductivity in the newly formed leader
segment, below the main leader, is raised to the leader’s value, G0 = 0.85 S·m, in a
time scale τstep = 28 µs. As conductivity is raised in the new leader portion charge
ﬂows into it (Figure 8.1b). The current associated to this charge redistribution is
shown in Figure 8.1c, where it can be seen to peak just below the connection point
between the old leader and its new segment. Note that the only information prescribed in the model is the leader elongation through the raise in conductivity in
the new section. The current pulse is not injected in the channel, as in TL models.
It is actually a self-consistent response of the stepping process, as calculated from
equations (7.1)–(7.4). Finally, we use the obtained current distribution, I(z, t), in
equation (1.1) to obtain the multi-station IBP waveforms shown in Figure 1.5.
The “bidirectional” aspect of the simulated lightning leader is an intrinsic property of the model as was ﬁrst envisioned by H. W. Kasemir in 1950 [Kasemir , 2013].
At all times the leader is bidirectional, meaning it has simultaneously positive and
negative polarity extremities going in opposite directions. In the results shown
in this chapter we do not follow the long leader evolution during later stages, as
done, for example, by Mazur and Ruhnke [1998] and Pasko [2014] with purely electrostatic models. We only simulate the ﬁrst ∼40 µs (see Figure 8.1) around the

ﬁrst negative leader step. On this short time scale the positive leader propagating
(continuously) with a uniform speed of 105 m/s only extends 4 m. This distance

is negligible in comparison to other length scales in the model and, therefore, can
be neglected.
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Figure 8.1. Vertical distribution of electric potential (a), linear charge density (b),
electric current (c), and line conductivity (d), at four selected time steps.

Figure 8.2 shows a more detailed view on the leader’s current distribution.
Figures 8.2a–8.2h show snapshots of the simulated I(z, t) (solid line) and comparison to TL model results by Karunarathne et al. [2014] (dashed line). Figures
8.2i–8.2j present 2-D distributions of I(z, t) comparing our model results (i) to
the previous work (j). The triangles in Figures 8.2i–8.2j mark the time instant of
the snapshots in Figures 8.2a–8.2h. As discussed in Section 1.3.3, Karunarathne
et al. [2014] model IBP sources by injecting a current pulse I(h1 , t) in the bottom
of a TL and obtain I(z, t) from equation (1.2). These authors have tried several
dependences for f (z) (see equation (1.2)) and have found that the best match
for IBP-4 follows the Kumaraswamy distribution, f (x) = abxa−1 (1 − xa )b−1 , where
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Figure 8.2. Comparison with current distribution obtained with MTLK model by
Karunarathne et al. [2014]. (a–h) Current vertical distribution at selected time instants;
solid lines show our calculations, while dashed lines show results of Karunarathne et al.
[2014]. (i–j) Two-dimensional distributions of I(z, t) obtained with our model (i) and
by Karunarathne et al. [2014] (j). The dashed line in panels (i–j) show the conductor’s
geometry, emphasizing the stepping in our model, while the triangles mark the time
instant of the vertical profiles plotted in panels (a–h).

x = (z − h1 )/(h2 − h1 ), and a and b are ﬁtting parameters (the authors refer to this

model as MTLK). The ﬁtting parameters that Karunarathne et al. [2014] found to

best mimic IBP-4 waveform are listed in their Table 2. Note that the TL ﬁtting
approach requires knowledge of around twice as many parameters. Despite the
diﬀerent nature of the two modeling approaches, the agreement between the two
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models, shown in Figure 8.2, is excellent, see for instance the vertical proﬁles near
the time instant of peak current in Figure 8.2d. The dashed lines in Figures 8.2i
and 8.2j illustrate the boundaries of the conductor in both models. Note the leader
stepping in our model represented by a conductor elongation at t = 0 (in Figure
8.2i). The total length of the leader in present modeling, ℓ = ℓ0 + ℓstep = 1180 m,
is comparable to ﬁtting value 1016 m found by Karunarathne et al. [2014].
We found that the source peak current is 39.4 kA, while Karunarathne et al.
[2014] estimate it to be 46.4 kA. Despite the diﬀerence the calculated multi-station
E-ﬁeld amplitudes have the same value (compare our Figure 1.5 to their Figure 4).
This happens because the electric ﬁeld far away from the source depends not simply
p
on the current, but on the current moment. In the limit that ℓ ≪ R = h20 + D 2 ,
equation (1.1) can be simpliﬁed and becomes:

1 2h20 − D 2
MQ (t′ )
2πε0
R5
1 2h20 − D 2
MI (t′ )
+
2πε0 c0 R4
1 D 2 ∂MI (t′ )
,
−
2πε0 c20 R3 ∂t

E(D, t) ≃

(8.1)

where MQ is the charge moment, MI is the current moment, and ∂MI /∂t is its
derivative. In equation (8.1) these physical quantities are all evaluated at retarded
time t′ = t−R/c0 . The current moment is the parameter that can be unambiguously
inferred from the remote sensing of the low-frequency electromagnetic ﬁelds, but
not the current itself [e.g., Cummer , 2003]. From the model-generated I(z, t) we
can calculate the charge moment, current moment, and its derivative as:
MQ (t) =

Z

h2

h1

MI (t) =

Z

h2

Z

t
′

′

I (z , τ ) dτ dz =
0

h2

q (z ′ , t) z ′ dz ′ ,

(8.2)

h1

I (z ′ , t) dz ′ =

h1

Z

∂MQ (t)
,
∂t

∂ 2 MQ (t)
∂MI (t)
=
.
∂t
∂t2

(8.3)
(8.4)

Figure 8.3 shows the time dynamics of charge moment change, current moment,
and its derivative. The charge moment change is deﬁned as ∆MQ (t) = MQ (t) −
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Figure 8.3. Comparison with charge moment change (a), current moment (b), and its
rate of change (c), as obtained by Karunarathne et al. [2014] when simulating IBP-4.

MQ (t = 0). The ﬁgure shows an excellent agreement between our results (solid
line) and best-ﬁt TL model by Karunarathne et al. [2014] (dashed line). Equation
(8.1) is useful because it clearly illustrates the 1/R dependence of the diﬀerent
electric ﬁeld components. Far away from the source the third (radiation) term
is dominant. Hence, E(D, t) ∝ −∂MI (t′ )/∂t. The current moment has a positive
sign, i.e., upward. The ﬁrst peak of the current moment derivative is positive

(Figure 8.3c) because of the current raise from zero to its peak. Therefore, the
polarity of the IBP pulse is negative. A summary of the diﬀerent pulse polarities
and its region of occurrence in the thundercloud is shown in Figure 7.1. It can be
√
seen from equation (8.1) that for D < 2h0 the radiation component has opposite
√
sign with respect to that of electrostatic and induction ones, while for D > 2h0
all three components have the same sign [e.g., Nag and Rakov , 2010, Fig. A3]. The
√
horizontal distance D = 2h0 is equivalent to the well-known reversal distance for
the electrostatic ﬁeld due to an elevated ﬁnite-length vertical dipole [Ogawa and
Brook , 1964; Rakov and Uman, 2003, p. 71].

8.2

Effects of the Leader Step Characteristics on
Narrow Bipolar Event (NBE) Waveforms

In this section, we demonstrate that the proposed model can reproduce both IBP
and NBE observations. Figure 1.6 shows simulated two-station E-ﬁeld waveform
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Figure 8.4. Comparison with charge moment change (a), current moment (b), and its
rate of change (c), as obtained by Watson and Marshall [2007] when simulating NBE-1.

as observed by Eack [2004]. This (referred hereafter and in Table 7.1 as NBE-1)
observation was used in a number of papers in the existing literature for model
validation purposes [Watson and Marshall , 2007; Nag and Rakov , 2010; Arabshahi
et al., 2014]. A +NBE in our model is generated in Region B of the thunderstorm (see Figure 7.1) by the ﬁrst upward step of the negative leader extremity, as
schematically shown in Figure 7.2. The 4 leader-characterizing parameters used in
this simulation are listed in the second line of Table 7.1. For the sake of brevity, we
do not show full dynamics of currents such as done in Section 8.1. Nonetheless, a
completely analogous process to the one illustrated in Figure 8.1 takes place in this
case as well, with the only diﬀerence that the stepping is upward. Figure 8.4 shows
the calculated source charge moment change, current moment, and its derivative.
The ﬁgure shows good agreement between our simulations results and best transmission line model ﬁt by Watson and Marshall [2007]. The input parameters used
by Watson and Marshall [2007] are listed in their Table 2 and the resulting E-ﬁeld
waveform is shown in their Figure 3b. We note that the total leader length in our
simulation is 1630 m, which is 2–3 times larger than their estimate (of 630 m).
Nonetheless, the similarity between ∆MQ , MI , and ∂MI /∂t, calculated with the
diﬀerent models (Figure 8.4), leads to agreement in the simulated E-ﬁeld waveform. Nag and Rakov [2010, Table C1] also simulated NBE-1. They estimated
that the transmission line model based channel length is 650 m.
The 4 input parameters used in our model aﬀect the characteristics of the
simulated LF/VLF E-ﬁeld waveform, as shown in Figures 8.5 and 8.6. To fully
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demonstrate this eﬀect we run a series of 3 cases, each one changing ℓstep in the
range between 50 and 1500 m. The remaining input parameters for each case are
listed in Table 7.1. In all calculations below we assume that the observer is at
a distance D = 100 km from the source and that the source is at h0 = 8 km from
the ground. The obtained waveforms for all simulations within Case 1 are shown
in Figure 8.5. It is evident that larger steps produce higher peaks and longer
total durations. To quantify these eﬀects we deﬁne in Figure 8.5b four waveform
parameters: E1 is the amplitude of ﬁrst peak, E2 is the amplitude of the opposite
polarity overshoot, ∆t1 is the duration of the initial half-cycle, and ∆t2 is the
total pulse duration. The total duration is deﬁned by the interval where E-ﬁeld
modulus is greater than 10 % of the peak-to-peak amplitude. These quantities are
completely analogous to the data-derived ones shown in Figures 9 and 10 of Nag
et al. [2010]. Figure 8.6 shows the dependence of E1 (a), |E1 /E2 | (b), ∆t1 (c), and

∆t2 (d) on leader step length for all three simulated cases. Case 2 has τstep twice as
long as Case 1, while Case 3 has both τstep and ℓ0 twice as long as Case 1 (see Table
7.1). For comparison purposes, the shaded bands in Figure 8.6 show average ±
one standard deviation values for 48 NBEs observed by Nag et al. [2010]. The best

match within all simulated cases is marked with a circle, which is the waveform
shown in Figure 8.5b.
In Figure 8.6a the increase of E1 with ℓstep can be clearly seen. This trend
does not continue for all values because for larger steps the leader tends to escape
from the high ﬁeld region in the thunderstorm (see Figure 7.1). This concept can
be understood by noticing that ∆MQ ∝ ℓ0 ℓstep Eamb [Pasko, 2014]. The characteristic time scale for charge moment change is ∼τstep . Hence, MI ∼ ∆MQ /τstep

2
and ∂MI /∂t ∼ ∆MQ /τstep
. According to equation (8.1) E1 ∝ −(∂MI /∂t)/D, and
2
therefore, |E1 | ∝ ℓ0 ℓstep |Eamb |/(Dτstep
). This last expression qualitatively explain

the numerically-derived results in Figure 8.6a. It predicts the increase of E1 with:

ℓstep (shown in all three cases), ℓ0 (compare Case 3 with Case 2), and with 1/τstep
(compare Case 2 with Case 1). It also predicts that E1 increases with the average
ambient electric ﬁeld in the region where the leader is developing, Eamb . This is
evident from the numerical results by comparing long steps of Case 3 with Case
2. In the latter the upper tip (at height h2 ) is located at a region of higher electric ﬁeld than the former (see Figure 7.1). The longer model leader in Case 3
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Figure 8.5. (a) Effects of leader step length on the NBE waveform: Case 1 in Table 7.1.
Larger steps produce larger E-field peaks, as also shown in Figure 8.6a. (b) Best match
for average parameters reported by Nag et al. [2010]. Panel (b) contains the definition
of the four waveform parameters plotted in Figure 8.6.

is compensated by the weaker model ambient electric ﬁeld and the resulting E1
amplitudes of both cases (for ℓstep > 1000 m) are comparable.
Figure 8.6 shows that amplitude E1 (a) and duration ∆t2 (d) increase with
ℓstep . Waveforms recorded by electric ﬁeld change sensors show that the amplitude
and duration of IBPs tend to increase concurrently when comparing narrow IBPs
with classic IBPs [Nag et al., 2009]. Our modeling results, indicate that this trend
may be also extend to NBE pulses as well. Therefore, Figure 8.6 illustrates a key
conclusion from our work: that the diﬀerence between narrow IBPs, classic IBPs,
and NBEs might be explained by the increase in a single parameter: the length of
the initial negative leader step. Figure 8.6d shows that the total duration ∆t2 has
similar increase with both τstep (compare Case 2 with Case 1) and with ℓ0 (compare
Case 3 with Case 2). On the other hand, Figure 8.6c shows that the duration of
ﬁrst half-cycle ∆t1 has stronger dependence on τstep rather than ℓ0 . One of the
criteria used by Wu et al. [2014] to automatically identify NBEs in their data is
the abrupt rise in the waveforms’ ﬁrst peak (i.e., very short risetime, as shown in
their Figure 2). From the four input parameters of our model, τstep is the one that
best reproduces this waveform property. A faster stepping rate (i.e., large 1/τstep )
leads to shorter risetimes.
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et al. [2010]. The best match within all simulated cases is marked with a circle (also
shown in Figure 8.5b).

8.3

On the Origin of the Initial Leader Segment

In the proposed model, described in Chapter 7, we assume the existence of an initial conducting segment of length ℓ0 , without explicitly deﬁning time evolution or
physical scenario of how it was created. There are currently two major hypothesis
for the lightning initiation mechanism [e.g., Solomon et al., 2001; Rakov , 2013, Section 2; Dwyer and Uman, 2014, Section 3]. The ﬁrst one, sometimes referred to as
conventional breakdown mechanism, asserts that lightning initiates with streamer
corona emissions from thundercloud hydrometeors [Griﬃths and Phelps, 1976a,b].
The second one, sometimes referred to as runaway breakdown, states that lightning initiation is facilitated by runaway electron avalanches seeded by cosmic ray
secondary electrons [Gurevich et al., 1992, 1999]. It should be emphasized that
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the model proposed in this dissertation does not favor or require any of these two
mechanisms to explain lightning initiation.
Although we simulate only the electric ﬁeld pulse associated to the ﬁrst stepwise elongation of the negative leader extremity, the formation of the ﬁrst leader
segment should produce electromagnetic radiation itself. Recently, Marshall et al.
[2014b] have identiﬁed slow electric ﬁeld changes preceding the ﬁrst IBP in both
IC and CG lightning. These initial electric ﬁeld changes (IECs) have average durations of 0.18 and 1.53 ms for CG and IC ﬂashes, respectively. Hence, IECs are
signiﬁcantly slower than IBPs and NBEs, which have durations of ∼20 µs. Marshall et al. [2014b] also estimate that the peak current moment for IEC is ∼0.2

kA·km, which is signiﬁcantly smaller than the current moment of IBPs and NBEs

(compare to Figures 8.3b and 8.4b). As discussed by Marshall et al. [2014b], the
IEC’s small amplitude and slow rate of change might have made these signatures
overlooked in previous measurements.
In the framework of our model, IECs can be interpreted as the electromagnetic
signature associated with the formation of the initial leader segment of length
ℓ0 . Therefore, the measurements made by Marshall et al. [2014b] represent an
experimental validation of our proposed mechanism for IBPs. We note that our
uniﬁed perspective of how IBPs and NBEs are generated inside the thundercloud
postulates that an E-ﬁeld change analogous to IECs in CG and IC lightning should
precede NBEs. The existence of such E-ﬁeld change prior to the occurrence of an
NBE awaits experimental veriﬁcation. This change may be hindered depending on
speciﬁcs of dynamics and duration of formation of the initial conducting segment.
Figure 1.6b shows a model-generated close-range E-ﬁeld change signature associated with an NBE. The waveform looks substantially diﬀerent from its far-ﬁeld
counterpart, shown in Figure 1.6a. The reason for this diﬀerence is that at close
range the so-called electrostatic and induction components of the total electric
ﬁeld are dominant over the radiation one. Another feature that can be seen in the
close-range waveform is the electrostatic ﬁeld oﬀset, of about –4.8 V/m, prior to
the electric ﬁeld pulse. This electrostatic oﬀset is produced by the existing initial
leader segment. Using only the ﬁrst term on the right-hand-side of equation (8.1),
one can estimate that the creation of the initial leader segment corresponds to a
charge moment change of about –76 C·m. This amount is well within the range of
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IECs in IC ﬂashes reported by Marshall et al. [2014b, Table 1].

8.4

Bouncing-Wave Mechanism of IBP and NBE
Source Currents

The time scale for round trip of electromagnetic waves on the leader channel, simu√
lated in Section 8.1, is 2ℓ0 µε ≈ 10 µs, while peak current is established at ∼24 µs.
Hence, wave reﬂections in the remote leader end (at height h2 = 6.175 km) play

a key role in establishing a standing wave in the channel. This phenomenon was
referred to as bouncing-wave mechanism in the context of TL models [Nag and
Rakov , 2010]. In the framework of present modeling reﬂections are a natural response of the system given by the fact that the leader’s conductivity terminates at
its tips. Reﬂections are fully accounted for without the need to introduce artiﬁcial
reﬂection coeﬃcients. Nag and Rakov [2010] discuss that secondary peaks in NBE
waveforms are evidence of current reﬂections at the source. From the perspective
of our modeling framework the relationship between the source dynamics and secondary peaks in the radiated electric ﬁeld is quite intuitive. Strong radiation from
reﬂections will only occur if the peak current of incident wave (at the remote leader
end) is comparable to the overall peak current during the whole stepping process.
This is not the case of IBP-4 in Figure 1.5. One can see from snapshots in Figures 8.2a–8.2h that the current disturbance is generated at height ∼h1 = 5.825 km

and propagates both upward and downward. Due to the ﬁnite conductivity of the
leader’s channel the waveform arriving at height h2 has signiﬁcantly lower amplitude than at the source. Its reﬂection does not produce a peak in the radiated
electric ﬁeld (see Figure 1.5).
In the limit of an inﬁnitely-long TL, the electric and magnetic potentials can

be simpliﬁed and rewritten as ∆U = q/C0 and A = L0 I, respectively. The quantities C0 = 2πε/ ln(ℓ/a) and L0 = (µ/2π) ln(ℓ/a) are the average linear capacitance
and inductance, respectively [e.g., Bazelyan and Raizer , 2000, pp. 39, 176]. Using the above assumption, equations (7.3) and (7.4) can be simpliﬁed and become
L0 ∂I/∂t + ∂∆U/∂z + I/G0 = 0 and C0 ∂∆U/∂t + ∂I/∂z = 0, respectively. These
expressions are the widely-known (resistive) TL equations contained in engineer-
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ing electromagnetics textbooks [e.g., Inan and Inan, 1998, p. 25]. From a simple
inspection of the above equations one can see that the solution has the dependence
I(z, t) ∝ e−t/2L0 G0 [e.g., Bazelyan and Raizer , 2000, p. 176], meaning that waves

propagating on a resistive transmission line attenuate on a time scale 2L0 G0 . For
the parameters used in this work L0 ≈ 2.3 µH/m. Comparing the two time scales

deﬁned in this section, one can see that a secondary peak, associated to the cur√
rent wave reﬂection on the remote leader end, will occur if 2ℓ0 µε < 2L0 G0 , or

ℓ0 /G0 . 300 Ω. In other words, a secondary peak will occur if the leader resistance
√
ℓ0 /G0 is lower than the wave impedance L0 / µε. Assuming that the maximum
value of G0 is 1 S·m, as discussed in Section 7.2, one can ﬁnd that only very short
leader channels ℓ0 . 300 m will generate IBPs and NBEs with secondary peaks, in
agreement with ﬁndings by Nag and Rakov [2010].

8.5

NBEs, Conventional Lightning, Blue Jets,
and Gigantic Jets

As reviewed in Section 1.3.2, one of the most peculiar features of NBEs is that
they are quite infrequently followed by conventional lightning [e.g., Smith et al.,
1999]. However, some observations report that +NBEs appear to be the ﬁrst event
in a +IC lightning ﬂash [e.g., Rison et al., 1999; Thomas et al., 2001]. The physical mechanism proposed in this dissertation states that NBEs, similarly to IBPs,
are generated by (one of) the ﬁrst elongation (or stepping) of the (upper) negative leader extremity in a +IC lightning, thus supporting the latter experimental
results. At current stage of theoretical development we can only speculate why
most +NBEs reported in the literature are not followed by conventional lightning
signals. A plausible scenario is that, due to a speciﬁc thundercloud charge conﬁguration, after a large step (that generates an NBE pulse), the negative leader tip
does not have signiﬁcant potential diﬀerence with respect to the ambient potential
and cannot ionize the air ahead of it to further propagate. This speculation is
supported by recent experimental results that show that +NBEs that occurred as
the initial event in +IC lightning occur mostly below 10 km altitude [Wu et al.,
2014]. These results can be interpreted as indicative that +NBEs occurring at
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higher altitudes, i.e., further away from the high electric ﬁeld region (Region B in
Figure 7.1), cannot support further leader growth to become a +IC lightning.
Krehbiel et al. [2008] proposed an uniﬁed perspective on how the diﬀerent kinds
of lightning-related discharges, including blue jets [Wescott et al., 1995] and gigantic jets [Pasko et al., 2002; Su et al., 2003], are formed inside the thundercloud.
They showed that gigantic jets are initiated in the same way as +IC lighting and
owing to a charge imbalance in the thundercloud the upward leaders can penetrate through the upper positive charge region and escape the thundercloud to
be observed in the stratosphere and mesosphere [Krehbiel et al., 2008; Riousset
et al., 2010b; da Silva and Pasko, 2012, 2013a]. Similarly, blue jets are discharges
initiated between the upper positive charge region and screening charge above it
(Region C in Figure 7.1) [Krehbiel et al., 2008; Edens, 2011]. Therefore, from the
perspective of the mechanism proposed here, it is quite natural that +NBEs might
also happen as the ﬁrst event during the formation of a gigantic jet. Similarly,
–NBEs might occur as the ﬁrst discharge process in a blue jet. In context of gigantic jets, this idea has been experimentally proved to be correct: Lu et al. [2011a]
have observed two gigantic jets that initiated with a +NBE signal. In context of
blue jets, this theoretical prediction awaits experimental veriﬁcation.

8.6

IBPs and Terrestrial Gamma Ray Flashes

Terrestrial gamma-ray ﬂashes (TGFs) are gamma-ray bursts produced by thunderstorms and observed by low-Earth orbit satellites [Fishman et al., 1994]. TGFs
were originally thought to be produced in association with sprites in the mesosphere [e.g., Taranenko and Roussel-Dupré, 1996; Inan et al., 1996], but later
studies have shown that TGFs are generated within the ﬁrst few ms of a +IC
lightning discharge development and have constrained their source altitudes to be
inside thunderstorms [e.g., Stanley et al., 2006; Shao et al., 2010; Lu et al., 2010].
Additional studies point out that TGFs are coincident with a ULF (30–300 Hz)
pulse with duration of 2–6 ms, which correspond to charge moment changes of tens
of C·km and current moment of tens kA·km [Cummer et al., 2005; Lu et al., 2010,
2011b]. The TGF-associated lightning radio signals contain single or multiple VLF
impulses (with durations <100 µs) superimposed to the slow ULF pulse [Lu et al.,
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2011b]. Østgaard et al. [2013] presented for the ﬁrst time simultaneous detection of
a TGF and optical lightning signals. The conclusion to be drawn from the aforementioned investigations is that TGFs are generated during the initial breakdown
stage of +IC lightning [e.g., Marshall et al., 2013].
Pasko [2014] have employed an electrostatic model to simulate the development of the bidirectional IC lightning discharge [e.g., Mazur and Ruhnke, 1998]
to demonstrate that the slow ULF pulse measured in association with TGFs may
be actually due to the growth of the IC lightning leader itself. Marshall et al.
[2013] combined electric ﬁeld change [e.g., Karunarathne et al., 2013] sensors with
azimuthal magnetic ﬁeld ones (same as used by Lu et al. [2011b]) to demonstrate
that the VLF pulses measured synchronously with TGFs are indeed IBPs (or IBP
trains). A similar idea has also been discussed by Shao et al. [2010]. The modeling results presented in this chapter show that (positive) IBPs are related to
the individual steps of the negative leader tip of the +IC lightning across the gap
between the main negative and positive charge regions in a thunderstorm (Region
B in Figure 7.1). Hence, our results corroborate to the idea that both (slow) ULF
and (fast) VLF radio signals measured in association with TGFs are byproducts of
the IC lightning leader growth itself. We note that TGFs have also been found to
occur closely in time with NBEs [Stanley et al., 2006; Shao et al., 2010; Lu et al.,
2011b].

8.7

Summary

In Chapters 7 and 8 we have introduced an uniﬁed physical mechanism to explain both initial breakdown pulses (IBPs) and narrow bipolar events (NBEs) in
lightning discharges. The main conclusions of this work can be summarized as
follows:
1. The IBPs and NBEs are a consequence of the initial lightning leader development. They are the electromagnetic transient associated to the sudden (i.e.,
stepwise) elongation of the initial negative leader extremity in the ambient thunderstorm electric ﬁeld.
2. To demonstrate the aforementioned hypothesis a novel computational and
numerical model of the bidirectional lightning leader tree is developed. The model
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consists of a generalization of electrostatic and transmission-line approximations
found in the refereed literature. The proposed model, combined with multi-station
electric ﬁeld change measurements, has the potential to be a powerful tool for
remote sensing and better understanding of in-cloud discharge processes.
3. The IBP and NBE waveform characteristics directly reﬂect the properties of
the bidirectional lightning leader and amplitude of the thunderstorm electric ﬁeld.
From all leader characteristics, such as its length, steady-state line conductivity,
etc., we ﬁnd that the step length has the strongest inﬂuence in the emitted waveform characteristics. Speciﬁcally, both the duration and amplitude of waveforms
increase directly (and concurrently) with leader step length.
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Chapter

9

Suggestions for Future Research
The numerical models presented in this dissertation established a new framework
for simulation of onset and propagation of leader discharges. Several research
projects can be directly envisioned by extending these models to more complex
geometries. Some suggestions of research projects that can be tackled by advancing
the tools provided in this dissertation are described below.

9.1

Polarity-Dependent Length and Time Scales
for the Streamer-to-Leader Transition Process

To the best of our knowledge, the model introduced in Chapter 2 is the most
comprehensive streamer-to-leader transition model in the literature, accounting
for all known processes to play a role in the air heating and conversion of an ambient temperature streamer corona to a hot and highly-conducting leader channel.
Nonetheless, the 1-D framework in which the model is presented best describes the
formation of a positive leader, where the streamers in the corona have the leader
head as a common origin point and the summation of their current at this location
promotes Joule heating (see Figure 2.1a). Therefore, the methodology used in
Chapter 4 to estimate leader speeds (equation (4.1)) best matches the propagation
of positive leaders [Gallimberti , 1979; Bondiou and Gallimberti , 1994; Bazelyan
et al., 2007a]. The development of a negative leader is substantially more compli123

cated, as discussed in Section 1.1. The formation of a space leader ahead of the
negative leader is a fundamental stage in the leader progression, as evidenced in
laboratory [e.g., Reess et al., 1995; Bazelyan and Raizer , 1998; Gallimberti et al.,
2002] and lightning [e.g., Biagi et al., 2009, 2010; Hill et al., 2011] observations.
The space leader is formed from a plasma inhomogeneity, or a plasmoid, at the
front edge of the streamer zone. The nature of this plasmoid is still unknown and
may be related to the focusing of streamers in a nonuniform electric ﬁeld [Petrov
and Petrova, 1999]. We suggest that the conditions under which a plasma inhomogeneity can convert itself into a leader should be further investigated in the
framework of 2-D modeling. There are few 2-D models dedicated to study air
heating by electrical discharges, because such approach is computationally very
expensive. For instance, Vidal et al. [2002] model the tip of a positive leader using a 2-D parabolic geometry, Naidis [2007, 2012] simulates convection-stabilized
(glow, arc, and modulated) low-current laboratory discharges at ambient ground
pressure with a 2-D cylindrical geometry, and Shneider et al. [2012] model the
dynamic contraction of a positive column [Raizer , 1991, p. 193] in a nitrogen discharge at low pressure (100 Torr), using a 2-D rectangular domain. There are also
2-D (3-D with cylindrical symmetry) models dedicated to the study of the interaction of streamer discharges with ambient neutral gas, producing active species for
treatment of ﬂue gases [e.g., Eichwald et al., 1997, 2008]. The above cited models
rely on several physical simpliﬁcations to allow the usage of 2-D domains. A 2-D
model has the potential provide insights on polarity-dependent estimations of the
length (∆ls ) and time (τh ) scales for leader propagation. For instance, Bondiou and
Gallimberti [1994] hypothesize that the streamer zone-leader channel system may
be analogous to a positive column in a glow discharge and, therefore, a theoretical
approach to model the 2-D contraction of a glow discharge [Shneider et al., 2012]
may provide insights on the time and length scales involved in the streamer-leader
system.

9.2

Morphology and Dynamics of Jet Discharges

Recent gigantic jet observations urge the need for a polarity-depend modeling of
leader propagation. For instance, Chou et al. [2010] have reported observation of
124

gigantic jets with positive- and negative-polarity leaders. Lu et al. [2011a] showed
experimental evidences of stepping process in two negative gigantic jets reaching
altitudes as high as 36 km. Liu et al. [2015] have reported negative-polarity jet
discharges reaching diﬀerent altitudes, in other words, they have observed blue jets
and gigantic jets of the same polarity in the same storm. This is in contrast to
the theory proposed by Krehbiel et al. [2008] which states that in a given storm
blue jets and gigantic jets are initiated in diﬀerent regions of the thundercloud
and have opposite polarities. The experimental ﬁndings of Liu et al. [2015] point
out that the terminal altitude of jet discharges is not solely dictated by their
region of origin inside the thundercloud, but also has to do with the dynamics
of the jet leader propagation above the cloud top. These observations align with
the theory proposed in Chapter 5, where the electrical current carried by the jet
leader is a crucial factor determining whether a jet will become a “gigantic” one
and reach the lower ionosphere. Further work on polarity-dependent modeling of
leader propagation is required to draw a complete picture explaining the diﬀerences
between blue starters, blue jets, and gigantic jets.

9.3

Long Persistency of Sprite Beads

One standing puzzle in sprite research ﬁeld is related to the long persistence of
some sprite features [Stenbaek-Nielsen et al., 2000; Cummer et al., 2006; StenbaekNielsen and McHarg, 2008]. Using a camera capable of capturing 1,000 frames per
second (fps), Stenbaek-Nielsen et al. [2000] have observed that brighter spots of
persistent luminosity, which they called beads, are formed within existing sprite
streamer channels. Later, using a camera capable of capturing 5,000–7,200 fps,
Cummer et al. [2006] have observed that beads are (mainly) formed at places where
streamers collide. More recently, analyzing results obtained by a camera capable
of operating at 10,000 fps, Stenbaek-Nielsen and McHarg [2008] pointed out that
beads are most likely to be formed in regions where streamer heads split. Sprite
beads can be seen in the prototypical sprite event shown in Figure 1.4 (see, for
example, the last time instant t = 7.86 ms in the bottom row of the ﬁgure). Despite
of the improvement in sprite detection equipment, there is a common characteristic
in all above cited observations: longer persistence of beads in comparison to other
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sprite structures. They are often observed to last more than 100 ms, compared
to a few ms in the remaining parts of the sprite [Sentman et al., 2002]. The best
approach to understand this question is to use a kinetic model, as proposed by
Sentman et al. [2008] and Gordillo-Vazquez [2008]. Although these works include
a comprehensive set of chemical reactions, they do not account for the possibility
of translational and vibrational temperature increase and their eﬀects on rates of
chemical reactions [Sentman et al., 2008; Gordillo-Vazquez , 2008; Sentman and
Stenbaek-Nielsen, 2009; Gordillo-Vazquez and Luque, 2010]. Sentman et al. [2008]
speculate that the persistence of such features may be associated with chemiluminescent processes derived from vibrational kinetics of nitrogen, but this hypothesis
has not yet been conﬁrmed by rigorous analysis. It is a well-known fact that air
heating is an eﬃcient mechanism to avoid/delay plasma decay [e.g., Bazelyan and
Raizer , 2000, p. 59]. For instance, Riousset et al. [2010a] showed that detachment
rates accelerate with increasing temperature at both ground pressure and 70 km
altitude [Riousset et al., 2010a, Fig. 10]. The reason for the longer persistence of
the beads remains unknown in sprite literature. This outstanding question might
be investigated in the future by extending the model, introduced in Chapter 2, to
2-D geometry (i.e., 3-D with cylindrical symmetry).

9.4

Asymmetries Between Positive and Negative
Lightning Flashes

The model introduced in Chapter 7, to simulate the dynamics of charges and currents in a leader discharge, was demonstrated to be successful in explaining the
electromagnetic pulses during the initial breakdown stages of lightning ﬂashes.
Additionally, as discussed in Section 7.3, the model also establishes a theoretical
framework that can be extended for simulation of the overall growth of the bidirectional asymmetric lightning leader tree. This modeling framework has the potential to contribute for the understanding of the well-known asymmetries between
positive- and negative-polarity lightning discharges [Williams, 2006]. Williams and
Heckman [2012] assert that the nature of two well-known asymmetries between
positive and negative lightning ﬂashes is related to the diﬀerences in positive and
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negative leader speeds. The ﬁrst asymmetric characteristic refers to the fact that
a typical negative lightning ﬂash is composed of several discrete strokes, while a
positive one normally presents a single stroke (typically followed by a continuing
current). Williams and Heckman [2012] base their explanation for this asymmetry
on two fundamental lightning concepts: (1) any type of natural lightning develops
as a bidirectional tree [e.g., Kasemir , 1960; Mazur , 2002], composed of leaders
of both polarities propagating in opposite directions, and (2) negative leaders are
faster than positive ones and, as a consequence, transport higher current. In their
conceptual model, after the connection of a positive lightning ﬂash to the ground
its upper part, consisting of propagating negative leaders, feeds the channel with
suﬃcient current to prevent its decay. In this case current ﬂows to the ground
through a single stroke. On the other hand, after the connection of a negative
lightning ﬂash to the ground its upper part, consisting now of propagating positive leaders, is incapable of providing enough current to sustain the channel’s
conductivity (built on previous theoretical analysis by Heckman [1992]). In this
case, the channel base experiences a process of cutoﬀ (where the channel signiﬁcantly loses its conductivity [e.g., Mazur and Ruhnke, 2014]), and any subsequent
ﬂow of current to the ground has to promote breakdown again. The re-breakdown
occurs by the propagation of a dart leader through the preexisting channel with reduced conductivity and it is observed in electric ﬁeld measurements as subsequent
strokes [e.g., Rakov and Uman, 2003, p. 164].
The second asymmetric feature that they aim to explain is associated with recoil leaders. Recoil leaders (which produce the so-called K-changes) in the past
were associated with the encounter between leaders and pockets of opposite-sign
space charge inside the thundercloud [e.g., Rakov and Uman, 2003, p. 187]. Mazur
[2002] presents a hypothesis that recoil leaders are dart leaders propagating backwards inside a positive leader and, therefore, dart leaders, in subsequent strokes of
negative cloud-to-ground lightning, are recoil leaders that successfully reached the
ground. The asymmetry relies on the fact that recoil leaders are only of negative
polarity and positive recoil leaders were never observed. Williams and Heckman
[2012] assert that this asymmetry is associated with the diﬀerence between positive and negative leader speeds and, therefore, current injected into the channel.
Positive leaders inject less current in the channel, consequently, the conductivity
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tend to decay in leader portions behind the active head. In this scenario, when
the positive leader advances the current transfered through the channel has to
promote re-breakdown of air, characterizing a dart leader or, more speciﬁcally, a
recoil leader. In Williams and Heckman [2012]’s hypothesis, since negative leaders
inject more current in the channel, the plasma conductivity in a leader portion
behind the active head, do not decay and current keeps ﬂowing continuously (explaining the absence of recoil leader in this case). The validity of Williams and
Heckman [2012]’s conceptual model strongly depends on the hypothesis that the
higher the leader speed is, the higher is the electrical current injected into the
channel, independently of leader polarity. This indeed appears to be the trend
indicated by the simulation results shown in Chapter 4, in agreement with laboratory measurements [Andreev et al., 2008]. However, one should be careful when
comparing leaders of diﬀerent polarities, because their propagation mechanism is
very diﬀerent (stepped versus continuous). The hypothesis that, given the same
external conditions, negative leaders will propagate faster and inject more current
into the channel than positive ones has not yet been conﬁrmed. Neither it has
been demonstrated that current diﬀerences between positive and negative leaders are suﬃcient to explain diﬀerence in channel conductivity, justifying the need
for re-breakdown of the channel in the case of positive leaders (generating recoil
leaders).
In future work, the electrodynamic leader model, described in Chapter 7 of this
dissertation, can be further extended to include self-consistent evaluation of the:
(1) corona sheath charge [e.g., Maslowski and Rakov , 2006], (2) negative diﬀerential
resistance [e.g., Mazur and Ruhnke, 2014], and (3) polarity-dependent leader tip
advancement mechanism [e.g., Williams and Heckman, 2012]. The improved model
has the potential to contribute to resolution of long-standing questions regarding
polarity asymmetry of lightning ﬂashes.

128

Appendix

A

List of Chemical Reactions Used in
the Air Heating Model
Table A.1 contains a list of the chemical reactions used in this work. Rate coeﬃcients are functions of E, N, T , and TV . The F factor depends on TV according
to equation (2.11). The eﬀective electron temperature is written as a function of
E/N [Vidal et al., 2002, eq. (4)]:
Te = T + ae (E/N)0.46 ,

(A.1)

where ae = 3648.6 K/Td0.46 . The simple analytical expression above deviates from
the Einstein relation Te = qe De /kB µe by less than 40 % in the range of electric ﬁelds
between 1–35 kV/cm (at ground level pressure and room temperature), where
qe is the electronic charge, kB the Boltzmann constant, and De and µe are the
electron diﬀusion coeﬃcient and mobility, respectively, calculated using BOLSIG+
[Hagelaar and Pitchford , 2005] for the same conditions as in Figure 2.3. The ion
temperature is calculated as [Benilov and Naidis, 2003, reaction (28)]:
Ti = T + ai (E/N)2 ,
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(A.2)

where ai = 0.13 K/Td2 . The eﬀective temperature of ions colliding with neutrals
is deﬁned as [Mnatsakanyan and Naidis, 1991, eq. (28)]:
TReffj =

mi T + mj Ti
,
mi + mj

(A.3)

where mi and mj are the masses of the ion and neutral components involved in
the reaction, respectively. In reactions containing a generic component “M”, the
rate coeﬃcient depends on the number fraction of M, i.e., XM = nM /N (where
0 < XM ≤ 1). Rate coeﬃcients are presented in units of 1/s, cm3 /s, and cm6 /s
for one-, two-, and three-body reactions, respectively. Reduced electric ﬁeld E/N

is expressed in Townsend and temperatures in Kelvin. Reference for each rate
coeﬃcient is provided in Table A.1 in abbreviated form as follows: KO92 [Kossyi
et al., 1992], AL95 [Aleksandrov et al., 1995], AL97 [Aleksandrov et al., 1997], PO01
[Popov , 2001], KA02 [Kalogerakis et al., 2002], BN03 [Benilov and Naidis, 2003],
LP04 [Liu and Pasko, 2004], PA05 [Pancheshnyi et al., 2005], PO11 [Popov , 2011],
and LG12 [Luque and Gordillo-Vázquez , 2012]. The number between parentheses
correspond to the equation/reaction number in the original reference.
In this dissertation, the importance of the several reaction groups, listed in
Table A.1, is discussed in diﬀerent parts of the text:
• The overall Table A.1 is ﬁrst introduced in Section 2.2 (p. 30);
• The role of the diﬀerent processes of electron production and loss (reactions
R1–R24) are discussed in Section 3.1;

• The reactions of electron-impact excitation of molecular electronic states

(R25–R32), followed by their quenching (R33–R57) are a fundamental component of the fast air heating mechanism, described in Sections 2.3 and 3.2

(see also Tables 2.1 and 2.2, p. 37);
• The reaction rates of thermal dissociation and exchange of chemical bonds be-

tween neutral atoms and molecules (R58–R67) sharply increase with temperature and, hence, are an important component of the vibrational-translational
energy relaxation processes, as described in Section 2.4 (p. 39);

• The positive- and negative-ion conversion reactions (R68–R83) have impor-

tant feedback eﬀect on electron density balance. For example, conversion of
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+
positive ions O+
2 into O4 accelerates electron-ion recombination rates. Ef-

fects of positive-ion chemistry were also previously discussed by Riousset
et al. [2010a, Section 4.5];
• Similarly, ion-ion recombination (R84–R106) aﬀects overall plasma composi-

tion and, consequently, air heating rates. As an illustrative example, Figure

3.1b (p. 45) shows the breakdown time of short air gaps, calculated with and
without three-body ion-ion recombination reactions. Ion-ion recombination
removes positive ions from the plasma, that would otherwise recombine with
electrons and contribute to fast air heating (see Table 2.2, p. 37). Therefore,
ion-ion recombination tends to slow down air heating rates and lead to a
better agreement with the experimental data.
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Table A.1: List of Chemical Reactions Used in the Air Heating Model
R#

Rate Constant (1/s, cm3/s or cm6/s)

Reactions

Reference

R1
R2

Generation of electrons by direct ionization (νion )
O2 + e → O+
4.9×10−9 exp(−657/(E/N ))F
2 + e + e
+
N2 + e → N2 + e + e
8.1×10−9 exp(−925/(E/N ))F

BN03 (2)
BN03 (1)

R3
R4

Generation of electrons by stepwise ionization (νstep )
NO + e → NO+ +e + e
5.0×10−9 exp(−460/(E/N ))F
O + e → O+ +e + e
4.0×10−9 exp(−713/(E/N ))F

BN03 (3)
BN03 (4)

R5
R6
R7

Generation of electrons by associative ionization (νassoc )
N + O → NO+ + e
2.5×10−15 T exp(−32000/T )
+
′
N2 (A) + N2 (a ) → N4 + e
5×10−11
N2 (a′ ) + N2 (a′ ) → N+
+
e
2×10−10
4

AL97 (R7)
KO92 (25)
KO92 (26)

Loss of electrons by two-body dissociative attachment (νa2 )
R8

O2 + e → O− + O

R9

O2 + e + M → O−
2 + M

(E/N)0.8

6.7×10−13 exp(1.05|5.3−ln(E/N)|3 ) F

BN03 (20)

Loss of electrons by three-body attachment (νa3 )
e −T )/(Te T )]
XO 2
1.4×10−29 exp[700(T
(T /300) exp(600/T )
e

+ 1.07×10−31

R10
R11
R12
R13
R14

KO92 (45,46,48)

exp[1500(Te −T )/(Te T )]
XN 2
(Te /300) 2 exp(70/T )
+ 10−31 XO

Loss of electrons by electron-ion recombination (νrec )
O+
+
e
→
O + O(1D)
2×10−7 (300/Te )
2
NO+ + e → O + N(2D)
4×10−7 (300/Te )1.5
O+
1.4×10−6 (300/Te )0.5
4 + e → O2 + O2
−6 (300/T )0.5
O+
N
+
e
→
O
+
N
1.3×10
e
2
2
2
2
+
−27
6×10
(300/Te )1.5
O2 + e + M → O2 + M

KO92
KO92
KO92
KO92
KO92

(40)
(41)
(30)
(34)
(44)

Generation of electrons by detachment (νdet )
R15
R16
R17
R18
R19
R20
R21
R22
R23

O− + N 2 → N 2 O + e
O− + O → O2 + e
O− + N2 (A) → O + N2 + e
O− + O2 (a) → O3 + e
O− + NO → NO2 + e
O−
2 + O → O3 + e
−
O2 + N2 (A) → O2 + N2 + e
O−
2 + O2 (a) → O2 + O2 + e
O−
2 + O2 → O2 + O2 + e

(E/N)2

1.16×10−12 (43.5)2 +(E/N)2
5×10−10
2.2×10−9
3×10−10
2.6×10−10
1.5×10−10
2.1×10−9
2×10−10
eff )
2×10−10 exp(−6034/TR23

LG12
BN03 (23)
KO92 (64)
KO92 (62)
BN03 (24)
BN03 (25)
KO92 (60)
KO92 (58)
BN03 (21)

eff
1−exp[−6034(1/T −1/TR23
)]
eff )]
1−exp[−1509(1/T −1/TR23
3×10−10

BN03 (26)

×
R24
R25
R26
R27
R28
R29
R30
R31
R32

O−
3 + O → O2 + O2 + e

Electron-impact excitation of metastable states
N2 + e → N2 (A) + e
k(E/N )F
N2 + e → N2 (B) + e
k(E/N )F
N2 + e → N2 (a′ ) + e
k(E/N )F
N2 + e → N2 (C) + e
k(E/N )F
O2 + e → O2 (a) + e
k(E/N )F
Electron-impact dissociation
N2 + e → N + N(2D) + e
5.0×10−9 exp(−646/(E/N ))F
O2 + e → O + O + e
k(E/N )F
O2 + e → O + O(1D) + e
k(E/N )F

R33
R34

Radiative deactivation of metastables
N2 (B) → N2 (A) + hν (1PN2 )
1.7×105
N2 (C) → N2 (B) + hν (2PN2 )
2.0×107

R35
R36

Collisional quenching of metastables
N2 (A) + O2 → N2 + O + O
2.54×10−12
N2 (A) + O2 → N2 + O2 (b, v)
7.5×10−13
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AL95
AL95
AL95
AL95
AL95

(4)
(5)
(6)
(7)
(8)

BN03 (5)
AL95 (10)
AL95 (11)
LP04
LP04
KO92 (100)
PO11 (R2)

Table A.1: Continued
R#
R37
R38
R39
R40
R41
R42
R43
R44
R45
R46
R47
R48
R49
R50
R51
R52
R53
R54
R55
R56
R57
R58

R59

R60

R61
R62
R63
R64
R65
R66
R67
R68
R69
R70
R71
R72
R73
R74
R75
R76
R77
R78
R79

Reactions
N2 (A) + O → N2 + O(1S)
N2 (A) + O → NO + N(2D)
N2 (A) + N2 (A) → N2 (B) + N2
N2 (A) + N2 (A) → N2 (C) + N2
N2 (B) + O2 → N2 + O + O
N2 (B) + N2 → N2 (A) + N2
N2 (a′ ) + O2 → N2 + O + O(1D)
N2 (a′ ) + N2 → N2 (B) + N2
N2 (C) + O2 → N2 + O + O(1D)
N2 (C) + N2 → N2 (B) + N2
N2 (C) + N2 → N2 (a′ ) + N2
O(1D) + N2 → O + N2
O(1D) + O2 → O + O2 (b, v)
O(1D) + O2 → O + O2
O(1S) + O → O(1D) + O(1D)
O(1S) + O2 → O(1D) + O2
N(2D) + O2 → NO + O
N(2D) + O2 → NO + O(1D)
N(2D) + N2 → N + N2
O2 (a) + O2 → O2 + O2
O2 (b, v) + O2 → O2 (b) + O2 (v)

Rate Constant (1/s, cm3/s or cm6/s)

Reference

3×10−11
7×10−12
7.7×10−11
1.6×10−10
3×10−10
10−11
2.8×10−11
2×10−13
2.5×10−10
10−11
10−11
1.8×10−11 exp (107/T )
2.56×10−11 exp (67/T )
0.64×10−11 exp (67/T )
5×10−11 exp (−301/T )
1.3×10−12 exp (−850/T )
1.5×10−12 (T /300)0.5
6×10−12 (T /300)0.5
6×10−15
2.2×10−18 (T /300)0.8
1.7×10−12

PO11 (R5)
KO92 (102)
PO01 (3)
PO01 (4)
KO92 (113)
PO01 (8)
PO01 (9)
PO01 (10)
PO11 (R10)
PO11 (R11)
KO92 (118)
KO92 (144)
KO92 (145)
KO92 (146)]
KO92 (164)
KO92 (154)
KO92 (135)
KO92 (136)
KO92 (139)
KO92 (123)
KA02

Thermal dissociation and recombination
N2 + M → N + N + M
Z(T, TV )[1.1×10−7 (XO + XN )
+ 5×10−8 (XNO + XO2 + XN2 )]
× exp(−113200/T )[1 − exp(−3354/T )]
O2 + M → O + O + M
[1.3×10−7 XO + 3.7×10−8 XO2
+ 9.3×10−9 (XN + XNO + XN2 )]
× exp(−59380/T )[1 − exp(−2240/T )]
NO + M → N + O + M
[1.7×10−7 (XO + XN + XNO )
+ 8.7×10−9 (XO2 + XN2 )]
× exp(−76000/T )
N + N + M → N2 + M
8.27×10−34 exp(500/T )
O + O + M → O2 + M
2.76×10−34 (XN + XNO + XN2 )exp(720/T )
+ (8.8×10−31 XO + 2.45×10−31 XO2 )T −0.63
N + O + M → NO + M
1.76×10−31 T −0.5
O
N
N
O

+
+
+
+

N2 → N + NO
O2 → O + NO
NO → O + N2
NO → N + O2

Exchange of chemical bonds
1.3×10−10 exp(−38000/T )
10−14 T exp(−3150/T )
10−12 T 0.5
2.5×10−15 T exp(−19500/T )

Positive ion conversion
+
+
O
+
O
10−10
O+
+
O
(a)
→
O
2
2
2
4
2
+
−10
+
O
3×10
+
O
→
O
O+
3
2
4
+
−30 (300/T eff )3.2
+
O
+
O
→
O
+
O
2.4×10
O+
2
2
2
R70
4
2
+
10−9
O+
2 N 2 + O2 → O4 + N 2
+
+
eff )2
O2 + N 2 + N 2 → O2 N 2 + N 2
0.9×10−30 (300/TR72
+
eff )2.5 exp(−2650/T eff )
O+
4.61×10−12 (300/TR73
R73
4 + N 2 → O2 N 2 + O2
+
eff )5.3 exp(−2357/T eff )
1.1×10−6 (300/TR74
O+
R74
2 N 2 + N 2 → O2 + N 2 + N 2
+
eff )4 exp(−5030/T eff )
O+
3.3×10−6 (300/TR75
R75
4 + O2 → O2 + O2 + O2
+
+
10−17
O2 + N2 → NO + NO
+
O2 + N → NO+ + O
1.2×10−10
+
O+
4.4×10−10
2 + NO → NO + O2
+
O+
10−10
4 + NO → NO + O2 + O2

AL97 (R40)

AL97 (R41)

AL97 (R42)

AL97 (R43)
AL97 (R44)
AL97 (R45)
AL97
AL97
AL97
AL97

(R47)
(R48)
(R46)
(R49)

KO92
KO92
KO92
KO92
KO92
KO92
KO92
KO92
KO92
KO92
KO92
KO92

(228)
(229)
(167)
(232)
(168)
(226)
(231)
(227)
(206)
(207)
(208)
(230)

Negative ion conversion
R80
R81

O− + O2 (a) → O−
2 + O
−
O−
2 + O → O2 + O

10−10
3.3×10−10
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KO92 (242)
KO92 (237)

Table A.1: Continued
R#
R82
R83

Reactions

Rate Constant (1/s, cm3/s or cm6/s)

Reference

3.2×10−10
eff )
1.08×10−30 (300/TR83

KO92 (247)
BN03 (27)

−
O−
3 + O → O2 + O2
O− + O2 + M → O−
3 + M

R84
R85
R86
R87
R88
R89

Two-body ion-ion recombination (A− + B+ → A + B)
O− + O+
2 → O + O2
+
O−
+
O
2
2 → O2 + O2
+
O−
2×10−7 (300/Ti )0.5
3 + O2 → O3 + O2
O− + NO+ → O + NO
+
O−
2 + NO → O2 + NO
+ → O + NO
O−
+
NO
3
3

KO92 (I)

R90
R91
R92
R93
R94
R95
R96
R97
R98
R99
R100
R101

Two-body ion-ion recombination (A− + BC+ → A + B + C )
O− + O+
2 → O + O + O
O− + NO+ → O + N + O
O− + O+
4 → O + O2 + O2
O− + O+
2 N 2 → O + O2 + N 2
+
O−
2 + O2 → O2 + O + O
+ → O + N + O
O−
+
NO
10−7
2
2
−
+
O2 + O4 → O2 + O2 + O2
+
O−
2 + O2 N 2 → O2 + O2 + N 2
−
O3 + O+
2 → O3 + O + O
+
O−
3 + NO → O3 + N + O
+
O−
+
O
3
4 → O3 + O2 + O2
+
O−
3 + O2 N 2 → O3 + O2 + N 2

KO92 (II)

R102
R103
R104
R105
R106

Three-body ion-ion recombination
O− + O+
2 + M → O + O2 + M
+
O−
2 + O2 + M → O2 + O2 + M
O− + NO+ + M → O + NO + M
2×10−25 (XN2 + XO2 )(300/Ti )2.5
−
+
O2 + NO + M → O2 + NO + M
+
O−
2 + O4 + M → O2 + O2 + O2 + M
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KO92 (V)
PA05 (18)
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