Sprites and their Parent Discharges

by Mark Alan Stanley

Submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy in Physics

Department of Physics New Mexico Institute of Mining and Technology Socorro, NM May 5, 2000

Abstract

A detailed analysis of sprites and their parent discharges is presented in this study. Observations at VHF of the 3-dimensional development of discharges in a mesoscale convective system (MCS) over central Florida showed that sprite-producing discharges usually began as ordinary bilevel intraclouds (ICs) within convective cells. The negative leaders in the upper portion of each IC dropped in altitude from ∼10–12 km above mean sea level (MSL) to 7–8 km MSL as they propagated out of the convective region into the stratiform region. These altitudes coincide with the upper positive charge layer in MCSs [MacGorman and Rust, 1998,pg. 267]. The average velocity of negative leader propagation was ∼ 1 – 2 × 10^5 m/s in the stratiform region, consistent with previous measurements of negative leader velocities in cloud-to-grounds (CGs) [Uman, 1987,pg. 83] and ICs [Shao and Krehbiel, 1996]. The negative leaders propagated a distance of about 40–60 km and filled a portion of the >20 dBZ reflectivity region at 7–8 km altitude prior to the occurrence of a +CG.

The sprite-producing +CGs removed positive charge from the 7–8 km MSL altitude of the upper positive charge layer in the stratiform region, consistent with previous multi-station electric field measurements of +CGs in a Florida MCS [Krehbiel, 1981]. The sprite-producing +CGs had average (downward) currents of ≃28-37 kA within the initial 1 ms post-return stroke interval and ≃13-16 kA within the initial 4 ms. The range of charge transfers to ground for these time intervals was ≃28-37 C and ≃52-64 C, respectively. A comparison of high-speed video of sprite development with ELF-based sferic measurements revealed that the charge moment required for sprite initiation was ≃300 C·km for delays of up to a few milliseconds after the +CG stroke, consistent with previous estimates of Cummer and Inan [1997] and Huang et al. [1999] as well as the charge moments based on static electric field changes presented in this work.

The sprite plan locations were only associated with the most recent (∼200-300 ms) portion of the discharges, suggesting that older channel segments had become resistive. The plan locations of most sprites were correlated with the apparent periphery of the parent discharges. Assuming that sprite initiation is correlated with local maxima in the electric field at high altitude, it is speculated that the +CG removes charge primarily from the periphery of the discharge in association with the advancement of negative leaders which supply the continuing current.

iii High-speed video revealed that the initiation altitude of nighttime sprites was 76±6 km MSL with a maximum density at ≃76-79 km MSL. The initiation altitude is consistent with conventional breakdown predictions [Wilson, 1925; Fernsler and Rowland, 1996; Pasko et al., 1997b], though the measured charge moments were about 1.4–2.3 times less than required to initiate conventional breakdown in a homogeneously stratified atmosphere. Sprites developed bidirectionally upwards and downwards from the point of initiation, consistent with experimental and theoretical observations of positive and negative streamers which propagated in opposite directions away from an electron avalanche region in long air gaps [Loeb and Meek, 1940; Dhali and Williams, 1985]. The downward developing positive streamers in sprites typically attained peak velocities of ∼ 1 × 10^7 m/s, in agreement with the predictions of Raizer et al. [1998] for the observed charge moment changes in excess of 300 C·km.

Parent discharges with unusually large and rapid charge moment changes produced sprite halos consistent with the quasi-electrostatic heating of electrons [Pasko et al., 1997b]. Angel (jellyfish) sprites initiated from enhanced luminous regions at the base of the sprite halos and the positive streamers propagated downwards at velocities which could exceed 3 × 10^7 m/s (10% of light).

On some sprites, inferred negative streamers were spawned from regions through which the positive streamers propagated previously. The negative streamers propagated and branched upwards and outwards, transforming the sprite from a columniform shape (with tendrils) to an upward-V, or “carrot”, shape.

The measurements of sprites and their parent discharges were extended to the daytime via a unique sprite ELF signature which was used to detect the presence of daytime sprites. The charge moment threshold for daytime sprite initation was much higher than at night, consistent with the lower altitude of the base of the ionosphere and conventional breakdown theory [Wilson, 1925; Fernsler and Rowland, 1996]. The 6100 C·km charge moment change of the first daytime sprite-producing parent discharge, prior to the start of the sprite ELF signature, may have been sufficient for conventional breakdown below the base of the ionosphere at an altitude of ≃54 km, assuming an experimentally measured ion conductivity profile of Holzworth et al. [1985]. The daytime sprites themselves contained unusually large charge moment changes of ≃2800 C·km, ≃1200 C·km, and ≃910 C·km. These charge moments are larger than the largest nighttime sprite charge moment change published to date of ∼840 C·km [Cummer and Stanley, 1999].

Acknowledgements

There are many people who through their generosity and knowledge have made important contributions to this dissertation. It would be impossible to list everyone who contributed, or to adequately list the extent of the contributions for those who are mentioned.

First and foremost, I would like to thank my adviser, Paul Krehbiel, for the oustanding leadership and support that he provided over the past several years. Without his insightful direction, many of the results presented in this dissertation would not have been possible. I am also deeply grateful to Marx Brook for his diligent efforts to acquire and share sferics data as well as for the lenses and filters which he provided. He has shared many thought-provoking discussions with me and has instilled a sense of awe and wonder of the atmospheric electrical phenomena which surround us.

I would like to extend a special thanks to Steve Cummer of Duke University. All of the charge moment data based on extremely low frequency (ELF) measurements presented in this dissertation were calculated by him based on models and routines which he perfected over the past few years. Steve is beyond a shadow of a doubt the current “Jedi Master” of ELF. He has also shared valuable insights and other results with me on countless occassions.

I am deeply indebted to Bill Abrahams of Speed Vision Technologies, who loaned us the KODAK EktaPro High-Spec Motion Analyzer Model 1012 which was used in the high-speed video study of sprites. I am equally indebted to Bill Klein of Eastman- KODAK Company, who loaned us a replacement KODAK EktaPro Intensified Imager Model VSG on short notice.

I thank Chris Barrington-Leigh of Stanford University for providing the magnetic loop antenna in 1997. His detailed analysis of the events which recently were given the name “sprite halos” was a major step forward in our understanding of high altitude electrical phenomena. Furthermore, I am indebted to him for the numerous exchanges of ideas that we have shared.

I thank Bill Rison of New Mexico Tech for the design of the A/D boards which acquired all of the sferic and interferometer data presented in this study. His mastery of electronic design continues to amaze us all. I’m also grateful to Ron Thomas of New Mexico Tech, who demonstrated his mastery of IDL programming by writing sferic analysis routines which enabled the processing of large volumes of sferic data.

A special thanks goes to Charles B. Moore of New Mexico Tech for providing VHS recording equipment and heavy-duty tripods which were invaluable in the sprite research. I also thank Otha H. Vaughan for loaning the normal speed low light level cameras to us.

I am indebted to Walt Lyons and Tom Nelson of FMA Research for providing the photometer data in early 1997 which provided conclusive evidence that sprites emit a unique ELF signature. Furthermore, we have shared many insightful results and illuminating discussions, and have even exchanged chilis and garlic. I can personally verify that Walt Lyons has the best and most complete selection of garlic products ranging from the ordinary to the exotic at http://www.thegarlicstore.com/.

Much of the hard work of transporting and securing observation equipment was performed by Gary Coppler of Langmuir Laboratory. I am indebted to him for his diligent efforts. I also thank Bill Winn of Langmuir Laboratory for his assistance. Bill also taught a “Spark Discharge” course in the fall of 1999 which had a significant influence on this dissertation. I am indebted to Sandy Kieft of Langmuir Laboratory for taking care of paper-work and other arduous tasks too numerous to mention.

I am indebted to Ken Cummins and John Cramer of Global Atmospherics, Inc. for providing stroke-level National Lightning Detection Network (NLDN) data of sprite-producing discharges. I also thank Dave Suszcynsky of Los Alamos National Laboratory for providing the photometer which was used in 1997.

Last, but far from least, I would like to thank my parents, Gerald and Ellen Stanley, as well as my brother, Randy Stanley, and his wife, Nicole Stanley, for the endless encouragement and support they have offered through the years. The strength of my family has been a tremendous boost to me. In recognition of this, I would like to dedicate this dissertation to my grandmother, Mary Alice Cook, and grandfather, Clifford Stanley, who both passed away while I was a graduate student at New Mexico Tech. Their work ethic, personal strength, and devotion to truth have been passed down from generation to generation through the eternal power of love.

Contents

1 Introduction 1 1.1 Transient Luminous Events . . . . . . . . . . . . . . . . . . . . . . . 1 1.2 Sprites and their Parent Discharges . . . . . . . . . . . . . . . . . . . 3 1.3 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Conventional Breakdown 7 2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 2.2 Breakdown basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 2.2.1 Charge mobility and motion . . . . . . . . . . . . . . . . . . . 7 2.2.2 E/N and electron energy, ε . . . . . . . . . . . . . . . . . . . . 8 2.2.3 Ionization, Recombination, and Attachment . . . . . . . . . . 9 2.2.4 Electron avalanche . . . . . . . . . . . . . . . . . . . . . . . . 10 2.3 Atmospheric Models . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 2.3.1 1976 U.S. Standard Atmosphere . . . . . . . . . . . . . . . . . 13 2.3.2 Latitudinal and Seasonal Variation . . . . . . . . . . . . . . . 14 2.4 Atmospheric Conductivity and Relaxation Time . . . . . . . . . . . . 16 2.4.1 Ion Conductivity . . . . . . . . . . . . . . . . . . . . . . . . . 16 2.4.2 Electron Conductivity . . . . . . . . . . . . . . . . . . . . . . 16 2.4.3 Total conductivity . . . . . . . . . . . . . . . . . . . . . . . . 19 2.4.4 Relaxation Time . . . . . . . . . . . . . . . . . . . . . . . . . 19 2.5 Sprite Initiation Threshold . . . . . . . . . . . . . . . . . . . . . . . . 21 2.5.1 Infinite images . . . . . . . . . . . . . . . . . . . . . . . . . . 21 2.5.2 Uniformly Charged Disk . . . . . . . . . . . . . . . . . . . . . 23 2.5.3 Initiation Threshold vs. Height . . . . . . . . . . . . . . . . . 27 2.6 Streamers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 2.6.1 Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 2.6.2 Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Close Sprite-producing Discharges 32 3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 3.2 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 3.2.1 KSC LDAR . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 3.2.2 NMT Interferometer . . . . . . . . . . . . . . . . . . . . . . . 34 3.3 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 3.4 Storm development history . . . . . . . . . . . . . . . . . . . . . . . . 35 3.5 Charge Moment Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 39 3.6 01:42:57 UT Sprite-producer . . . . . . . . . . . . . . . . . . . . . . . 43 3.7 01:47:52 UT Sprite-producer . . . . . . . . . . . . . . . . . . . . . . . 53 3.8 01:51:02 UT Sprite-producer . . . . . . . . . . . . . . . . . . . . . . . 59 3.9 01:55:47 UT Sprite-producer . . . . . . . . . . . . . . . . . . . . . . . 67 3.10 02:15:19 UT Non-sprite-producer . . . . . . . . . . . . . . . . . . . . 73 3.11 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 3.12 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4 ELF measurements 82 4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 4.2 Sprite Currents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 4.3 Daytime Sprites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 4.3.1 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . 85 4.3.2 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 4.3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 4.3.4 Relaxation Time during the Day . . . . . . . . . . . . . . . . 91 4.3.5 Daytime Sprite Initiation Threshold . . . . . . . . . . . . . . . 93 4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5 High-speed Video Observations of Sprites 97 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 5.2 October 7, 1997 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 5.2.1 Storm Development . . . . . . . . . . . . . . . . . . . . . . . . 97 5.2.2 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 5.2.3 03:03:59 UT, 2000 frames/second . . . . . . . . . . . . . . . . 101 5.2.4 03:40:37 UT, 1000 frames/second . . . . . . . . . . . . . . . . 110 5.2.5 03:40:38 UT, 1000 frames/second . . . . . . . . . . . . . . . . 112

5.3 October 6, 1997 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 5.3.1 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 5.3.2 04:37:05 UT, 2000 frames/second . . . . . . . . . . . . . . . . 116 5.3.3 04:45:48 UT, 2000 frames/second . . . . . . . . . . . . . . . . 119 5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6 Conclusions 124 6.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

A Instrumentation 129 A.1 High-speed Camera System . . . . . . . . . . . . . . . . . . . . . . . 129 A.2 Data Acquisition System . . . . . . . . . . . . . . . . . . . . . . . . . 130

B Calibration 133 B.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 B.2 Camera location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 B.3 Camera orientation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134 B.3.1 Normal-speed camera . . . . . . . . . . . . . . . . . . . . . . . 134 B.3.2 High-speed camera . . . . . . . . . . . . . . . . . . . . . . . . 136 B.4 Video timing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137 B.4.1 Normal-speed video . . . . . . . . . . . . . . . . . . . . . . . . 137 B.4.2 High-speed video . . . . . . . . . . . . . . . . . . . . . . . . . 138 B.5 Refractive corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 B.6 Electric Field Calibration . . . . . . . . . . . . . . . . . . . . . . . . . 143 B.6.1 Local Calibration . . . . . . . . . . . . . . . . . . . . . . . . . 143 B.6.2 Absolute Calibration . . . . . . . . . . . . . . . . . . . . . . . 144

C Effect of Ionosphere on Static Field Measurements 151

List of Figures

1.1 Electric field and electrical breakdown strength above a discharge. . . 4

2.1 Ionization and attachment of air versus E/N. . . . . . . . . . . . . . . 11 2.2 Electron avalanche in a laboratory experiment. . . . . . . . . . . . . . 12 2.3 1976 U.S. Standard Atmosphere . . . . . . . . . . . . . . . . . . . . . 14 2.4 1966 U.S. Standard Atmosphere Supplement . . . . . . . . . . . . . . 15 2.5 Model of atmospheric conductivity between 40-90 km altitude. . . . . 17 2.6 Simulated relaxation time profile just prior to sprite initiation . . . . 20 2.7 Calculated electric field at Z =78 km vs. the number of images. . . . 22 2.8 Electric field at Z =78 km as a function of disk radius and height. . . 26 2.9 The sprite initiation threshold for 70-81 km altitude. . . . . . . . . . 28 2.10 Diagram of a positive streamer. . . . . . . . . . . . . . . . . . . . . . 30

3.1 Storm development for 23-1 UT on June 21st-22nd, 1997 . . . . . . . 37 3.2 Storm development for 1-3 UT on June 22nd, 1997 . . . . . . . . . . 38 3.3 Video sequence and NEXRAD radar for 01:42:57 UT event . . . . . . 45 3.4 Time series of 01:42:57 UT sprite-producing flash . . . . . . . . . . . 47 3.5 Spatial development of 01:42:57 UT flash . . . . . . . . . . . . . . . . 48 3.6 Zoom of 01:42:57 UT sprite-producing CG . . . . . . . . . . . . . . . 51 3.7 Height histogram of VHF sources for 01:42:57 UT flash . . . . . . . . 52 3.8 Video sequence of 01:47:52 UT sprite event . . . . . . . . . . . . . . . 54 3.9 Time series of 01:47:52 UT sprite-producing flash . . . . . . . . . . . 55 3.10 Spatial development of 01:47:52 UT flash . . . . . . . . . . . . . . . . 56 3.11 Azimuth and Elevation of 01:47:52 UT sprite event . . . . . . . . . . 57 3.12 Height histogram of VHF sources for 01:47:52 UT flash . . . . . . . . 58 3.13 Video sequence and NEXRAD radar for 01:51:02 UT event . . . . . . 60 3.14 Time series of 01:51:02 UT sprite-producing flash . . . . . . . . . . . 61 3.15 Spatial development of 01:51:02 UT flash . . . . . . . . . . . . . . . . 63

3.16 Zoom of 01:51:02 UT sprite-producing CG . . . . . . . . . . . . . . . 64 3.17 Height histogram of VHF sources for 01:51:02 UT flash . . . . . . . . 66 3.18 Video sequence and NEXRAD radar for 01:55:47 UT event . . . . . . 68 3.19 Time series of 01:55:47 UT sprite-producing flash . . . . . . . . . . . 69 3.20 Spatial development of 01:55:47 UT flash . . . . . . . . . . . . . . . . 71 3.21 Zoom of 01:55:47 UT sprite-producing CG . . . . . . . . . . . . . . . 72 3.22 Height histogram of VHF sources for 01:55:47 UT flash . . . . . . . . 73 3.23 Time series of 02:15:19 UT non-sprite-producing flash . . . . . . . . . 75 3.24 Spatial development of 02:15:19 UT flash . . . . . . . . . . . . . . . . 76 3.25 Zoom of 02:15:19.419 UT +CG . . . . . . . . . . . . . . . . . . . . . 77 3.26 Zoom of 02:15:19.51 UT non-sprite-producing +CG(s) . . . . . . . . 78

4.1 Sferics and photometry for sprite event at 05:38:00.77 UT, July 24, 1996. 84 4.2 Visible and infrared satellite images at 23:15 UT, August 14, 1998 . . 87 4.3 NLDN data for MCS on August 14, 1998 . . . . . . . . . . . . . . . . 88 4.4 Electric field waveform of 23:19:48 UT +CG and daytime sprite. . . . 89 4.5 Largest charge moment change discharges on August 14, 1998 . . . . 90 4.6 Profiles of n_e and τ_r on August 14, 1998. . . . . . . . . . . . . . . . . 92 4.7 Sprite initiation threshold for daytime sprites. . . . . . . . . . . . . . 94

5.1 October 7, 1997, NLDN strokes for 01:30-4:30 UT. . . . . . . . . . . . 99 5.2 Initial 4.5 ms of the October 7, 03:03:59 UT sprite cluster development. 102 5.3 Subsequent 4.5 ms of the October 7, 03:03:59 UT sprite cluster development. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 5.4 Enhanced image sequence of the 03:03:59 UT sprite cluster’s initial development. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 5.5 Electric field and photometer data for the 03:03:59 UT event. . . . . . 105 5.6 Formation of a carrot shape for sprite B of the 03:03:59 UT sprite cluster.109 5.7 Development of the October 7, 03:40:37 UT sprite cluster. . . . . . . 111 5.8 Development of the October 7, 03:40:38 UT sprite cluster. . . . . . . 113 5.9 Electric field waveform and frame periods for the 03:40:38 UT sprite cluster . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 5.10 Correlated charge moment change and high-speed video of 04:37:05 UT sprite cluster. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 5.11 Correlated charge moment change and high-speed video of the 04:45:48 UT sprite cluster. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

A.1 VME Data Acquisition System . . . . . . . . . . . . . . . . . . . . . 130

B.1 Star alignment for a normal-speed video image. . . . . . . . . . . . . 135 B.2 Normal-speed video timing via a Horita GPT-50. . . . . . . . . . . . 138 B.3 Determination of high-speed video timing from LED transitions. . . . 139 B.4 Effect of refraction on height estimates. . . . . . . . . . . . . . . . . . 142 B.5 The slow antenna calibrator. . . . . . . . . . . . . . . . . . . . . . . . 143 B.6 Determination of magnetic loop orientation. . . . . . . . . . . . . . . 148 B.7 Calibration of E and B from NLDN data as a function of source azimuth.149

C.1 Calculated electric field at r =80 km vs. the number of images. . . . . 152 C.2 The effect of the ionosphere on the static electric field at 40-100 km range. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

List of Tables

3.1 Charge Moment Measurements on June 22nd, 1997 . . . . . . . . . . 42 A.1 VME system boards. . . . . . . . . . . . . . . . . . . . . . . . . . . . 131 B.1 Example calculations for the high-speed video timing calibration. . . 140 B.2 Calibration of the electric field meter at KSC in 1997. . . . . . . . . . 146

Notation

E_k Electric field required for conventional breakdown of air N Number density of gas molecules n_e Number density of electrons Q_d Charge of disk R_d Radius of a disk Z_d Height of disk above ground σ_d Charge density on disk μ_e Mobility of electrons ν_m Effective collision frequency of electrons with neutral molecules and atoms v_e Net drift velocity of electrons σ Total conductivity σ_e Electron conductivity component σ_i Ion conducitivity component τ_r Relaxation time

Acronyms

CC Continuing Current +CG Positive Cloud to Ground -CG Negative Cloud to Ground ELF Extremely Low Frequency FA Fast Antenna IC Intracloud KSC Kennedy Space Center LDAR Lightning Detection and Ranging LMA Lightning Mapping Array MSL Mean Sea Level NLDN National Lightning Detection Network NMT New Mexico Tech

RF Radio Frequency SA Slow Antenna STP Standard Temperature and Pressure TLE Transient Luminous Event VHF Very High Frequency VLF Very Low Frequency

Chapter 1

Introduction

1.1 Transient Luminous Events

For at least a century there have been occassional eye-witness reports of transient optical flashes above thunderstorms. Wilson [1956] described discharges that he observed above a thunderstorm as “diffuse fan-shaped flashes of greenish colour extending up into a clear sky”. There are numerous reports from pilots who have observed flashes extending above thunderstorms [Vonnegut, 1980; Vaughan and Vonnegut, 1989]. Many other observations of brief optical flashes above thunderstorms have been reported in the literature going back to 1885, as summarized by Rodger [1999].

The first official record of an optical discharge above a thunderstorm was obtained only relatively recently when, quite by accident, such an event was documented by a low-light-level camera during the SKYFLASH program in 1989 [Franz et al., 1990]. Within only a few years, additional such discharges had been documented from the space shuttle [Vaughan et al., 1992; Boeck et al., 1995], from the air [Sentman and Wescott, 1993; Sentman et al., 1995], and from the ground [Lyons, 1994; Winckler, 1995].

Various terms were first used to describe high altitude luminous flashes, such as “cloud-to-ionosphere” or “cloud-to-stratosphere” discharges. However, these terms implied vertical extents which were not accurately known in the earliest reports and also hinted at a direction-of-motion which could not be measured until recently. Consequently, the unassuming term “sprites” was adopted to describe the elusive and mysterious nature of the high altitude luminous structures [Sentman et al., 1995].

The first color imagery and unambiguously triangulated extents of sprites were obtained during the Sprites94 aircraft campaign by Sentman et al. [1995]. They found that sprites have a main red body located between ∼ 50–90 km altitude with faint bluish tendrils often extending to lower altitudes. During the Sprites94 aircraft campaign, Wescott et al. [1995] documented another type of optical emission which appeared to propagate upwards from the tops of thunderstorms at ∼20 km altitude to about 40–50 km altitude at an average velocity of 1 × 10^5 m/s. They termed these events “blue jets” due to their bluish color and development characteristics.

Similar to blue jets are “blue starters” [Wescott et al., 1996]. Blue starters differ from blue jets only in their terminal altitude. Wescott et al. [1996] observed that blue starters propagated up from the tops of storms at 17–18 km altitude to a maximum altitude of only ≃25 km. It is likely that most of the pilot reports [Vonnegut, 1980; Vaughan and Vonnegut, 1989] of discharges propagating up from the tops of storms were either blue starters or blue jets and not sprites, which appear nearly instantaneously at higher altitudes.

Boeck et al. [1992] observed a third major class of transient luminosity above thunderstorms. Using a Space Shuttle payload bay TV camera, they noted a significant brightening of the airglow layer at about 95 km altitude directly above a luminous discharge in a storm below. This brightening was attributed to the heating of nighttime ionospheric electrons and the increased ionization associated with the passage of an intense electromagnetic pulse (EMP), as described by Inan et al. [1991].

Theoretical models indicate that the peak emissions associated with the passage of an EMP pulse through the lower ionosphere would be between 85 and 95 km altitude [Taranenko et al., 1992, 1993], which is similar to the altitude observed by Boeck et al. [1992]. These events were termed “elves”, an acronym for “emissions of light and VLF perturbations from EMP sources”. Observations from the ground showed that elves are horizontally extensive (> 100 km) and have short durations (< 1 ms) [Fukunishi et al., 1996; Inan et al., 1997]. Elves are correlated with large peak-current CGs (> 100 kA) of both positive [Fukunishi et al., 1996; Lyons, 1996; Inan et al., 1997] and negative [Barrington-Leigh and Inan, 1999] polarities. All of these observations are consistent with an EMP-based mechanism.

Sprites, blue jets and starters, and elves all are examples of transient luminous events (TLEs) above thunderstorms. The remainder of this dissertation will focus on sprites and their parent discharges.

1.2. SPRITES AND THEIR PARENT DISCHARGES 3

1.2 Sprites and their Parent Discharges

It has been known for about a century that the electric field required to produce breakdown scales as the air number density, N. Wilson [1925] insightfully realized that N would decrease at a rate faster than the decrease in E above a net charge in a thundercloud (e^{−z} vs. z^{−3}, respectively). He theorized that for a sufficiently large dipole moment of the charge and its below ground image, the electric field would exceed the “sparking limit” at high altitude.

The ionosphere is sufficiently conductive for electric fields to rapidly decay on submillisecond time scales. In the region just below the base of the ionosphere, the conductivity of the atmosphere is such that electric fields will decay on time scales of milliseconds. The electric field will take increasingly longer to decay at lower altitudes, but it is still sufficiently fast just above cloud tops (∼10 s) that any charge separation on the time scale between sprite-producing discharges (typically minutes) will be screened by charge motion in the atmosphere. Thus, the electric field above a storm and particularly at high altitude will only be of concern when charge is rapidly transported, such as during CG discharges. Figure 1.1 shows an example of how E would decrease above a CG, relative to the rapid decrease in the electrical breakdown strength of air, E_k, with increasing altitude. If the discharge was sufficiently energetic, E would exceed E_k below the base of the ionosphere, resulting in electrical breakdown.

Based on a self consistent model of conductivity, ionization, and electron heating, Pasko et al. [1995] predicted that optical emissions would extend down to sim65 km altitude for very large CG charge moment (charge times height) changes of 3000 C·km in 1 ms, corresponding to an exceptionally large average current of 300 kA. In order for there to be luminous sprite emissions below 50 km altitude, it was realized that space-charge field enhancements in the form of streamers would likely be involved [Pasko et al., 1996; Fernsler and Rowland, 1996]. However, these early models lacked the fine spatial resolution needed to accurately model streamers and thus a minimum altitude could not be determined.

Streamers would be initiated below the base of the ionosphere from localized regions of breakdown (∼1–100 m wide) at altitudes of ∼70–80 km [Pasko et al., 1998a; Raizer et al., 1998]. The streamers would have radii of ∼100 m or less [Raizer et al., 1998] below the base of the ionosphere, consistent with the observations of fine scale structure in sprites [Stanley et al., 1996b; Wescott et al., 1998]. It was also shown that streamers could propagate down to altitudes well below 50 km [Raizer

Figure 1.1: Charge at 8 km altitude is removed to ground by a CG discharge. As predicted by Wilson [1925], the electric field, E, decreases at a slower rate than the electrical breakdown strength of air, E_k, with increasing altitude. In this example, E exceeds E_k between an altitude of ≃77 km and the base of the ionosphere at ≃81 km, resulting in electrical breakdown in that altitude range.

et al., 1998; Pasko et al., 2000], consistent with the observed lower terminal altitudes of sprites [Sentman et al., 1995].

Early measurements of extremely low frequency (ELF) atmospherics (“sferics”) showed that sprites were typically associated with positive cloud-to-ground (+CG) discharges which removed unusually large quantities of positive charge to ground [Boccippio et al., 1995]. The apparent exclusive association of sprites with +CGs along with the detection of terrestrial gamma-ray flashes [Fishman et al., 1994] led some researchers to theorize that sprite optical emissions were associated with an energetic upward runaway electron breakdown process [Bell et al., 1995; Taranenko and Roussel-Dupré, 1996; Roussel-Dupré and Gurevich, 1996; Yukhimuk et al., 1998].

Time resolved sprite imagery showed that sprites typically began 1.5-4 ms after the occurrence of the parent +CG [Rairden and Mende, 1995]. Cummer and Inan [1997] used ELF measurements to show that the charge moment changes of 6 spriteproducing discharges had each attained at least 250 C·km during the initial 5 ms. They noted that several of the charge moments were less than required to produce

1.3. OVERVIEW 5

significant optical emissions by the quasi-electrostatic heating or runaway electron breakdown models, suggesting that some other mechanism was involved.

Though the charge moment of sprite-producing discharges had been measured by remote ELF measurements, the height of the charge and hence the charge and current values could not be determined from this technique. Possible average charge heights used in the sprite literature range from 4 km to 10 km or even higher.

Numerous studies have shown that sprites occur only over large thunderstorm systems known as Mesoscale Convective Systems (MCSs) [Lyons, 1994; Winckler, 1995; Boccippio et al., 1995; Winckler et al., 1996; Lyons, 1996], MCSs are highlyorganized storm systems with the upper-level anvil outflows from convective cells joined together into a solid cloud shield known as the “stratiform region” [MacGorman and Rust, 1998,p. 258]. Observations of sprites show that they occur primarily over the stratiform region of MCSs [Lyons, 1996]. Balloon soundings through the stratiform region and away from the “transition zone”, which is near the convective region, show that there is a high-density of positive charge near the 0^∘C level at an altitude of ≃4 km MSL [Marshall and Rust, 1993; Stolzenburg et al., 1994]. Based on this and other measurements, Williams [1998] concluded that the altitude of positive charge removed by sprite-producing discharges would be at 4–6 km MSL.

1.3 Overview

Strong evidence for a conventional breakdown mechanism in sprite initiation will be presented in this dissertation. Chapter 2 presents a review of conventional breakdown in the form of electron avalanches and streamer processes. Profiles of conductivity and atmospheric number density are used to determine the altitudes and corresponding charge moment values of sprite initiation. These results are compared with previous estimates of the altitudes and charge moment thresholds required for sprite initiation. A uniformly charged disc model of the parent discharge is used to determine how the breakdown threshold depends on the horizontal extent and average height of charge removal in a discharge. This model is then used to assess the validity of the point dipole approximation for the measured sprite-producing discharge heights and extents presented in Chapter 3.

In Chapter 3, the 3D spatial and temporal development, broadband electric field, and VHF emissions of both sprite-producing and non-sprite-producing discharges are analyzed and compared. The data contains the first reported average height, charge, and current values for several sprite-producing discharges. These results are compared with previous measurements of negative and positive CG discharge parameters. The charge moments are also compared with previous ELF-based estimates of the sprite initiation threshold as well as with theoretical predictions. The plan locations of the sprites are compared with discharge development up to the time of the sprites and inferences are made about the distribution of charge in the parent discharge. Also, evidence is presented which suggests the large and rapid charge transfers of sprite-producing discharges may often adversely affect tall metallic structures on the ground.

In Chapter 4, the comparison of photometry with ELF data of sprites is reviewed. These comparisons revealed that sprites emitted a unique ELF signature. The unique sprite signature was recently used in a collaborative effort to report the first detection of daytime sprites [Stanley et al., 2000]. The charge moment changes of the parent discharges and the daytime sprites are presented. The charge moment changes of the parent discharges at the onset of the sprite ELF signatures are compared with conventional breakdown theory.

High-speed video of sprites is analyzed and correlated with the charge moment changes of the parent discharges (and sprites) in Chapter 5. The initial development of sprites based on the high speed video data was published [Stanley et al., 1999] along with a comparison of sprite development with charge moments based on ELF measurements [Cummer and Stanley, 1999]. High speed video data obtained of sprite halos was recently compared with the theoretical predictions of Pasko et al. [1997a] by Barrington-Leigh et al. [2000]. Most of the data presented in this chapter are of sprites which were not included in the above papers. Some additional conclusions are drawn and the charge moment threshold and apparent altitude of sprite initation are compared with conventional breakdown theoretical predictions.

In Appendix A, the characteristics of the high-speed video system is shown. Also, the data acquisition system which was used to acquire broadband sferic data is described. The calibration of the various instruments is described in Appendix B. Finally, the effect of ionospheric images on static electric field measurements at groundlevel is explored in Appendix C and these results were used to calculate the charge moments in Chapter 3.

Chapter 2

Conventional Breakdown

2.1 Introduction

The conventional breakdown mechanism will be reviewed in this chapter along with measurements of atmospheric density and conductivity. A possible relaxation time profile will be determined from the ion conductivity and electron density and mobility. The primary contribution of this chapter will be the application of a uniformly charged disc model to show how the breakdown threshold would depend on the height and dimensions of a discharge. The transition of breakdown to propagating ionization waves, or “streamers”, will also be reviewed.

2.2 Breakdown basics

2.2.1 Charge mobility and motion

In the absence of an electric field, free electrons in a gas will move with a random thermal velocity of average magnitude v̄. Because the motion is random, the net drift velocity ⟨v⟩_t =0, where the angle brackets and subscript denote a time average. If an electric field ⃗E is applied, the electrons will acquire a net drift velocity ⃗v_e along the electric field lines but in the opposite direction to ⃗E. ⃗v_e is directly related to ⃗E by:

⃗v_e = −μ_e ⃗E , (2.1)

where μ_e is the mobility of electrons.

Electron mobility is a function of both the gas composition and density. It is also dependent on the magnitude of the applied electric field divided by the gas density

(see Section 2.4.2). Electron mobility is defined by the following relationship:

μ_e = q_e m_eν_m (2.2)

where q_e is the electronic charge, m_e is the electron mass, and ν_m is the effective collision frequency of electrons with neutral molecules and atoms. A similar relation also applies for ions, though ion mobility will be very much less than that of electrons since m_{ion} ≫m_e.

The effective collision frequency ν_m is proportional to the number density of gas molecules (N), the thermal velocity of the electrons (v̄), and the scattering cross section (σ_c) of the gas:

ν_m ∝ Nv̄σ_c (2.3)

A rigorous relationship between the above quantities would include the mean scattering angle.

2.2.2 E/N and electron energy, ε

Equations 2.2 and 2.3 can be combined to show that the electron mobility is inversely proportional to the gas number density: μ_e ∝ 1 N (2.4)

For low to moderate fields where v_e ≪v̄, the proportionality relationship in Equation 2.4 can be combined with Equation 2.1 to produce the following relationship: v_e ∝ E N if v_e ≪ v̄ (2.5)

The above proportionality is not strictly true for larger v_e since v̄ and hence ν_m will increase (Equation 2.3) leading to a decrease in μ_e (Equation 2.2). This decrease in μ_e will affect the relationship between v_e and E (Equation 2.1). However, it is generally true that v_e = f(^E_N ), since the increase in v̄ is a function of E/N. It follows that the electron energy, ε=^1_2 mv^2, also follows the same similarity law:

ε = f(^E_N ) (2.6)

This is a particularly important insight since the electron energy controls the breakdown physics, as will be reviewed in the next section. This fundamental property of breakdown physics has been known since Townsend’s pioneering work in the early 1900’s.

2.2.3 Ionization, Recombination, and Attachment

An electrical discharge is produced when gas molecules or atoms are ionized by electron impact. In the absence of losses, the change in the electron density is given by: dn_e dt | | |_i = ∫_∞ I Nvσ_i(ε)n_e(ε) dε = ν_in_e , (2.7)

where the subscript i denotes that this is an electron density change due only to electron impact ionization, σ_i is the ionization cross section by electrons with energy ε, n_e(ε) is the free electron density as a function of energy, I is the ionization potential energy, and ν_i is the ionization frequency (the average number of ionization events per electron per second). The ionization potentials for the two major constituents of air, N_2 and O_2, are 15.6 eV and 12.2 eV respectively.

Assuming that ν_i is constant, the solution to Equation 2.7 is n_e(t) | |_i = noe^{νit} , (2.8) where n_o is the initial electron density. In the absence of losses, the electron density increases exponentially with time.

After an ionization event, a free electron can “recombine” with a positive ion. In the absence of other processes, the change in the electron density due to recombination is given by: dn_e dt | | |_r = −βn^en^+ , (2.9)

where β is the electron-ion recombination coefficient, n_+ is the positive ion density, and the subscript r indicates that this is an electron density change due only to recombination. If one assumes that the plasma is neutral with only single ionization, then n_e =n_+. Substituting into Equation 2.9 and solving for n_e(t) gives: n_e(t) | | |_r = n_o 1 + βn_ot (2.10)

In addition to recombining with positive ions, electrons can also attach to neutral molecules if the gas has electronegative properties. Air is an electronegative gas because of the electron affinity of O_2. Electrons can attach to oxygen either in triple collisions (e + O_2 + M → O^−_2 + M) or via dissociative attachment reactions (e + O_2 + 3.6 eV → O^− + O). The latter form of attachment dominates at E/N values near that of breakdown. The change in electron density due to attachment is: dn_e dt | | | a = −ν_an_e , (2.11)

giving: n_e(t) | | |_a = noe^{−νat} (2.12) where ν_a is the attachment frequency.

At E/N values near breakdown, electron loss is due primarily to attachment processes and in particular to dissociative attachment [Bazelyan and Raizer, 1997,p. 24]. At a given E/N value, both the ionization and attachment frequencies will be proportional to the air number density, N, since the collision rate is proportional to N (see Equation 2.3). Figure 2.1 shows the density-normalized ionization frequency (ν_i/N) and attachment frequency (ν_a/N) plotted as a function of E/N in units of Townsends (1 Td =10^{−21} V m^2). For any given N, the ionization frequency will exceed that of attachment when E/N ≳ 123 Td. This is the basis for the breakdown strength of air at standard temperature and pressure (STP). An E/N of 123 Td corresponds to a breakdown field of ≃3.3 MV/m at STP.

2.2.4 Electron avalanche

Equations 2.7 and 2.11 can be combined into a more general expression which can be solved to determine the change in electron density due to both ν_i and ν_a: dn_e dt = (ν_i − ν_a)n_e (2.13)

n_e(t) = n_oe^{(νi−νa)t} (2.14)

It is clear from Equation 2.14 that the electron density will increase exponentially if ν_i >ν_a. This occurs when E/N ≳ 123 Td in Figure 2.1. An exponential increase of electrons from one or more seed electrons is an electron avalanche.

An electron avalanche will develop at the electron drift velocity, ⃗v_e. As it develops, the avalanche will expand due to diffusion and mutual electrostatic repulsion.

Figure 2.1: The ionization frequency (ν_i) and attachment frequency (ν_a) for air, divided by the air number density (N), are plotted against the electric field (E) divided by N. Electron avalanches can develop when ν_i >ν_a, which occurs for E/N ≳ 123 Td. (From Bazelyan and Raizer [1997]).

Figure 2.2: a) A schematic diagram of an electron avalanche. The electrons leave behind a trail of positive ions as they propagate towards the positively charged anode. b) An actual photograph of individual electron avalanches. (From Raether [1964]).

The diffusion expansion dominates during the initial stages while electrostatic repulsion dominates in the latter stages as a result of the growing number of electrons [Bazelyan and Raizer, 1997,p. 80]. An electron avalanche will also leave behind a trail of relatively immobile positively charged ions. A schematic illustration of an electron avalanche is shown in Figure 2.2a.

In a laboratory experiment where n_o is sufficiently small, electron avalanches starting from a single electron can be clearly distinguished on a photograph. Figure 2.2b shows a photograph from Raether [1964] of electron avalanches which began in this fashion. Electron avalanches can transition into streamers and are also a fundamental component of streamers, as will be discussed in Section 2.6. The relevance of electron avalanches and streamers to sprites will be shown in Chapter 5.

2.3 Atmospheric Models

2.3.1 1976 U.S. Standard Atmosphere

In 1953, the United States Committee on Extension to the Standard Atmosphere (COESA) was formed to assemble information on atmospheric parameters at altitudes traversed by suborbital rockets. One result of this effort was a mid-latitude (45^∘ N) mean atmospheric profile published in U.S. Standard Atmosphere, 1962. COESA provided information, graphs, and tables of the latitudinal, seasonal, and diurnal variations of atmospheric parameters in U.S. Standard Atmosphere Supplements, 1966. The 1962 U.S. Standard Atmosphere model was updated when the United States National Oceanic sand Atmospheric Administration (NOAA) released U.S. Standard Atmosphere: 1976. The 1976 U.S. Standard Atmosphere is identical to the 1962 U.S. Standard Atmosphere for altitudes below 50 km, but differs for higher altitudes.

Fortran code for the 1976 U.S. Standard Atmosphere was obtained off of the web (http://gate.cruzio.com/p̃das/atmosf90.htm). The code was converted to Octave and IDL to interface with conventional breakdown (Section 2.5) and refraction (Appendix B.5) calculations respectively.

A critical atmospheric parameter for conventional breakdown models is the air number density, N, since the breakdown field, E_k, scales directly with N (see Sections 2.2.2 and 2.2.3). The scale factor relative to sea level will be the ratio of N to that at sea level, N_o. Figure 2.3a shows the 1976 U.S. Standard Atmosphere model of air density ratio as a function of height. The air density decreases exponentially with height.

The 1976 U.S. Standard Atmosphere model of temperature as a function of altitude is shown in Figure 2.3b. The approximate altitude range of the troposphere, stratosphere, and mesosphere are shown on the plot. Each successive layer alternates between polarities for the vertical temperature gradient. Above ≃86 km altitude, the temperature slope becomes positive again (not shown), which corresponds with the approximate base of the thermosphere. The changes in temperature with respect to height produce small “wiggles” in the air-density ratio in Figure 2.3a, which otherwise would be a straight line.

Figure 2.3: a) The ratio of the density of air to that at sea level is plotted as a function of height. b) The temperature is plotted as a function of height. The different atmospheric regions correspond to regions of increasing/decreasing temperature with respect to height.

2.3.2 Latitudinal and Seasonal Variation

An actual atmospheric profile can vary somewhat from the 1976 U.S. Standard Atmosphere. The amount of variation will depend on the latitude, day of the year, and even the time of day. Figure 2.4a corresponds to Figure 2.10 in U.S. Standard Atmosphere Supplements, 1966, which utilizes the 1962 U.S. Standard Atmosphere as the reference. The difference between the 1962 and 1976 models are small within the mesosphere, so the comparison also applies to the 1976 U.S. Standard Atmosphere.

Figure 2.4a shows how the air-density varies for 3 different latitudes as well as different times of the year. Generally, the higher the latitude, the more seasonal variation there will be.

Sprites within the U.S. are most numerous in July and August [Lyons et al., 1999], which is near the time when the air density within the mesosphere is at a maximum (Figure 2.4a). This would imply that at any given altitude, the breakdown field, E_k, also increases during the summer. For instance, during the summer season E_k would be ∼ 20% greater than in the spring and fall seasons and ∼ 40% greater than in winter at 80 km altitude and 45^∘N latitude. However, the detailed comparisons

Figure 2.4: a) Typical percentage variations in air-density relative to the U.S. Standard Atmosphere are shown as function of altitude for different latitudes and times of year. b) The approximate diurnal variation in air-density is shown. The curves containing horizontal stripes correspond to density maxima which occur at night. Significant errors may exist in the diurnal density variation estimates above 40 km altitude. (From U.S. Standard Atmosphere Supplements, 1966).

of experiment with theory in this dissertation will focus primarily on sprites which occurred in the fall (see Section 5.3). The variation from the standard atmosphere for the fall season will be small, particularly in comparison to other sources of error.

The approximate diurnal variation of air density within the mesosphere is shown in Figure 2.4b. The nighttime air density near 80 km altitude can be as much as 25% less than the daytime density. However, nighttime rocket soundings conducted from White Sands, NM, (U.S. Standard Atmosphere Supplements, 1966, p. 31) measured air-densities at 60-80 km altitude to be between −3% to +8% of the standard atmosphere air densities. Thus, the 1976 U.S. Standard Atmosphere model should be adequate for theoretical calculations (Section 2.5) which will be compared with experimental observations from Langmuir Laboratory, NM.

2.4 Atmospheric Conductivity and Relaxation Time

2.4.1 Ion Conductivity

In situ measurements of nighttime polar (negative and positive) ion conductivity were performed by Holzworth et al. [1985]. The polar conductivity values were found to be nearly equal (σ_+ ≃ σ_−) at most altitudes. Holzworth et al. [1985] measured ion conductivities which were well fit by an exponential scale height of 8.0 km below 40 km altitude and 11.1 km between 40 and 56 km altitude. The total ion conductivity (σ_i =σ_+ +σ_−) at 40 km was measured to be ≃ 4.0×10^{−11} S/m.

Holzworth et al. [1985] found a significant departure from the 11.1 km scale height above ≃56 km altitude with a significant drop in σ_+ measured at 65 km altitude. The σ_i profile above 56 km will be approximated by an exponential with the scale height determined from the measured σ_i values at or near the endpoints of 56 km and 72 km. The total ion conductivity at 56 km using Equation 2.16 is 1.69×10^{−10} S/m while that at 70 km was measured by Holzworth et al. [1985] to be ≃4.0×10^{−10} S/m. The exponential scale height based on these points would be about 16.3 km. The total ion conductivity profile is summarized in the equations below.

σ_i = 4.0 × 10^{−11}e^{( z−408.0 )} [^S_m ] z < 40 km (2.15)

σ_i = 4.0 × 10^{−11}e^{( z−4011.1 )} [^S_m ] 40 ≤ z < 56 km (2.16)

σ_i = 4.0 × 10^{−10}e^{( z−7016.3 )} [^S_m ] 56 ≤ z < 72 km (2.17)

The dashed line in Figure 2.5 shows the ionic conductivity, σ_i, for 40-90 km altitude, based on Equations 2.15-2.17. Equation 2.17 was extended to altitudes above 72 km, even though Holzworth et al. [1985] did not obtain any measurements in that region. This extrapolation may be somewhat in error for altitudes of ≃72-78 km. However, the increasing importance of the electron conductivity with increasing altitude will diminish the potential impact of such errors (see next section).

2.4.2 Electron Conductivity

The electron conductivity, σ_e, is related to the electron density, n_e, by:

Figure 2.5: The ionic (dash), various electronic (dot and dash-dot), and corresponding total conductivities (solid) are shown in the graph above. An electron conductivity corresponding to: essentially “cold” electrons (T_e ≃ T_{air}) is drawn in blue, “hot” electrons immersed in a breakdown field of E_k (T_e ≫ T_{air}) is drawn in red, and a realistic electron T_e based on a dipole field from the parent discharge, a nearbreakdown field just below 80 km altitude, and a pre-existing relaxation time, is drawn in black (dash-dot). The corresponding total conductivities obtained by adding these electron conductivities with the ion conductivity is drawn with the same colors.

σ_e = q_eμ_en_e (2.18)

where q_e is the fundamental unit of charge (1.6×10^{−19} C) and μ_e is the electron mobility. μ_e is a function of the air density (Section 2.2.2) and E/E_k (see below).

The electron mobility is inversely related to the effective collision frequency of electrons with neutrals, ν_m (Equation 2.2). ν_m is proportional to the thermal velocity of electrons, v̄ (Equation 2.3). v̄ can be expressed as a function of E/E_k according to the relationship ε=^1_2 mv^2 and Equation 2.6. As E/E_k is increased, μ_e will decrease as v̄ and hence ν_m increases. This will decrease the electron conductivity, σ_e, according to Equation 2.18.

For altitudes of 64 km and below, an n_e profile identical to that of Pasko et al. [1997b] is used:

n_e = 8.0 × 10^{−3}e^{( z−6410.1 )} [cm^{−3}] z < 64 km (2.19)

At altitudes of 80 km and higher, the IRI-95 model of electron density is used [Rawer et al., 1978]. An IRI-95 profile was obtained from http://nssdc.gsfc.nasa.gov/ space/model/models/iri.html. Input variables consist of latitude, longitude, date, and time. The location of Langmuir Laboratory (34.0^∘ N, −107.2^∘ W) was input into the model as well as a date and time of 1997, October 7, 4 UT. This particular time was chosen since it represents a reasonable average value for the high-speed video observations of sprites (Chapter 5). The IRI-95 model predicts that the electron density would be 3 cm^{−3} at 80 km altitude for the above input parameters. Changing the location and time inputs to correspond with particular high-speed video sprite events in Chapter 5 would result in an electron density at 80 km altitude which would be as high as 9 cm^{−3} at 3:03:59 UT (Section 5.2.3) or as low as 1 cm^{−3} for sprites which occur after 4:00 UT.

The value n_e =8.0 × 10^{−3} cm^{−3} in Equation 2.19 at 64 km altitude and the IRI-95 model value of n_e ≃ 3 cm^{−3} at 80 km altitude were joined by assuming a constant exponential scale height increase of electron density between these altitudes. The exponential scale height for n_e between 64 km and 80 km altitude was only 2.65 km.

The dotted blue line in Figure 2.5 shows the electron conductivity component calculated with μ_e corresponding to essentially “cold” electrons with a temperature T_e the same as that of the air molecules, T_{air}. Once the breakdown field ratio, E/E_k, exceeds ∼ 5 × 10^{−4} Pasko et al. [1997b], μ_e will decrease as ν_m increases (see previous discussion). The decrease in μ_e and hence σ_e (Equation 2.18) can be substantial at E = E_k. This is shown by the dotted red line in Figure 2.5, which corresponds to the electron conductivity if somehow E = E_k at all altitudes (corresponding to T_e =T_e(E_k)≫T_{air}). Neither the “cold” electrons, T_e = T_{air}, or “hot” electrons, T_e = T_e(E_k) ≫ T_{air}, will correspond to the actual state of electrons at most altitudes. Rather, the actual T_e will likely lie somewhere in between for E < E_k. The dot-dash line in Figure 2.5 corresponds to conditions expected immediately after the onset of a sprite-producing CG with a maximum E/E_k of 0.8 at ≃ 79 km altitude. Above 79 km altitude, the electric field is significantly attenuated by the larger conductivities (see Section 2.4.4). This causes the electron conductivity to rapidly cross from a “hot” profile to a “cold” one, resulting in a sharper conductivity ledge at the base of the ionosphere.

2.4.3 Total conductivity

The ionic and electronic conductivity components can be added together to determine the total atmospheric conductivity:

σ = σ_i + σ_e (2.20)

In Figure 2.5, the total atmospheric conductivity profile which utilizes the “cold” electron profile is denoted by the solid blue line. The atmospheric conductivity for the T_e(E_k) electron conductivity is denoted by the solid red line. The realistic total atmospheric conductivity profile which would likely exist immediately prior to sprite initiation is indicated by the solid black line.

2.4.4 Relaxation Time

The relaxation time, τ_r, is the amount of time it would take for an electric field to decay by 1/e in the absence of additional forcing. The relaxation time is related to the conductivity, σ, by the well known result: τ_r = ϵ_o/σ, where ϵ_o is the permittivity of free space.

The total conductivity profiles in Figure 2.5 were used to determine the corresponding relaxation times in Figure 2.6. Note that the effect of the change in the electron conductivity component due to electron heating just below the base of the conductitivy ledge increases the sharpness of the ionosphere conductivity “ledge”. The relaxation time rapidly drops to less than 1 ms above ≃ 81 km altitude. This height will be used in Section 2.5 as the base of the ionosphere.

Figure 2.6: The blue and red lines plotted above are the relaxation time profiles corresponding to the total conductivities in Figure 2.5 with “quiescent” T_e =T_{air} and T_e = T_e(E_k) ≫ T_{air} conditions respectively. The thick solid line is a best estimate of the relaxation time profile which would exist just prior to sprite initiation by a conventional breakdown mechanism at E ≥E_k.

2.5 Sprite Initiation Threshold

2.5.1 Infinite images

It is well known from electrostatic theory that a point charge placed above a conducting plane will cause charge to be redistributed on the plane’s surface such that the potential will be constant there. Taking the potential to be zero on the surface, a charge of equal magnitude but of opposite sign to the source point charge can conceptually be placed an equal distance below the planar surface. The source charge and its image can be used to calculate the potential and hence the electric field vector anywhere above the conducting plane.

The situation becomes more complex when charge is placed between two parallel conducting planes. The charge will redistribute on the planes such that, conceptually, an image charge is formed behind each plane in the manner described previously. However, each plane will also respond to the redistribution of charge on the other plane and this will lead to the formation of “images of images” which are further displaced behind the respective conducting planes. The total number of images will be infinite, but the calculated electric field will be finite since each successive image charge is further away and the electric field contribution will decrease rapidly with distance.

A cloud-to-ground (CG) discharge will introduce a net charge at some average altitude Z. Figure 2.7a shows the index notation which is used in this work for the charge images. Assuming that a compact (“point”) region of negative charge were placed at an altitude of Z =7.5 km, surface charge rearrangement on the ground will lead to a positive image charge at Z = −7.5 km. It will be shown in Chapter 3 that 7.5 km is a reasonable approximation for the altitude of charge removal in spriteproducing discharges. The source charge and its immediate image correspond to i=0 in Figure 2.7a.

Charge will rearrange on the nighttime ionosphere conductivity ledge at Z ≃81 km (see Section 2.4.4) in response to the source charge and its image. The result is the i=1 image pair consisting of a positive image charge at Z =81+(81−7.5)=154.5 km and a negative image charge at Z = 81 + (81 + 7.5) = 169.5 km. This, in turn, will lead to the i = 2 pair of negative and positive image charges at Z = −154.5 km and Z = −169.5 km, respectively, and so on. The effect of the ionosphere is to enhance the electric field above the source charge. However, the electric field at ground-level is decreased by the presence of the ionosphere, as will be shown in Appendix C. This

Figure 2.7: a) A schematic diagram of the infinite images formed by a negative point charge placed above the Earth’s surface. The indices at left correspond to increasing image pairs (approximately dipoles) of positive and negative charges. b) The rate of convergence at Z = 78 km of the calculated electric field to a “final” electric field value is shown as a function of the number of successive image pairs included in the calculation (with i = 0 corresponding to a calculation based only on the source and its below-ground image). The “final” electric field was calculated for a summation up to i=100.

latter effect will be important for calculations based on electric field measurements presented in Chapter 3.

It will be shown in Section 5.2.4 that sprites often appear to initiate at 77-78 km MSL altitude. Figure 2.7b shows how the calculated electric field at Z = 78 km varies with increasing image number in Figure 2.7a. The vertical axis is normalized such that a value of unity corresponds to the “final” electric field value, which was calculated for a summation up to the i = 100 image pair. By i = 5, the calculated electric field is within 1% of the “final” electric field value. The rate of convergence of E_i to E_{100} is sufficiently fast that a much larger “final” i value would not noticeably change the Figure 2.7b plot.

In this study, the theoretical electric field calculations for sprite altitudes implement a summation up to i = 2. The electric field calculated in this manner will only be ≃ 3% less than that based on an infinite summation.

It should be noted that the appearance of each successive image pair will be delayed by the amount of time that it takes the electric field (propagating at the speed of light) to traverse the Earth-ionosphere distance, Δt ≃ 81/300 = 0.27 ms. As was shown by Pasko et al. [1999], the delayed appearance of the source charge’s image below ground might significantly enhance electric fields aloft. For instance, if a charge were suddenly introduced at Z = 7.5 km, an observer far above the charge would at first only experience the effects of this monopole, for which the electric field falls only as r^{−2}, before a less intense dipole-like dependency of about r^{−3} appears due to the image. The time delay between the monopolar and dipolar field dependency would be twice the height of the charge divided by the speed of light (since the electric field must propagate down and then back up to the observer). For a charge at Z =7.5 km: Δt = 0.05 ms. This time difference is not much less than the duration of the return stroke, which is typically ∼75-230 μs [Uman, 1987,pg. 124]. This retardation effect could significantly lower the sprite initiation threshold [Pasko et al., 1999] from the quasi-electrostatic predictions of the following sections.

2.5.2 Uniformly Charged Disk

Sprites are primarily caused by +CGs which occur in the trailing stratiform region of mesoscale convective systems (MCSs) [Boccippio et al., 1995; Lyons, 1996]. The sprite-producing +CGs may discharge horizontally-extensive positive charge regions which are known to exist near the 0^∘C isotherm within stratiform regions [Marshall and Rust, 1993; Marshall et al., 1996].

In order to assess the possibility of conventional breakdown onset as a function of parent discharge charge height and horizontal extent parameters, a static field approximation identical to that of Krehbiel et al. [1996] is implemented. In this approximation, the parent discharge is modeled as a uniformly charged disk of total charge Q_d, radius R_d, and altitude of Z_d parallel to the ground. The electric field along the central axis above the disk can be readily determined, as shown below.

The solution to Poisson’s equation (∇^2V =−ρ/ϵ_o) for a surface charge distribution is given by the formula: V = 1 4πϵ_o ∫ σ r da where r is the distance along a vector to the infinitesimal area, da, of local charge density σ.

Using cylindrical coordinates for the disk; da=ρ dρ dϕ, where ρ is a radial distance from the disk center and ϕ is an angle around the disk. Assuming that V is measured along the central axis; r =(ρ^2 + z^2)^12 , where z is the height above the disk. Since the disk is assumed to be uniformly charged, σ ≡σ_d = constant. Substituting,

V_d(z) = σ_d 4πϵ_o ∫_{Rd} 0 ( ∫_{2π} 0 ρ (ρ^2 + z^2)^12 dϕ ) dρ = σ_d 2ϵ_o ∫_{Rd} 0 ρ (ρ^2 + z^2)^12 dρ = σ_d 2ϵ_o [ (ρ^2 + z^2)^{12} | |^{Rd}_0 = σ_d 2ϵ_o [ (R_d^2 + z^2)^{12} − z ] . (2.21)

The electric field along the axis above the disk can be calculated from Equation 2.21 by using the electrostatic relationship ⃗E =−∇V :

⃗E_d(z) = −dV^d dz ẑ = σ_d 2ϵ_o [ 1 − z (R_d^2 + z^2)^12 ] ẑ (2.22)

where σ_d is the surface charge density on the disk,

σ_d = Q_d πR^2_d , (2.23)

which is assumed to be uniform.

Equations 2.22 and 2.23 provide a solution for E_d(z) in terms of only Q_d, R_d, and the distance z along the central axis from the disk. As was shown in Section 2.5.1, the actual electric field E(Z) at some height Z above the ground will be due to the source charge configuration and its multiple images. In this dissertation, the highest order disk-image pair used in the calculations corresponds to i = 2 in Figure 2.7a. Thus, the expression for the electric field as a function of height along the central axis will be: ⃗E(Z) ∼= [ E_d(Z −Z_d) − E_d(Z +Z_d) + E_d(2Z_{ledge} −Z −Z_d) − E_d(2Z_{ledge} −Z +Z_d) + E_d(Z_{ledge} +Z −Z_d) − E_d(Z_{ledge} +Z +Z_d) ] k̂ Z_d <Z <Z_{ledge} (2.24) where Z_{ledge} is the altitude of the ionosphere conductivity “ledge”. Equation 2.24 is valid only when the altitude of interest, Z, is greater than the altitude of the disk, Z_d.

It is well known in electrostatics that a dipole’s field is proportional to the moment, p=qd, where q is the charge magnitude and d is the separation distance between the charges. The convention which is commonly used in sprite literature is to define the “charge moment” as the product of the total net charge with its mean height above ground, which would be one half the distance d between the charge and its image. This convention will also be adopted in this study. Thus, the charge moment of the disk will be Q_dZ_d.

Figure 2.8 illustrates how the horizontal dimensions of the source charge region would affect the value of the electric field just below the base of the ionosphere (Z_{ledge} = 81 km) at Z = 78 km. The charge moment, Q_dZ_d, was fixed for all of the plots. Thus, as R_d is increased, σ_d is decreased according to Equation 2.23) in order to keep Q_d constant for a given Z_d. In reality, however, σ_d may be somewhat fixed and thus more horizontally extensive discharges would produce a larger charge moment change, as was modeled by Marshall et al. [1996]. The main purpose in this section is to determine how accurately the electric field below the base of the ionosphere can be determined based on charge moment measurements in which the discharge dimensions are not known. The charge moment will be kept fixed while the discharge dimensions are varied to see what effect this has on the electric field at high altitude.

For a given charge moment, Figure 2.8 shows that a more horizontally extensive flash will be less effective at initiating conventional breakdown. However, if the horizontal dimensions are sufficiently small (R_d < 20 km), the decrease in electric field relative to the point charge approximation will be relatively minor (< 10%). In Chapter 3, it is shown that sprite-producing discharges may often meet this criterion.

Three different disk altitudes, Z_d, which roughly correspond to the range of physically possible values are plotted in Figure 2.8. The 5 km altitude is close to that of the positive charge layer at or near the 0^∘C isotherm, typically between 4−5 km altitude, within an MCS stratiform region [Marshall and Rust, 1993]. An altitude of 10 km is plotted since it has been used in the sprite-producing discharges modeled by Pasko et al. [1997b] and also represents a possible height of positive charge in a thunderstorm anvil [Marshall et al., 1989]. An altitude of 15 km would correspond to the upper part of a thunderstorm turret and is plotted merely for the purpose of comparison.

Figure 2.8: The variation of the electric field at Z = 78 km is shown as a function of disk radius, R_d, for a given charge moment, Q_dZ_d. The maximum electric field, E_{max}, corresponds to an extreme (and improbable) case of a point charge (R_d =0) at Z_d =15 km, the largest physically possible height (near the top of a convective turret). Larger R_d and lower Z_d will produce a smaller electric field (E/E_{max} < 1). However, decreasing Z_d has only a minor effect, especially for realistic Z_d of 5 and 10 km for which the electric field ratio differ by ≲ 3% at each R_d.

For a given charge moment, Figure 2.8 shows that the electric field is only weakly dependent on mean charge altitude for realistic altitudes. The difference between the 5 and 10 km plots is less than 3% for all radii. This demonstrates the usefulness of the charge moment in assessing the likelihood of sprite initiation. One does not need to separate out the charge or height components. This will be fundamentally important for ELF measurements of sprite initiation thresholds (Chapters 4 and 5).

2.5.3 Initiation Threshold vs. Height

The earliest estimate of the charge moment required to reach a critical field, E_k, at high altitudes was made by Wilson [1925]. Wilson estimated that a charge moment of about 2800 C·km would be required to reach E_k at 60 km altitude, and that a moment about 1/10 of this (≃ 280 C·km) would be required to reach E_k at 80 km altitude. However, Wilson’s insightful early model didn’t take a couple of factors into account. He did not incorporate the effect of an ionosphere, which nearly doubles the observed electric field at high altitudes (see Figure 2.7). Wilson also estimated an air density at 60 km which was only 64% of the 1976 U.S. Standard Atmosphere (Section 2.3.1). Fortuitously, the effect of these approximations almost cancels.

A more recent estimate was made by Fernsler and Rowland [1996] which incorporated the effects of a realistic ionosphere height between 80−85 km altitude. They estimated that the sprite initiation threshold would be 300 C·km at 80 km altitude and only 150 C·km at 85 km. They also estimated that a much larger charge moment change of 8000 C·km would be required to produce conventional breakdown at lower altitude during the daytime when the base of the ionosphere is lower (see Section 4.3). These charge moment estimates were based on the 1976 U.S. Standard Atmosphere and an assumption that E_k/N =100 T d.

The charge moment required to reach a breakdown condition of E_k/N = 123 T d (Section 2.2.3) is plotted in Figure 2.9 as a function of altitude. The height of the ionosphere, Z_{ledge}, was set to 81 km (Section 2.4.4). The moments were calculated based on electrostatics. Thus, the reduction in the electric field due to the relaxation time as well as the enhancement due to retardation effects Pasko et al. [1999] are not included.

Since the charge moment threshold depends somewhat on the source charge configuration (Section 2.5.2), the thresholds for different parent discharge geometries are plotted. As was discussed previously, a point charge at 15 km altitude represents an extreme and unlikely example, and is plotted merely as a limiting value.

Figure 2.6 shows that the relaxation time exceeds 1 ms for altitudes at and below 80 km. For a uniformly charged disk of radius R_d = 10 km and height Z_d = 10 km, the charge moment threshold would be ≃ 360 C·km for breakdown at Z = 80 km. If the disk’s radius is increased to R_d = 20 km and the height decreased to Z_d = 5 km, the charge moment threshold criteria rises to ≃ 390 C·km. For breakdown at Z = 78 km, the disk charge moment thresholds would be ≃ 490 C·km and ≃ 530 C·km, respectively. The initiation altitude of sprites will be determined in Chapter 5 and

Figure 2.9: The charge moment threshold for sprite initiation is plotted as a function of altitude between 70 and 81 km for 3 different parent discharge configurations.

will be shown to be similar to the 78 km MSL altitude used here.

Pasko et al. [1997a] showed that discharges with charge moments exceeding the conventional breakdown threshold in a region below the base of the ionosphere would produce diffuse luminosity due to ionization within that region. Observations of these events will be presented in Chapter 5.

2.6 Streamers

2.6.1 Formation

It was shown in Section 2.2.4 that electron avalanches can form when the E/N ratio exceeds the breakdown threshold of air at ≃123 Td. It was also demonstrated that the electrons will collectively drift under the influence of an external electric field and this cloud of electrons will expand (see Figure 2.2.4a) due to diffusion and mutual electrostatic repulsion.

As the electron cloud expands and the number of electrons grows, the electric field produced by the electrons and positive ions will increasingly weaken the total electric field in the region between the electron and positive ion charge centers. In contrast, the electric field both ahead of the electron charge center and behind the positive ion charge center will be enhanced.

Figure 2.1 shows that the ionization and attachment frequencies (ν_i and ν_a) are strongly dependent on the E/N ratio. Thus, the alteration of the electric field by space charge in the electron avalanche can lead to a substantial alteration of the ionization rate, reducing the ionization rate in the region between the electron and positive ion charge centers and enhancing it ahead and behind of the respective charge centers. The enhanced ionization regions can develop and intensify into space charge waves which propagate in opposite directions away from the avalanche and have opposite polarities [Loeb and Meek, 1940; Dhali and Williams, 1985]. These space charge waves are commonly referred to as “streamers”.

There is a minimum radius of the avalanche region which is required for the streamer transition, as was shown by Pasko et al. [1998a] and Raizer et al. [1998]. At 80 km altitude, the minimum radius is approximately 60 m [Raizer et al., 1998].

2.6.2 Propagation

The streamer which develops from the positive ion region has a net positive charge in its tip and is referred to as a positive streamer. A schematic illustration of a positive streamer is shown in Figure 2.10. Multiple electron avalanches are produced by free electrons in the high electric field region ahead of the streamer tip. The avalanches fill in the positive tip, but also leave behind positive ions. These positive ions become the new streamer tip and the avalanche process can continue.

The avalanche process and resulting streamer motion will be continuous provided there are a sufficient number of free electrons ahead of the streamer tip and a sufficiently large external electric field. At tropospheric altitudes, the free electrons are generated by photoionization. At the altitudes of sprites within the mesosphere, enough free electrons may already be present for stable streamer propagation [Raizer et al., 1998].

The minimum electric field, E_+, required for positive streamer propagation in air at standard temperature and pressure (STP) has been measured to be between 400 and 440 kV/m [Loeb and Meek, 1940; Phelps, 1974; Allen and Ghaffar, 1995],

Figure 2.10: Schematic diagram of a positive streamer. A net concentration of positive ions in the streamer tip creates a strong electric field which produces electron avalanches. As the electron avalanches propagate into the net positive charge region, they leave behind positive ions which become the new streamer tip, advancing the streamer forward. Adapted from Bazelyan and Raizer [1997] Figure 3.1.

corresponding to an E_+/N of 15–16 Td. This is ∼8 times less than the breakdown threshold, E_k/N, of ≃123 Td (see Section 2.2.3).

Measurements of positive streamer propagation by Griffiths and Phelps [1976] show that E_+/N is not a constant, but actually diminishes with decreasing air density. Their measurements indicate that E_+/N decreases from ≃15 Td at 1000 mb (≃0 km MSL) to ≃9 Td at 300 mb (≃11 km MSL) and a constant temperature of 25^∘C. Raizer et al. [1998] noted that at higher altitudes and lower atmospheric densities, the attachment of electrons to oxygen loses importance due to the lower collision frequencies and the E_+/N value should approach that for molecular nitrogen (6 Td), a non-electronegative (non-electron-attaching) gas. They calculated that for a charge moment change of 350 C·km, a positive streamer would propagate from an altitude of 80 km MSL down to 48 km MSL, where it would terminate. Triangulated measurements of sprites show that they often extend down to 50 km or lower [Sentman et al., 1995] while the charge moment changes of sprite-producing discharges have been measured to be ≳300 C·km [Cummer and Stanley, 1999; Huang et al., 1999]. A charge moment analysis of several sprite-producing discharges is presented in Section 5.3.

Raizer et al. [1998] calculated that the velocity of the downward positive streamer propagation would maximize at ≃1.2×10^7 m/s about 4 ms after it was initiated at an altitude of 80 km under the influence of a 350 C·km charge moment change. Actual measurements of maximum average positive streamer velocities in sprites will be presented in Chapter 5 and compared with theoretical predictions.

A schematic diagram of a negative streamer will differ from that of the positive streamer in that the tip of negative streamer will be negatively charged and the electron avalanches will point outward from the tip. As was discussed by Pasko et al. [2000], the minimum electric field, E_−, for negative streamer propagation is two to three times higher than for positive streamers and thus −CG sprites will tend to be less vertically extensive than +CG sprites.

Chapter 3

Close Sprite-producing Discharges

3.1 Introduction

In this chapter, the spatial and temporal development of several sprite-producing discharges will be analyzed as well as that of a non-sprite-producing discharge. All of the analyzed events were associated with a relatively small (∼50 by ∼100 km) mesoscale convective system (MCS) at less than 100 km distance over central Florida on June 22nd, 1997. The Kennedy Space Center Lightning Detection and Ranging system recorded the spatial development of the flashes. Electric field measurements associated with the New Mexico Tech Interferometer recorded the static electric field change as a function of time for the discharges. This, combined with range information, was used to estimate cloud-to-ground charge moment changes. Light-intensified video was obtained of the sprites and was used to estimate the positions of the sprites relative to the parent discharge. All of these results will be presented and interpreted in this chapter.

3.2 Instrumentation

The instruments which were commonly used to acquire data on or pertaining to sprites in this dissertation are described in Appendix A. However, much of the data presented in this chapter was acquired by instruments which were either not used elsewhere in this study (e.g. LDAR) or were operated in a different mode than elsewhere (e.g. NMT interferometer). These instruments and their operation will be briefly discussed below.

3.2. INSTRUMENTATION 33

3.2.1 KSC LDAR

The Lightning Detection and Ranging (LDAR) system was developed at the Kennedy Space Center (KSC) in order to provide real time lightning safety information [Maier et al., 1995a]. The LDAR is able to accurately locate lightning radiation sources in 3 spatial dimensions and time by measuring the arrival time of impulsive VHF events at seven stations.

The operating frequency of the LDAR is centered at 66 MHz with a 3 dB bandwidth of 6 MHz. The 66 MHz VHF signal at each station is logarithmically detected and transmitted to the central site via video microwave links. Each of the analog signals is sampled at the central site with a 100 MHz rate and with 8-bit resolution. The time and amplitude of the peak signal within an 81.96 μs window is determined for each channel every 100 μs. This data is output to a data computation system which determines 3D source locations for those points which are observed at the proper retardation times by at least 4 stations.

The stations are positioned such that they are approximately evenly-spaced from each other on the periphery of a circle ≃ 10 km in radius, with one station at the center (see Figures 3.1-3.2). The median location error within the LDAR network is only ≃ 50 m [Maier et al., 1995a]. Outside the network, the 3D location errors are due primarily to radial errors which increase with range at a rate faster than the linearly increasing transverse errors due to a fixed bearing error of ≃ 0.5^∘.

The individual flashes analyzed in this dissertation were reported by LDAR to be between 40-130 km range from the LDAR central station. The median radial error at 40 km was directly measured by Maier et al. [1995a] to be ≃ 1 km for regular VHF pulses emitted from an aircraft which was equipped with a differential GPS navigational system. Assuming an approximate r^2 dependency of radial errors on range [Boccippio et al., 1999], the median radial error at 130 km range would be ≃ 10 km.

The detection efficiency of the LDAR instrument decreasees with increasing source range. Climatologically-averaged areal source density declines exponentially with ground range at an e-folding length of 39-50 km [Boccippio et al., 1999]. Thus, the detection efficiency at 40-130 km range would be a factor of ∼3-30 less than within the LDAR network.

One effect of the rapid drop in detection efficiency is that sources which are closer than their calculated range will be overrepresented relative to sources which are further away, resulting in a net outward bias in radial locations. This will also result in an upward bias in heights. Climatologically-averaged source density plots of LDAR heights with respect to range indicate that heights are “pushed up” at increasing range with an approximate r^2 dependency, though this effect is somewhat minor with only a ≃1 km increase in height at 100 km range [Boccippio et al., 1999]. Since most of the data points analyzed will be within 100 km range, the systematic increase in height will not be particularly important.

3.2.2 NMT Interferometer

The New Mexico Tech (NMT) interferometer maps lightning at 274 MHz (VHF) in 2 dimensions (azimuth and elevation) with high time resolution (∼2 μs). The interferometer is able to map lightning by obtaining phase data from multiple pairs of antennas along orthogonal baselines [Hayenga and Warwick, 1981; Richard and Auffray, 1985; Rhodes et al., 1994]. Prior to 1995, the interferometer antennas were confined to a horizontal plane and this limited the interferometer’s ability to resolve flash structure beyond ∼20 km range [Shao, 1994]. In 1995, a vertical baseline was added to the interferometer which extended the interferometer’s useful range to beyond 50 km. However, the vertical baseline’s systematic errors have not yet been adequately determined and this limits its effectiveness in this study, particularly since the sprite-producing flashes were centered at or beyond 80 km range.

In addition to the phase data, log-RF and electric field data are sampled by the interferometer’s data acquisition system (see Appendix A.2). Like the interferometer phase data, the log-RF is centered at 274 MHz with a 3 dB bandwidth of 6 MHz. The log-RF was sampled with 8-bit resolution.

The electric field data were acquired from a slow antenna (SA). Additional electric field data were sampled in the form of “fast antenna” (FA) data, which are amplified and high-pass-filtered SA data. Both the SA and FA were sampled at 12-bit resolution. The SA electric field data will be used in Section 3.5 to estimate the charge moment at various times after a return stroke for both sprite-producing and non-sprite-producing discharges.

The interferometer data acquisition system acquires data at a 500 kHz rate and can be armed in either an RF-threshold mode or in a FA-trigger mode. In the RF-threshold mode, a 100 μs data block of phase, log-RF, and FA data is acquired whenever a log-RF sample exceeds a user-specified threshold within a data block. The slow antenna data is sampled continuously at 5 kHz in this mode. In the FA-trigger mode, a user-specified FA threshold is used to trigger the system. A user-specifed pre-

3.3. OBSERVATIONS 35

and post-trigger length of phase, log-RF, and FA data is stored around the trigger. The SA data is also sampled and stored for the same time interval, albeit with a 10 kHz sample rate.

3.3 Observations

On June 22nd, 1997, the NMT interferometer was armed in an RF-threshold mode at 00:30 UT in support of a high-elevation (77^∘) Optical Transient Detector (OTD) overpass at 00:35 UT. The system continued to acquire RF-thresholded data after the overpass until about 01:48 UT, when the system was transitioned to a FA-threshold mode. The FA-threshold mode was activated at 01:50:20 UT and was not deactivated until an hour later at 02:50:25 UT, when the system was transitioned to a sfericrecording mode.

Video recording from a Xybion low light level camera began at 01:12:30 UT, a half hour before the first sprite was observed. Video was recorded continuously until 03:49 UT, which was more than an hour after the last sprite event had been observed. The Xybion camera was equipped with the widest angle lens available, a 12.5 mm lens, in order to cover the large angular region of sky above the close storm system. The field of view of the 12.5 mm lens was determined by a stellar fit (see Appendix B.3.1) to be 55.7^∘×45.6^∘. The camera was pitched up to an elevation angle of ≃ 43^∘ above the horizon, which was high enough that sprites would appear near the center of the video image while the bright and potentially image-saturating “close” discharges would be below the field of view. In spite of this precaution, some of the discharges were still saturating the camera due to scattered light reflecting into the lens from the lens rim. To eliminate this scattered light, black electrical tape was placed on the lens rim at about 01:26 UT.

3.4 Storm development history

Figures 3.1-3.2 show the formation, maturation, and dissipation of a mesoscale convective system (MCS) over a time span of 4 hours between 23 UT on June 21, and 3 UT on June 22, 1997 (7-11 pm Eastern Daylight Time on June 21). The data points are 3D lightning VHF source locations determined by LDAR. These points are rainbow-colored with respect to time such that blue corresponds to VHF sources near the beginning, yellow is near the middle, and red is near the end of each 20 minute time interval. The △ and + symbols correspond to –CG and +CG stroke locations, respectively, as determined by the National Lightning Detection Network (NLDN) [Cummins et al., 1998].

In Figure 3.1a, a couple of isolated thunderstorms produced lightning throughout the 20 minute time interval. Towards the end of the time interval, a couple of new storms each produced their first intracloud discharge, as denoted by the clusters of red data points between and to the south of the active storms. Note the significant radial errors manifested by the spreading of the points along a radial line to the LDAR stations (□ symbols).

In Figure 3.1b, additional storm cells became electrified and these storms began to organize into a line. In the next time interval, the cell on the northern edge became inactive while the CG flash rate from the other cells intensified. In Figure 3.1d, new electrically active cells were evident on the southern edge. The MCS flash rate appeared to have reached a maximum between 00-01:00 UT (Figure 3.1d-f).

In Figure 3.2a, some discharges began to propagate into the region “behind” the northern half of the convective line. The horizontal discharges became more extensive with time, as evident in panel b). This pattern of increasing horizontal discharge dimensions was always readily evident 20 minutes or more prior to sprites, and turned out to be a good diagnostic for predicting where sprites might appear. In contrast, the CG strike locations indicated by NLDN did not provide any predictive lead time as to when and where sprites might occur. However, it should be noted that increasing horizontal discharge extent was not always followed by sprites, particularly if the discharges were somewhat 1-dimensional with a limited total area.

A large number of NLDN-indicated +CGs were associated with the active cell on the southern end of the storm line in Figures 3.2a-b. Almost all of these “+CGs” had NLDN signal strengths below 100 LLP units (< 18.5 kA peak current). An earlier unpublished study (by the author) of weak “+CG” sferic records indicated that such events were probably ICs, though this has not yet been quantified. A few NLDNindicated +CGs were evident in the region of horizontally extensive discharges. All of these “+CGs” were also weak at under 150 LLP strength and may also have been ICs. The northermost “+CG” is known to be a false detection which followed less than 0.2 ms after a real –CG from the northernmost active convective cell.

Sprites were initiated by many of the +CGs associated with horizontally extensive discharges in Figure 3.2c. The sprite events were coincident on video with the +CGs at 01:42:57.172, 01:47:52.711, 01:51:02.762, and 01:55:47.956 UT. These sprite events

3.4. STORM DEVELOPMENT HISTORY 37

Figure 3.1: The formation of a mesoscale convective system (MCS) is shown in 20 minute intervals between 23 UT and 1 UT on June 21st and June 22nd, 1997. The Lightning Detection and Ranging (LDAR) data points are rainbow-colored from blue to red with respect to elapsed time within each interval. –CG stroke (△) and +CG stroke (+) locations were obtained from the National Lightning Detection Network (NLDN). The observation site (*) corresponds to x = 0, y = 0. The LDAR station locations (□) are also shown.

Figure 3.2: A continuation of Figure 3.1 for 1-3 UT on June 22nd, 1997. The MCS continued its southward advancement as new storm cells formed on the southern flank while older cells decayed on the northern flank. Sprites were associated with some of the +CGs produced by horizontally extensive discharges in panels c-e.

and their parent discharges are examined in detail later in this chapter. Additional sprite events occurred at 02:09:16.9, 02:09:17.1, and 02:27:21.3 UT in Figures 3.2d-e. Unfortunately, the interferometer system failed to trigger for these events.

The storm system continued to advance southward as new cells formed at the southern edge. However, it is clear that the convective line lost its cohesion in Figure 3.2. The storm complex eventually subsided within a few hours and no sprites were observed after the 02:27 UT event.

3.5 Charge Moment Analysis

The charge moment is defined in this study to be the product of the charge magnitude and its average height above ground. It was shown in Chapter 2 that the charge moment magnitude is the fundamentally important parameter in conventional breakdown models of sprite initiation. The quantity being measured is the moment due to the removal of charge to ground by a CG discharge. This corresponds to a “charge moment change”. Since the electric field produced by intracloud charge transfers will decrease with range at a rate greater than cloud-to-ground transfers (r^{−4} versus r^{−3}, respectively), the electric field below the base of the ionosphere will primarily be produced by the charge moment change of the CG, provided also that the interstroke interval is much longer than the local relaxation time.

The average charge moment of –CG strokes has been known for nearly a century. Wilson [1925] stated that the mean charge moment of lightning discharges was 50 C·km. Pierce [1955] measured the charge moment change of –CG strokes to be typically about 30 C·km while Brook et al. [1962] measured an average charge moment change of about 22 C·km per stroke with an average charge transfer of about 2.6 C. Krehbiel et al. [1979] measured –CG stroke charge transfers between 1 C (or less) and 20 C in four multi-stroke flashes in New Mexico. They found that the negative charge was removed from altitudes of 4.5–6 km above the ground, which was at 1.8 km MSL. The charge moment changes for the strokes was between <5 C·km and ≃120 C·km. Numerous studies indicate that the negative charge region in storms is centered roughly on the altitude of the −15^∘C isotherm [Krehbiel, 1986], which is at ≃7 km MSL during the midlatitude summer.

Typical +CG parameters were determined more recently. Berger [1972] measured the current at instrumented towers struck by lightning. He found that +CGs sustained high currents for a much longer period of time than their –CG counterparts and that 95% of the +CGs reached a peak current within 200 μs compared to only 18 μs for 95% of the –CGs [Fisher, 1988]. The +CG charge transfers measured by Berger [1972] were as large as 450 C.

Krehbiel [1981] used multiple station electric field measurements at KSC to determine the altitude and quantity of charge removed by three different +CGs. The +CGs were associated with horizontally extensive discharges in the stratiform region of a large storm system. Krehbiel [1981] determined that the +CGs removed about 14–45 C of charge to ground within the initial 3 ms from average altitudes of 6.7–10.8 km MSL (±2 km) and with average currents of 5–18 kA. The +CG charge moment changes were 130–430 C·km within 3 ms after the stroke onsets. These +CG charge moments were much larger than the charge moment changes typically attained by -CGs.

Brook et al. [1982] were able to locate and measure the charge transferred to ground by several +CGs produced by winter storms in Japan. They found +CG charge transfers as large as 300 C in only 4 ms with a correspondingly large charge moment change of ≃900 C·km. Brook et al. [1982] found that all the +CGs analyzed for a couple of storms exceeded 300 C·km in only a few milliseconds, while the +CGs from another couple of storms were 100 C·km or less on the same time scale. More recently, charge moment estimates of +CGs have been obtained by remote ELF measurements [Cummer and Inan, 1997; Bell et al., 1998], which are in general agreement with the above measurements.

The charge moment change will be estimated for all of the +CG waveforms as well as some –CG waveforms which were successfully acquired within the 50 minute time interval between 01:40 UT and 02:30 UT on June 22nd, 1997. This time interval corresponds to the sprite-producing phase of the MCS. An electric field change (ΔE) threshold of ±2 V/m was used as a minimum requirement to minimize errors due to the ±0.3 V/m noise level of digitized slow-antenna data.

A “positive-z” convention will be used for the electric field observations. Thus, a net increase in the negative charge overhead would produce an increase in the electric field. However, the “negative-z” convention will be adopted for the peak-current and charge moment measurements since it is more commonly used in the literature for such measurements. Since a +CG lowers positive charge to ground, the current and charge moment change of a +CG will be indicated as positive.

Table 3.1 shows charge moment (QZ) estimates based on the cumulative quasistatic electric field change at 1 and 4 ms after the onset of the return stroke. These time delays were chosen based on earlier measurements of 1.5 to 4 ms delays to sprite onset [Rairden and Mende, 1995]. The CG was approximated by a dipole in the charge moment calculations. The error introduced by this approximation will be small (< 4%) since the ranges to the charges are much greater than their average heights, which were on the order of 7 km.

The QZ values were calculated based on the range to the NLDN stroke as well as a range to the center of the flash as indicated by LDAR. The effect of ionospheric images as a function of range was also included in the calculations (see Appendix C).

The LDAR-based range was calculated from the average LDAR VHF source location for the time interval extending from 250 ms before the stroke to 10 ms afterwards. The pre-stroke time interval of 250 ms was chosen somewhat arbitrarily, but should give a reasonable approximation to the extent of the removed charge. If a longer time interval corresponding to the flash duration prior to the stroke had been used instead, then older channels which have decayed will unneccessarily bias the range towards the point of origin in a convective cell. If a much shorter time interval was used, then the horizontal development would likely be under-represented.

In order to reject outliers due to mislocation or the rare case of a coincident flash, points were rejected if they were more than three times the average VHF source distance from the calculated average VHF source location. The average VHF source location was then recalculated along with a new average distance, R_d, which corresponds to the approximate “radius” of the discharge. If there were fewer than 4 VHF sources used to calculate the final center location and radius R_d, the results were rejected as being statistically insignificant.

Table 3.1 supports the previous observations that +CGs usually transfer considerably more charge than −CGs on millisecond time scales. The charge moment changes are consistent with previous measurements discussed earlier. The +CG discharges also had a much greater horizontal extent (larger R_d) than the −CG discharges, as was previously observed by Krehbiel [1981]. The larger charge removal of the +CGs relative to −CGs may simply be a result of the larger horizontal extent.

The sprite-producing +CGs, which are denoted by a bold font, produced larger NLDN range-based charge moments than the non-sprite-producing +CGs at 02:15:19.51 UT. It is not known if the 02:15:19.4189 UT +CG produced sprites since the video image was saturated by the +CG. However, no luminous persistence indicative of sprites was seen after saturation (see Section 3.10).

The +CG at 02:15:19.5112 was followed a little over 4 ms later by another +CG

42 CHAPTER 3. CLOSE SPRITE-PRODUCING DISCHARGES

Charge Moment calculations for 1997, June 22, 1:40-2:30 UT Time [UT] LDAR NLDN, t=0 t = 1 ms t = 4 ms

H:MM Seconds Range ∼R_d Range I_{peak} ΔE Q Z [C·km] ΔE Q Z [C·km] [km] [km] [km] [kA] [V/m] LDAR NLDN [V/m] LDAR NLDN 1:42 57.4092 82.9 15.0 71.1 50.2 6.2 265 154 10.0 478 265 1:51 2.7627 86.1 13.4 82.1 61.3 4.3 213 179 7.1 393 325 1:55 47.9570 83.8 11.5 83.1 85.5 6.3 281 272 8.2 408 393 1:56 36.9219 - - 50.4 -46.1 -3.1 - -24 -3.3 - -26 1:58 19.0034 - - 50.5 -51.6 -2.8 - -22 -2.7 - -21 19.0557 - - 50.4 -47.8 -3.2 - -24 -3.1 - -25 19.1108 55.1 3.4 53.1 -13.7 -2.5 -25 -22 -2.2 -23 -20 1:59 38.4795 50.5 1.0 49.5 -37.3 -3.3 -25 -24 -3.3 -26 -25 38.9351 50.4 2.2 49.8 -40.5 -3.5 -27 -26 -3.7 -29 -28 2:00 13.9844 50.0 1.8 49.1 -30.1 -2.5 -19 -18 -2.8 -22 -20 2:03 54.7979 47.4 2.2 45.4 -27.7 -5.0 -32 -27 -5.9 -38 -33 2:04 51.2842 51.4 1.0 47.3 -44.9 -4.0 -33 -25 -4.1 -34 -26 51.6587 - - 47.1 -28.7 -3.9 - -24 -5.7 - -36 51.7808 - - 47.3 -19.0 -3.0 - -19 -3.6 - -23 2:06 21.3560 - - 47.2 -49.6 -5.2 - -33 -5.8 - -37 21.4175 49.9 1.3 48.6 -17.4 -4.1 -31 -29 -4.7 -36 -33 2:07 20.8521 49.0 0.9 47.5 -35.3 -3.4 -24 -22 -3.9 -28 -26 20.8853 48.9 0.8 48.0 -20.5 -2.3 -16 -15 -2.1 -15 -14 20.9297 48.9 0.8 47.2 -38.9 -3.9 -27 -24 -3.6 -26 -23 20.9976 48.9 0.8 48.7 -17.3 -2.2 -15 -15 -2.1 -15 -15 21.1348 49.6 1.3 47.8 -24.8 -2.7 -20 -18 -3.4 -25 -22 2:15 19.4189 71.1 9.9 52.4 78.7 15.3 381 136 25.7 683 234 19.5112 71.4 14.6 74.6 29.4 3.7 93 109 7.0 187 222 19.5156 71.4 14.6 75.6 4.9 2.5 63 77 3.2 86 108 2:16 40.9277 - - 55.3 -33.2 -3.1 - -32 -3.5 - -38 2:19 50.7617 - - 57.4 -60.1 -4.4 - -53 -5.1 - -63 50.8408 56.7 2.0 56.6 -20.0 -2.1 -23 -23 -2.5 -29 -29 51.1572 58.8 3.3 56.9 -18.7 -2.1 -27 -25 -3.0 -41 -36 2:22 22.0957 - - 53.2 -98.3 -6.2 - -57 -6.8 - -65 22.1514 59.2 1.0 56.1 -54.1 -3.5 -46 -38 -3.7 -50 -42 22.1904 59.2 1.8 56.1 -27.1 -2.2 -29 -24 -2.8 -38 -31 2:24 15.5098 - - 60.9 -64.6 -4.2 - -62 -4.8 - -72

Table 3.1: The cumulative charge moment change at 1 and 4 ms post return-stroke delays is calculated for a dipole at an LDAR-indicated range as well as the NLDNindicated range. The strokes shown in bold produced sprites.

according to the NLDN. Whether or not this was a real +CG is not clear from the electric-field data (see Figure 3.26). In any case, the video record indicates that no sprites were produced by the +CG(s), in spite of a charge moment change well in excess of that typically observed for −CGs. This suggests based on the LDAR-derived charge moments at t=4 ms in Table 3.1 that the charge moment threshold for sprite initiation is probably between ≃ 200 and ≃ 400 C·km. This estimate is consistent with a previous ELF measurement of at least 250 C·km attained by sprite-producing discharges within the initial 5 ms.

A static field calculation such as in Figure 2.9 indicates that 400 C·km would be sufficient for conventional breakdown at Z ≳ 79 km. The relaxation time (τ_r) should exceed 1 ms just above 80 km altitude and will be several milliseconds at 79 km altitude according to Figure 2.6. Thus, the charge moment measurements here provide some evidence that sprites may develop when a conventional breakdown threshold is reached. A more precise answer to this question requires that the time of sprite onset be measured in relationship to the parent discharge charge moment change. Such observations will be presented in Chapter 5.

3.6 01:42:57 UT Sprite-producer

The first sprite cluster was observed at 01:42:57 UT, about a half-hour after video observations began. The development of the sprite cluster is shown in Figure 3.3. The light integration period for the first image began at 160±4 ms and ended 1000/60 = 16.7 ms later at 177±4 ms after 01:42:57 UT.

A single sprite appeared in the first video field in Figure 3.3, one field before the remaining 3 sprites. The first sprite bloomed in the next field. This indicates that it was still in the process of developing at the end of the first video field. A 50.2 kA +CG had occurred at 171.7 ms and 71.1 km range. From the video frame timing, the sprites visible in the second field developed no sooner than 1 ms after the +CG and no later than 9 ms afterwards. As Table 3.1 shows, the cumulative charge moment change increased significantly from 1 to 4 ms after the return-stroke onset. Unfortunately, there were ±4 ms timing errors due to the image saturation by the LED which made it difficult to pinpoint the time of an LED transition (see Appendix B.4.2 for an example of how video timing is determined from LED transitions). These timing errors made it impossible to determine a possible sprite initiation threshold with greater accuracy than derived earlier in Section 3.5.

All of the sprites reached maximum brightness in the second video field. The sprites faded into the third video field and continued to fade until they were barely visible in the fifth field. The total optical duration of the sprite event was ∼70 ms.

The 3-dimensional development of the 01:42:57 UT sprite-producing flash relative to NEXRAD radar reflectivity contours is shown in the lower half of Figure 3.3. The NEXRAD radar was based in Melbourne, Florida, to the southeast of the MCS. The displayed elevation scan corresponded to an altitude of ∼5 km on the southeast side of the storm, and increased to ∼8 km on the northwest side. The contours are incremented at 10 dBZ intervals starting at 0 dBZ.

The higher reflectivity regions occurred along a southwest-northeast line on the southern edge of the MCS are the convective cores. The stratiform region trails behind the northern edge of the line while new cells formed on the southern edge, as shown in Figure 3.2. This asymmetric development pattern is identical to that of asymmetric Oklahoma MCSs which are known to be more likely to produce tornadoes and hail than their symmetric counterparts [Houze et al., 1990].

It is known from laboratory experiments that electrical discharge propagation is spatially correlated with the locations of space charge regions [Williams et al., 1985]. Thus, lightning channels mapped by the KSC LDAR should give an indication of charge location.

The flash began in a high reflectivity region of ∼40 dBZ (at ∼5 km altitude) within a convective cell on the eastern edge of the MCS. It then propagated into the lower reflectivity stratiform region. The flash was mostly confined within the ≳20 dBZ reflectivity region, but did not traverse the entire ≳20 dBZ region. The flash development relative to radar reflectivity was very similar to that documented by the KSC LDAR for smaller Florida storms [Maier et al., 1995b; Stanley et al., 1996a].

The temporal and spatial development characteristics of the sprite-producing flash are shown in Figures 3.4 and 3.5. The duration of the flash was about 1.3 s. The electric field was measured at the interferometer site by a slow antenna with a long relaxation time of ∼10 s. The log-RF at 274 MHz is shown in 8-bit digital units in Figure 3.4. The noise level of the log-RF is at ∼10 units. The dropouts in log-RF data are due to the RF-thresholded data acquisition mode which was in effect for this flash.

The initial upward deflection of the electric field was caused by the upward (and possibly towards the observer) transport of negative charge during the initial portion

Figure 3.3: The temporal development at 17 ms intervals of the 01:42:57 UT sprite cluster is shown at top as seen through a wide angle lens. The LDAR data is plotted on top of NEXRAD reflectivity at bottom and is rainbow-colored from blue to red with respect to time. The reflectivity is contoured at 10 dBZ intervals starting with 0 dBZ. Note that the flash is mostly confined within 20+ dBZ reflectivity, but does not traverse the entire 20+ dBZ region.

of the intracloud discharge. This transport of negative charge by negative leaders propagating into the upper positive charge region of the convective cell makes negative charge more “visible” to distant ground observers, thus increasing the vertical electric field at a distance. This initial portion of the flash is designated as interval “t1”.

The subsequent downward deflection of the electric field in interval t2 of Figure 3.4 was due to the transport of negative charge out into the positively charged anvil in a direction away from the slow antenna. The outward motion is clearly evident in Figure 3.5b by the temporal development of inferred negative leaders away from the interferometer and observation site at [x, y]=[0, 0], as indicated by the rainbow-color progression from blue (sooner) to red (later). The flash developed over a ≃40 km distance in the 170 ms interval of t2. This corresponds to an average negative leader velocity of 2.4×10^5 m/s, which is consistent with negative leader velocities in ordinary ICs [Shao and Krehbiel, 1996], spider-lightning discharges, [Mazur et al., 1998], and –CGs [Uman, 1987,pg. 83].

The negative breakdown developed into a region of 20-30 dBZ reflectivity within the stratiform region, as indicated by Figure 3.3. The decrease in altitude of the negative breakdown at the start of interval t2 in Figure 3.4 is in excellent agreement with the decrease in average positive charge altitude from ≃11 km in an MCS convective core to ≃8 km in the stratiform region [MacGorman and Rust, 1998,pg. 267]. A horizontally extensive flash observed by the New Mexico Tech Lightning Mapping Array also developed in a similar fashion within an MCS in Oklahoma [Krehbiel et al., 2000].

A bilevel structure in the IC flash is clearly evident in Figure 3.4 for time intervals t1 and t2. The initial development and bilevel nature are consistent with previous VHF observations of IC flashes with the upper level corresponding to the positive charge region and the lower level to the negative charge region [Shao and Krehbiel, 1996]. The lower level VHF sources may correspond to negative polarity recoil events which delineate the tracks of positive leaders [Mazur and Ruhnke, 1993]. Support for this comes from VHF measurements which have failed to detect positive leaders from close triggered lightning, though negative polarity breakdown events propagating back along the inferred positive leader channel locations are readily detected [Krehbiel et al., 1994; Stanley et al., 1994; Shao et al., 1996].

Figure 3.4: The VHF source height, electric field, and log-RF strength at 274 MHz as a function of time for the 01:42:57 UT sprite-producing discharge. The electric field is divided into time intervals t1-t6 primarily according to the slope of the field change. The sudden upward deflection at the start of interval t4 corresponds to the sprite-producing +CG.

Figure 3.5: The spatial development of the 01:42:57 UT sprite-producing discharge as a function of time. The VHF sources (♦) are rainbow-colored from blue to red according to elapsed time within the respective time interval. VHF sources from previous intervals (·) are purple. The +CG location (+), LDAR-indicated spriteproducing discharge center (*), and sprite locations (x) are shown within time interval t4. The maximum range error estimates for the sprite locations are indicated with lines. Note that many of the sprites appear to lie at the periphery of the parent discharge.

The VHF activity in the lower level of the bilevel IC flash appeared to stop near the beginning of time interval t2. This may indicate that the positive leaders have stopped propagating. However, the relationship of VHF source occurrence to positive leader propagation is poorly understood at the present time. Thus, it is not clear when, or even if, the positive leaders have ceased, though the lack of VHF sources suggests that they have ceased. Figure 3.5c shows that only a single VHF source occurred in the lower level in time interval t3.

The recovery of the electric field in interval t3 is partly due to the “right-turn” and tangential-motion taken by the negative leaders in Figure 3.5c. This recovery is also the strongest evidence that older channel segments became resistive, consistent with the interpretation that the positive leaders had stopped propagating. If the entire channel structure was still conductive, the outward transport of negative charge through the closer channel structure would have continued to decrease the electric field at the observation site.

The horizontal extent of the flash did not grow much beyond interval t3, as an inspection of Figure 3.5d-f shows. This indicates that the negative leaders essentially stopped near the periphery of the 20 dBZ reflectivity region, as was discussed earlier. The sources at the end of the interval t3 occurred on the southern end of the horizontally expansive region near the +CG strike point. The significance of this is not understood.

The +CG occurred at the start of interval t4. There is no clear indication in the LDAR data that the positive leader to ground was detected, particularly since there were no data points below ∼6 km up to the time of the +CG. This is not unexpected, since previous measurements of +CG leaders at VHF by the interferometer show that they radiate only weakly [Mazur et al., 1998].

Initial triangulation studies of sprites indicated that the upper terminal height was 88±5 km [Sentman et al., 1995]. Triangulation of numerous columniform sprites by Wescott et al. [1998] determined that their average upper terminal height was 87 km, but could range from 81-89 km. To determine the locations of these sprites, a terminal height of 87±6 km was used. The camera orientation was determined precisely based on stellar locations (see Appendix B.3.1). Thus, the location errors will primarily be range errors due to ±6 km height errors. Since the elevation angle to the top of the sprites was on the order of 45^∘, the range errors will be approximately the same as the terminal height errors.

The most probable locations of the sprites is shown in Figure 3.5d along with a range error estimate for the locations. Surprisingly, the plan position of two sprites appear to lie at the periphery of the discharge while the northernmost sprite appears to lie just beyond the apparent discharge boundary. The fourth sprite was almost directly over the +CG strike point. The first sprite which appeared in Figure 3.3 was located west of the +CG along the southern edge of the discharge.

Figure 3.6 shows an expanded plot of the electric field and 274 MHz log-RF around the time of the +CG. The LDAR data is not shown since there were too few data points within the time interval. The electric field was obtained by de-drooping the fast antenna data (which has a higher sample rate than the slow antenna) so that the static field change component of the slow antenna was accurately reconstructed for the time intervals around the +CGs shown in this work. The 60 Hz AC and higher harmonics were (incompletely) subtracted from the final waveform.

A sudden increase in the electric field occurred about 200 μs after the return stroke according to Figure 3.6. The electric field increased with a substantial slope and noisy bursts superimposed until about 2 ms after the return stroke. This phase of the discharge was accompanied by strong VHF radiation. After 2 ms, the electric field continued to increase due to a persisting intense continuing current until ∼10 ms after the discharge, when the slope became more gradual. The more gradual slope may correspond to only horizontal movement of charge after the cessation of continuing current or could be due to a significantly weakened continuing current.

The log-RF activity is enhanced throughout the entire interval after the +CG. It is the negative leader activity which supplies the current during the continuing current phase of the discharge, so this is expected.

The LDAR-indicated charge center used in Table 3.1 was near the middle of the sprite cluster and is much closer to the cluster center than to the location of the +CG. The charge moment change based on this charge location was 265 C·km at 1 ms. Figure 3.6 shows that most of this charge moment change occurred within the initial ∼200 μs, thus retardation effects will be important and the electric field will be briefly higher than expected from quasi-electrostatic theory (see Section 2.5.1). However, it is not clear how this could produce the observed pattern of sprite initiation, particularly since the field from a monopole has a weaker radial dependency than a dipole and seemingly would be even less likely to produce high fields near the periphery of the discharge.

Figure 3.6: The 01:42:57 UT sprite-producing +CG electric field waveform as well as the log-RF strength at 274 MHz. An intense current and log-RF phase lasts for almost 2 ms after the return stroke onset, with the most intense current occurring within the initial ∼200 μs. The steady upward slope which is readily evident up to ≃10 ms after the return stroke is probably due to a large continuing current.

Figure 3.5 shows the remaining development of the flash in intervals t5 and t6. The x-z plots indicate that many of the VHF sources were associated with channels which propagated down from ≃8 km altitude to ≃4 km altitude, or to about the height of the 0^∘C isotherm. The lower altitude sources were likely associated with spider-lightning discharges, which can be observed to “crawl” below cloud base or just above cloud-base [Marshall et al., 1989]. Such spider-lightning discharges typically propagate at about 4 km altitude, presumably through a stratified positive charge layer, and are composed of negative leaders [Mazur et al., 1998].

The measurements presented here indicate that the charge removed for this spriteproducing +CG was associated with positive charge higher up in the stratiform region, rather than near the 0^∘C isotherm. The average height of the charge region according to Figure 3.7 was ∼7.5 km MSL. Based on the LDAR range-based charge moments (Table 3.1), the charge transferred to ground would have been 35 C at 1 ms and 64 C at 4 ms after the return stroke. The average current for these intervals would have been 35 kA and 16 kA respectively. Such high average currents are not unusual for +CGs, as indicated by current [Berger, 1972] and multi-station electric field [Krehbiel, 1981; Brook et al., 1982] measurements.

Figure 3.7: The density of VHF sources in 500 m height bins is shown above for the 01:42:57 UT flash. The VHF sources above 10 km altitude were associated with the initial IC development while those below 6 km occurred later in the flash, after the sprites. Factoring in a small systematic error which increases the heights by <1 km (Section 3.2.1), the average charge removal height of the sprite-producing +CG was between 7-8 km altitude.

3.7 01:47:52 UT Sprite-producer

The second sprite event of the June 22nd storm was associated with a 83.7 kA +CG at 01:47:52.7112 UT. The video sequence of the sprite cluster is shown in Figure 3.8. The sprite reached maximum brightness in its first frame and then faded into the next 3 frames until it was at the limit of detectability.

A large number of IC and CG flashes occurred in the intervening time between the first and second sprite-producing flashes. However, none of these flashes developed very far into the stratiform region.

The 01:47:52 UT flash began as an ordinary –CG discharge. A -31.2 kA –CG occurred at 01:47:51.4763 UT, about 0.3 s after the start of the flash, according to Figure 3.9. Only a single data point was located by LDAR in the subsequent 0.3 s, though the interferometer log-RF record indicates that there was activity throughout this interval. Figure 3.10a shows that the VHF sources within interval t1 were relatively localized.

The flash developed horizontally outward into the stratiform region during interval t2 (Figure 3.10b). The lateral extent grew to ∼64 km in ∼1 s during interval t2, corresponding to a progression velocity of 6.4×10^4 m/s. This is somewhat less than typically observed for negative leaders, but is not unrealistically low.

The NLDN indicated that a 9.7 kA +CG occurred at 01:47:52.3209 UT about 5 km west of the earlier –CG. The “weak” current (relative to ordinary +CGs) indicates that this was probably an IC event, as discussed earlier in Section 3.4. Unfortunately, the interferometer buffer filled up due to an excessive number of RF-triggers during the flash. This resulted in the loss of all fast antenna, log-RF, and phase data for the remaining flash activity, starting at ≃0.24 s prior to the weak +CG. The slow antenna data, which is stored in a separate buffer, was also affected by the lock-up and was lost for the entire flash.

Figure 3.8: The video sequence of the 01:47:52 UT sprite cluster. The sprites reached maximum brightness within the first frame. They then faded over the next 3 frames to the limit of detectability. Scattered light from the parent discharge can be seen in the lower portion of the final 5 frames. Note that the first frame was relatively dark, which suggests that there was relatively little breakdown activity in the parent discharge prior to the +CG. The start time of each video field, accurate to ±5 ms, is shown at the bottom of each image.

Figure 3.9: The VHF source height, fast antenna electric field, and log-RF strength at 274 MHz as a function of time for the 01:47:52 UT sprite-producing discharge. The LDAR data is divided into time intervals t1-t4 according to spatial development characteristics as well as the time of the sprite-producing +CG (start of t3). A buffer full condition in the interferometer’s RF-thresholded acquisition program caused the data dropout prior to the sprites.

Figure 3.10: The spatial development of the 01:47:52 UT sprite-producing discharge as a function of time. The flash produced a –CG (△) in the first time interval (t1) and then developed horizontally outward through the anvil in the second (t2). A weak ≃10 kA “+CG” (intracloud?) was indicated by the NLDN in interval t2. The spriteproducing +CG’s location (+), LDAR-indicated sprite-producing discharge center (*), and sprite locations (x) are shown within time interval t3. As before, many of the sprites were near the periphery of the discharge. The NLDN detected a –CG beneath the discharge in the final interval, t4.

A 83.7 kA +CG occurred at the start of interval t3 and was concurrent with the appearance of sprites on video (Figure 3.8). The sprite positions were determined in the same way as before; the maximum sprite altitude was assumed to be 87±6 km. Figure 3.10c indicates that many of the sprites occurred near the periphery of the discharge, as in Figure 3.5d.

However, two of the sprites occurred to the north of the apparent northern periphery of the discharge. The discharge appeared to extend further northward during interval t3 only after the sprites appeared. Figure 3.11 shows that these sprites were tilted somewhat from vertical. The direction of the tilt (away from the center of the overall activity) is qualitatively consistent with what would be expected due to a somewhat nonvertical electric field below the ionosphere at a significant distance from the parent CG charge center. Sprites at significant tilt angles have been observed previously by Winckler et al. [1996].