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 Lightning data were collected at the International Center for Lightning Research and 

Testing at Camp Blanding, Florida from 2009 to 2011.  Data were obtained for 12 natural 

negative cloud-to-ground lightning discharges and 46 rocket-and-wire triggered lightning 

discharges.  The mechanisms and characteristics of upward and downward leader propagation 

and downward leader attachment to ground were examined using data from high-speed framing 

cameras, electric field derivative (dE/dt) sensors, plastic and lanthanum bromide (LaBr3) 

energetic radiation (x-ray) scintillation detectors, channel-base currents, a Lightning Mapping 

Array (LMA), and a C-band dual-polarimetric radar.  The dE/dt and energetic radiation 

measurements form a 10-station time-of-arrival (TOA) network used to determine the locations 

and emission times of sources within about 750 m of ground.  High-speed video images of a 

stepped leader are analyzed to determine characteristics of optical phenomena, such as space 

stems/leaders, associated with the sequence of electrical breakdowns that occur during the 

formation of a leader step.  Observations are compared to those obtained for dart-stepped leader 

steps in triggered lightning.  dE/dt waveforms of "chaotic" dart leaders preceding triggered and 

natural lightning strokes are analyzed using TOA techniques and their characteristics are 
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compared to dart and dart-stepped leader processes.  "Chaotic" dart leaders are found to emit 

copious x-rays in a nearly continuous manner prior to the return stroke.  The initial stage (IS) 

processes of nine triggered lightning discharges are mapped in three-dimensions with the LMA.  

The geometrical and electrical properties of IS branching are determined and compared to 

channel-base currents.  The LMA and radar are used to examine the effects of hydrometeor 

structure on the propagating IS channels.  Vertically-propagating IS channels are observed to 

turn horizontal at 3-6 km altitude, near the 0° C level, often propagating for many kilometers 

along the tops of high-reflectivity rain-shafts.  The propagation characteristics and attachment 

processes of triggered and natural lightning dart-stepped leaders are analyzed.  Properties of the 

dE/dt pulses following the final downward leader step are discussed with respect to the measured 

channel-base current.  Upward leader lengths, speeds, and durations are calculated.  A total of 30 

x-ray sources are TOA-located and compared spatially and temporally to corresponding dE/dt 

source locations.   
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

The experimental data and analyses presented in this dissertation represent the culmination 

of six years of dedicated lightning research by the author.  The general goals of the work are to 

provide advancement in knowledge of two fundamental, yet poorly understood lightning 

processes: 1) the propagation of lightning leaders through both virgin air and pre-conditioned 

channels, and 2) the attachment of lightning leaders to ground or ground-based objects.  The 

mechanisms by which these processes occur are studied by analyzing the sub-microsecond 

electromagnetic emissions of propagating lightning discharges, and when available, correlated 

high-speed video observations of the discharge processes.  Data presented in this dissertation 

primarily encompass two classes of measurements: 1) wideband (DC-30 MHz) electric field 

derivative (dE/dt) and energetic radiation (x-ray) measurements of the emissions from 

negatively-charged, descending lightning leaders, within a 500 m radius of the discharge and 

within about 500 m of the ground, preceding both natural and triggered lightning return strokes, 

and 2) measurements of the narrowband (66-72 MHz) radiation emitted by upward-propagating, 

positively-charged leaders (UPLs) during the initial stage (IS) of rocket-triggered lightning 

discharges, the measurements covering a horizontal area of about 100 km
2
 and extending in 

altitude to about 12 km.  Both classes of measurements incorporate time-of-arrival (TOA) 

techniques to map, in three-dimensions, the spatial locations of the tips of propagating lightning 

leaders.   

Chapter 2 of this dissertation provides a comprehensive description of the experimental 

setup for data collected between 2009-2011 at the International Center for Lightning Research 

and Testing (ICLRT).  Detailed descriptions are provided of the measurement control systems, 

data transmission systems, and digitization systems.  The electric field derivative (dE/dt) and 
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energetic radiation (x-ray) measurements that provide much of the data presented in this 

dissertation are thoroughly described.  The author was personally responsible for designing, 

implementing, and maintaining three separate TOA networks, each containing up to ten 

individual stations with both dE/dt and energetic radiation measurements.  Chapter 2 also 

describes new photographic systems implemented at the ICLRT including high-speed cameras, 

high-definition movie cameras, and an automated network of digital still cameras.  The seven-

station Lightning Mapping Array (LMA) installed at the ICLRT prior to summer 2011 is 

described in detail.  Specific measurement setup and photographic setup parameters are given for 

each year of data collection.   

 In Chapter 3, in-depth discussions are provided of the operation and methodology of the 

TOA networks at the ICLRT.  Discussions include 1) the precise determination of sensor 

locations, 2) the determination of fiber-optic and cabling delays between the sensor output and 

the digital storage oscilloscope (DSO) input, 3) determination of time delays through 

photomultiplier tubes (PMT) mounted to plastic scintillation detectors, 4) correlation of DSO 

times bases, 5) selection of signal arrival times (both for dE/dt and energetic radiation sources), 

6) determination of three-dimensional source locations and emission times using a non-linear 

least squares optimization technique, and 7) spatial location errors of the TOA networks.  

 Chapter 4 discusses standard procedures for cataloguing and documenting collected 

lightning data at the ICLRT.  Lists are provided of recorded lightning events (both natural and 

triggered lightning discharges) from 2009-2011.  Parameters of natural lightning events such as 

the approximate ground strike location, peak current, and multiplicity are given based on records 

obtained from the National Lightning Detection Network (NLDN).  Parameters of triggered 

lightning initial stage currents are given including the cumulative duration of the upward-positive 
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leader (UPL) and initial continuous current (ICC), the charge transfer of the UPL/ICC, and the 

average current amplitude of the UPL/ICC.  The time and characteristics of the current between 

the initiation of the sustained UPL and the explosion of the triggering wire (the initial current 

variation or "ICV") is also given for events where the quantity can be measured.  For each 

triggered flash, the maximum return stroke peak current and the flash multiplicity are given.  

Triggered lightning return stroke peak currents are compared to the preceding leader-type.  

Chapter 4 also provides a statistical analysis of the previously mentioned parameters for 

triggered lightning events between 2009-2011 with data presented in histogram format for each 

individual year of study and for the entire dataset.   

 Chapter 5 discusses high-speed video observations of a natural lightning stepped leader 

recording during summer 2010.  The leader was photographed at a frame rate of 300,000 

frames/s, or an exposure time of 3.33 µs.  This video represents the fastest images recorded of a 

natural lighting discharge to date.  Stepped leader parameters were measured from the video 

including step length, interstep interval, leader speed, and the occurrence of space stems/leaders 

for a total of eight channel branches.  The leader step formation process was analyzed for 82 

individual steps.   

 In Chapter 6, observations are presented for four "chaotic" dart leaders recorded 

preceding triggered lightning return strokes during summer 2010, two of which are analyzed in 

significant detail.  There are no previous reports in the literature of "chaotic" dart leaders 

associated with triggered lightning return strokes.  dE/dt and energetic radiation waveforms are 

characterized and compared to waveforms from more well-documented dart and dart-stepped 

leaders associated with triggered lightning return strokes.  The sub-microsecond features of the 

dE/dt waveforms within 10 µs of the return stroke are analyzed using the TOA technique.  
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Energetic radiation waveforms within 13 µs of the return stroke are analyzed and single-photon 

energies are calculated.  High-speed video images of two triggered lightning "chaotic" dart 

leaders are analyzed and compared to those of dart leaders and dart-stepped leaders preceding 

triggered lightning return strokes.  Similar analyses to those described above are performed for 

two natural "chaotic" dart leaders that preceded the third and fourth strokes of a four-stroke flash 

that occurred during July, 2011.   

Observations of the initial stage processes of nine triggered lightning discharges during 

summer 2011 are analyzed in Chapter 7 using a combination of data from a seven-station 

Lightning Mapping Array (LMA), channel-base currents, and vertical-scan radar images taken 

with the University of Oklahoma C-band dual-polarimeteric SMART radar.  The initial stage 

processes of four triggered flashes are analyzed and discussed in detail and statistics are 

presented for all nine flashes.  The progression of the initial UPL channel and subsequent IS 

branches are fully analyzed including their respective path lengths and propagation speeds.  The 

measured channel-base current is examined at the times of the IS branches.  LMA and radar data 

are examined to determine how the hydrometeor structure at ascending altitudes above the 

triggering site affects the propagation of positively-charged IS channels, and in once case, a 

negative-charged upward leader that initiated a naturally-appearing bi-level intracloud discharge 

during the IS process of a triggered lightning.   

In Chapter 8, the propagation characteristics and attachment processes of seven triggered-

lightning dart-stepped leaders and one natural lightning dart-stepped leader are analyzed.  Five 

events are discussed in detail (four triggered and one natural) using dE/dt and x-ray TOA source 

locations, channel-base currents, and when available, photographic data from high-speed and 

DSLR still cameras.  The analyses primarily focus on the time period within 20 µs of the return 
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stroke, or within about 100 m of the ground.  The dE/dt and channel-base current waveforms are 

time-aligned and compared to determine the physical significance, in regard to the attachment 

process, of TOA-located dE/dt pulses following the final downward dart-stepped leader step.  In 

each case, an upper boundary is imposed on the altitude of the junction height between the 

upward and downward leaders from the timing comparison of the fast-transition peak of the 

measured dE/dt and numerical-derivative of the high-level channel-base current.  X-ray source 

locations are calculated for two triggered-lightning dart-stepped leaders and one natural lightning 

dart-stepped leader.  The spatial and temporal relationships of the x-ray sources and the 

corresponding dE/dt sources are compared.  The successful determination of x-ray source 

locations as a function of source altitude is discussed.   

Chapter 9 contains a summary of all results and the author's recommendations for future 

research. 

The following list of peer-reviewed journal papers have been published as a result of the 

work presented in this dissertation. 

Hill, J. D., M. A. Uman, and D. M. Jordan (2011), High-speed video observations of a lightning 

stepped leader, J. Geophys. Res., 116, D16117, doi:10.1029/2011JD015818. 

 

Hill, J. D., M. A. Uman, D. M. Jordan, J. R. Dwyer, and H. Rassoul (2012), “Chaotic” dart 

leaders in triggered lightning: Electric fields, X-rays, and source locations, J. Geophys. 

Res., 117, D03118, doi:10.1029/2011JD016737. 

 

Hill, J. D., J. Pilkey, M. A. Uman, D. M. Jordan, W. Rison, and P. R. Krehbiel (2012), 

Geometrical and electrical characteristics of the initial stage in Florida triggered lightning, 

Geophys. Res. Lett., 39, L09807, doi:10.1029/2012GL051932. 

 

Several additional journal papers are in draft stage or are planned based on the dissertation 

material.  

The following is a list of significant new experimental systems described in this 

dissertation. 
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 The first 10 station, three-dimensional dE/dt TOA system was constructed that is capable 

of locating wideband sources radiated by lightning leaders with sub-meter accuracy in the 

lateral directions and meter-level accuracy in the vertical direction.  

 

 The first 10 station, three-dimensional energetic radiation TOA system was constructed 

consisting of eight plastic scintillation detectors and two lanthanum bromide (LaBr3) 

scintillation detectors that is capable of locating energetic radiation (x-ray) sources 

associated with propagating lightning leaders.  

 

The following is a list of significant new research contributions described in this 

dissertation. 

 For 46 triggered flashes from 2009-2011, the geometric mean (GM) of the UPL/ICC 

duration was 387 ms, the GM UPL/ICC charge transfer was 50 C, and the GM UPL/ICC 

average current amplitude was 130 A.  The GM UPL/ICC duration was 27-39% larger 

than previously reported statistics, the GM UPL/ICC charge transfer was 64-85% larger 

than previously reported statistics, and the GM UPL/ICC average current amplitude was 

31-35% higher than previously reported statistics.    

 

 The GM triggered lightning return stroke peak current for 120 strokes preceded by dart 

leaders was 9.5 kA, the GM peak current for 18 strokes preceded by dart-stepped leaders 

was 17.5 kA, and the GM peak current for 17 strokes preceded by "chaotic" dart leaders 

was 17.7 kA.  The GM peak currents for triggered lightning return strokes associated 

with dart-stepped and "chaotic" dart leaders were about 84% and 86% higher than those 

associated with dart leaders. 

 

 A high-speed video of a stepped leader preceding a natural first return stroke was 

recorded at 300,000 frames/s (3.33 µs frame integration), the highest time-resolution 

photographs of a stepped leader recorded to date.  Step lengths and interstep intervals for 

82 leader steps were found to be shorter than those reported in the literature and obtained 

with streak-photographic techniques.   

 

 Sixteen instances of the optical phenomena referred to as "space stems" or "space 

leaders" were imaged in the high-speed video of the stepped leader, the first photographs 

of these phenomena associated with natural lightning stepped leaders.  The high-speed 

photographs demonstrate that space stems/leaders play an important role in the leader 

step formation process.  The lengths of the space stems/leaders (average of 3.9 m) and the 

separations of the space/stems leaders from the tip of the previous leader channel 

(average of 2.1 m) were found to be comparable to those measured for dart-stepped 

leader steps in triggered lightning flashes.   

 

 Following the step formation of 28 leader steps in the high-speed video of the stepped 

leader, upward-propagating luminosity waves were photographed in either one, two, or 

three successive 3.33 µs frames with average speed of 7.5 x 10
6
 m/s.  This characteristic 
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had not previously been documented in stepped leader steps, and may have led to 

possible overestimation of step length from prior streak photographic records.   

 

 The first "chaotic" dart leaders associated with triggered lightning return strokes were 

recorded.  dE/dt TOA calculations of the continuous high-frequency pulses recorded 

within 10 µs of the return stroke for two events revealed that successive source locations 

often "bounce" up and down over relative heights of several tens of meters.  The 

calculated velocities between successive source locations often exceed the speed of light, 

indicating the points are likely being radiated nearly simultaneously from multiple points 

close to the propagating leader tip. 

 

 "Chaotic" dart leaders associated with triggered lightning return strokes were found to 

emit copious energetic radiation (x-rays) up to 13 µs prior to the return stroke with some 

single photons having energies in excess of 2 MeV.   

 

 Two natural "chaotic" dart leaders exhibited similar dE/dt characteristics as those 

observed in association with triggered return strokes, but for considerably longer 

durations (up to 100 µs).  Energetic radiation (x-rays) was detected associated with 

natural "chaotic" dart leaders up to 45 µs prior to the return stroke with single-photon 

energies up to about 1.76 MeV.   

 

 The first Lightning Mapping Array (LMA) VHF images of the triggered lightning initial 

stage process in Florida were acquired.  For nine flashes, the IS transitions from vertical 

to horizontal propagation between 3-6 km, near the 0° C level of 4-5 km and several 

kilometers below the likely center of the primary negative cloud charge region.   

 

 The channel-base current is found not to change significantly at the time of upward IS 

branches.  

 

 LMA source locations were obtained for positive-polarity precursor current pulses on the 

ascending triggering wire with amplitudes less than 10 A, in contrast to expectations 

found in the literature. 

 

 It was demonstrated via LMA source locations that classical rocket-and-wire triggered 

lightning can initiate a more-or-less naturally-appearing bi-level intracloud discharge, 

which resulted in a 57 ms duration current polarity reversal measured at the lightning 

channel base.   

 

 The leader burst process following the final downward dart-stepped leader step is found 

to coincide with the initial significant background change in channel-base current, 

suggesting the process is involved with the initial interaction of the streamers zones of the 

downward and upward leaders.  Slow-front pulses are found to coincide with large 

increases in the channel-base current to near the maximum upward leader current. 
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 From timing comparison of the dE/dt and dI/dt fast-transition peaks, it was found that the 

junction point between the downward and upward leaders could occur no more than 8 m 

above the intercepting wire for seven triggered-lightning dart-stepped leaders.   

 

 A total of 30 x-ray source locations were determined for two triggered dart-stepped 

leaders and one natural dart-stepped leader.  X-ray sources were located within 30 m of 

the locations of the associated dE/dt pulse peaks for the triggered events and within 40 m 

of the associated dE/dt pulse peaks for the natural event.  The total separation between 

the x-ray and dE/dt sources was dominated by vertical displacement, with the x-ray 

sources occurring beneath the dE/dt sources in at least 26 of the 30 cases.  X-ray sources 

followed the general path of the leader channel and were distributed randomly in the 

lateral directions about the channel.   

 

 X-ray sources followed the emission time of the dE/dt pulse peaks in all 30 cases by 

averages of 150 ns (GM 85 ns), 290 ns (GM 170 ns), and 280 ns (GM 150 ns) for flashes 

UF 11-32, UF 11-35, and MSE 11-01, respectively. 

 

1.1 Introduction 

 Much of the data presented in this dissertation are associated with triggered lightning.  

Lightning, by its very nature, is a difficult and unpredictable natural phenomena to study.  The 

ability to artificially initiate lightning in a reasonably-controlled method, including controlling 

where the discharge terminates, provides researchers with the ability to study lightning discharge 

processes at very close range (within 500 m) in a highly-repeatable manner, a nearly impossible 

task with natural lightning.  Prior knowledge of the discharge termination point also allows the 

lightning current to be measured at the channel base.  Triggered lightning discharge processes 

are not a direct proxy for similar phenomena associated with natural lightning, but the processes 

are sufficient similar (particular when comparing triggered lightning leader/return stroke 

sequences to subsequent leader/return stroke sequences in natural lightning) that the knowledge 

obtained of leader propagation mechanisms and attachment processes for triggered lightning can 

be extended to natural lightning with some degree of confidence.   

 Lightning-related experiments were conducted at the International Center for Lightning 

Research and Testing (ICLRT), a facility jointly operated by the University of Florida and the 
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Florida Institute of Technology.  The ICLRT occupies a land area of about 1 km
2
 on the Camp 

Blanding Army National Guard base east of Starke, FL.  Since 1993, experiments have been 

performed at the ICLRT related to atmospheric electricity, lightning physics, and lightning 

protection.  The majority of the published literature detailing the experimental results at the 

ICLRT over the past 19 years has focused on triggered lightning.  Measurements of the close 

electromagnetic environment (channel-base current, electric and magnetic fields and their time-

derivatives) in triggered lightning at the ICLRT have been described by Rubinstein et al. [1995], 

Lalande et al. [1998], Uman et al. [2000, 2002], Crawford et al. [2001], Kodali et al. [2005], 

Rakov et al. [2005], Jerauld [2004, 2007],  and Schoene et al. [2003a, 2009], among others.  

Optical properties of dart and dart-stepped leaders preceding triggered lightning return strokes 

are reported by Wang et al. [1999a, 1999b] and Biagi et al. [2009, 2010], and optical properties 

of triggered lightning return strokes are given by Olsen et al. [2004] and Wang et al. [2005].  

Parameters of the IS process in triggered lightning are reported by Wang et al. [1999c], Rakov et 

al. [2003], Miki et al. [2005], Olsen et al. [2006], Yoshida et al. [2010, 2012], Biagi et al. [2012], 

and Hill et al. [2012].  TOA measurements of dart-stepped and "chaotic" dart leaders preceding 

triggered lightning return strokes and their subsequent attachment processes to ground are given 

in Howard et al. [2010] and Hill et al. [2012].   

The close electromagnetic environment due to natural lightning discharges terminating 

within or very near the ICLRT network of sensors has also been studied, though not to the extent 

of the triggered lightning work described above.  Optical and TOA measurements of stepped-

leader stepping processes are given in Wang et al. [2000], Howard et al. [2008, 2010], and Hill 

et al. [2011].  An analysis of close (< 1 km) electric and magnetic fields and their time-

derivatives for stepped leaders preceding natural first strokes is given by Jerauld et al. [2008]. 
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In 2001, Moore et al. [2001] observed bursts of energetic radiation in the 1-2 ms prior to 

the return stroke in three natural negative cloud-to-ground flashes that terminated near South 

Baldy Peak at Langmuir Lab in New Mexico.  The photons, some with energies in excess of 1 

MeV, were detected using sodium-iodide (NaI) scintillation detectors.  This work prompted the 

installation of similar energetic radiation detectors in 2002 at the ICLRT to study the energetic 

radiation emission of both triggered and natural lightning discharges.  Dwyer et al. [2003] was 

the first to show that negative dart and dart-stepped leaders preceding triggered lightning return 

strokes produce large bursts of energetic radiation (x-rays).  Dwyer et al. [2004] showed that the 

x-rays emitted by leaders associated with triggered lightning return strokes had typical energies 

of about 250 keV and that the x-rays were emitted in short bursts with typical durations less than 

1 µs.  Later, Dwyer et al. [2005] reported similar observations of energetic radiation emitted by 

natural stepped leaders as those initially reported by Moore et al. [2001], but also showed that 

the x-rays were specifically related temporally to the formation of discrete stepped leader steps.  

The x-ray bursts associated with stepped leader steps shared similar characteristics with those 

recorded is association with dart and dart-stepped leaders preceding triggered lightning return 

strokes.  Since 2005, further studies of the x-ray emission from negative lightning leaders 

associated with both natural and triggered lightning return strokes have been conducted by 

Howard et al. [2008, 2010], Saleh et al. [2009], Dwyer et al. [2011], and Hill et al. [2012].   

1.2 The Global Electric Circuit and Thundercloud Electrical Structure 

Before describing the processes that occur during natural and triggered lightning 

discharges, it is useful to provide a brief overview of the so-called "global electric circuit" and to 

discuss the more macro-scale effects of lightning.  Uman [1974] modeled the Earth-atmosphere 

system as a lossy spherical capacitor with the boundaries consisting of the Earth's surface and the 

electrosphere.  The electrosphere is defined as the region of the atmosphere just above 60 km 
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where the free electrons are the major contributor to the conductivity [e.g., Roble and Tzur, 

1986; Reid, 1986].  In fair weather conditions, the electric field near the surface of the Earth is 

about +100 V/m (downward-pointed electric field vector according to the atmospheric electricity 

sign convention), and decreases with increasing altitude [e.g., Gringel et al., 1986; Reid, 1986].  

If one evaluates the line integral of the electric field between the Earth's surface and the 

electrosphere (at 60 km), the potential difference between the electrosphere and the Earth is 

about 300 kV.  Considering the electric field is highest at low altitude, most of the potential drop 

occurs within 20 km of the Earth's surface.  According to the model proposed by Uman [1974], 

the Earth's surface is negatively charged with a total charge magnitude of about 5 x 10
5 

C.  An 

equal positive charge is distributed throughout the atmosphere, though more than 90% of the 

positive charge is thought to be found within 5 km of the Earth's surface [e.g., MacGorman and 

Rust, 1998].  Since the atmospheric medium between the two lossy capacitor boundaries is 

somewhat conductive, there exists a continuous leakage current of the order of 1 kA (a current 

density of 2 pA/m
2
).  This current, were there no charging mechanism to replenish the 

neutralized charge, would fully neutralize the charge on the Earth and in the atmosphere in a 

time of about 10 minutes.  Considering the Earth/electrosphere capacitor is observed to remain 

charged, there is, by necessity, a mechanism that replenishes the neutralized charge.  Wilson 

[1920] suggested that thunderstorms (and hence, lightning processes) serve to regulate the 

negative charge on the Earth's surface.  According to Rakov and Uman [2003], there are about 

2000 thunderstorms occurring at any one time on Earth, covering about 10% of the Earth's total 

surface area.  These thunderstorms balance the fair weather leakage current via the transportation 

of negative charge to ground by cloud-to-ground lightning and corona current, and positive 
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charge to ground via precipitation.  This view of charge regulation on the Earth's surface is the 

so-called "classical" view of atmospheric electricity.   

The primary lightning-producing clouds are of the cumulonimbus type, commonly referred 

to as "thunderclouds".  The thundercloud electrification process is outside the scope of this 

dissertation, but, in general, electrification occurs in the temperature range between 0° C and       

-40° C where liquid water and ice particles coexist, forming a mixed-phase region.  Individual 

hydrometeors become charged and subsequently become separated from hydrometeors with 

opposite charge by gravity, eventually leading to large-volume regions of separated, but equal-

polarity charges.  Remote measurements of the cloud charge structure of cumulonimbus clouds 

[e.g., Krehbiel, 1986] and in situ (inside the cloud) measurements [e.g., Byrne et al., 1983; 

Marshall et al., 1989] have shown that the basic charge-structure of typical cumulonimbus 

clouds can be approximated as a vertical tripole structure.  In Florida thunderclouds, the tripole is 

composed of a net positive charge region centered at about 12 km altitude, a net negative charge 

region centered at about 7 km altitude, and a smaller, net positive charge region at about 2 km 

altitude.  The charge magnitudes of the upper-positive and negative charge regions are typically 

about 40 C.  The lower positive charge region (which may not be present at all in some 

thunderclouds) has an order of magnitude less charge than the upper-positive charge region.  

More recent in situ measurements of thundercloud charge structure [e.g., Marshall and Rust, 

1991; Stolzenburg et al., 1998b] suggest that the tripole model may be a gross simplification, and 

that as many as 10 separate charge layers may exist in a given thundercloud.   

1.3 The Lightning Discharge 

The term "lightning", without further clarification, encompasses a broad spectrum of 

discharge processes.  To the layman, the term "lightning" generally refers to the classical cloud-

to-ground discharge associated with a thundercloud, this type of discharge being the most 
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commonly encountered and viewed from the Earth's surface.  Lightning discharges can occur not 

only associated with thunderclouds, but also in dust storms, volcanic eruptions, and nuclear 

explosions [e.g., Rakov and Uman, 2003].  Lightning discharges associated with thunderclouds 

can be further classified according to their origination and termination points.  About 75% of all 

lightning discharges never come into contact with the Earth's surface.  These events, which are 

collectively referred to as "cloud discharges", can be classified as 1) intracloud discharges 

(lightning occurring within a single thundercloud), 2) intercloud discharges (lightning 

propagating between adjacent or nearby thunderclouds), or 3) air discharges (lightning occurring 

between a thundercloud and clear air).  Cloud discharge processes have traditionally been very 

difficult to study and differentiate from one another via measurements from ground-based 

electric field systems (the waveforms of the three types of cloud discharges are very similar), 

though with the advent of three-dimensional VHF mapping networks, the differences in cloud 

discharge processes are easier to distinguish.  The remaining 25% of lightning discharges fall 

into the cloud-to-ground category.  Cloud-to-ground lightning discharges can also be further 

classified into four groups by the direction of initial leader propagation and the polarity of net 

charge transport to ground.  All four types of discharges effectively transport cloud charge to the 

Earth.  The four types of cloud-to-ground lightning discharges are shown graphically in Figure 1-

1.  The four classifications of cloud-to-ground lightning are 1) downward negative lightning, 2) 

downward positive lightning, 3) upward negative lightning, and 4) upward positive lightning.  

About 90% of all cloud-to-ground lightning discharges are of the downward negative type.  

Downward positive lightning comprises most of the remaining 10% of cloud-to-ground 

discharges.  Upward negative and upward positive lightning discharges occur rarely in 

comparison to downward lightning discharges of either polarity, and typically only initiate from 
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high objects (over 100 m or so) or from more reasonably sized objects located on mountains at 

relatively high altitude [e.g., Rakov and Uman, 2003].  In Figure 1-1, the charge on the 

propagating leader and the charges in the thunderclouds above are shown.  The direction of 

propagation of each leader is shown with a red arrow.  The downward negative cloud-to-ground 

lightning discharge is the most thoroughly studied of the four types of lightning shown in Figure 

1-1.  The discharge process of the negative cloud-to-ground lightning is described in Section 1-4.  

The initial stage of natural upward negative lightning from tall structures is very similar to that of 

the initial stage of triggered lightning discharges.  A complete description of the sequence of 

events that occurs in a triggered lightning discharge is provided in Section 1.5.   

1.4 Downward Negative Cloud-to-Ground Lightning 

In Figure 1-2, the downward negative cloud-to-ground lightning discharge process is 

decomposed into a six-stage sequential process.  The different electrical breakdown components 

of the discharge are color-coded according to the key at the bottom left.  Time progresses from 

left to right.  In the first stage, a negatively charged stepped leader (shown in bright green) 

propagates towards the lower positive charge region at the base of the cloud (assuming the 

tripolar thundercloud charge structure discussed in Section 1-3) and then exits the cloud and 

propagates towards the ground.  The stepped leader travels through virgin air in a discontinuous 

manner, moving forward in a series of discrete "steps".  The stepped leader channel typically 

exhibits extensive branching as it propagates towards the ground (the first stage of Figure 1-2).  

Optical properties of stepped leader stepping have been studied via streak photography by 

Schonland et al. [1935], Schonland [1956], Berger [1967], and Orville and Idone [1982], 

through the use of photodiode photographic systems [e.g., Chen et al., 1999; Krider, 1974; Lu et 

al., 2008], and through electric field measurements [e.g., Kitigawa, 1957; Krider and Radda, 

1975; Krider et al., 1977; Thomson, 1980; Beasley et al., 1982; Cooray and Lundquist, 1985].  A 
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thorough literature review of the properties of stepped leader stepping including step length, 

interstep intervals, and leader propagation speed recorded in prior studies is given in Section 5-1.  

From prior studies, typical values for step length, interstep interval, and stepped leader 

propagation speed are 5-40 m, 5-50 µs, and 2 x 10
5
 m/s, respectively.  The actual leader step 

formation process occurs on a time-scale of about 1 µs and is unresolved in previous studies.  

Knowledge of how negative stepped leader steps may form is garnered from long-laboratory 

spark experiments [e.g., Gorin et al., 1976; Les Renardieres Group, 1978; Ortega et al., 1994; 

Reess et al., 1995; Bazelyan and Raizer, 1998; Gallimberti et al., 2002].  A thorough review of 

the long-spark discharge process is given in Section 5-1.   

 As the stepped leader approaches ground (within several hundred meters) the potential 

difference between the leader tip and ground (which can be some tens of megavolts [e.g., 

Bazelyan et al. 1978]) initiates one or more upward-positively charged leaders (UPLs) from the 

ground or ground-based objects (shown in red in the second stage of Figure 1-2).  The UPLs 

propagate towards the descending stepped leader tip at a speed of the order of 10
5
 m/s with a 

typical current of about 100 A.  The UPLs deposit positive charge along their propagation paths.  

One or more of the UPLs may make contact with the downward-propagating stepped leader.  

UPLs that successfully connect with the stepped leader channel are called "upward-connecting 

leaders".  It is not uncommon for several unconnected UPLs to exist in the presence of a 

descending stepped leader. The connection(s) of the downward negative and upward positive 

leaders are commonly referred to as the attachment process.  After the attachment process 

occurs, an initially bi-directional and then upward moving, positively charged wave is initiated 

that travels towards the cloud at a velocity of the order of 10
8
 m/s [e.g., Schonland et al. 1935; 

Orville and Idone, 1982; Mach and Rust, 1989].  This wave is commonly referred to as the return 
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stroke, and is shown in blue in the third stage of Figure 1-2.  The first return stroke has a typical 

peak current of about 30 kA [e.g., Rakov and Uman, 2003].  The return stroke is the most studied 

lightning process and is also the responsible for the visual and auditory features typically 

associated with lightning.  The deleterious effects of lightning are also typically related to the 

return strokes process and at times, the continuing-current that follows.  The measured 

parameters of natural return stroke current waveforms most often cited in the literature were 

determined by Karl Berger and co-workers in the course of their pioneering lightning research 

efforts [e.g., Rakov and Uman, 2003].  Berger and co-workers measured direct lightning currents 

at the tops of two 70 m telecommunications towers on the summit of Mount San Salvatore in 

Lugano, Switzerland.  The measured current waveform parameters are reported in Berger 

[1955a,b, 1962, 1967a,b, 1972, 1980], Berger and Volgelsanger [1965, 1969], Berger and 

Garbagnati [1984] and Berger et al. [1975].  The return stroke neutralizes most of the negative 

charged deposited along the channel by the downward moving stepped leader, the net effect 

being the lowering of negative charge to ground.  After the return stroke wave has reached the 

cloud, a conditioned channel between the cloud and ground remains as shown in the fourth stage 

of Figure 1-2.  In about 80% of negative cloud-to-ground lightning discharges, after a time 

period of often several tens of milliseconds, a second negatively charged leader follows the path 

of the first leader/return stroke sequence to ground [e.g., Rakov and Uman, 2003].  This process 

is shown in the fifth stage of Figure 1-2 in aqua.  These subsequent leaders are most often dart 

leaders.  As a result of propagation through a pre-conditioned channel, dart leaders usually 

propagate at a speed of the order of 10
7 

m/s, about two orders of magnitude faster than the 

stepped leader preceding the first return stroke [e.g., Orville and Idone, 1982; Jordan et al., 

1992].  At times, leaders preceding subsequent return strokes propagate in a stepped manner 
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similar to stepped leaders preceding first strokes.  These leaders are referred to as dart-stepped 

leaders.  Unlike stepped leaders which propagate through virgin air, dart-stepped leaders do tend 

to follow the general path of the previous leader/return stroke sequence without branching.  

Compared to typical stepped leaders, dart-stepped leaders generally propagate about an order of 

magnitude faster, have shorter step lengths, and have shorter interstep intervals.  Schonland et al. 

[1956], using streak photographic techniques, found that the average speeds of six natural dart-

stepped leaders ranged from 0.5 to 1.7 x 10
6
 m/s with typical step lengths of about 10 m and 

typical interstep intervals of about 10 µs.  Orville and Idone [1982] also used streak 

photographic techniques to record four natural dart-stepped leaders.  They reported average 

overall propagation speeds from 2.1 to 4.6 x 10
6
 m/s, typical step lengths from 10 to 20 m, and 

typical interstep intervals of the order of 4 to 10 µs.  From electric field records, Krider et al. 

[1977] found that dart-stepped leaders have interstep intervals of 6.5 µs and 7.8 µs within 200 µs 

of the return stroke in Florida and Arizona respectively.  Davis [1999] used dE/dt TOA 

measurements to estimate the speeds of seven natural dart-stepped leaders to be 3.5 x 10
6
 m/s 

within 1 km of the ground.  Davis [1999] also reported average dart-stepped leader interstep 

intervals to be 4.1 µs near ground.  In natural lightning, dart-stepped leaders occur prior to the 

second return stroke over five times more frequently than all higher-order strokes combined 

[e.g., Rakov and Uman, 2003]. 

 Subsequent return strokes can also be preceded by "chaotic" dart leaders, which exhibit 

irregular electric field signatures within the several hundred microseconds prior to the return 

stroke that are clearly different from the relatively-smooth signatures radiated by dart leaders.  A 

thorough literature review of  "chaotic" leader processes is given in Section 6-1.  "Chaotic" 

leader processes have been described by Weidman [1982], Bailey et al. [1988], Willett et al. 
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[1990], Rakov and Uman [1990], Davis [1999], Gomes et al. [2004], Makela et al. [2007], Lan et 

al. [2011], and Hill et al. [2012].   

When the subsequent channel reaches the ground, a second upward-moving return stroke 

wave is initiated as shown in the sixth stage of Figure 1-2.  Subsequent return strokes have 

typical peak currents of the order of 10-15 kA [e.g., Rakov and Uman, 2003].  The dart 

leader/return stroke sequence often repeats 2-4 times in a given flash, and can occur more than 

20 times.  The typical duration of the negative cloud-to-ground lightning discharge is several 

hundreds of milliseconds, but can continue for more than a second.   

In Figure 1-3, the stepped leader, upward positive leader, and return stroke processes are 

shown in a series of three high-speed photographs of a natural lightning discharge that 

terminated within the ICLRT measurement network on June 30, 2010 (flash MSE 10-01).  The 

top photograph was taken from the Office Trailer, a distance of about 305 m northwest of the 

ground strike location.  The middle and bottom photographs were taken from the Launch Control 

facility, a distance of about 220 m northeast of the ground strike location.  The top photograph in 

Figure 1-3 shows an extensively branched stepped leader propagating towards the ground.  The 

middle photograph shows a small section of the same descending stepped leader from a nearly 

orthogonal direction.  The middle photograph also shows an upward positive leader with length 

of about 15 m propagating from the ground in response to the stepped leader overhead.  The 

bottom photograph shows the return stroke that resulted from the connection of the negative 

stepped leader and the upward positive connecting leader.  An additional unconnected upward 

positive leader is imaged in the same frame propagating from a telephone pole to the north of the 

strike location.  Several branch components (stepped leader branches re-illuminated by the return 

stroke current wave) are visible in the bottom photograph.   
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Electric field waveforms from a four-stroke natural flash (MSE 11-01 on July 7, 2011) that 

struck ground in the southwest quadrant of the ICLRT are shown in Figure 1-4.  The waveforms 

were recorded by a flat plate electric field sensor located about 350 m from the ground strike 

points.  The first return stroke was preceded by a stepped leader, the second by a dart-stepped 

leader, and the third and fourth by "chaotic" dart leaders.  The full-flash electric field waveform 

(800 ms) is shown at the top in Figure 1-4.  Expanded views of the first three leader/return stroke 

sequences, labeled "A", "B", and "C" in the top plot of Figure 1-4, are shown at the bottom of 

Figure 1-4.  From the plots of Figure 1-4, the different leader durations (and hence, propagation 

speeds) of stepped leaders, dart-stepped leaders, and "chaotic" dart (or dart) leaders are evident.  

The stepped leader preceding the first stroke had duration of about 20.2 ms, the dart-stepped 

leader prior to the second stroke had duration of about 1.25 ms, and the "chaotic" dart leader 

preceding the third stroke had duration of about 215 µs.  Assuming the leaders originated at an 

altitude of 7 km and propagated in a straight line to ground, the average speeds of the three 

leaders would have been about 3.5 x 10
5
 m/s, 5.6 x 10

6
 m/s, and 3.3 x 10

7
 m/s, respectively.  

These calculated leader speeds are likely somewhat underestimated considering the normal 

tortuous nature of negative leader channels propagating between the cloud and ground.   

1.5 Rocket-Triggered Lightning 

 In 1960, it was first shown that lightning could be artificially initiated by launching a 

small rocket trailing a thin grounded wire toward a region of high negative charge concentration 

produced by an overhead or nearby thunderstorm [e.g., Newman, 1965; Newman et al., 1967].  

Rocket-triggered lightning studies have since been conducted abroad in France, Japan, Brazil, 

and China, and in the United States at Langmuir Lab in New Mexico, at Fort McClellan in 

Alabama, and at the Kennedy Space Center and Camp Blanding in Florida.  There are two 

techniques for artificially initiating lightning, 1)  "classical" triggering, and 2) "altitude" 
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triggering.  Only the "classical" triggering technique will be discussed in this dissertation.  In 

Figure 1-5, a six stage sequential illustration of the "classical" triggering process is shown.  The 

different discharge processes are color-coded according to the key at the bottom left and time 

progresses from left to right.  In the first stage of Figure 1-5, a rocket is launched trailing a thin 

grounded wire.  At the ICLRT, rockets are launched when the quasi-static electric field measured 

at ground falls below -5 kV/m, typically during the dissipating stages of convective 

thunderstorms when the natural lightning flash rate is about one flash per minute.  The rocket 

accelerates to a typical peak velocity of about 150 m/s [e.g., Biagi et al., 2011a].  During the 

ascent of the triggering wire, electrical breakdown occurs at the wire tip called precursor pulses 

[e.g., Lalande et al., 1998; Willett et al., 1999; Biagi et al., 2011b, 2012].  The precursors are 

essentially small sparks emanating from the top of the triggering wire that fail to evolve into a 

propagating leader channel.  Precursors exhibit a damped-oscillatory signature in the measured 

channel-base current waveform, with the period of the oscillation lengthening as the wire 

ascends.  Precursor pulses often have current amplitudes from about 10-150 A.  After a typical 

time duration of 1-3 seconds, and at an average altitude between 200-400 m, an upward 

positively-charged leader (UPL) propagates from the ascending triggering wire towards the 

cloud charge overhead.  This process is shown in red in the second stage of Figure 1-5.  The UPL 

propagates upward, often in a stepped manner [e.g., Laroche et al., 1988; Idone, 1992; Biagi et 

al., 2011b].  UPL propagation speeds have been shown to increase with height from as low as 

about 10
4
 m/s within 100 m of ground to 3.3 x 10

6
 m/s at about 1.5 km altitude [e.g., Yoshida et 

al., 2010].  After a normal duration of a 10 ms or so, the UPL current increases sufficiently to 

cause the triggering wire to explode, shown in bright green in the third stage of Figure 1-5.  The 

explosion of the triggering wire often produces a pronounced drop in magnitude in the measured 
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channel-base current called the initial current variation (ICV).  Sometimes, the channel-base 

current drops to a level apparently near zero (within the resolution of the measurement system) 

and remains at that level for a millisecond or more.  When the current fall to zero, there are 

frequently super-imposed return-stroke-like pulses that occur during the zero-current interval.  

These pulses, which were classified by Olsen et al. [2006] as attempted reconnection pulses 

(ARPs), are unsuccessful attempts to reestablish the current flow between the UPL and ground.  

Streak images of ARPs given by Olsen et al. [2006] reveal that a downward leader-like process 

initiates from the top of the triggering wire, and subsequently produces the return-stroke-like 

current signature when it reaches ground.  The ARPs have typical amplitudes of about 100 A and 

rise-times less than 1 µs.  The zero-current interval is interrupted (and current flow is 

reestablished between the UPL and ground) by a successful reconnection pulse (RP) that often 

has amplitude of a 1 kA or more.  Olsen et al. [2006] classified ICVs with pronounced zero-

current intervals as Type I events.  More frequently, the current measured at the triggered 

lightning channel-base does not drop to zero during the ICV (Olsen et al. [2006] classify this 

type of ICV as Type II events), but instead falls to a level of often a few tens of amperes for 

several hundred microseconds.  Often, the end of the ICV period in Type II events is marked by 

a large current pulse with amplitude from several hundred amperes to more than 1 kA.  

Properties of the ICV and subsequent reestablishment of current flow have also been discussed in 

Rakov et al. [2003].   

  The triggered lightning channel is typically straight and vertical below the top of the 

triggering wire and is tortuous above the triggering wire.  Following the explosion of the 

triggering wire, a relatively slowly varying current flows for often several hundreds of 

milliseconds [e.g., Wang et al., 1999; Miki et al., 2005].  This slowly varying current, commonly 
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referred to as the Initial Continuous Current (ICC), usually has average current amplitude of the 

order of 100 A and can contain superimposed current pulses with amplitudes of up to several 

kilo-amperes.  The ICC typically transfers several tens of coulombs of negative charge to ground 

[e.g., Wang et al., 1999; Miki et al., 2005] and can transfer up to several hundred coulombs of 

negative charge to ground [e.g., Hill et al., 2012].  The precursor current pulses, UPL, and ICC 

together comprise the initial stage (IS) of the triggered lightning discharge.  Following the 

cessation of the ICC, the current at the lightning channel base usually decays to a level at or near 

zero for several tens of milliseconds [e.g., Rakov and Uman, 2003].  As shown in the fourth stage 

of Figure 1-5, a conditioned channel remains, similar to that created by a stepped leader and first 

return stroke sequence in negative natural cloud-to-ground lightning.  Oftentimes, a subsequent 

leader will traverse the conditioned path between the cloud and ground created by explosion of 

the triggering wire (shown propagating downward in aqua in stage 5 of Figure 1-5), initiating a 

subsequent return stroke (shown propagating upward in blue in stage 6 of Figure 1-5).  Leaders 

preceding triggered lightning return strokes can be dart leaders, "chaotic" dart leaders, or dart-

stepped leaders.  Dart leaders in triggered lightning are similar to those in natural lightning with 

typical propagation velocities of the order of 10
7 

m/s [e.g., Idone et al., 1984b; Jordan et al., 

1992].  Dart leaders usually exhibit a relatively smooth electric field signature without impulsive 

components indicative of a stepping process.  "Chaotic" dart leaders observed preceding 

triggered lightning return strokes propagate at similar speeds as typical dart leaders, but exhibit 

significant high-frequency, large amplitude variations in the observed electric field signature.  A 

thorough discussion of the "chaotic" dart leader process associated with triggered lightning 

return strokes is given in Chapter 6.   Dart-stepped leaders are also observed preceding triggered 

lightning return strokes, and appear to have similar characteristics as those observed prior to 
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natural lightning strokes.  Wang et al. [1999] used the ALPS photodiode system to measure the 

speed of a dart-stepped leader preceding a triggered lightning return stroke to increase from 2 x 

10
6
 m/s to 8 x 10

6
 m/s as the leader descended from 200 m to 40 m in altitude.  Biagi et al. 

[2010] used high-speed video frames to measure the speed of a dart-stepped leader preceding a 

triggered lightning flash to be between 2.7 x 10
6
 m/s and 3.1 x 10

6
 m/s.  Howard et al. [2010] 

estimated the speed of a dart-stepped leader preceding a triggered lightning return stroke to be 

4.8 x 10
6
 m/s using dE/dt TOA locations.  Finally, Idone and Orville [1984a] used streak 

photographic techniques to estimate the steps lengths and interstep intervals of two dart-stepped 

leaders in triggered lightning discharges to be from 5 to 10 m and 2 to 8 µs respectively.   

Triggered lightning return strokes are similar to natural lightning subsequent strokes, with typical 

propagation velocities of the order of 10
8
 m/s [e.g., Idone et al., 1984b; Willett et al., 1988] and 

average peak currents of 10-15 kA [e.g., Rakov and Uman, 2003].  The leader/return sequence 

shown in the fifth and sixth stages of Figure 1-5 often repeats 2-4 times for triggered lightning 

discharges in Florida, and has been observed to occur over 20 times for triggered lightning 

events in New Mexico [e.g., Idone and Orville, 1984].   

 Still photographs of two triggered lightning discharges at the ICLRT are shown in Figure 

1-6, the first (Figure 1-6A) taken of a five-stroke flash (UF 09-25) on June 29, 2009, and the 

second (Figure 1-6B) of a one-stroke flash (UF 11-24) on August 5, 2011.  The photographs are 

each six second time-exposures.  The image of flash UF 09-25, taken from the Launch Control 

trailer about 50 m from the triggered lightning channel, shows the exploded triggering wire in the 

center of the frame.  The relatively-long continuing current duration of the ICC appears on the 

still photograph as the exploded triggering wire being blown to the left in the frame by the wind. 

The five leader/return strokes sequences occur to the left of the luminosity due to the exploded 
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triggering wire and also progress towards the left side of the frame with increasing time.  The 

fifth return stroke (annotated at far left), which occurred more than 1 s following the first stroke, 

was preceded by a dart-stepped leader and exhibited higher-than-average peak current (32.9 kA).  

The still photograph at right of flash UF 11-24 was taken from a distance of about 450 m from 

the triggered lightning channel.  The exploded triggering wire is clearly evident as the straight 

section of channel (green-colored due to the vaporized copper) that reaches a height of about 180 

m.  Above the top of the triggering wire, the UPL channel, which propagates through virgin air, 

exhibits considerable tortuosity as it travels towards the negative cloud charge overhead.  In 

normal triggered lightning events, subsequent leader/return strokes sequences (one in this case) 

follow the general path of the UPL and the exploded triggering wire below.   

 In Figure 1-7, example waveforms are shown of the IS of flash UF 10-13 on June 21, 

2010.  The plot at the top of Figure 1-7 shows a 950 ms channel-base current waveform that 

includes the final 217 ms of the wire ascent and the full 684 ms duration of the UPL/ICC 

process.  Expanded views are shown in the three plots at the bottom of Figure 1-7 of A) a 

precursor current pulse measured on the ascending triggering wire, B) the beginning of the 

sustained upward positive leader (UPL), and C) the ICV period.  The precursor current pulse 

shown at the bottom left exhibits the damped-oscillatory nature previously described due to the 

current wave bouncing up and down the ascending triggering wire.  The polarity changes for 

subsequent peaks are due to the current reflection coefficient (treating the triggering wire as a 

transmission line) at the top of the wire (approximated as an open circuit) and at the ground 

(approximated as a short circuit).  In this case, the resolved oscillations occur for a time of about 

30 µs.  The beginning of the sustained UPL in the bottom middle plot of Figure 1-7 is 

characterized by a series of bipolar precursor-like pulses (which are the initial UPL steps from 
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the top of the triggering wire) that occur every 30-50 µs.  Over a time span of about 300 µs these 

bipolar pulses transition to unipolar pulses as the UPL ascends farther above the top of the 

triggering wire, an effect likely due to the increased leader-channel resistance as the UPL 

continues to extend upward [e.g., Lalande et al., 1998].  An expansion of the ICV process of 

flash UF 10-13 is shown at bottom left in Figure 1-7.   The ICV occurred about 26 ms following 

the initiation of the sustained UPL.  This flash exhibited a Type I ICV [e.g., Olsen et al., 2006] in 

which the channel-base current magnitude dropped to a level at or near zero.  In this case, the 

zero-current interval had duration of about 784 µs and contained three super-imposed attempted 

reconnection pulses with current amplitudes from 87-92 A.  The current was reestablished 

between the ascending UPL and ground by a reconnection pulse with amplitude of about 246 A.   
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Figure 1-1.  The four classifications of cloud-to-ground lightning.  A) downward negative 

lightning, B) upward negative lightning, C) downward positive lightning, and D) 

upward positive lightning.  The direction of leader propagation is annotated with a red 

arrow in each case.  The discharges are named for the direction of propagation of the 

leader and for the polarity of the net cloud charge transferred to ground.  Adapted 

from Rakov and Uman [2003] and Jerauld [2007]. 

 



 

50 

 
 

Figure 1-2.  Six stage sequential decomposition of the negative cloud-to-ground lightning 

discharge.  The different electrical breakdown stages are color-coded according to the 

key at the bottom left.  Time progresses from left to right.   
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Figure 1-3.  High-speed video frames of a negative stepped leader (A, B), an upward positive 

connecting leader (B), a first return stroke (C), an unconnected upward positive leader 

(C), and several branch components (C).  The flash (MSE 10-01) occurred on June 

30, 2010 and was imaged by high-speed cameras in the Office Trailer and Launch 

Control.  Photos courtesy of the author. 
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Figure 1-4.  A full flash electric field waveform for natural flash MSE 11-01.  The waveform 

was recorded about 350 m from the lightning ground strike point.  Expanded views of 

the first three leader/return stroke sequences are shown at bottom, for A) the stepped 

leader preceding the first stroke, B) the dart-stepped leader preceding the second 

stroke, and C) the "chaotic" dart leader preceding the third stroke.   
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Figure 1-5.  Six stage sequential decomposition of rocket-triggered lightning discharge.  The 

different electrical breakdown stages are color-coded according to the key at the 

bottom left.  Time progresses from left to right.   
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A  B 

 

Figure 1-6.  Triggered lightning still photographs.  A) photograph of flash UF 09-25 triggered on June 29, 2009.  The exploded 

triggering wire and the fifth leader/return stroke sequence are annotated.  B) photograph of flash UF 11-24 on August 5, 

2011.  The exploded triggering wire, the top of the triggering wire (180 m altitude), and the path of the subsequent UPL are 

annotated.  Photos courtesy of the author. 
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Figure 1-7.  At top, a 950 ms waveform of the initial stage (IS) of flash UF 10-13.  Expanded 

views are provided at bottom of A) a precursor current pulse on the ascending 

triggering wire, B) the beginning of the sustained upward-positive leader (UPL), and 

C) the initial current variation (ICV) due to the explosion of the triggering wire with 

three attempted reconnection pulses (ARPs) and the successful reconnection pulse 

(RP).   
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CHAPTER 2 

DESCRIPTION OF EXPERIMENT 

The data presented in this dissertation were collected at the International Center for 

Lightning Research and Testing (ICLRT), primarily during the summers of 2009, 2010, and 

2011.  The ICLRT is located about four miles east of Starke, FL on the southwestern corner of 

the Camp Blanding Army National Guard base and occupies a land area of about 1 km
2
.  The 

typical lightning measurement network at the ICLRT consists of about 80 individual sensors 

located at 25 separate stations for measuring the electric field, magnetic field, optical, and 

energetic radiation emissions of both natural and triggered lightning discharges.  In addition, an 

extensive array of high-speed cameras, high-definition movie cameras, and DSLR still cameras 

are used to image the triggered lightning channel to an altitude of about 450 m and also to 

capture natural lightning occurring anywhere in the immediate vicinity of the ICLRT.  In this 

chapter, the general architecture of the ICLRT lightning measurement network pertaining to the 

control of individual measurements, the transmission and storage of waveform and photographic 

data, the triggering of various data acquisition systems, and the time-stamping of acquired data 

will be described.  The physical construction and technical characteristics of the measurement 

systems specifically relating to the data presented in this work will be discussed in detail.   

The ICLRT measurement network is comprised of two primary subsets of sensors: 1) the 

Multiple-Station Experiment (MSE), and 2) the Thunderstorm Energetic Radiation Array 

(TERA).  The MSE network includes flat-plate electric field and electric field derivative (dE/dt) 

antennas and coaxial-loop magnetic field antennas.  The TERA network includes both lead-

shielded and un-shielded Sodium Iodide (NaI) energetic radiation detectors, plastic energetic 

radiation detectors, and Lanthanum Bromide (LaBr3) energetic radiation detectors.  A subset of 

the MSE and TERA networks is a 10 station time-of-arrival (TOA) network that contains, at 
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present, 10 dE/dt sensors, 8 plastic energetic radiation detectors, 8 NaI energetic radiation 

detectors, and 2 LaBr3 energetic radiation detectors.    

2.1 ICLRT Measurement Network Infrastructure 

A perspective aerial view of the ICLRT taken in January, 2012 is shown in Figure 2-1.  

The primary buildings and the two rocket-launching facilities are labeled.  Each of the 25 ground 

stations is connected to the centrally-located Launch Control facility, a shielded metal trailer, via 

an armored fiber-optic cable containing either 4, 6, or 8 individual 62.5/125 µm (core/cladding) 

multi-mode fibers.  The optical fibers serve as conduits for both measurement control (Section 

2.2) and data transmission (Section 2.3) and are impervious to the lightning electromagnetic 

environment.  Optical fiber runs at the ICLRT range from a few tens of meters to about 800 m in 

length.  All optical fibers are laid in sections of PVC rain gutter (visible in Figure 2-1 as straight 

white lines connecting various points on the site to Launch Control) for additional protection. 

Waveform data transmitted to Launch Control via the multi-mode fiber optic links are converted 

to electrical signals and subsequently digitized and temporarily stored on a network of digital 

storage oscilloscopes (DSOs).  Characteristics of the different DSOs used at the ICLRT are 

described in Section 2.4.  A second, independent digitization system is located in the Office 

Trailer at the far northwest corner of the ICLRT.  Data from a select set of measurements are 

digitized in the field and transmitted over 9/125 µm single-mode fiber-optic links to the Office 

Trailer where the digital signals are recorded to disk.  This system will henceforth be referred to 

as the HBM digitization system and will be described in detail in Section 2.5.   

 High-speed and high-definition video measurements are conducted from the Office 

Trailer, Launch Control, Optical Building, and from the Blast Wall observation station.  Small 

wooden instrumentation stations (labeled IS1-IS4 in Figure 2-1) house DSLR still cameras.  The 
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high-speed cameras, high-definition cameras, and DSLR still cameras used at the ICLRT will be 

discussed in Sections 2.9 and 2.10.    

A typical measurement station (Station 5) is shown in Figure 2-2.  This station contains a 

total of four ICLRT measurements:  1) a flat-plate dE/dt sensor, 2) a flat-plate electric field 

sensor, 3) a NaI energetic radiation detector, and 4) a plastic energetic radiation detector.  The 

flat plate antennas (electric field and dE/dt) appear identical on the surface but their 

accompanying electronics, which are located in a shielded metal box underground, differ.  The 

NaI energetic radiation detector is housed in the large white box and the plastic energetic 

radiation detector is housed in the adjacent flat metal box.  The two LaBr3 energetic radiation 

detectors (not shown in Figure 2-2) are enclosed boxes similar to those housing the NaI energetic 

radiation detectors.  A detailed description of the dE/dt measurements is given in Section 2.13 

and a similar description of all energetic radiation detectors is given in Section 2.14.   

2.2 ICLRT Measurement Control System 

With such a large number of measurements in the field, the ability to monitor and control 

remotely each measurement in real-time becomes very necessary.  Despite the best efforts of 

ICLRT personnel to maintain the measurement network, problems arise in the form of power 

failures, connectivity failures, water intrusion, and animal-related cabling damage.  The 

measurement control system at the ICLRT has continuously evolved over the past 10 years to 

meet the needs of the experiments being conducted.  The backbone of the control system is a 

central control computer (referred to as "HAL").  HAL communicates with a network of micro-

controllers placed at each individual measurement through a custom National Instruments 

Labview virtual instrument.  The microcontrollers at each station (referred to as "PICs") have the 

ability to report such parameters as battery voltage and ambient temperature, generate precision 

calibration signals for calibrating fiber-optic link gain or attenuation, switch power to external 
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electronics, and attenuate incoming signals.  When HAL performs a "check" of each 

measurement by sending a status command to the appropriate PIC, the response from the PIC 

provides the operator with relative assurance that the accompanying measurement is configured 

correctly and is operating suitably to collect high-quality data.  The individual components of the 

measurement control system will be described in detail in the following sections.   

2.2.1 HAL 

The control computer "HAL" runs on the 32-bit Windows XP Professional platform and 

the primary control software is the National Instruments Labview 8.5 software package.  

Labview is a graphical programming language that is ideally suited for instrument control.  The 

software also allows the user to easily create custom "front panels", which are essentially 

Graphical User Interfaces (GUIs), for initiating tasks by simple button clicks and also to display 

charts and graphs of real-time incoming data.  There are two primary Labview control programs 

that run continuously on HAL: 1) Mercury Fields, and 2) Mercury PICs and Scopes.  While the 

programs contain much of the same general architecture, Mercury Fields is used exclusively for 

controlling the network in an automated fashion when lightning data are being collected while 

Mercury PICs and Scopes is used primarily for everyday troubleshooting tasks and for 

monitoring the network status.  These Labview programs were initially written by Rob Olsen III 

and have been significantly modified by the author.   

HAL communicates with the PIC controllers in the field through the use of a simple 

sequence of serial commands.  Every PIC controller has a unique address (or at times multiple 

addresses) that serve as identifiers for communication with HAL.  Prior to the middle of summer 

2006, HAL broadcast its control commands and queries via a 900 MHz RF link.  In 2006, the RF 

control system was replaced with a fiber-optic control system for better reliability.  The 

capabilities of the PIC controllers used at the ICLRT are described in detail in Section 2.2.2.   



 

60 

HAL also has the ability to communicate with all the DSOs at the ICLRT.  Depending on 

the DSO model, the communication is over an internal Ethernet network or GPIB.  The DSOs 

have built-in software to respond to a set of commands and queries that allow their 

configurations to be changed remotely.  The remote control of the ICLRT DSO network is 

described in Section 2.6.   

2.2.2 PICs 

In Figure 2-3, a graphical representation of the serial command and receive byte structure 

is given.  When a user prompts HAL to send a command to a PIC controller in the field, HAL 

generates a 5-byte command (Figure 2-3A).  The first three bytes contain a three letter 

"workgroup".  Prior to 2011, all PIC controllers at the ICLRT were pre-programmed to respond 

only to the "RTL" workgroup.  The purpose of the workgroup is to allow the independent control 

of multiple groups of PIC controllers that perhaps share the same unique PIC address.  Byte 4 in 

the command contains the unique hexadecimal address of the PIC in the field where 

communication is desired.  Finally, byte 5 contains the actual hexadecimal command to be 

executed by the designated PIC controller.  In Figure 2-3B, the bit structure of the command byte 

described above is further annotated.  The most significant bit controls the output power of the 

PIC controller, which may be used to switch 12 V power to fiber-optic transmitters, amplifiers, 

photomultiplier tubes (PMTs), and solar power control switches.  Bits 6-7 control the generation 

of a precision amplitude (either 1 V or 0.1 V peak-to-peak into a 50  load impedance) 100 Hz 

square wave that is used to calibrate the gain or attenuation of the fiber-optic link (deviation from 

the ideal unity gain) back to Launch Control.  The five least significant bits control networks of 

onboard attenuator networks.  The attenuator networks are designed to reduce an incoming signal 

by either 20 dB, 14 dB, 10 dB, 6 dB, 3dB, or any combination thereof with the characteristic 
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impedance of 50  looking into either side of the resistor network.  The attenuators are used 

when input signals are larger than dynamic range of the fiber-optic transmitters.   

As an example, a command sent from HAL such as 'RTLE580' would prompt PIC 'E5' to 

switch on its output power with no calibration wave or attenuation.  The command 'RTLE5A4' 

would prompt PIC 'E5' to switch output power with a 1 V calibration square wave attenuated by 

10 dB.  In addition to a typical command instruction, a PIC controller may receive a status 

command.  The status command is generally used to check the integrity of the communications 

link between HAL and any PIC in the field and to monitor the ambient conditions at the 

measurement in question. The status of any PIC controller is obtained by sending a hexadecimal 

'7E' in the one-byte command.   

After a PIC controller receives and executes a command instruction or receives a status 

command, it replies with a 17-byte response.  The byte structure of this response is shown 

graphically in Figure 2.3C.  Starting from the most significant byte, bytes 1-3 contain the 

workgroup of the PIC in question (normally RTL for field measurements), bytes 4-6 contain the 

PIC address in decimal format, bytes 7-9 contain the executed command in decimal format, bytes 

10-14 contain the supply battery voltage to millivolt accuracy, and bytes 16-17 contain the 

ambient temperature at the location of the PIC in degrees Celsius.  The serial byte stream is sent 

back to HAL (either over an RF or fiber-optic link) where the Labview software parses the 

received serial stream and displays the information for the user to view.   

When a user desires to send commands to multiple PIC controllers on the site, the Labview 

software on HAL executes the command/receive task sequentially for each PIC.  If the user 

desires for all PIC controllers on the site to response to the same command (not a status query), 

the user can send the specified command with the one-byte PIC address set to 'FF'.  In this case, 
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all PIC controllers in the specified workgroup will execute the desired command and will not 

provide a subsequent response (doing so would result in HAL receiving the status responses 

from all PICS nearly simultaneously).   

An image of the three versions of PIC controllers presently in use at the ICLRT is shown 

in Figure 2-4.  From left to right, the devices were deployed in the field in 2001, 2006, and 2011, 

respectively, and will be referred to in this document accordingly.  The three versions of PIC 

controllers will be described in the following sections.  

2.2.2.1 2001 Edition PIC 

The 2001 PIC controller was designed primarily by Mike Stapleton and was the first fully-

functional, self-contained control unit placed in the field at each measurement.  Each 2001 PIC 

controller was equipped with two 16-place switches for setting its unique hexadecimal address 

(00-FE).  The 2001 PIC communicates strictly over 200 µm plastic fiber (a low-grade optical 

fiber capable of low-data-rate transmission over short distances).  In the original ICLRT 

measurement control architecture, which was utilized through the middle of summer 2006, HAL 

transmitted it's control signals via a 900 MHz RF transceiver.  Each measurement station was 

equipped with an RF PIC which received the broadcast signal and subsequently relayed the 

signal over plastic fiber.  At stations with multiple measurements, the optical control signal was 

again fanned-out with a plastic fiber fan-out board that replicated the control signal on the 

necessary number of ports.  The broadcast control signal was received by every PIC controller on 

the site.  However, only the PIC with the unique hexadecimal address included in the received 

signal from HAL could actually respond to the command.  The 2001 PIC response to commands 

from HAL were transmitted back over a second plastic fiber to the RF PIC and were then 

broadcast.  HAL subsequently parsed the PIC controller response from the RF transceiver as 

described in Section 2.1.   
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 The 2001 PIC controllers were equipped with a single channel, and hence a single PIC 

address.  The actual printed circuit boards (PCBs) were boxed in a milled enclosure (Figure 2.4, 

left) with two BNC feed-through connectors for the signal input and output.  The PIC input was 

connected directly to the sensor or to the output of amplification electronics when applicable.  

When the PIC was set to apply no attenuation, the signal path from the input to output BNC 

terminals was a short circuit.  When attenuation was applied, the input signal was switched 

through the appropriate attenuator network(s) before being routed to the output BNC terminal.  

Similarly, when a command was received to output a calibration square wave, the output BNC 

terminal was switched to the output pin of an operational amplifier circuit that generated the 

precision amplitude square wave.  The 2001 PIC controllers were powered with a single 12 V 

battery.   

2.2.2.2 2006 Edition PIC 

Several major changes to the measurement network at the ICLRT prompted the revision of 

the original 2001 PIC controller.  First, the RF control system had become unreliable.  ICLRT 

staff typically spent a significant portion of each day trying to coerce the RF PICs to function 

appropriately.  Second, the TERA network was expanded to 24 stations in 2006, many of which 

contained two individual measurements (lead shielded and un-shielded NaI energetic radiation 

detectors), and hence there was a need for a two-channel controller.  The 2006 edition PICs were 

designed by Mike Stapleton and Rob Olsen III.  The most significant change to the PIC topology 

was the addition of a 62.5 µm fiber transceiver for control purposes.  Instead of the control 

commands from HAL being broadcast over an RF link, the commands were first fed to a newly 

designed 62.5 µm optical fan-out board with 24 individual output ports.  The optical fan-out 

board was placed in the rear of the Launch Control facility.  With the new control system, each 

station had a dedicated control fiber.  A 2006 PIC was placed in the TERA box at each 
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measurement station.  The control signal from HAL was received directly by the 2006 PIC and 

was then re-transmitted out of the 2006 PIC over plastic fiber.  Similar to the architecture used 

with the 2001 PICs, the signal transmitted over plastic fiber either passed to a plastic fiber fan-

out board (in the case of multiple 2001 PICs at a station) or was connected directly to a single 

2001 PIC.  The 2006/2001 PICs were essentially arranged in a master-slave configuration.  The 

responses of any 2001 PICs at a station were transmitted through the 2006 PIC and sent to 

Launch Control over the dedicated 62.5 µm control fiber.  The upgraded control system provided 

a major improvement in the reliability of the measurement network.   

 As previously mentioned, the 2006 PICs also incorporated a second channel primarily to 

support the additional NaI measurements.  The 2006 PICs were not mounted in a standard 

enclosure, but were instead mounted in a field replaceable unit (FRU) inside each TERA box.  

The FRU was essentially an aluminum housing that contained mounting brackets for the PIC 

controller and fiber-optic transmitters in addition to power and ground buses for external 

electronics.  Details of the TERA box construction are given in Section 2.14.  Unlike the 2001 

PICs, the 2006 PICs had their four BNC inputs and outputs (to support two individual channels) 

mounted directly to the PCB.  Like the 2001 PICs, the 2006 PICs have identical 16-place 

switches for setting the hexadecimal addresses of the device.  The 2006 PICs two channels 

correspond to consecutive even and odd hexadecimal addresses (i.e., if the PIC address switch is 

set to '70', the Channel 1 address is '70' and the Channel 2 address is '71').  Having two channels 

on the PIC allows the user to switch power, calibration signals, and attenuations to the two 

measurements completely independently.  The attenuator networks function identically on the 

2001 and 2006 edition PICs, though the discrete passive elements are surface mount instead of 
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wired components.  The 2006 PIC's were similarly powered with a single 12 V battery, most 

often housed inside the TERA box.   

2.2.2.3 2011 Edition PIC 

Through four years of use, the 2006 edition PICs performed reliably.  Starting in 2010, 

some of the 2006 PICs began to experience random failures to respond to commands from HAL.  

Also, the power switching circuitry on a handful of 2006 PIC controllers began to fail.  Testing 

of the controllers revealed that poor solder joints and bad vias between the multi-layer PCBs 

were in large part responsible for the difficulties.  Several other issues with the 2006 edition PICs 

were also discovered.  First, the two input channels shared a common ground plane, creating a 

ground loop in the situation where both channels were used.  This posed a problem when the 

2006 PICs were used in triggered-lightning channel-base current measurements when currents of 

the order of 30 kA were flowing in close proximity to the PIC controller.  Also, the 2006 PICs 

could not be operated in slave mode (i.e., they could not receive control commands on their 

plastic fiber ports from another 2006 PIC).  This posed a problem in situations where the ability 

to daisy-chain a series of PIC controllers would be advantageous.  The idea of a somewhat 

simplified, yet more rugged and potentially more usage-flexible PIC controller was conceived 

during the offseason prior to summer 2011.  The 2011 edition PICs were primarily designed by 

Rob Olsen III with significant input from Doug Jordan and the author.   

The base edition of the 2011 PIC controller was designed with the ability to control and 

switch power to a single measurement channel.  The base controller also had the ability to 

control the shutter actuations of up to two Nikon DSLR still cameras (Section 2.10).  There are 

no onboard attenuators on the 2011 PIC controller.  The decision was made to remove the 

attenuator networks in order to make the PIC PCB more compact and to reduce the number of 

mechanical components on the board (i.e., relays to switch input signals through the attenuator 
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networks).  At the present time, only a set of two channel-base current measurements utilize any 

attenuation, and those attenuation values are constant.  While the general control topology was 

kept the same on the 2011 PIC, a second 62.5 µm fiber transceiver was added to the board to 

complement the existing 62.5 µm transceiver and the plastic fiber transmitter and receiver.  

Unlike the 2006 PIC where control signals could only re-transmitted from 62.5 µm fiber to 

plastic fiber and vice versa, the 2011 PIC allows a control signal received on either of the 62.5 

µm fiber ports or the plastic fiber receive port to be re-transmitted out of all of the other ports.  

This allows the 2011 PICs to be slaved off of each other over strictly glass fiber, alleviating the 

need to have a dedicated control fiber originating in Launch Control for each 2011 PIC.  The 

2011 PICs can also slave off of a 2006 edition PIC and can act as a master for any number of 

2001 edition PICS.   

 The 2011 PICs were designed with a large header port where daughter PCBs could easily 

be connected.  Daughter boards have thus far been designed for replicating the two-channel 

functionality of the 2006 PIC and for utilizing the 2011 PIC as a controller for the field rocket 

launcher.  The 2011 "channel" boards have the same square-wave calibration sources as the 2006 

PICs, but again, do not have onboard attenuator networks.  The PIC addresses for the 2011 PICs 

are hardcoded in software instead of being set by onboard mechanical hexadecimal switches.  

The 2011 PICs are also hardcoded to respond to three different workgroups- RTL, CMM, and 

CMS.  The later two groups are used for controlling DSLR still cameras and will be discussed in 

section 2.10.   

 The 2011 PICs and all daughter boards were baked to withstand large temperature 

fluctuations, professionally populated with all surface mount components, and conformal coated.  
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The devices are expected to provide an excellent level of performance and reliability for many 

years.   

2.3 ICLRT Fiber-Optic Data Transmission System 

Each measurement station at the ICLRT is connected to the Launch Control facility with 

an armored fiber-optic bundle containing either 4, 6, or 8 individual 62.5 µm fibers.  The fiber 

bundles are stripped at both ends (typically about 6 m of the armor jacked is stripped at Launch 

Control and about 1.5 m in the field), and the individual fibers are then terminated by ICLRT 

personnel using a Corning terminating kit with an ST type connector.  No polishing or epoxy is 

involved in the termination process.  As discussed in Section 2.2, one of the fibers at each station 

is used as a control link between HAL and all PICs at the particular station.  As a matter of 

convention, the blue-jacketed fiber is typically used as the control fiber and is connected to the 

optical fan-out board in the rear of Launch Control.  The remaining fibers in each bundle are 

used to transmit waveform data from each measurement location to Launch Control.   

Opticomm MMV-120C fiber-optic links are used for the transmission of data.  An 

Opticomm fiber-optic link consists of a transmitter/receiver pair with the transmitter placed in 

either a TERA box (for energetic radiation measurements) or in a shielded underground 

enclosure (for electric field, dE/dt, and magnetic field measurements) and the receiver placed in 

one of six 14-slot racks in the rear of Launch Control (Figure 2-5).  The Opticomm fiber-optic 

link has a nominal bandwidth from DC to 30 MHz and the transmission is FM modulated.  The 

carrier frequency is 70 MHz.  The optical transmission wavelength is 1310 nm.  The Opticomm 

link has a linear dynamic range of +/- 1 V, and itactually saturates at about +/- 1.2 V.  The input 

impedance to the Opticomm transmitter is modified by the manufacturer to be 68 kΩ (the 

standard input impedance is 75 Ω for video data transmission).  The manufacturer stated signal 

to noise ratio is greater than 67 dB using RS-250C standards with a fiber length of 1 km.  In 
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practice, well-terminated fibers have peak-to-peak noise of about 30 mV, giving a signal-to-noise 

ratio of about 30.5 dB for a 1 V input signal.  For the majority of measurements, a 50 Ω resistor 

is placed in parallel with the 68 kΩ input impedance of the Opticomm transmitter for impedance 

matching purposes.  The PIC controllers at each measurement switch 12 V power to the 

Opticomm transmitters on command from HAL.  The power inputs to the Opticomm transmitters 

are polarity insensitive.  When storms conditions are not present, the Opticomm transmitters are 

not powered.   

The Opticomm receiver racks in the rear of Launch Control can house up to 14 individual 

receiver cards.  The receivers demodulate the optical FM signals from the field and output 

electrical signals capable of driving a 50  load impedance.  Any DC offset introduced by the 

fiber link can be zeroed-out for by turning an external potentiometer on the rear of the Opticomm 

receiver card.  At times, the external potentiometer does not have the necessary range to 

compensate for the DC offset introduced by the fiber link.  In this case, the back plate of the 

receiver card can be removed to access an internal potentiometer with sufficient ability to correct 

for large DC offsets.  A second internal potentiometer sets the gain or attenuation of the fiber 

link.  Ideally, the internal gain setting is configured where the 1 V peak-to-peak calibration 

square wave generated by the PIC controller at each measurement produces an identical 1 V 

signal on a DSO input in Launch Control.  In practice, the PIC-generated calibration waves 

produce signals in Launch Control ranging from about 900 mV to 1.1 V.  This deviation from 

unity gain is accounted for in the amplitude calibration of all field measurements.   

2.4 ICLRT Digital Storage Oscilloscopes 

A variety of different DSOs are used at the ICLRT for recording waveforms of different 

time duration and frequency content.  The DSOs in use are manufactured by either LeCroy or 
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Yokogawa.  In general, LeCroy DSOs are operated in a segmented memory mode to digitize 

relatively short time duration signals at high input bandwidth and sampling rate,  while the 

Yokogawa digitizers record longer time duration signals at lower input bandwidth and sampling 

rate.  All ICLRT DSOs save their recorded data to internal hard-disks.  The data are copied to 

external computers after each storm using either the ScopeXplorer software (proprietary FTP 

software offered by LeCroy) or with a generic FTP program (typically FTP Commander).  As 

discussed in Section 2.2, all DSOs at the ICLRT are controlled by HAL over either Ethernet 

(LeCroy) or GPIB (Yokogawa) connectivity.  When storm conditions are present at the ICLRT, 

all DSOs are commanded by HAL to begin an "arming" process.  The details of the arming 

process will be described in detail in Section 2.6.  All DSOs in Launch Control are powered 

through five individual APC 3000 VA battery backup units that are mounted in the bottom 

section of each rack (Figure 2-5).  The 62.5 µm fiber-optic fan-out boards for measurement 

control and the Opticomm receiver racks are also powered through the same battery backup 

units.   

2.4.1 LeCroy Waverunner I (LT344) 

The LeCroy Waverunner I is a 4-channel, 8-bit digitizer with maximum input bandwidth 

of 500 MHz.  During the data collection period for this work, there were four LeCroy 

Waverunner I DSO's installed in Launch Control (Scope 12, Scope 13, Scope 14, and Scope 17).  

Scope 12 and Scope 13 were used to digitize the outputs of eight unshielded NaI detectors 

located at eight of the TOA stations.  Scope 14 and Scope 17 were used to correlate the time 

bases of other LeCroy DSOs.  The details of the DSO time-base correlation are given in Section 

4.4.  The scopes were configured to record at 250 MS/s (4 ns sampling resolution) in segmented 

memory mode.  The onboard memory of the LeCroy Waverunner I is 1 Mpts/channel, providing 

a record length of 2 ms per channel with two memory segments.  The memory segments were 
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triggered to record on an external trigger threshold of 1 V with 50% pre-trigger.  The triggering 

scheme at the ICLRT is discussed in Section 2.7.  The input bandwidth of each channel was 

limited to 25 MHz with an internal anti-aliasing filter.  Each channel can be configured with an 

input impedance of 50  or 1 M.   

2.4.2 LeCroy Waverunner II (LT374) 

A total of two LeCroy Waverunner II DSOs were used at the ICLRT during the period of 

data collection for this work (Scope 20 and Scope 21), though these DSOs were removed from 

the network in 2009.  When the DSOs were in use, their function was to digitize the outputs of 

eight dE/dt sensors at the then-eight TOA stations.  The LeCroy Waverunner II is a 4-channel, 8-

bit digitizer with maximum input bandwidth of 350 MHz.  The functionality of the LeCroy 

Waverunner II is essentially identical to that of the Waverunner I, but it has significantly greater 

memory depth per channel.  The two Waverunner II DSOs were configured to record at 250 

MS/s in segmented memory mode.  The memory depth per channel on the Waverunner II DSO is 

4 Mpts, providing a total acquisition of eight individual memory segments of 2 ms length.  

Similarly, the segments were triggered to record with an external trigger threshold of 1 V with 

50% pre-trigger.  The input bandwidth of each channel was limited to 25 MHz with an internal 

anti-aliasing filter.  Each channel can be configured to have an input impedance of 50  or 1 

M.   

2.4.3 LeCroy Waverunner 44 Xi 

At the beginning of summer 2009, a total of eight LeCroy Waverunner 44 Xi scopes were 

purchased.  The LeCroy Waverunner 44 Xi offered significant improvements over the 

Waverunner I and Waverunner II DSOs previously used at the ICLRT for recording high-

bandwidth signals.  Similar to the previous generation of LeCroy DSOs, the Waverunner 44 Xi 
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can digitize up to four channels with 8-bit amplitude resolution.  The Waverunner 44 Xi runs on 

the Windows XP platform and offers a 10.4" full touch-screen display.  The DSO supports a 

maximum input bandwidth of 400 MHz.  Most importantly, the Waverunner 44 Xi has a memory 

depth of 12.5 Mpts/channel.  The Waverunner 44 Xi DSOs are configured to record at 250 MS/s 

in segmented memory mode, providing a full record of 10 memory segments at 5 ms length.  The 

Waverunner 44 Xi DSOs were used to record the outputs of ten dE/dt sensors (Scope 18, Scope 

20, and Scope 21), the outputs of eight plastic energetic radiation detectors (Scope 28 and Scope 

29), the outputs of two LaBr3 energetic radiation detectors (Scope 18), and three channel-base 

current measurements (Scope 26).  With the exception of Scope 26, the Waverunner 44 Xi's were 

triggered to record on an external trigger threshold of 1 V with 50% pre-trigger.  The input 

bandwidth of each channel was limited to 20 MHz with an internal anti-aliasing filter.  Each 

channel can be configured with an input impedance of 50  or 1 M.   

2.4.4 Yokogawa DL716 

The Yokogawa DL716 was the first generation of Yokogawa digitizer used at the ICLRT.  

The Yokogawa DL716 offers 16 input channels, each capable of recording continuously for 1.6 s 

at a sampling rate of 10 MS/s.  The DL716 digitizes with 12-bit amplitude resolution.  The input 

bandwidth for each channel is 4 MHz and the input impedance is 1 M. The Yokogawa DL716 

has traditionally been used to digitize electric and magnetic field waveforms, channel-base 

current waveforms, and NaI energetic radiation waveforms.  Recently, the two Yokogawa 

DL716 DSOs have been used almost exclusively to digitize NaI energetic radiation 

measurements.  While the large memory depth of the DSO is very convenient, the resulting 

cumulative file is also large, about 530 MB.  The approximate time to save the file to internal 

hard-disk is about 14 minutes.  This long save-time is very problematic during the typical short-
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duration Florida thunderstorms.  As a result, data are often missed on both DL716 DSOs when 

lightning events (either natural or triggered) occur more frequently than the waveform save-time.  

The Yokogawa DL716's are externally triggered with 50% pre-trigger.    

2.4.5 Yokogawa DL750 

The Yokogawa DL750 is the successor of the DL716 model discussed in Section 2.4.4.  

Like the DL716, the DL750 supports up to 16 input channels.  The DL750 digitizes with 12-bit 

amplitude resolution.  The DL750 has somewhat greater memory depth than the DL716.  Each 

channel is capable of recording a full 2 s record at a sampling rate of 10 MS/s.  The input 

bandwidth of each channel is 3 MHz and the input impedance is 1 M.  The primary advantage 

of the DL750 over the DL716 is the time to save the full memory depth (about 670 Mb) is only 7 

minutes.  While the save-time of the Yokogawa DL750 does dictate the frequency with which 

attempts to trigger lightning can be conducted, the time period is generally manageable.  There 

are five DL750 DSOs installed in Launch Control (Scopes 22-25, 30).  Scope 22, Scope 24, and 

Scope 25 digitize the channel-base current measurements along with the electric and magnetic 

field sensor outputs.  Scope 23 digitizes the outputs of a set of NaI energetic radiation detectors 

in addition to the outputs of two PIN photodiode optical detectors (these detectors also serve as a 

trigger mechanism for natural lightning events on and near the ICLRT and will be discussed in 

Section 2.7).  Scope 30 digitizes a set of unshielded NaI detectors during the ascent of the 

triggering wire and subsequent upward positive leader (UPL).  Scope 23 and Scope 24 trigger on 

the same external trigger as the network of LeCroy DSOs and record with 50% pre-trigger.  

Scope 22, Scope 25, and Scope 30 trigger directly on the button push which initiates the 

launching of a rocket to trigger lightning.  Scope 22 and Scope 30 trigger a pre-defined amount 

of time after the button push (usually 0.5-1.5 s) with no pre-trigger.  Scope 25 triggers two 
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seconds following Scope 22 and Scope 30 with 200 ms of pre-trigger.  Together, Scope 22 and 

Scope 25 provide a continuous 3.8 s record length with 200 ms of record overlap.  The trigger 

pulse for Scope 22, Scope 25, and Scope 30 is generated by a National Instruments DAQ card 

(model NI USB-6212) that is controlled with Labview by HAL.  Scope 22 and Scope 30 trigger 

on the rising edge of the 2 s wide pulse and Scope 25 triggers on the falling edge.  The DAQ card 

generates the pulse on a digital output pin, and the pulse is then fed to a high-current buffer 

circuit that is capable of driving a 50  load impedance.   

An image of the front racks that hold most of the DSOs in Launch Control is shown in 

Figure 2-6.  The different DSO models discussed in the above section are annotated. 

2.5 HBM Digitization System 

In 2009, Dr. Carlos Mata, an employee of Arctic Slope Research Corporation (ASRC, a 

NASA sub-contractor) who received his Ph.D at UF under Dr. V.A. Rakov, brought a new 

digitization system to the ICLRT similar to a system that would eventually be deployed at Pad 

39B at Kennedy Space Center (KSC).  The digitization system at KSC was intended to record 

electromagnetic measurements on and around the launch pad, in addition to the outputs of a 

variety of sensors that measure the local atmospheric conditions.  The system was manufactured 

by HBM (formerly Nicolet).  At the ICLRT, the ASRC group tested the HBM system (model 

GEN16t Transient Recorder) by recording a variety of electromagnetic and current 

measurements during 2009 and 2010.  Prior to Summer 2011, Dr. Mata agreed to allow the 

author to utilize twelve channels of the HBM system to build a redundant dE/dt network and to 

install two redundant channel-base current measurement. The channel-base current and dE/dt 

sensor configurations at the ICLRT will be described in detail in Sections 2.12 and 2.13, but the 
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digitization of these measurements will be described here and compared to that of the existing 

DSO digitization system.   

A measurement channel on the HBM digitization system consists of a model 7600 Isolated 

Digitizer, a duplex 9/125 m single-mode fiber link (LC-type terminations), a GEN series 4-

channel receiver card, and a storage medium.  Annotated images of the GEN16t Transient 

Recorder and the 7600 Isolated Digitizer are shown in Figure 2-7.  The 7600 Isolated Digitizer is 

placed in a shielded enclosure in the field directly at the sensor location. The digitizer is powered 

by a 12 V battery.  In the case of the flat plate dE/dt antenna, the output of the antenna is 

connected to the digitizer input with a short length of RG 223-U coaxial cable.  The digitizer has 

a 1 MΩ input impedance, and hence, a 50 Ω feed-through resistor is placed at the input for all 

measurements. The front end of the digitizer is configured by the Perception software that 

controls the GEN16t Transient Recorder.  Control commands are transmitted over one of the two 

single-mode fibers that connect the digitizer to the Transient Recorder.  All digitizers at the 

ICLRT record at 100 MS/s, the maximum possible acquisition rate of the system, with 14-bit 

resolution.  The digitizer has a -3 dB point of 25 MHz when operated in wideband mode.  The 

input dynamic range of the digitizer is capable of being adjusted from +/- 20 mV to +/- 100 V.  

The digitized output of the sensor is transmitted to the Transient Recorder over the second 

single-mode fiber.  The operational wavelength is 1310 nm.    

 The duplex single-mode fiber is connected to one port of a 4-channel GEN receiver card.  

Each receiver card has 900 MS (1.8 GB) of onboard memory.  The Perception software offers a 

wide variety of digital filters that can be applied to the received data, though no filters were used 

for ICLRT channels.  The data were configured to record in “sweep” mode with each sweep 20 

ms in duration and individually triggered.  The options for triggering the data acquisition are 
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essentially limitless.  The system can be configured to trigger on various characteristics of any 

input channel as well as external trigger sources.  Typically, the system was configured to trigger 

in a logical “OR” condition with incident current, dB/dt, dE/dt, and the ICLRT master trigger 

signal (Section 2.7) as possible inputs.  The redundant trigger sources insure that no data are 

missed due to a faulty measurement.  The data collected by the GEN series receiver cards is 

transferred in real-time to a solid-state hard-disk on the control computer via a 1000Base-T 

Ethernet link.   

 The quality of the data obtained on the HBM digitization system is substantially better 

than that recorded on the ICLRT DSO network, particularly for data sampled at higher 

frequency.  The dE/dt channels that are recorded on the HBM Transient Recorder will from this 

point forward be referred to as the "HBM dE/dt network".   The HBM dE/dt network has six 

primary advantages over the original DSO dE/dt network, 1) as a result of the digital 

transmission, the recorded signals have extremely low noise (~ 2 mV peak-to-peak noise 

compared to ~ 30 mV peak-to-peak noise on the analog Opticomm fiber-optic links), 2) the 

HBM digitizers have higher bandwidth (25 MHz versus 20 MHz on the Opticomm fiber optic 

links), 3) the HBM digitizers have far greater resolution (14-bit digitization versus 8-bit 

digitization on the LeCroy DSOs), 4) the front end dynamic range of the HBM Genesis digitizers 

can be easily controlled to provide a gain up to 50 over the original DSO dE/dt network without 

external amplification electronics, 5) the HBM Genesis recorder can be configured to record 

longer data segments than the LeCroy DSOs and can also be triggered to record selectively on 

any combination of the input channels, and 6) the HBM Genesis recorder automatically measures 

and removes cabling delays for each field digitizer every time the system is armed.  Prior to 

Summer 2011, dE/dt waveforms had not been recorded at the ICLRT during the ascent of the 
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triggering wire, upward positive leader, and subsequent explosion of the triggering wire.  As a 

result of the trigger flexibility and longer record length, dE/dt waveforms could be obtained on 

the HBM Genesis system not only immediately surrounding return strokes, but also during the 

full initial stage process of triggered lightning discharges.  The only limitation of the HBM 

digitization system compared to the DSO digitization system is that the maximum sampling rate 

is 100 MS/s (10 ns sampling time resolution).  This was initially a concern for TOA calculations, 

which for the original DSO dE/dt network were based on waveforms sampled at 250 MS/s (4 ns 

sampling time resolution).  However, TOA results indicate the lower noise and higher resolution 

of the HBM dE/dt network more than compensate for the increase in sampling time resolution. 

2.6 Storm Detection and Data Acquisition System Arming/Disarming Process 

 ICLRT personnel constantly monitor the atmospheric conditions within a large radius of 

the measurement network in order to be well-prepared to collect lightning data.  The output of 

the S-band National Weather Service (NWS) Weather Surveillance Radar— 1988 Doppler 

(WSR-88D) [e.g., Crum and Alberty, 1993] located near Jacksonville, FL, 68 km to the north-

northeast of the ICLRT, is viewed on the NWS website (www.nws.noaa.gov).  The looped radar 

image allows ICLRT personnel to view the larger horizontal-scale structure of approaching cloud 

systems.  The center of the 0.5° elevation radar beam from the WSR-88D is at an altitude of 

about 900 meters at the range of the ICLRT from the Jacksonville radar site.  Lightning data are 

also constantly monitored via an internet data stream of the National Lightning Detection 

Network (NLDN), a national network of TOA and MDF (magnetic direction finding) sensors 

that locates both cloud-to-ground and cloud lightning [e.g., Jerauld et al., 2005; Cummins et al., 

2006; Cummins and Murphy, 2009; Nag et al., 2011].  The NLDN data are provided by Vaisala, 

Inc. The NLDN output is displayed on a computer in Launch Control using the LTS2005 

software package.  An image of the NLDN display during a storm on May 15, 2012 is shown in 

http://www.nws.noaa.gov/
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Figure 2-8.  The spatial locations of lightning discharges are shown on the LTS2005 display 

within about 30 s of the actual time of the discharge.  For each recorded lightning, the type of 

discharge (cloud-to-ground or cloud), the polarity of the discharge (positive or negative), the 

Latitude and Longitude of the discharge, the number of return strokes (multiplicity), and the 

estimated peak current (kA) is given.  The time of the discharge is also recorded to 100 ms 

accuracy.  Microsecond-level timing of recorded discharges can be requested directly from 

Vaisala.  The combination of near real-time radar and lightning data allows ICLRT personnel to 

be prepared to collect lightning data well in advance of approaching storms.   

When storms system are within about 20 km of the ICLRT, a network of eight Campbell 

Scientific CS-110 field mills are used to measured the quasi-static electric field at ground level.  

The location of the field mills are shown overlaid on an aerial view of the ICLRT at top in Figure 

2-9 and an image of a field mill is shown at bottom in Figure 2-9.  The absolute spatial locations 

of the eight field mills in Lat/Long are given in Table 2-1.  The relative coordinates of the field 

mills to the ICLRT coordinate origin (located on the far southwest corner of the site) are also 

provided, as are the distances between the field mills and the two launching facilities.  The field 

mills measure the vertical component of the electric field at a sampling rate of 5 Hz via a 

grounded reciprocating shutter that covers and uncovers a sensing plate.  The amplitude of the 

output of the field mills provides a measure of the magnitude and polarity of the charge at 

altitude.  While the 5 Hz sampling rate prevents the field mills from accurately reproducing 

transient lightning electric field waveforms, the total field changes (deposition and subsequent 

neutralization of charge) of lightning discharges are well-resolved.  Hence, the field mill output 

provides both a measure of the quasi-static charge structure and a measure of the frequency of 

discharge activity of nearby or overhead storms.  The field mills are used as the primary metric 
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for knowing when to prepare to collect lightning data.  During storm conditions, the quasi-static 

electric field measured by the field mills is also the primary metric for determining when to 

launch a rocket.  At the ICLRT, an electric field of -5 kV/m (atmospheric electricity sign 

convention, electric field vector pointing upward towards the negative cloud-charge overhead) is 

used as a minimum threshold for attempting to trigger lightning.  Most triggered lightning 

attempts are conducted during the dissipating stages of convective storms when the natural 

lightning frequency is relatively low and but significant negative charge remains at altitude.  

Rockets are launched when the electric field drops below -5 kV/m following a natural discharge 

and “hangs” for a period of time sufficient to allow the rocket to reach several hundred meters in 

altitude.  The outputs of the Campbell Scientific field mills are serialized and transmitted over 

62.5 m fiber links.  Each field mill requires two fibers- one for instrument control and one for 

data transmission. The outputs of the Launch Control and Office Trailer field mills are recorded 

by the NLDN computer in Launch Control while the remaining six field mills are recorded by a 

separate computer in the Optical Building.  The field mills are powered with 12 V batteries that 

are continuously charged with 80 W solar panels.   

In clear weather conditions, the majority of the instruments in the field are not connected to 

power.  The PIC controllers are constantly powered to maintain communication with each 

measurement, but fiber-optic transmitters, amplifiers, photo-multiplier tubes, and other 

peripheral electronics are powered off.  When lightning is detected within about 20 km of the 

ICLRT and/or when the quasi-static electric field measured on the field mills diverges from the 

fair weather field (~100-200 V/m), the measurement network is commanded to begin an arming 

process.  This is accomplished by pushing the “Force Arming” button on the front panel of the 

Mercury Fields Labview virtual instrument that runs on HAL.  In order for the “Force Arming” 
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command to be executed, the “Manual/Auto” button on the front panel must be in the “Auto” 

position.  When the arming command is received, HAL executes a sequence of procedures that 

are described below in chronological order: 

1) All DSOs are commanded to load a pre-defined calibration panel.  The panel is saved on 

the internal hard-disk of each DSO.  For LeCroy DSOs, the panel is named ‘P001.PNL’ 

(Waverunner I and Waverunner II) or ‘P001.LSS’ (Waverunner 44 Xi).  For Yokogawa 

DSOs, the panel is named “CALCFG.SET”.  All DSOs are configured in “remote” mode 

at this time so that the functionality of their external buttons is turned off.  The DSOs are 

configured to sample at 100 KS/s for 10 ms per time division for a total duration of 100 

ms.  The LeCroy DSOs and Yokogawa DL750 DSOs also create directories on their 

internal hard-disks with the corresponding date as the directory name. 

2) All PIC controllers in the field are sent a command to switch on their output power and 

the internally-generated calibration signal (1 V peak-to-peak square wave into a 50 Ω 

load).  The commands are sent to the PIC controllers sequentially, the order of which is 

controlled by a text file read by HAL.  The file (“settings2_mse.cal”) contains the 7-byte 

serial command structure for each PIC controller that was described in Section 2.2.2.  

The actually 2-byte command to switch on the PIC power and calibration signal is a 

decimal ‘160’ or hexadecimal ‘A0’.   

3) When all PIC controllers have switched on their calibration signals, all DSOs are sent a 

command to save a “screenshot”, effectively capturing a 100 ms window (or 10 cycles) 

of the 100 Hz calibration square wave.  The LeCroy Waverunner I and Waverunner II 

DSOs save the files in the previously created date directory with naming convention 

“SCX.00Y”, where “X” is the channel number (1-4) and “Y” is the number of the file 
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corresponding to the “SC” prefix.  The file numbers start at ‘1’ and increment for each 

sequential file save.  The LeCroy 44 Xi DSOs save the calibration files in the appropriate 

date directory with naming convention “CXSC0000Y”, where “X” is the channel number 

(1-4) and “Y” is the number of the file corresponding to the SC prefix.  The file numbers 

start at ‘0’ and increment for each sequential file save.  The Yokogawa DL716 DSOs 

save the calibration files to the main hard-disk (not a directory) with the naming 

convention “CXXXX000Y”, where “XXXX” is the month and day of the calendar year 

and “Y” is the number of the file corresponding to that day.  The file numbers start at ‘0’ 

and increment with each sequential file save.  Finally, the Yokogawa DL750 DSOs save 

the files to the appropriate date directory with naming convention “C000X”, where “X” is 

the number of the file in the directory.  The file numbers start at ‘0’ and increment with 

each sequential file save.   

4) All PIC controllers in the field are sent a command to switch off their calibration square 

waves, leave their output power port on, and switch on the appropriate attenuation setting 

(if applicable).  Again, the commands are sent to the PIC controllers sequentially via a 

text file (“settings_mse.data”) read by HAL.  For most measurements, the command sent 

at this stage is decimal ‘128’ or hexadecimal ‘80’, which strictly turns on the output 

power port with no applied attenuation.  The output power of the PIC powers the 

Opticomm transmitters and any peripheral electronics.  For measurements that are 

attenuated (such as low-sensitivity channel-base current measurements), a command such 

as decimal ‘150’ or hexadecimal ‘96’ would be sent to switch on the -20 dB and -16 dB 

attenuators, effectively reducing the amplitude of the input signal to the Opticomm 

transmitter by about 98.4%.   
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5) After all PIC controllers have executed the previous commands, all DSOs are 

commanded to load their data acquisition panel.  For LeCroy Waverunner I and 

Waverunner II DSOs, this file is named “P000.PNL” and for LeCroy 44 Xi DSOs, the 

file is named “P000.LSS”.  The data panels contain the pre-defined setup configurations 

suitable for digitizing lightning electromagnetic waveforms.  For LeCroy DSOs, the 

sampling rate is set to 250 MS/s and the instrument is configured to record in segmented 

memory mode for periods of either 2 ms or 5 ms.  For Yokogawa DSOs, the data panels 

are named “DATACFG0.SET”.  The sampling rates of the Yokogawa DSOs are set to 10 

MS/s and the instruments are configured to record a single record with duration of 1.6 s 

or 2 s.  The acquisition of all DSOs is set to “normal” trigger mode.  For LeCroy DSOs, 

the file saving mode is set to “fill”, which means the DSO will automatically save 

waveform data when a trigger is received (Section 2.7) and then automatically re-arm, 

and the file type is set to “binary”.   For the Waverunner I and Waverunner II models, the 

file name prefix is set to “ACX.00Y”, where “X” is the channel number and “Y” is the 

file number (same number scheme as described above).  For 44 Xi models, the file name 

prefix is set to “CXAC0000Y”, where “X” is the channel number as “Y” is the file 

number.  For Yokogawa DSOs, the “Action on Trigger” mode is set to “on” with the 

option selected to “save to file”.  The result is that DSO automatically saves waveform 

data when a trigger is received and then, after saving, subsequently re-arms.  The file type 

is also set to “binary”.  For the Yokogawa DL716, the file name prefix is set to 

“DXXXX000Y”, where “XXXX” is the month and date of the calendar year and “Y” is 

the file number.  Finally, the DL750 has the file name prefix set to “D000X”, where “X” 

is the file number.   
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The DSOs and PIC controllers remain in the state described above throughout the duration 

of a storm.  When storm conditions have abated, the network can be commanded to “disarm” by 

two methods.  When the network is armed initially, a 20 minute timer is started.  If the timer 

expires and the “Manual/Auto” switch is in the “Auto” position, the network will automatically 

start the disarming process.  Conversely, if the switch is in the “Manual” position, the network 

will not disarm when the timer expires until the switch is returned to the “Auto” position (first 

method to disarm).  The full disarming process is described below in chronological order: 

1)  All DSOs are sent a command to load their calibration panels (save file names 

described in Sequence 1 of the arming process). 

2) All PIC controllers are sequentially commanded to turn off attenuators (if applicable), 

leave output power on, and switch on their calibration square wave signals.  This is 

accomplished by HAL reading a text file (“settings_mse.cal”).  

3) All DSOs are sent a command to save a screenshot of the calibration square wave.  

4) All PIC controllers are sent a command turn off their output power and calibration 

square wave.  Again, this is accomplished by HAL reading a text file 

(“settings_mse.off”).  The command to switch off the PIC output power is a decimal 

‘0’ or hexadecimal ‘00’.   

5) All DSOs are command to return to “local” control mode, which enables the 

functionalities of their front-panel buttons.   

The second disarming method is executed by pressing the “Force Disarm” command on 

the front panel of the Mercury Fields virtual instrument.  The “Force Disarm” functionality is the 

same as the normal disarming routine except that the calibration sequence (Sequence 2 and 3 

above) is omitted.  The “Force Disarm” functionality is useful if there is an error in the arming 
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process and the network needs to be “reset” quickly without proceeding through a calibration 

routine, or if the network is armed and there is no lightning activity, eliminating the need for a 

calibration sequence. 

2.7 ICLRT Triggering System 

At the ICLRT, many different instruments (DSO's, high-speed cameras, etc.) are focused 

on recording the properties of the same lightning event.  In order to synchronize the recordings 

of multiple instruments, they often need to share a common trigger source.  The majority of 

instruments at the ICLRT are configured to record (trigger) on either natural lightning occurring 

on or very near the site or on any triggered lightning discharges.   

 To detect natural lightning terminating on or very near the ICLRT, two optical detectors 

(PIN photodiodes) are installed at the far northeast and southwest corners of the measurement 

network.  These detectors are referred to as NEO (Northeast Optical) and SWO (Southwest 

Optical).  A thorough description of the optical sensor construction and circuitry is given in 

Jerauld [2007].  An image of the Southwest optical detector is shown in Figure 2-10.  The 

outputs of both optical detectors are transmitted back to Launch Control over the typical 

Opticomm fiber-optic links discussed in Section 2.3.  Both signals first pass to a comparator 

circuit that checks if the signals each have amplitude greater than 100 mV.  If that condition is 

satisfied, a logic-level pulse is generated on each channel that is wide enough to compensate for 

differences in propagation delays and fiber-optic cabling delays between the two input channels, 

ensuring that the two high-going pulses will overlap.   Both pulses are then fed to a two-input 

AND gate.  The output of the AND gate feeds a high-current buffer that is capable of driving a 

50  load impedance (amplitude of 3.3 V).   
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 A second trigger source is the measured current at the base of the triggered lightning 

channel.  As discussed in Section 2.4.3, three of the channel-base current measurements are 

digitized on Scope 26, a LeCroy Waverunner 44 Xi.  Scope 26 is configured to trigger directly 

on the measured current from the least sensitive measurement (II-High).  This particular 

measurement is set to record current amplitudes up to about 63 kA.  The triggering criteria on 

Scope 26 is set to a window trigger centered at ground with upper and lower boundaries of +/- 

100 mV.  This allows the DSO to trigger on either polarity current with a trigger threshold 

magnitude of about 6 kA.  Like the other Waverunner 44 Xi DSOs, Scope 26 is configured to 

record in segmented memory mode (10 segments at 5 ms length).  The LeCroy 44 Xi also has the 

ability to output a trigger pulse anytime the input trigger criteria is met.  Hence, every time a 

current pulse arrives at the scope input with magnitude greater than 6 kA, an output trigger pulse 

is generated assuming the prior segment has finished recording.  The amplitude of the output 

trigger pulse is 400 mV into a 50  load impedance. 

The output pulses of both the AND gate that is triggered by the optical detectors and Scope 

26 that is triggered by the channel-base current are subsequently routed to the ICLRT master 

trigger box (Figure 2.11).  The master trigger box has a total of 16 individual trigger inputs, each 

with a selectable trigger threshold of 1.53 V or 0.256 V, and a selectable trigger polarity.  For all 

experiments discussed in this document, only the two inputs described above were used.  If the 

amplitude criteria are met at either of the trigger inputs, one-shot circuits generate logic-level 

pulses that are then fed to an OR gate.  If any input on the OR gate is true (active high), the 

master trigger box outputs a 100 µs pulse on all 16 of its output channels.  The output channels 

are capable of driving 50  load impedances.   The 16 trigger outputs are used to drive the 

external trigger inputs of all LeCroy and Yokogawa DSOs in Launch Control with the exception 
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of Scope 22, Scope 25, and Scope 30 ( Section 2.4.5).  The trigger signal is also routed to two 

S.I. Tech Model 2817 TTL Bit-Driver transmitters.  One of these drivers is connected to the 

Office Trailer and the other is connected to the Optical Building, both with single-mode fibers.  

A corresponding S.I. Tech Model 2817 TTL Bit-Driver receiver is mounted in each location.  

This connectivity allows high-speed cameras or other independent instruments in either location 

to trigger on the same source as the primary ICLRT data acquisition network.  The ICLRT 

master trigger box was designed by Mike Stapleton and Dr. Douglas Jordan and was installed at 

the beginning of summer 2009.   

 Under normal conditions, the first several return strokes in cloud-to-ground natural 

lightning will be sufficiently bright to trigger the optical detectors.  The explosion of the 

triggering wire and subsequent ICC process during triggered lightning discharges is typically 

insufficiently bright to trigger the optical detectors.  Triggered lightning return strokes often meet 

the trigger criteria both optically and in peak current magnitude (6 kA).   

2.8 ICLRT GPS Time System 

Two independent GPS-time receiver cards are installed at the ICLRT, one in Launch 

Control and one in the Office Trailer.  The GPS-time receiver cards are manufactured by 

Symmetricom and are model bc637PCI-U.  The receiver card in the Office Trailer is mounted in 

the computer that controls the Photron high-speed camera and the card in Launch Control is 

mounted in the NLDN computer immediately next to HAL.  The cards receive the GPS time 

signals from external antennas (Symmetricom model number 812573-50) mounted above the 

roof lines of both buildings.  The receiver cards operate in Synchronized Generator mode and 

according to the manufacturer, are capable of supplying precise timing with only 100's of 

nanoseconds of error over the course of thousands of years.  The receiver card is equipped with 

time-code outputs for providing GPS time to peripheral instruments.  The high-speed cameras at 
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the ICLRT (Photron and Phantom models) are connected to the analog IRIG-B time-code format 

from the receiver cards.  The receiver cards also have an "event" input, which takes in a logic-

level pulse and produces an interrupt that can be read by the host computer.  The event input of 

the receiver card in Launch Control is connected through a logic OR gate to one output of the 

master trigger box described in Section 2.7.  A custom C++ program written by Dr. Douglas 

Jordan recognizes the interrupt generated by the receiver card and writes the corresponding GPS 

time (to the nearest 1 µs) to a text file.  Time stamps are thus generated coincident with any 

return stroke in a natural or triggered lightning flash that satisfies the trigger criteria described in 

Section 2.7.  The other port of the logic OR gate that drives the event input on the receiver card 

is connected to the output of a one-shot circuit that produces at 50 µs pulse.  The one-shot circuit 

receives the 2 s pulse from the DAQ card that triggers Scope 22, Scope 25, and Scope 30 a 

specified time after the button is pushed to fire a rocket.  This arrangement provides a GPS time 

stamp coincident with the beginning of the record on Scope 22 and Scope 30.   

2.9 ICLRT High-Speed Cameras 

High-speed cameras have been used at the ICLRT since summer 2008.  In 2009, we 

purchased a Photron SA1.1 and were also loaned a Phantom V7.3 from NASA.  In 2010, a set of 

two Phantom V310 high-speed cameras were also loaned from NASA to complement the 

existing instruments.  In 2011, a Cordin high-speed camera was installed in the Optical Building.  

Though no data from this camera will be presented in this dissertation, a brief discussion of the 

camera and its capabilities is given in the section below.  The high-speed photographic data 

presented in this dissertation were primarily acquired with the Photron SA1.1.  Images of the 

Photron SA1.1, Phantom V7.3, and Cordin 550 high-speed cameras are shown in Figure 2-12. 

The Photron has a CMOS sensor, similar to those in high-end DSLR still cameras, with a 

1024 x 1024 pixel array.  The pixels are 20 µm square.  Images are recorded with 12-bit gray-
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scale amplitude resolution.  The pixel area decreases with increasing frame rate due to data read-

out constraints from the sensor.  The camera is capable of recording images at frame rates up to 1 

Mframe/sec (1 µs resolution), but in that case the recorded pixel region is too small to be of 

value for lightning measurements.  The camera is mounted on its side on a tripod in the Office 

Trailer, a distance of 430 m from the Tower Launcher and 300 m from the Field Launcher.  The 

Photron is capable of reading out horizontally-oriented pixel arrays faster than vertical pixel 

arrays (i.e., a vertical by horizontal pixel area of 64 x 128 can be recorded at a frame rate of 300 

kilo-frames per second (kfps) while a vertical by horizontal pixel area of 128 x 64 can only be 

recorded at 108 kfps), hence the side-mounted configuration.  The high-speed images presented 

in this dissertation were recorded in 2010-2011.  During those summers, the Photron was 

operated primarily at a frame rate of 300,000 kfps, providing images of 320 x 32 pixels (vertical 

x horizontal).  The Photron is equipped with a Nikon F-mount lens mounting system.  The 

camera does not have the ability to electronically control the lens aperture, so only Nikkor AF-D 

model lenses can be used (with a manual aperture control ring).  From 2010-2011, the camera 

was operated with either a 14 mm f/2.8D or 20 mm f/2.8D fixed focal-length lens.  The wide 

angle lenses afford the greatest total spatial area (primarily altitude) within the small pixel 

region, though the spatial resolution is obviously poorer.  With a 20 mm lens, the spatial 

resolution of the Photron camera was 0.43 m/pixel at the Tower Launcher (430 m) and 0.3 

m/pixel at the Field Launcher (300 m).  The total viewing area (vertical x horizontal) was 138 m 

x 14 m at the Tower Launcher and 96 m x 10 m at the Field launcher.  With a 14 mm lens, the 

spatial resolution was 0.61 m/pixel at the Tower Launcher and 0.43 m/pixel at the Field 

Launcher.  The total viewing area was 195 m x 20 at the Tower Launcher and 138 m x 14 m at 

the Field launcher.   
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The Photron SA1.1 typically operated in a partitioned memory mode with three 

individually-triggered memory segments.  At the normal operating frame rate of 300 kfps, a 

memory segment had time duration of about 2.485 s with a total of 745,517 frames.  The Photron 

was triggered on the output of the master trigger box (Section 2.7), which for typical triggered 

lightning events corresponded to the first return stroke following the ICC period.  The camera 

was configured to record with 50% pre-trigger.  By operating the camera with partitioned 

memory, the image files did not have to be saved until all three segments were triggered.  

Despite 1000Base-T Ethernet connectivity, a single memory partition, which occupies of the 

order of 15 GB of disk space, can take an impractical amount of time to transfer to the host 

computer during storm conditions.  Image files were saved with the MRAW file format, which is 

essentially an archive file format of raw image data.  Camera configuration and file saving was 

handled through the proprietary Photron FASTCAM software.    

The Phantom V7.3 is a lower-performance camera than the Photron SA1.1, and was used 

primarily to view a wide-field, vertically-oriented image of the full triggered lightning channel. 

During normal triggered lightning events, the camera captured the full ascent of the rocket, the 

explosion of the triggering wire, the full ICC process, and all subsequent leader/return stroke 

sequences.  The Phantom V7.3 has a 800 x 600 pixel CMOS sensor.  The images are recorded 

with 14-bit grayscale amplitude resolution.  The pixels are 22 µm square.  The Phantom usually 

operated from either the Office Trailer (2009, 2010) or from the Blast Wall observation station 

(2011).  In 2009 and 2010, camera configuration and file saving was handled from a dedicated 

laptop provided by NASA.  The camera connected directly to the laptop with a 100Base-T 

Ethernet connection.  In 2011, the camera was connected to a Transition Networks SISTG1040-

111 media converter.  The device allows a 1000Base-T Ethernet connection to be routed over a 
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single-mode fiber pair.  The fiber pair terminated in the Optical Building at a second media 

converter, the output of which was connected to a control computer (the same computer that 

records the outputs of six of the Campbell Scientific field mills).  The Phantom V7.3 was 

typically operated at a frame rate of 8 kfps, or a frame interval time of 125 µs (exposure time 

was actually 120 µs).  The pixel region was typically set to 800 x 150 (vertical x horizontal).  

During 2009-2010, when the camera was connected directly to an IRIG-B time-code input, the 

camera was triggered manually with a push-button switch closure.  In 2011, when the camera 

operated remotely at the Blast Wall observation station with no time-code input, the trigger was 

provided by a S.I. Tech Model 2817 TTL Bit-Driver connected to a single-mode fiber link.  The 

2 s trigger pulse from the DAQ card in Launch Control that triggered Scope 22, Scope 25, and 

Scope 30 (and generated a GPS time stamp as discussed in Section 2.8) was also routed to the 

input of the bit-driver.  The Phantom V7.3 was configured to trigger on the rising edge of the 

pulse, and recorded for a total time of about 4.357 s (34,861 frames).  The camera was 

configured to record with 10% pre-trigger.  Video files, each with disk-space of about 8 GB, 

were downloaded after each trigger.  The save-time was less than that of the Yokogawa DL750 

DSOs, and thus was not a limiting factor in the time duration between attempts to trigger 

lightning.  The Phantom V7.3 was powered by 24 V DC obtained from two 55 Ah Optima 

marine batteries connected in series.  The batteries were charged with the outputs of two 30 W 

solar cells.   

During summer 2010, an additional three Phantom V310 high-speed cameras were loaned 

to the ICLRT by NASA.  The cameras were intended to be tested on natural and triggered 

lightning at the ICLRT, and were to be eventually installed atop the lightning protection towers 

surrounding launch pad 39B at Kennedy Space Center.  The Phantom V310 cameras were 
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configured to record wide-angle images of the site with one camera located in the Office Trailer 

and the other in Launch Control.  Unlike the existing Photron and Phantom cameras at the 

ICLRT, the Phantom V310 cameras were equipped with full-color 8-bit sensors.  The camera 

sensors were 1280 x 800 pixels (horizontal x vertical) with a pixel size of 20 µm square.  The 

Phantom V310 in the Office Trailer was configured with a pixel region of 1280 x 600 (horizontal 

x vertical), a 24-85 mm Nikkor lens set to a focal length of 24 mm, and a fixed aperture of f/16.  

The camera recorded at a frame rate of 4.3 kfps or a framing interval of 232.57 µs (actual 

exposure time of 230.61 µs).  The camera acquired a total record length of 846.7 ms (3641 

frames) with 40% pre-trigger and was triggered on the output of the master trigger box, typically 

on the first return stroke.  The Phantom V310 in Launch Control was configured with a larger 

pixel region of 1280 x 800 (horizontal x vertical), a 24-85 mm Nikkor lens set to a focal length 

of 24 mm, and a fixed aperture of f/16.  The camera recorded at a frame rate of 3.2 kfps or a 

framing interval of 312.5 µs (actual exposure time of 310.55 µs).   The camera acquired a total 

record length of 855.31 ms (2737 frames) with 30% pre-trigger and was triggered on the output 

of the master trigger box, typically on the first return stroke.  Both Phantom V310 cameras were 

typically configured with two memory partitions of the above stated lengths.  Camera 

configuration and file saving for all Phantom high-speed cameras is handled through the 

Phantom Camera Control software package.   

Prior to summer 2011, a new Cordin high-speed camera was installed in the Optical 

Building for imaging the bottom 100 m of the leader phase and the attachment region of 

triggered lightning discharges.  The Cordin camera was configured with a 50 mm lens set to an 

aperture of f/2.8, though the internal optics of the camera limit the system aperture to f/5.6.  The 

Cordin camera has 64 individual CMOS sensors with dimensions of 1000 x 1000 pixels.  The 
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pixel size is 7.4 µm square.   The images are digitized with 10-bit grayscale amplitude resolution.  

The image is projected onto the sensors by a rotating mirror assembly that is spun either by an 

electrically driven or helium driven motor.  The maximum possible frame rate from the 

electrically driven system is about 800 kfps and the maximum possible frame rate from the 

helium driven system is about 4 Mfps.  During Summer 2011, only the electrically driven system 

was used.  The camera was always triggered on the first return stroke following the ICC of a 

triggered lightning discharge and recorded the first leader, generally a dart leader.  In future 

experiments, the camera will be triggered to record dart-stepped leaders or "chaotic" dart leaders 

preceding first or subsequent triggered lightning return strokes.  External circuitry is currently 

being designed and tested for this purpose.   

A block diagram of the full ICLRT trigger system is given in Figure 2.13.  The system 

triggers for all DSOs (Section 2.4), the GPS time card (Section 2.8), and the high-speed cameras 

(Section 2.9) are annotated.  The blocks are color coded according to the key at the bottom of 

Figure 2.13.   

2.10 ICLRT Still Cameras and HD Video Cameras 

In addition to the Photron, Phantom, and Cordin high-speed cameras, the ICLRT is also 

equipped with a network of digital SLR (DSLR) still cameras and HD video cameras for imaging 

both natural and triggered lightning.  SLR 35 mm film cameras have traditionally been used at 

the ICLRT to shoot time exposures of the triggered lightning channel.  Details of channel 

geometry can be seen in still photographs that are poorly resolved in various types of video 

records.  Starting in 2009, the 35 mm film cameras were phased-out in favor of DSLR cameras.  

In 2011, a fully automated network of eight Nikon D5000 DSLR cameras was installed in the 

field at four locations (Blast Wall observation station, Southwest Optical observation station, 

IS2, and IS4).  The D5000 has a 12.3 megapixel CMOS sensor.  Each location housed a site 
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coverage camera and a triggered lightning camera.  Site coverage cameras were mounted with 

horizontal orientation on Manfrotto ball-heads and were outfitted with Sigma 10-20 mm lenses 

set to 10 mm, providing a 109 degree field of view.  The location of each camera station and the 

corresponding field of view of the site coverage camera are shown in Figure 2-14A, and an 

image of the camera installation is shown in Figure 2-14B.   Each site coverage camera was 

outfitted with a B&W 6-stop neutral density filter and a B&W slim-mount circular polarizing 

filter.  The circular polarizer effectively reduces the light input by about 2 stops.  Together, the 

neutral density and circular polarizer reduce the light reaching the camera sensor by a factor of 

about 64.  The site coverage cameras were operated in manual focus mode and manual exposure 

mode with the aperture of each camera set to f/18 and the shutter set to bulb mode.  For optimal 

long-exposure noise performance, the camera sensitivities were set to ISO 200, which is base 

sensitivity on the D5000.  The remote shutter port of each site coverage camera was connected to 

an output port on a 2011 PIC controller (Section 2.2.2.3).  The function of the output port is to 

provide a contact closure, which in turn triggers the camera's shutter mechanism.  The contact 

closure is controlled by a custom Labview virtual instrument written by the author.  The Labview 

program sets the exposure length in seconds for each site coverage camera by sending the 

appropriate hexadecimal sequence in the last byte of the 5-byte command (Section 2.2.2).  The 

workgroup (the first three bytes of the 5-byte command) are set to "CMM" for the site coverage 

cameras.  Using the different workgroup, the 2011 PIC controller can interpret the last two bytes 

of the command sequence as an exposure time and not a typical command for switching on 

calibration signals, attenuator networks, etc.  After the exposure lengths are set on all of the site 

coverage cameras, a typical power command (hexadecimal '80') is sent to initiate the exposures.  

The cameras take continuous exposures at the defined exposure length until the PIC controllers 
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receive an "off" command (hexadecimal '00').  The exposure lengths can be changed at any time 

to compensate for changing light conditions.  During typical storm conditions, exposure lengths 

are from 5-10 s.  As seen in Figure 2.14A, the four site coverage cameras have overlapping fields 

of view, and often record the same natural lightning discharge from multiple angles, providing a 

good three-dimensional view of the tortuous channel geometry.  The triggered lightning channel 

is within the field of view of all site coverage cameras.  Time-exposures of natural lightning 

discharges during daytime hours usually show the main channel sections in good detail, but often 

do not resolve branches, which are typically significantly less bright.  This is a consequence of 

the neutral density filters, though without the filters, long exposure times are impossible when 

there is significant sunlight.  Filters are manually removed when nighttime storms are present.   

The second camera at each camera station functioned as a dedicated triggered lightning 

camera.  These cameras were mounted on Manfrotto ball-heads with vertical orientation.  The 

cameras farthest from the field launcher (Blast Wall and Southwest Optical) were outfitted with 

Nikkor 18-105 mm lenses set to focal lengths of 18 mm.  The additional two cameras in IS2 and 

IS4 were outfitted with Nikkor 55-200 mm lenses set to focal lengths of 90 mm and 86 mm, 

respectively.  The triggered lightning cameras also operated in manual focus and manual 

exposure modes, with the aperture set to f/22, the shutter set to bulb mode, and the sensitivity set 

to ISO 200.  The triggered lightning cameras were mounted with the same filters as the site 

coverage cameras.  The remote shutter port on each camera was connected to the second output 

port on the 2011 PIC controller.  The exposure length for each camera was set by the Labview 

program as described for the site coverage cameras, though the workgroup was replaced with 

"CMS" such that the exposure lengths for the two sets of cameras could be controlled 

independently.  The triggered lightning cameras were configured to fire at the same time by 
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sending a hexadecimal 'FF' in the last two bytes of the command sequence.  The fire command 

was sent at the same time as the trigger pulse for Scope 22, Scope 25, Scope 30, and the Phantom 

V7.3.  A fifth triggered lightning camera, a Nikon D80 belonging to the author, was operated 

from Launch Control.  The camera was outfitted with a Nikkor 70-300 mm lens set to a focal 

length of either 70 mm for the tower launching facility or 100 mm for the field launching facility.  

The camera was configured in manual focus and manual exposure mode with an aperture of f/32, 

an exposure length of 6 seconds, and a sensitivity of ISO 100.   A 4-stop neutral density filter 

and a circular polarizer were mounted to the lens.  The shutter was manually triggered when the 

rocket exited the launch tube.   

The network of eight D5000 cameras were powered with Nikon EH-5A AC adapters 

mated to Nikon EP-5 battery adapters.  The cameras in IS2 and IS4 were connected directly to 

shore power via APC 750 VA battery backup units while the cameras at the Blast Wall and 

Southwest Optical stations were powered by 500 W inverters that were connected to 55 Ah 

Optima marine batteries.  The batteries were each charged with 12 W solar cells.  The Nikon 

D80 in Launch Control was powered by the internal camera battery.  All cameras saved their 

image files directly to 16 GB SDHC cards.  Normal card capacity was about 4,000 images.  The 

memory cards were collected after each storm so that the image files could be copied to hard-

disks.   

High-definition (HD) video recorders are also used extensively at the ICLRT.  In 2009, a 

network of four Sony HDR-HC5 cameras was used to image the triggered lightning channel 

from four locations (IS2, Office Trailer, Launch Control, Runway).  The cameras record at 30 

frames/s in true 1080i resolution directly to mini-DV tapes.  The camera has a 2.1 megapixel 

CMOS sensor.  The record time of each tape is approximately one hour.  After a storm, the 
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videos corresponding to the time window around each rocket launch were saved into .AVI files 

using the free VirtualDub software package.  In 2010, the Sony HDR-HC5 recorders were 

replaced in favor of Canon HF S20 video cameras.  The HF S20 records in 1920 x 1080 

resolution at 30 frames/s.  The HF S20 has a 8.59 megapixel CMOS sensor.  The primary 

advantage of the HF S20 is that it can record to both an internal 32 GB flash memory and also 

has two external slots for up to 64 GB of additional memory space.  A 32 GB class-6 SDHC card 

was purchased for each camera and the cameras were set to record to the external SDHC card for 

each data transfer.  In FXP recording mode (one step down from best quality), the camera can 

record over 4 hours of continuous HD video on a 32 GB memory card.  The two Canon HF S20 

cameras were placed in Launch Control and the Office Trailer, both focused on the triggered 

lightning channel.  An additional two Canon HF S21 video recorders were purchased prior to 

summer 2011.  The HF S21 is the successor of the HF 20 and offers more internal memory (64 

GB vs. 32 GB).  The two HF S21 cameras were also configured to record to 32 GB class-6 

external SDHC cards.  Both cameras were located in the Office Trailer and were used for general 

site coverage.  One camera was mounted to view due south and the other to view east.  The raw 

videos recorded by the Canon HD cameras are in the AVCHD format with the proprietary Canon 

.MTS file extension.  In order to play the videos on standard media software, they are converted 

to HD .MOV or HD .AVI files using the free Emicsoft MTS converter.   

2.11 ICLRT Rockets and Rocket Launching System 

An image of a rocket used to trigger lightning at the ICLRT is shown in Figure 2.15.  The 

rockets are 1 m long fiberglass tubes with diameter of 2".  The rocket includes a removable nose-

cone that is ejected when the parachute deploys following the full burn of the rocket motor.  Four 

fiberglass fins are mounted to the sides of the rocket near the base of the tube to help the rocket 

track straightly under the influence of high winds aloft.  An additional set of metal "wings" are 
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mounted to the mid-section of the rocket body to stabilize the rocket while it exits the launch 

tube.  The wings are bent such that the rocket fits snuggly inside the launch tube.  An H-series 

rocket motor is inserted into the bottom of the fiberglass tube and secured with a metal ring 

clamp.  A spool of 32 AWG kevlar-coated copper wire is mounted to the bottom of the rocket-

body with heavy-gauge coated wire.  The wire spool has total length of 700 m and total 

resistance of about 350 .  The wire wraps on the spools are glued in a precise manner such that 

only one wrap at a time peels off the spool as the rockets ascends.  The rockets reach a peak 

velocity of about 150 m/s.   

During the data collection period for this dissertation, two different rocket launching 

system were utilized.  In 2009, the tower launching facility was used exclusively.  From June 5, 

2010 through July 11, 2010, rocket launching operations were conducted from the field 

launching facility.  Rocket launching operations were moved back to the Tower Launcher from 

July 11, 2010 through May 14, 2011.  From June 23, 2011 to present, the field launcher has been 

used exclusively.   

2.11.1 Tower Launching Facility 

An image of the tower launching facility is shown at left in Figure 2-16A.  The tower is 

located about 50 m south of Launch Control.  The tower deck is 11 m above local ground level.  

An aluminum rocket launcher with 12 individual launch tubes is mounted to the tower deck.  The 

launcher is supported by tubular fiberglass legs for electrical insulation from the supporting 

wooden tower.  The top of the launch tubes are approximately 14 m above local ground level.  

The launcher control box in the field is located on a vertical support beam between the launch 

tubes.  The control box houses a Motorola HC6811 micro-controller and a bank of 12 pneumatic 

switches.  The micro-controller communicates with the rocket launcher control unit (Figure 2-



 

97 

16B), located immediately next to the NLDN computer in Launch Control, over a 200 µm fiber 

link.  The air supply to the bank of pneumatic switches is a compressor located in the NASA 

trailer immediately to the east of Launch Control.  The compressor charges a large storage tank 

to approximately 75 psi.  The storage tank is connected to the bank of pneumatic switches with 

1/4" pneumatic tubing.  The launcher control box in Launch Control (Figure 2-16C) has the 

ability to select a tube, arm or disarm the tube, and send a command to fire the tube.  When the 

command is sent to fire a tube, the appropriate pneumatic switch in the master launcher control 

box opens its valve and allows air pressure to flow to the individual control box mounted to the 

particular tube (Figure 2-16D).  The individual tube control boxes house a second pneumatic 

switch, a 9 V battery, electrical ports where the rocket squib wire is attached, and moveable pins 

to configure the launcher in test mode or firing mode.  When the switch in the particular tube 

control box receives air pressure from the master control box, the switch closes, putting 9 V 

across the rocket squib wire.  The resulting current flow detonates the small charge at the end of 

the squib wire, igniting the rocket motor.  The end of the spool of kevlar-coated copper wire 

attached to the rocket is connected to the aluminum launcher with a ring terminal and stainless 

steel bolt.  The launcher itself is grounded through a long section of braided wire that passes 

through an opening in the tower deck below the launcher to the ground below, where it is 

connected to a single 25 m copper-clad steel ground rod.  Any current flowing on the ascending 

triggering wire, and all current from subsequent return strokes, is directly measured before 

passing to ground using a T&M Research 1 m current-viewing resistor (CVR).  Subsequent 

return strokes typically attached directly to the top of the rocket tubes.  The current 

measurements are located in the large box mounted to the underside of the launcher and will be 

discussed in detail in Section 2.12.   
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2.11.2 Field (Ground) Launching Facility (2010) 

Rocket launching operations were moved from the tower launching facility to a select area 

on the ground prior to summer 2010.  The move was prompted by a grant from NASA to 

construct a 1/20th scale model of the newly-installed lightning protection system at Pad 39B at 

Kennedy Space Center.  The field (ground) launching facility is located about 140 m to the west-

northwest of the tower launching facility.  The field launching facility was chosen to be centrally 

located within the measurement network and to provide good optical viewing angles from 

multiple buildings on the site.  An image of the 2010 version of the field launching facility is 

shown in Figure 2-17.  The field launcher was built with six aluminum rocket tubes and tubular 

fiberglass leg supports.  A current measurement box housing a T&M Research R-5600-8 1.25  

m CVR was mounted to the underside of the launcher.  The launcher was grounded through the 

current measurement box to a set of three 12 m copper-clad steel ground rods connected in 

parallel.  The model of the Pad 39B lightning protection system consisted of three main support 

towers (in this case, telephone poles) spaced in a triangular arrangement a few tens of meters 

apart.  The support towers were connected by a catenary wire system at a height of 30 ft above 

local ground level.  Two down-conductors were connected to the catenary wire system at each 

support pole and an addition three down-conductors were connected to the catenary wires 

between the support poles.  Each down-conductor was grounded to a 40 ft copper-clad steel 

ground rod.  The current was measured at the base of each down-conductor with a Pearson 110A 

current-transformer.  The launcher was placed about 3 m northwest of the western-most support 

pole.  A wooden platform was constructed on the top of the western support pole above the 

catenary wire system to hold a large current measurement box (Figure 2-17).  A 3 m ground rod 

was secured to the very top of the support pole with ceramic insulators and was then connected 
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to the current measurement box.  The top of the ground rod was about 14 m above local ground 

level.  When a rocket was launched from the launcher on the ground, the current on the wire 

during the wire ascent and typically the full current during the subsequent UPL/ICC process 

flowed to ground through the rocket launcher (these currents did not typically flow through the 

catenary wire system), and were measured in the current measurement box mounted underneath 

the launcher.  Subsequent return strokes normally attached to the intercepting rod mounted on 

top of the western support pole.  Current from the return strokes was measured with a T&M 

Research 1 m CVR in the current measurement box atop the western support pole.  The return 

stroke current then flowed into the catenary wire system and subsequently distributed to ground 

through the down-conductor network.   

The launcher functionality for the field launching system was essentially identical to that 

of the Tower Launcher, though the hardware differed somewhat.  A close-up view of the field 

launcher is shown in Figure 2-18A.  The field launcher control box, shown in Figure 2-18B, is 

located immediately on the northwest side of the launcher.  The box contains a 2006 edition PIC 

controller (Section 2.2.2.2), a launcher control board, and a bank of eight pneumatic switches 

(six of which are used).  The launcher control board is connected to the output header of the 

2006 PIC via a ribbon cable.  The logic signals on the 2006 PIC that control the switching of the 

relays attached to each attenuator network are used as control signals for each of the six launch 

tubes on the field launcher.  When the control signal is received, the logic signals are fed to opto-

isolators which in turn provide the selected pneumatic switch with 12 V power.  Control signals 

for the field launcher control box are sent directly from a custom Labview program that runs on 

HAL in Launch Control.  For safety purposes, the 62.5 µm control fiber for the 2006 PIC in the 

launcher control box is connected to an independent, two-port optical fan-out board in Launch 
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Control to isolate it from the full network control system (i.e. to make any accidental cross-talk 

impossible).  The air supply to the master launcher control box is the compressor in the NASA 

trailer.  Pneumatic tubing was run from the NASA trailer to the field launcher in protective 1" 

PVC pipe.  Like the tower launching configuration, each pneumatic switch in the master 

launcher control box is connected with a short section of pneumatic tubing directly to a control 

box on each individual launch tube (Figure 2-18C).  The individual tube control boxes house a 

second pneumatic switch, a 9 V battery, electrical ports where the rocket squib wire is attached, 

and moveable pins to configure the launcher in test mode or firing mode.  Again, the rocket 

motors are ignited when the pneumatic switch closure transfers 9 V to the squib wire.  A block-

diagram, schematic view of the rocket-launching process from the field launching system is 

shown in Figure 2-19.  The diagram is also accurate for the Tower Launcher, except that the 

control system utilizes a different micro-controller and fiber-optic link.   

2.11.3 Field Launching Facility (2011) 

Prior to summer 2011, the model experiment of the Pad 39B catenary wire system was 

disassembled.  A smaller, rectangular intercepting wire ring was installed in its place (Figure 2-

20).  The wire ring is at an altitude of about 5.4 m above local ground level and is constructed 

from heavy braided wire.  Ceramic insulators are used to offset the conducting ring from the 

wooden support poles.  Four down-conductors tie the corners of the wire intercepting ring to the 

aluminum launcher.  Current on the ascending triggering wire and current from the subsequent 

UPL/ICC process typically flowed directly to the launcher while subsequent return strokes 

typically attached to the intercepting wire ring.  The small current measurement box that was 

mounted to the underside of the field launcher was removed and replaced with the larger 

measurement box that had been located atop the western tower during the 2010 experiment.  The 

larger box was mounted on a wooden stand under the field launcher that was insulated from 
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ground by large ceramic insulators.  A heavy section of braided wire connected the new current 

measurement box to the launcher frame.  The output of the 1 m CVR mounted in the current 

measurement box was tied directly to three 12 m copper-clad steel ground rods connected in 

parallel.  In 2011, the air supply to the master launcher control box was changed from the 

compressor in the NASA trailer to a gas-powered compressor in a small metal building about 25 

m southwest of the launcher.  Otherwise, the launcher control system was identical to that of 

summer 2010.   

2.12 ICLRT Channel-Base Current Measurements 

 In this section, the channel-base current measurements used at the ICLRT from 2009-

2011 will be discussed in detail including the physical construction of the measurement boxes, 

the current measurement devices, and the accompanying amplification electronics.    

2.12.1 2009 Channel-Base Current Measurements 

The current measurement box for the Tower Launcher was bolted directly to the aluminum 

support structure on the underside of the launcher.  The stainless steel box had length and width 

of 0.91 m and depth of 0.3 m.  Dielectric grease was applied to the junction between the 

dissimilar metals.  A T&M Research R-7000-10 1 m CVR was mounted directly to the bottom 

side of the metal box with the flange secured to the box with stainless steel bolts.  The lug of the 

CVR was connected to the braided wire ground lead that terminated at the 25 m ground rod 11 m 

below.  The CVR is a non-inductive, large-volume cylindrical resistor capable of dissipating 

many kilo-joules of energy without damage.  The device has a flat frequency response from DC - 

8 MHz and provides a voltage output on a BNC terminal proportional to the input current in 

accordance with Ohm's Law.  Triggered lightning current flows from the launcher to the outside 
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of the current measurement box, enters the CVR through the flange, produces a proportional 

measureable voltage, and then exits the CVR though the lug.   

In Figure 2-21A, a picture of the inside of the tower current measurement box is shown, 

and in Figure 2-21B, a schematic view of the internal configuration of the box is given.  There 

were three channel-base current measurements in 2009, named "II-High", "II-Low", and "II-Very 

Low", corresponding to three different sensitivity ranges.  The measured current amplitudes 

during typical triggered lightning discharges may span five orders of magnitude, hence the need 

for three different measurements to expand the possible dynamic range.  In 2009, the transducer 

factors (the numbers used to convert raw digitizer volts to meaningful physics units) for the three 

current measurements in order of increasing sensitivity were about 63 kA/V, 6.3 kA/V, and 21 

A/V.  The least sensitive current measurement (63 kA/V) is configured to record the return 

stroke peak current.  The mid-level measurement (6.3 kA/V) is designed to resolve the peak 

amplitudes of weaker return strokes, large ICC pulses, and M-components following return 

strokes.  The most sensitive measurement (21 A/V) is designed to measure precursor current 

pulses on the ascending triggering wire and the initial upward positive leader currents preceding 

subsequent return strokes.  The PIC controller, fiber-optic transmitter, and any amplification 

electronics for each current measurement were enclosed in smaller metal boxes inside the large 

measurement box.  The smaller metal boxes were secured to a sheet of Plexiglass, which was 

bolted to the interior of the large outer box with standoffs, effectively electrically isolating the 

inner measurement boxes from current flow on the exterior box.  With possibly many tens of 

kilo-amperes flowing on the outer box, it is very important to avoid any possible ground loops 

inside the measurement box.  A 2006 PIC controller was placed in the II-High measurement box.  

The PIC controller attenuated the incoming voltage signal from the CVR by -36 dB before 
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passing the signal to the Opticomm transmitter.  A 2001 PIC controller was placed in the II-Low 

measurement box.  It received control commands over plastic fiber from the 2006 PIC controller 

in the adjacent II-High measurement box.  The 2001 PIC controller attenuated the voltage output 

of the CVR by -16 dB before passing the signal to the Opticomm transmitter.  Finally, a second 

2006 PIC controller was placed in the II-Very Low measurement box.  The input signal from the 

CVR was first passed through an 820  current limiting resistor and then fed across back-to-

back 4.7 V zener diodes to clamp the voltage at the input to the following amplifier (input signals 

could be as high as 50-60 V for very large peak current return strokes, potentially damaging the 

amplifier).  The non-inverting amplifier circuit was designed by Dr. Christopher Biagi with gain 

of 46.5.  Fifty ohm feed-through resistors were placed on the inputs of the Opticomm 

transmitters on both the II-High and II-Low measurements.  The output of the amplifier on the 

II-VL measurement was injected directly into the 68 k input impedance of the Opticomm 

transmitter.  Fiber-optic bundles connections are not shown in the measurement box schematic of 

Figure 2-21.  An armored, 6-strand fiber bundle passes through a pipe nipple in the bottom of the 

outer measurement box.  Internal fiber-optic connections (62.5 µm glass fiber and 200 µm plastic 

fiber) pass through the interior measurement boxes in small holes with rubber grommets to 

protect the fibers.   

2.12.2 2010 Channel-Base Current Measurements 

The rocket launching configuration during summer 2010 was discussed in Section 2.11.2.  

In Figure 2-22, schematics are shown for the channel-base current measurement boxes during the 

Pad 39B catenary wire experiment.  The steel current measurement bolted directly to the 

underside support of the launcher (Figure 2-18) and had width and length of 0.61 m and depth of 

0.3 m.  The box housed two measurements named "ICC" and "ICC-Very Low", with respective 
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transducer factors of 16 kA/V (ICC) and 400 A/V (ICC-Very Low).  Each measurement and its 

associated electronics were mounted in separate interior metal boxes, both of which were secured 

to a Plexiglass support that was offset from the outer metal box with standoffs (Figure 2-22A).  

The ICC measurement was configured with a 2001 PIC controller and was set to attenuate 

incoming signals from the CVR by -20 dB.  The ICC-Very Low measurement passed through an 

identical current limiting and clamping circuit as that described in Section 2.12.1, and then 

passed through a non-inverting amplifier circuit with gain of 2.  The ICC-Very Low 

measurement was configured with a 2001 PIC controller with no attenuation.  The output signals 

of both PIC controllers were routed to Opticomm transmitters, each with 50  feed-through 

resistors at the inputs.  The ICC and ICC-Very Low current measurements were powered with 28 

Ah batteries that rested on the bottom of the outer measurement box next to the CVR.  A pair of 

62.5 µm glass fiber jumpers were fed through a pipe nipple on the underside of the outer 

measurement box and were connected to each of the Opticomm transmitters.  The opposite ends 

of the fiber jumpers were fed into a junction box located next to the base of the western support 

tower where they were mated with ST-ST connectors to individual fibers of a 6-strand armored 

bundle for transmission to Launch Control.  200 µm plastic fibers that transmitted control signals 

to the 2001 PIC controllers were also fed through the pipe nipple on the outer measurement box.  

The opposite ends of the plastic fibers were connected to a plastic fiber fan-out board located in a 

second junction box immediately next to the 62.5 µm fiber junction box described above.  The 

plastic fiber fan-out board received its control signals from the 2006 PIC controller in TERA-24, 

located about 12 m to the south.    

In Figure 2-22B, a schematic is shown for current measurement box mounted atop the 

western tower during the Pad 39B catenary wire experiment.  As stated in Section 2.11.2, the 
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measurements in this box were designed to record return stroke currents that attached to the 3 m 

intercepting rod above the western tower.  The stainless steel box was 0.91 m in length, 0.61 m 

in width, and had depth of 0.3 m.  Two interior metal boxes were fastened to a large sheet of 

Plexiglass that was offset from the bottom of the outer measurement box with rubber standoffs 

and Styrofoam.  A T&M Research R-7000-10 1 m CVR was bolted to the forward right side of 

the outer measurement box.  The left interior measurement box housed the associated electronics 

for two current measurements, named "RS-High" and "RS-Low", having respective transducer 

factors of 63 kA/V and 6.3 kA/V, while the right interior measurement box housed electronics 

for a more sensitive current measurement named "RS-Very Low" with transducer factor of 139 

A/V.  The RS-High and RS-Low measurements were both configured with 2001 PIC controllers 

with attenuations of the CVR output set to -36 dB and -16 dB, respectively.  The output signals 

of the PIC controllers were routed to separate Opticomm transmitters with 50  feed-through 

resistors at the inputs.  The RS-Very Low measurement passed through an identical current 

limiting and clamping circuit as the ICC-Very Low measurement described above, and then 

passed through an amplifier with gain equal to 7.2.  The RS-Very Low measurement was also 

configured with a 2001 PIC controller set to 0 dB atteunation.  The output of the PIC controller 

passed to an Opticomm transmitter with a 50  feed-through resistor at the input.  The 

associated electronics for all three current measurements were powered by 33 Ah batteries.  A set 

of three 62.5 µm fiber jumpers were routed from the junction box on the ground, up the western 

support pole through a 2" PVC tube, into the current measurement box through a pipe nipple on 

the rear edge of the box, and then to the inner measurement boxes where they connected to the 

Opticomm transmitters.  Plastic fiber pairs for the control of each 2001 PIC followed the same 

path and were connected to the plastic fiber fan-out board on the ground.   
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After the conclusion of the Pad 39B catenary wire experiment on July 11, 2010, rocket 

launching operations moved back to the Tower Launcher.  The measurement configuration of the 

II-High and II-Low measurements was identical to that described in Section 2.12.1.  The existing 

non-inverting amplifier on the II-Very Low measurement was replaced with the non-inverting 

amplifier from the ICC-Very Low measurement (gain of 7.2).  The 2006 PIC controller in the II-

Very Low measurement was also set to attenuate the incoming signal from the CVR by 6 dB, 

giving an effective transducer factor of 278 A/V.   

2.12.3 2011 Channel-Base Current Measurements 

 Through May 14, 2011, the channel-base current measurements on the Tower Launcher 

were identical to those described in the bottom paragraph of Section 2.12.1.  Rocket launching 

operations were moved back to the field launching facility after May 14, 2011.  As described in 

Section 2.11.3, the large current measurement box that had been mounted on the platform atop 

the western support tower during the 2010 experiment was mounted on a support structure 

directly underneath the field launcher during summer 2011.  The lug of the 1 m CVR was tied 

directly to the three 12 m ground rods connected in parallel.  A picture of the inside of the 2011 

current measurement box is shown in Figure 2-23A and a schematic view of the box is shown in 

Figure 2-23B.  The configuration of the II-High and II-Low measurements was identical to that 

of the RS-High and RS-Low measurements described above in Section 2.12.2.  The discrete 

clamping circuit and amplifier boards on the II-Very Low measurement were replaced with a 

new, self-contained circuit board that provided both functionalities.  The non-inverting amplifier 

had gain of 5, providing a transducer factor of 200 A/V.  The 2001 PIC controller on the II-Very 

Low measurement was configured with no attenuation.  A fourth current measurement named 

"II-XL" was also added to the right interior measurement box.  An amplifier board, including the 
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current limiting and clamping capability, was designed with gain of 2,500, providing a 

transducer factor of 400 mA/V.  This extremely sensitive current measurement was designed to 

measure the low-level current flowing into the base of the triggering wire as the wire ascends, 

the current serving to keep the wire at ground potential as the electric field aloft induces charge 

on the ascending wire.   The II-XL measurement was also configured with a 2001 PIC controller 

with no attenuation applied.  The PIC outputs of both the II-VL and II-XL measurements were 

fed to Opticomm transmitters with 50  feed-through resistors at the inputs.  All four current 

measurements were powered with 33 Ah batteries.  Four 62.5 µm fiber jumpers passed through a 

large pipe nipple on the rear of the outer measurement box and were connected to each of the 

four Opticomm transmitters.  The opposite ends of the 62.5 µm fiber jumpers connected to the 

junction box described in Section 2.11.2 for transmission to Launch Control.  Plastic fiber pairs 

for each of the four 2001 PIC controllers also passed through the pipe nipple on the rear of the 

measurement box.  The plastic fibers were all connected to the plastic fiber fan-out board 

discussed in Section 2.11.2.    

In addition to the four ICLRT current measurements, two HBM digitizers were connected 

to the output of the CVR.  The HBM digitizers were configured to record two sensitivity ranges, 

the "II-High" measurement recording signals ranging from +/- 50 kA and the "II-Low" 

measurement recording signals ranging from +/- 250 A.  The outputs of the HBM digitizers were 

connected to single-mode fiber pairs that transmitted the signals to the HBM Gen16t Transient 

Recorder in the Office Trailer.  The details of the HBM digitization system were discussed in 

Section 2.5.  The HBM digitizers were powered by a pair of 28 Ah batteries.  The two HBM 

digitizers rested on top of the right interior measurement box (Figure 2-23A) and were isolated 

by pieces of Styrofoam.   
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2.13 ICLRT dE/dt Measurements 

  Electric field derivative (dE/dt) measurements are primarily used for studying the 

impulsive electric field changes radiated by lightning leaders (propagation), and the sub-

microsecond processes that occur during the interaction of lightning leaders and ground-based 

objects (attachment).  The network of dE/dt sensors at the ICLRT form a time-of-arrival (TOA) 

network used for locating sources in three dimensions (Chapter 4).  At the ICLRT, the normal 

component of electric field and its derivative are measured using flat plate antennas fabricated 

from 0.16 cm aluminum.  A schematic and a corresponding image of a flat plate dE/dt antenna 

are shown in Figure 2-24A and Figure 2-24B, respectively.  The antenna housing measures 0.6 m 

square by 5 cm in depth.  A section is cut from the top plate of the housing for the antenna 

sensing plate.  The circular antenna sensing plate measures 0.48 m in diameter, has area of 0.155 

m
2
,  and is separated from the antenna housing by an annular space of  about 1.25 cm.  The 

sensing plate is supported by six rubber standoffs that elevate the plate to a level flush with the 

top plate of the antenna housing.  The signal from the sensing plate is routed to a BNC feed-

through mounted to the antenna housing with a short length of RG-223U coaxial cable.  The 

cable is stripped so that a short length of the center conductor is exposed.  A ring-terminal is 

soldered to the center conductor and then connected to the center of the antenna sensing plate 

with a small stainless steel bolt.  The housing of the antenna assembly is secured to a 1.2 x 2.4 m 

piece of galvanized screening which serves as a ground mesh.  The antenna is placed on the 

ground surface and pieces of galvanized hardware cloth are secured to the existing ground mesh 

on three sides to expand the ground plane.  A 3 m copper-clad steel ground rod is driven along 

the front edge of the antenna.  A short length of 12-guage solid-core copper wire connects the 

ground rod to the antenna housing.  A hole is dug in the ground on the front side of the antenna 

to house the associated electronics for the antenna.  The measurement holes typically have 
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dimensions of about 1.2 x 0.76 x 0.61 m (L x W x H) and are supported on all sides by sections 

of pressure-treated lumber.  The wood helps to prevent the holes from caving-in with heavy rain 

and also helps to reduce the amount of vermin (spiders, snakes, etc.).  The holes are covered by 

1.2 x 1.8 m sections of TUFF-R insulation.  The TUFF-R is highly reflective and serves both to 

provide a protective covering for the measurement hole and to regulate the temperature.  The 

long side of the galvanized screen is stretched over the TUFF-R and is held in plate by piece of 

lumber.  A concerted effort is made to keep the ground mesh around each antenna as flat as 

possible so not to distort the electric field measured at ground.  In addition, vegetation around 

each antenna is regularly cut flush with the ground level.   

 A cross section schematic of the flat-plate antenna installation and the accompanying 

measurement hole is shown in Figure 2-25.  A schematic of the measurement electronics boxes, 

a top-down image of the measurement hole, and images of the inside of each electronics box are 

given in Figure 2-26.  Three concrete blocks are placed in the bottom of each hole to elevate the 

electronics boxes in the event the holes take on large amounts of water.  A wooden support 

platform is rested on top of the concrete blocks.  Two shielded Hoffman enclosures are screwed 

to the wooden support stand.  The boxes are bonded together mechanically and electrically by a 

1.9 cm galvanized pipe nipple.   The leftmost Hoffman box has a BNC feed-through mounted to 

the rear wall.  A 1.2 m section of RG223-U coaxial cable is connected between the antenna 

housing and the Hoffman box, transferring the output of the antenna to the inside of the 

electronics box.  Through the shield of the BNC cable, the Hoffman box is also at the same 

ground potential as the antenna housing, the ground rod, and the surrounding ground mesh.  The 

connecting BNC cable is enclosed in tinned-copper braided wire for additional electromagnetic 

shielding.   Additional pipe nipples are mounted to each Hoffman box and serve as feed-through 
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ports for fiber-optic cables.   The leftmost Hoffman boxes houses a 2001 PIC controller, an 

Opticomm transmitter, a solar-charging circuit, and a 28 Ah battery for powering the 

aforementioned electronics.  The antenna cable first passes from the BNC feed-through on the 

Hoffman box to the 2001 PIC controller.  Depending on the measurement configuration, the PIC 

controller is a short circuit from input to output, or alternately, is commanded to attenuate the 

incoming signal by -3 dB or -6 dB.   The output of the PIC controller is fed to the input of the 

Opticomm transmitter.  A single 62.5 µm multi-mode fiber carried the analog signal from the 

Opticomm transmitter to Launch Control.  Prior to 2011, the signal path terminated at the 

Opticomm transmitter, where a 50  feed-through resistor was placed at the input.  In 2011, the 

50  feed-through resistor was removed and the signal was branched with a BNC F-connector at 

the Opticomm input.  A 0.3 m section of BNC cable passed from the branch point through the 

pipe nipple to the rightmost Hoffman box.  Here, the signal was injected through a 50  feed-

through resistor to the input of a HBM digitizer.  The rightmost Hoffman box also housed a solar 

charger and a 28 Ah battery that supplied power to the HBM digitizer.  A 2-strand 9/125 µm 

single-mode fiber pair was connected to the HBM digitizer and carried the digital output to the 

Genesis 16t Transient Recorder in the Office Trailer.   

 The solar chargers in each Hoffman box were connected to separate 11 W solar panels 

that were mounted to pressure-treated lumber and placed adjacent to the ground mesh at each 

antenna.  The outputs of the solar panels were regulated to 14.5 V and then connected to the 

battery in each Hoffman box.  When storm conditions were present, the output power of the PIC 

controller was used to control a relay in each solar charger that shorted the solar panel to the 

Hoffman box, effectively preventing the solar panel and lead from acting as an antenna and 

introducing parasitic RF noise into the measurement system.   
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 A thorough derivation of the time and frequency domain responses of the flat plate 

antennas used at the ICLRT is given in Jerauld [2007].  An abbreviated version of the flat plate 

antenna response will be given here specific to the dE/dt antenna configuration.  A flat plate 

antenna oriented horizontally (parallel with the ground surface) senses the normal (vertical) 

component of the electric field consistent with the electric field boundary condition at a perfectly 

conducting surface.  

 
ˆD n s 

 (2.1) 

The vector quantity D  is the electric displacement vector at the surface of the conductor 

(the sensing plate), the quantity n̂  is the unit vector in the vertical direction, and the quantity s  

is the surface charge density on the sensing plate.  The dot product of the electric displacement 

vector and the normal unit vector is simply the normal component of the electric displacement 

vector. 

 Dz s  (2.2) 

With the assumption that the sensing plate is perfectly conducting, we can take the 

tangential component of the electric field to be equal to zero inside the sensing plate and at the 

plate surface.  If the dielectric medium above the plate is air, the vertical component of the 

electric displacement vector can be rewritten as the product of the permittivity of free space (0 = 

8.854 x 10
-14

 F/m) and the normal component of the electric field.  

 0 Ezs    (2.3) 

The total charge on the plate can be obtained by multiplying the surface charge density by 

the total area of the plate.  The assumption is made that the surface charge density is uniform 

across the plate area based on the frequency content and corresponding wavelengths of the 
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signals of interest.  The bandwidth constraints of the fiber-optic data transmission system limit 

the measurement frequency range to about 20 MHz for measurements transmitted over the 

Opticomm fiber-optic links and about 25 MHz for measurements digitized by the HBM 

digitizers.  The total charge on the plate is given by the following expression. 

 0Q A E Atotal plate z plates      (2.4)  

 By taking the time derivative of both sides of Equation 2.4, we can obtain an expression 

for the time-dependent current which flows off of the plate in response to the external electric 

field.  This quantity is then directly proportional to the time derivative of the vertical component 

of the electric field.   

 0( )
dQ dEtotal zI t Aplate

dt dt
     (2.5) 

The frequency domain response of the flat plate antenna can be found by taking the Fourier 

transform of Equation 2.5.  A time-derivative in the time domain is equivalent to multiplication 

by the complex number j in the frequency domain.  Hence, the frequency domain equivalent of 

Equation 2.5 is given by Equation 2.6 as a function of the angular frequency.  

 0( ) ( )I A j Eplate z       (2.6) 

Viewed from the standpoint of a Norton equivalent circuit, the frequency domain response 

of the flat plate antenna is that of a current source in parallel with the source and load 

impedances of the antenna.  The measured capacitance of the flat plate antennas used at the 

ICLRT is about 80 pF.  The resistance and inductance of the flat plate is negligible and is not 

factored into the antenna source impedance.  The series resistance and inductance of the coaxial 

cable that connects the antenna sensing plate to the load impedance is negligible compared to the 

capacitance of the flat plate antenna at the frequencies of interest (DC - 25 MHz), and hence is 
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not accounted for in the expression for the antenna source impedance.  For a flat plate antenna 

configured to measured dE/dt, the load impedance of the antenna is simply a 50  resistor.  For a 

flat plate antenna configured to measure the electric field, the load impedance is typically the 

input impedance of the integration electronics, which for passive integrators is a parallel RC 

circuit.  A discussion of the frequency-domain response of the electric field sensor will not be 

presented in this document (Jerauld [2007]).   

For the dE/dt sensor, the total impedance seen by the current source is then the parallel 

combination of the antenna capacitance and the 50  load resistor.   

1

1 1

Rload
Z Z j C Rsource load ant loadZ Z Ztotal source load
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(2.7) 

The equivalent frequency-domain voltage output across the load impedance is then given 

by Equation 2.8. 

 0

1
( ) ( ) ( )

1
V I Z A R j Eout total plate load z

j R Cload ant
    



 
         

  
  (2.8) 

The term in brackets in Equation 2.8 represents a single-pole low pass filter in the 

frequency domain with -3 dB point given by Equation 2.9.   

 0

1

R Cload ant
 


 (2.9) 

For a load resistor of 50  and the measured 80 pF capacitance of the flat plate antenna of 

area 0.155 m
2
, the -3 dB bandwidth of the antenna is given by Equation 2.10. 

 8 11
2.5 10  s 39.8 MHz0

(50 )(80 pF)
    


 (2.10) 
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In the case of the dE/dt antenna, 0 represents a high-frequency roll-off.  If the frequencies 

of interest are much less than the -3 dB bandwidth of the antenna ( ≪0), Equation 2.8 

simplifies to Equation 2.11, which represents the ideal frequency-domain response of the flat 

plate dE/dt antenna.  

 0( ) ( )V A R j Eout plate load z         (2.11) 

The time-domain equivalent of Equation 2.11 at frequencies  ≪0 is given by Equation 

2.12.   

 0

( )
( )

dE tzV t A Rout plate load
dt

     (2.12) 

Equation 2.12 represents the ideal time-domain response of the flat plate dE/dt antenna.  

The output voltage of the antenna is directly proportional to the vertical component of the 

electric field derivative, the plate area, and the load resistance.  Again, the load resistance is 

simply the 50  feed-through resistor that is placed in parallel with the 68 k input impedance 

of the Opticomm transmitter.  In cases where the onboard attenuator networks are used on the 

PIC controllers to decrease the signal size passed to the Opticomm input, Equation 2.12 is 

modified by multiplying the right side of the equation by the appropriate attenuation value 

(Equation 2.13).  The attenuation value is always less than one.   

 0

( )
( )

dE tzV t A R PICout plate load att
dt

      (2.13) 

From Equation 2.13, the characteristic sensitivity of the flat plate antennas used at the 

ICLRT is about 14.5 kV/m/s per digitizer volt assuming no attenuation is applied in the PIC 

controller.  During the years of data collection for this dissertation, the dE/dt antennas have been 

configured with either -6 dB of attenuation (sensitivity of about 29 kV/m/s per digitizer volt) or 
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with no attenuation.  dE/dt measurements that are recorded on the HBM digitization system are 

configured to record to thresholds of +/- 8 kV/m/s. 

Due to the high-frequency response of the dE/dt antennas, the outputs of all dE/dt antennas 

are recorded on LeCroy 44 Xi oscilloscopes sampled at 250 MS/s or are digitized by the HBM 

digitizers at 100 MS/s.     

2.14 ICLRT Energetic Radiation Measurements 

The ICLRT measurement network is equipped with three different types of energetic 

radiation detectors, 1) Sodium Iodide (NaI) scintillators, 2) Plastic scintillators, and 3) 

Lanthanum Bromide (LaBr3) scintillators.  The energetic radiation measurements are collectively 

referred to as “TERA” (Thunderstorm Energetic Radiation Array).  The NaI and LaBr3 detectors 

are primarily used to detect x-rays and gamma-rays from lightning leader and attachment 

processes in the energy range from about 30 keV to about 15 MeV.  The plastic detectors are 

likewise used for detecting x-rays and gamma-rays from lightning, but also serve as muon 

detectors.  Muons are essentially heavy electrons and are bi-products of cosmic ray air showers 

entering the Earth’s atmosphere.  Cosmic ray air showers are thought to possibly be a catalyst for 

lightning initiation in the cloud.  The incidence of muons on the ground surface at multiple 

stations spread over some hundreds of meters can be used to infer the presence of an air shower, 

the arrival time and incidence direction of which can then be correlated with independent 

lightning electromagnetic measurements.  The details of this experiment are outside the scope of 

this dissertation and will not be further discussed.   

The NaI and LaBr3 measurements are located in “TERA” boxes, which are constructed 

from 0.3 cm aluminum.  Images of the outside and inside of a TERA box in addition to a box 

schematic are shown in Figure 2-27.  The box is about 0.5 m square and is 0.67 m in height.  The 
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boxes are painted white to help with internal temperature regulation and are numbered according 

to the station location.  The lid of the box overlaps the bottom portion of the box by 15 cm and 

rests on a rubber gasket to form a light-tight seal.  The lid is secured to the bottom of the box 

with four latches which serve to compress the aforementioned gasket.  The inside of the TERA 

box has support structures for two NaI or LaBr3 detectors and their accompanying photo-

multiplier tube (PMT) bases, an enclosure to house a large battery for powering the electronics, 

and brackets to support a so-called “field replaceable unit” (FRU) that houses power and ground 

buses for the detectors, a 2006 or 2011 PIC controller, a power switch and fuse for the box, and 

the Opticomm fiber-optic transmitter(s).  All support structures are welded to the sides of the box 

and are painted black (as is the full interior of the TERA box).  Each TERA box is equipped with 

three ST-type feed-through ports for 62.5m fibers and two plastic fiber feed-through ports for 

200m plastic fibers.  As discussed in Section 2.2.2.2, the 2006 PIC controller in the TERA box 

at each station serves as the master device that transceives control signals to all other PIC 

controllers at the respective station.  One of the 62.5m feed-through ports is used to bring the 

control fiber (which connects to the optical fan-out board in the rear of Launch Control) to the 

2006 PIC controller.  A short fiber jumper connects the feed-through port to the PIC controller.  

The remaining two 62.5m feed-through ports are used to connect the Opticomm transmitters to 

fibers that transfer the collected signals back to Launch Control.  Typically, the actual armored 

fiber bundle from Launch Control is secured in a junction box.  Ten meter jumpers are coupled 

to the individual fibers in the armored fiber-bundle.  These jumpers then fan out to the TERA 

box and to any other measurements at the station.  Similarly, the 2006 PIC controller broadcast 

received control signals through the plastic fiber feed-through ports and to any 2001 PIC 

controllers at the given station.   
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The PMT bases have pre-attached power cords with male DB9 connectors.  Female DB9 

connectors are mounted to the bottom of the FRU.  Two pins of the DB9 connector are wired to 

the power and ground buses in the FRU to transfer power to the PMTs.  Power is transferred to 

the power and ground buses on command from HAL.  The 2006 PIC controller output power 

port first powers the Opticomm transmitter(s).  The power signals are branched at the Opticomm 

power input and then connect to the power and ground buses.  Stations with only NaI detector(s) 

are powered with 12V, 28 Ah batteries.  The batteries are charged with an 11 W solar panel 

which connects to the battery through a solar controller identical that described in Section 2.13.  

The switch power to short the output of the solar panel to the TERA box when storm conditions 

are present is taken from the power and ground buses in the FRU.   

2.14.1 NaI Detectors 

 The NaI detectors are 7.6 cm x 7.6 cm cylindrical detectors (3M3 series) manufactured 

by Saint Gobain.  The detector is contained in a hermetically sealed package and is optically 

coupled to a PMT.  The PMT collects the light output from the NaI crystal when the crystal is 

excited by ionizing radiation and then converts the light output to an electrical signal.  The entire 

detector and PMT are enclosed in a mu-metal magnetic light shield.  The assembly is mounted to 

an Ortec model 296 high-voltage PMT base through a pin assembly.  The PMT base contains the 

divider chains that amplify the electrical output of the PMT.  The high-voltage supply can be 

adjusted by a small screw on the bottom of the PMT base.  The high-voltage supply is typically 

set to about 980 V.  The PMT base has two outputs.  The first is the output of a pre-amplifier 

enclosed within the base.  This output is not used.  The second output is the anode of the PMT 

base.  The signal from the divider chain passes through a DC-blocking capacitor and across a 1 

kΩ resistor.  The BNC output of the PMT base is connected through the PIC controller (which is 

a short-circuit in this case) and then to the input of the Opticomm transmitter.  For NaI 
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measurements, there is not a 50 Ω feed-through resistor placed in parallel with the 68 kΩ input 

impedance of the Opticomm.   

 The NaI detectors are operated in either an “unshielded” or a “shielded” configuration.  

The unshielded detectors are supported by a 0.32 cm thick lead tube that covers only the PMT 

base.  The led tube rests inside the welded aluminum support structure described above.  The 

only attenuation of incoming photons to the unshielded detector is that due to the outer 

aluminum box.  The box attenuates photons with energies less than about 30 keV.  With the 

exception of the boxes that house the LaBr3 detectors, each TERA box is equipped with an 

unshielded NaI detector.  At some stations, a second NaI detector is operated in a “shielded” 

configuration.  The shielded detectors are completely covered by a 0.32 cm thick lead tube with a 

top cap.  The lead shield serves to attenuate incoming photons with energies below about 300 

keV.  The shielded NaI detectors are suited to studying higher-energy photons from lightning 

processes (i.e., terrestrial gamma-ray flashes, etc.).  The standard convention is that all shielded 

NaI measurements correspond to Channel 1 on the 2006 PIC controller and all unshielded 

measurements correspond to Channel 2.  All NaI detectors are calibrated using a Cs-137 662 keV 

radio-active source.  The source is placed on the top of the TERA box and the amplitude of the 

corresponding output pulse is measured in Launch Control by using the histogram feature on a 

LeCroy oscilloscope.  Typical calibration factors for NaI detectors at the ICLRT range from 

about 3-15 MeV per digitizer volt.   

 A subset of eight of the unshielded NaI detectors are part of the TOA network (Chapter 

4).  These eight measurements are recorded on LeCroy Waverunner I oscilloscopes at a sampling 

rate of 250 MS/s.  These measurements are used to locate x-ray sources from lightning leaders in 

three-dimensions and to examine the timing relationship between the x-rays recorded at each 
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TOA station and the corresponding dE/dt measured at the same station.  The NaI measurements 

at TOA stations are located about 10 m from the corresponding dE/dt antenna.  While NaI 

detectors exhibit excellent sensitivity and linear spectral response across the typical spectrum of 

emission from lightning leaders, the light-decay time of the sensor is about 0.23s and the 

overall pulse-width from a single photon excitation is about 1s.  This elongated pulse width is 

problematic when many photons strike the detector in a short time duration, which is typical 

during stepped leaders, dart-stepped leaders, and “chaotic” dart leaders in both natural and 

triggered lightning.  The result is pulse pile-up, which quickly saturates the dynamic range of the 

Opticomm fiber-optic transmitters.  When pile-up ensues, the photons from individual leaders 

steps cannot be resolved.   

2.14.2 LaBr3 Detectors 

 To combat the issue of pulse pile-up due to nearby lightning leaders, two LaBr3 detectors 

were installed at the ICLRT in 2009.  The LaBr3 detectors were originally housed in a single 

TERA box with one detector operated in an unshielded configuration and the other in a shielded 

configuration.  The shielded detector was then removed and placed in a separate TERA box and 

operated in the unshielded configuration to provide another possible TOA measurement.  The 

TERA boxes containing the LaBr3 detectors (Figure 2-28) are powered with 12 V, 33 Ah 

batteries. The LaBr3 detectors are 7.6 cm x 7.6 cm cylindrical detectors manufactured by Saint 

Gobain (model BrilLanCe™ 380 crystal).  Like the NaI detectors, the scintillator is optically 

coupled to a PMT, and both the scintillator and PMT are encased in a mu-metal magnetic light 

shield.  The PMT is mounted to an identical Ortec model 296 PMT base.  The LaBr3 detectors 

are also calibrated with the Cs-137 radio-active source.  The typical calibration factor is about 5 

MeV per digitizer volt.  The LaBr3 detector has several advantages over the NaI detector (better 
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energy resolution and higher light output), but for measuring energetic radiation associated with 

lightning leaders, the primary advantage is the fast light decay time (about 16 ns).  The total 

pulse width for a single photon excitation is about 184 ns.  This fast decay time does not alleviate 

pulse pile-up, particularly for highly-energetic lightning leaders, but it does help substantially.  

The single-photon responses of the NaI and LaBr3 detectors to the Cs-137 source are shown in 

Figure 2-29.  The outputs of both LaBr3 detectors are recorded on a LeCroy 44 Xi DSO at a 

sampling rate of 250 MS/s.  The output of the LaBr3 detector installed at Station 25, immediately 

south of the Launch Control trailer, is transmitted to the DSO directly over a length of RG223-U 

coaxial cable enclosed in braided wire.  As a result, the digitized signal from this detector has a 

much higher signal-to-noise ratio (Figure 2-29) than measurements transmitted over the analog 

fiber-optic links.  The second LaBr3 detector at Station 17 is transmitted over the normal 

Opticomm fiber-optic link.   

2.14.3 Plastic Detectors 

 The first generation of plastic detectors was installed at the ICLRT in 2007 (e.g., 

Howard, 2009).  These detectors were vertical paddles that were installed in TERA boxes with 

modified taller lids.  While plastic detectors are not well-suited for determining spectral content 

of incident photons and particles, they do have excellent timing characteristics. The typical full 

pulse-width for a received x-ray pulse on a plastic detector is between 35-50 ns.   Unfortunately, 

the original plastic paddles lacked both a sufficient surface area and the thickness to provide 

adequate efficiency for detecting x-rays from lightning.  A set of eight new plastic scintillators 

was installed at the ICLRT in 2009 at eight of the TOA stations.  The scintillation material was 

manufactured by Saint Gobain (model BC 408, Pilot F) and measured 1 m
2
 in area and 2 cm in 

thickness.  The plastic scintillator is composed of organic scintillating molecules (fluorescent 

material) suspended in a solvent base material (in this case Polyvinyltoluene).  The scintillating 
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molecules emit fluorescent light upon interaction with detected energetic radiation.  The 

scintillators at the ICLRT emit at peak wavelength of about 430 nm.  Two Hamamatsu R550 

PMTs were mated to opposite sides of each plastic scintillator with optical jelly.  The PMTs 

were coupled to Ortec model 296 PMT bases (identical to those used with the NaI and LaBr3 

detectors).  The high-voltage setting on each PMT base was set to about 980 V.   

 Annotated images of the field installation of the plastic scintillators are shown in Figure 

2-30.  Images of the inside of the measurement box are shown at top in Figure 2-31A and Figure 

2-31C and a corresponding schematic is shown in Figure 2-31B.  The field assembly for the 

plastic scintillators is composed of an outer aluminum box with dimensions of 1.2 x 1.8 m 

welded from 0.48 cm aluminum, inside of which is a second aluminum box that actually houses 

the scintillator and associated electronics.  The outer aluminum box is mated to the TERA box at 

each station with a 1.5 m section of galvanized tubing.  The tubing slides over welded nipples 

connected to each box.  Braided wire was placed over each nipple to ensure a good electrical 

connection between the two boxes, while still allowing the boxes to be separated easily for 

trouble-shooting purposes.  Power for the PMT bases mounted to the plastic scintillator was 

transferred through the galvanized tube using a two-wire harness enclosed in braided wire.  The 

power wires were connected to the buses in the FRU in each TERA box, and were soldered to a 

BNC-AV connector on the opposite end.  The inner aluminum box is equipped with a series of 

BNC feed-through connectors that are used for both power and signal transmission. Inside the 

inner box, the plastic scintillator material was supported by a wooden structure crafted from 

pressure treated lumber.  The PMT bases were secured to the wooden structure with padded 

plastic brackets.  The box has a lid that is secured with about 30 individual stainless-steel hex-

head bolts.  The lid compresses a rubber gasket that serves to make the box light-tight.   
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In the original measurement configuration (starting June 1, 2009), the outputs of both PMT 

bases were combined with a BNC-T connector which was coupled directly to one of the BNC 

feed-through connectors on the wall of the inner box.  The signal was carried through the 

galvanized connecting tube to the TERA box with a section of RG 223-U coaxial cable.  The 

cable was connected to the Channel 1 input of the PIC controller (which was a short-circuit in 

this case), and then from the Channel 1 output of the PIC controller to the input of the Opticomm 

transmitter.  For the plastic scintillators, a 50 Ω feed-through resistor was placed in parallel with 

the 68 kΩ input-impedance of the Opticomm transmitter.  It was quickly discovered that the 

signal amplitudes were insufficient without external amplification electronics.  An inverter and 

pre-fabricated Texas Instruments amplifier (model THS4011) with gain of 2 were installed at the 

output of each PMT base on July 17, 2009 by the team from FIT.  The inverter was added to 

accommodate a muon coincidence trigger circuit that was installed in Launch Control.  The 

coincidence circuit required a positive-going pulse, and the characteristic output of the PMT base 

is negative polarity.  The outputs of the two amplifiers were tied together with a BNC-T 

connector.  The signal connectivity to the Opticomm in the TERA box remained the same.  The 

configuration of the plastic scintillators remained unchanged until August, 2010 when the 

scintillators were wrapped in Tyvec®, a barrier material developed by Dupont.  Small holes were 

cut in the Tyvec® where the two PMTs could still mate directly to the plastic scintillator.  The 

Tyvec® effectively provided an additional gain of about 2 by reducing the number of photons 

that scattered out of the plastic scintillator before being collected by the two PMTs.   

Prior to Summer 2011, the amplification electronics on the plastic scintillators were 

completely overhauled.  The performance had been generally unsatisfactory and the general 

design topology was not well conceived (tying the outputs of two separate voltage sources 
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together is not generally good practice).  The inverters and Texas Instruments amplifier boards 

were removed.  Rob Olsen III designed a trans-impedance amplifier with trans-impedance gain 

of 1 kΩ that mated directly to the output of each PMT base.  The trans-impedance amplifiers 

were mounted in small Pomona electronics boxes.  The outputs of each trans-impedance 

amplifier drove equal-length 50 Ω coaxial cables that terminated in a summing amplifier, also 

mounted in a small Pomona electronics box, with unity gain.  The output of the summing 

amplifier drove the coaxial cable that connected to the Opticomm transmitter in the TERA box.   

A terminal strip with power and ground buses was installed within the inner aluminum box.  

Power wires for the three amplifier circuits were routed from the terminal strip to each Pomona 

box where they were soldered directly to feed-through power connectors.   

Due to the inherent lack of linearity with incident photon energy for plastic scintillators, 

the absolute output amplitudes of the detectors are un-calibrated.  From a lightning standpoint, 

the plastic scintillators are used strictly for TOA measurements of x-rays from leader and 

attachment processes.  As stated previously, the plastic scintillators are also very effective in 

detecting muons.  The outputs of the eight plastic scintillators are digitized on a set of two 

LeCroy 44 Xi oscilloscopes that are part of the TOA network, and also on an additional two 

LeCroy 44 Xi oscilloscopes that trigger on the output of a muon coincidence circuit designed by 

Rob Olsen III and Dr. Douglas Jordan.  All plastic scintillator outputs are digitized at 250 MS/s.   

2.15 Lightning Mapping Array (LMA) 

Prior to Summer 2011, a 7-station Lightning Mapping Array (LMA) was installed on and 

around the ICLRT.  The LMA was provided via the UF DARPA NIMBUS grant funds by Dr. 

Rich Blakeslee of the NASA Marshall Space Flight Center and Dr. Hugh Christian of the 

University of Alabama-Huntsville.  The LMA system was installed by John Pilkey, a graduate 

student at the ICLRT, with assistance from Jeff Bailey, an employee of NASA and the 
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University of Alabama-Huntsville. Dr. Douglas Jordan provided invaluable assistance in finding 

suitable LMA station locations.  Finally, Dr. Paul Krehbiel and Dr. William Rison of the New 

Mexico Institute of Mining and Technology, the inventors of the system, provided continuous 

assistance in understanding the intricacies of the LMA hardware and data processing.   

The LMA stations were arrayed around the Field (Ground) Launching facility at the 

ICLRT at distances ranging from about 460 m to about 9.6 km.  The LMA station locations in 

absolute Latitude and Longitude are given in columns 2-4 of Table 2-2.  The LMA station 

locations relative to the local ICLRT coordinate origin (Section 4.2) are given in columns 5-7.  

Finally, the straight-line distance from each LMA station to the field launching facility and the 

azimuth of each station with respect to the field launching facility are given in columns 8-9.  A 

plan view of the LMA station locations is given in Figure 2-32.    

The general purpose of the LMA is to map in three-dimensions the electrical breakdown 

that occurs at the tips of propagating lightning leaders (both of negative and positive polarity 

discharges).  This is accomplished by measuring the VHF radiation from the same impulsive 

event at many stations, and then using the measured arrival times of the common signal at each 

station to calculate the spatial position and emission time of the radiation source. The LMA at 

the ICLRT operates in the Channel 4 band (66-72 MHz).   

The locations of LMA stations were chosen based on several factors, 1) the magnitude of 

the local noise within the Channel 4 frequency band, 2) the availability of consistent AC power, 

and 3) a good combination of accessibility and security.  During 2011, one LMA station was 

located on the far northeast corner of the ICLRT (about 25 m to the northeast of the Blast Wall 

observation station), two stations were located on the Dupont property both north and south of 

the ICLRT, one station was located on a Camp Blanding communications tower to the southeast 
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of the ICLRT, one station was located at a military surplus warehouse in Starke, one station was 

located on private property just east of the Starke golf course, and one station was located on 

Florida Department of Transportation (FDOT) property to the northwest of the ICLRT.  The 

stations at the golf course, communications tower, and warehouse were AC powered while the 

remaining stations ran on battery power.  At stations with AC power, a battery charger was used 

to constantly charge the battery, which was directly connected to the LMA box.  All stations 

used 12 V Optima 55 Ah batteries.   

Each LMA station is equipped with a monopole VHF antenna (model Sirio GPA 40-70).  

The length of the monopole and the corresponding ground radials are adjusted according to the 

frequency band of operation.  The signal from the antenna first passes through a 50 Ω to 75 Ω 

transformer (model North Hills 0102JB) before entering bandpass filter (Microwave Filter 

Company Model 3303, Channel 4) to filter the received signal to the necessary frequency band.  

A 1 m length of RG-6 coaxial cable connects the output of the filter to a pre-amplifier (Channel 

Master Titan 2 Model CM-7777) mounted on the antenna mast.  The mast and ground radials are 

connected to a 3 m ground rod driven at the base of the mast.  A photograph of the monopole 

antenna and associated electronics is shown in Figure 2-33A.  A length of RG-6 coaxial cable 

connects the output of the pre-amplifier filter to the LMA box (Figure 2-33B).  The LMA box is 

usually located about 30 m from the antenna to avoid the antenna responding to local noise 

generated by the electronics within the LMA box.  The same coaxial cable is also used to send 

12 V DC power to the pre-amplifier.  The received signal passes through a logarithmic amplifier.  

The wide dynamic range of the logarithmic amplifier allows the LMA to record VHF sources 

with respective powers ranging from milliwatts to several hundred watts.  After the received 

signal is amplified, it passes to an analog-to-digital converter located on the LMA board, a 
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proprietary piece of hardware designed by the team at New Mexico Tech.  The LMA obtains 

accurate timing across the network by using a 25 MHz oscillator that is locked to GPS time with 

an onboard GPS receiver (the corresponding GPS antenna is located in close proximity to the 

LMA box).  At the ICLRT in 2011, the LMA board sampled the peak power of the received 

VHF signal in consecutive windows of 80 s length.  At a sampling frequency of 25 MHz, the 

best possible time resolution is 40 ns.  Hence, the time of the peak power within each 80 s 

window was recorded to 40 ns accuracy.  This time and the corresponding received power were 

written to a 160 GB solid-state hard-disk.  In one second time duration, there are a total of 

12,500 individual 80 s windows.  Once a minute, the LMA board adjusts the trigger threshold 

to yield an approximate average of 1000 triggers per second.  A photograph of the inside of the 

LMA box is shown in Figure 2-33C. 

After a storm, the hard-disks from each LMA station were collected and the data were 

copied to RAID storage arrays at the ICLRT.  The solutions were processed using software 

written for the Linux platform by the team at New Mexico Tech.  The solution technique is a 

non-linear least squares fitting algorithm (the Levenburg-Marquardt algorithm) that is described 

in detail in Appendix A of Thomas et al. [2004].  The solution technique will be described in 

more detail in Section 4.8 as it pertains to obtaining three-dimensional source locations from 

dE/dt and x-ray sources with the ICLRT TOA network.  The solution algorithm produces lateral 

and altitude locations for sources detected on a minimum of five different stations.  Typical 

LMA networks with 10-15 stations use a threshold of six stations for a valid solution, however, 

the ICLRT LMA network typically had only six operational stations during Summer 2011.  The 

solution algorithm also returns a reduced chi-squared value that is indicative of the goodness of 

fit of the calculated solution to the measured arrival times.  In displaying the data, the reduced 
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chi-squared value can be used as a thresholding metric to eliminate extraneous solutions that are 

likely not associated with the lightning discharge of interest.  Extraneous solutions can occur due 

to local noise sources and corona discharges in areas with high local electric fields.  The 

processing algorithm also returns the VHF source power in dBW and the stations used in the 

solution.  The source powers of the valid solutions can be used to infer the polarity of a single 

discharge, and also the general charge structure of a thundercloud by plotting the source powers 

of the LMA sources obtained for many discharges over a longer time window.  Negative VHF 

sources typically radiate more strongly than positive VHF sources.  The ICLRT LMA network is 

much smaller in total area than most LMA networks, and therefore is more efficient at resolving 

positive VHF sources during the ascent of the triggering wire and the subsequent UPL/ICC 

process.   

2.16 SMART Radar 

From the end of June, 2011 through the second week of August, 2011, a C-band dual-

polarimetric Shared Mobile Atmospheric Research and Teaching (SMART) radar [e.g., 

Biggerstaff et al., 2005] was operated from the Keystone Heights Airpark, located about 11.6 km 

to the south of the ICLRT.  An image of the SMART radar is shown in Figure 2-34.  The radar 

documented the hydrometeor and precipitation structure of the clouds over the study area.  The 

radar was operated by Dr. Mike Biggerstaff and several graduate students from the University of 

Oklahoma.  While storm conditions were present over the ICLRT, the radar operated in 0-60° 

elevation angle Range-Height Indicator (RHI) scan mode over a five-degree azimuthal sector 

centered over the ICLRT collecting equivalent radar reflectivity factor (Ze), Doppler velocity, 

spectrum width, differential radar reflectivity factor (ZDR), differential phase (DP), and co-polar 

correlation coefficient at zero lag (HV).  These RHI sector volume scans were collected every 90 
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seconds.  Data from the SMART radar were correlated with LMA data to examine the 

dependence of hydrometeor content on the geometrical progression of triggered lightning 

channels, and to infer the presence of high-field regions in the cloud.   

2.17 2009 Measurement Description 

A satellite view of the ICLRT is shown in Figure 2-35A with all 2009 field measurements 

annotated in addition to the Launch Control trailer, Tower Launcher, and Office Trailer.  General 

specifications for each type of measurement are given in Table 2-3.  There were a total of 75 

measurements in 2009.  A subset of the measurements shown in Figure 2-35A comprised a small 

area, nine-station TOA network utilized for determining the three-dimensional spatial locations 

and emission times of both dE/dt (Section 2.13) and energetic radiation (Section 2.14) sources.   

A satellite view of the 2009 TOA network is provided in Figure 2-35B.  The general 

photographic setup specifications for 2009 are given in Table 2-4.  As discussed in Section 2.11, 

all rocket-triggered lightning operations in 2009 were conducted from the Tower Launcher. 

There were two major additions to the ICLRT measurement network during Summer 2009, 

1) a network of eight 1 m
2
 plastic scintillators (Section 2.14.3) was installed at eight of the 

existing TOA stations in place of the shielded NaI detectors housed in the existing TERA boxes, 

and 2) two Lanthanum Bromide (LaBr3) energetic radiation detectors were installed at the ninth 

TOA station.  As discussed in Section 2.14.2, one of the LaBr3 detectors was unshielded and the 

other was shielded with lead.  The two LaBr3 detectors were installed at Station 25, located 

immediately southwest of the Launch Control trailer (Figure 2-35B).  The outputs of both 

detectors were transmitted directly over double-shielded RG 223-U coaxial cable to the 

oscilloscope inputs, providing better bandwidth and lower noise than signals transmitted over the 

normal Opticomm fiber-optic links.  A flat plate dE/dt antenna was installed about 10 m to the 

southwest of the LaBr3 detectors at Station 25, comprising the ninth TOA station.  As previously 
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noted, both the plastic and LaBr3 detectors have significantly faster time response than the NaI 

detectors that had previously been used by Howard et al. [2008] in the first attempt at employing 

the TOA technique to locate x-ray sources in three dimensions. 

 In 2009, high-speed video images were acquired of triggered lightning discharges from 

the Office Trailer, a distance of 430 m from the Tower Launcher.   The Phantom V7.3 and 

Photron SA1.1 high-speed cameras were operated at frame rates from 5-10 kilo-frames per 

second (kfps) and 50-300 kfps, respectively.  The Phantom V7.3 was used primarily to image the 

ascent of the rocket, the sustained upward positive leader, and subsequent explosion of the 

triggering wire.  The Photron SA1.1 was used primarily to photograph leader processes within 

the bottom 130 m of the triggered lightning channel in addition to the attachment region.   

2.18 2010 Measurement Description 

A satellite view of the ICLRT is shown in Figure 2-36A with all 2010 field measurements 

annotated in addition to the Launch Control trailer, Tower Launcher, Field Launcher, and Office 

Trailer.  General specifications for each type of measurement are given in Table 2-5.  There were 

a total of 74 measurements in 2010.  A satellite view of the 2010 TOA network is provided in 

Figure 2-36B.  The general photographic setup specifications for 2010 are given in Table 2-6.   

 From June 5, 2010 through July 11, 2010, all rocket-triggered lightning operations were 

conducted from the Field (Ground) Launcher, and after July 11, 2010, all rocket-triggered 

lightning operations were conducted from the Tower Launcher.   

 Prior to Summer 2010, a tenth TOA station (Station 17) was constructed about 40 m to 

the east of the Tower Launcher.  The shielded LaBr3 detector that had been installed at Station 25 

was removed and placed in the TERA box at Station 17 as an unshielded detector.  A flat plate 

dE/dt antenna was also installed about 10 m to the north of the TERA box at Station 17.   As 
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mentioned in Section 2.12.3, in August of 2010, the eight plastic scintillators were wrapped in 

Tyvec®, effectively increasing the gain of the system by about a factor of two.   

 In 2010, high-speed video images were acquired of triggered lightning discharges from 

the Office Trailer, a distance of 300 m from the Field Launcher and 430 m from the Tower 

Launcher.   The Phantom V7.3 and Photron SA1.1 high-speed cameras were operated at frame 

rates of 8 kfps and 300 kfps, respectively.  The Phantom V7.3 was used primarily to photograph 

the ascent of the rocket, the sustained upward positive leader, and subsequent explosion of the 

triggering wire.  The Photron SA1.1 was used primarily to photograph leader processes within 

the bottom 130 m of the triggered lightning channel in addition to the attachment region.  The 

Phantom V310 high-speed cameras were used for site coverage.  The cameras operated at frame 

rates of 3.2 kfps and 4.3 kfps respectively.   

2.19 2011 Measurement Description 

A satellite view of the ICLRT is shown in Figure 2-37A with all 2011 field measurements 

annotated in addition to the Launch Control trailer, Tower Launcher, Field Launcher, Office 

Trailer, and the new Optical Building.  The Optical Building is located about 200 m to the 

northeast of the Field Launcher.  General specifications for each type of measurement are given 

in Table 2-7.  There were a total of 80 measurements in 2011.  A satellite view of the 2011 TOA 

network is provided in Figure 2-37B.  There were numerous changes to the measurement 

network prior to Summer 2011.  Station 17, a TOA station, was re-located to a position about 20 

m southeast of the Field Launcher.  Station 12 was re-located to the 2010 position of Station 17.  

Station 13 was re-located to a position in line with and about equidistant to Station 7 and the 

Field Launcher.  The electric field measurement network was completely revamped with a new 

inverted antenna design primarily for the purpose of using long decay time constant sensors with 

higher gain that otherwise would saturate the amplification electronics in the presence of rainfall.   
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A picture of a 2011 inverted electric field antennas is shown in Figure 2-38.  All electric field 

measurements with the exception of the flat plate antenna at Station 2 were either re-located or 

removed.  A single inverted antenna was co-located with a traditional flat plate antenna at Station 

12, both with identical amplification electronics, which for the flat plate antenna provided a 

theoretical sensitivity of about 60 kV/m per digitizer volt.  The sensitivity of the inverted 

antennas could not be calculated directly due to the combination of enhancement of the electric 

field from the elevated plate and the shielding of the sensing plate by the grounded bowl above.  

Alternately, lightning return stroke field changes were measured on the co-located flat plate 

antenna (with well-characterized theoretical calibration, see Jerauld [2007]) and inverted 

antenna simultaneously to obtain a correction factor for the calibration of the inverted antenna.  

Results obtained during Summer 2011 indicate the sensitivity of the inverted antenna is about a 

factor of 3.27 less than the traditional flat-plate assuming identical amplification electronics.  

Two inverted antennas were designed specifically for recording precursor current pulses during 

the ascent of the grounded triggering wire (nominal sensitivity of about 300 V/m per digitizer 

volt and decay time constant of about 10 ms) and were placed radially outward from the Field 

Launcher at Station 13 and Station 7.  Two inverted antennas were designed for recording the 

shielding field change seen by the Campbell Scientific field mills during the ascent of the 

triggering wire.  These two antennas have nominal sensitivity of about 10 kV/m per digitizer volt 

and time constant of about 8 s and were placed radially outward from the Field Launcher at 60 m 

and 100 m respectively to the northwest (approximately co-located with two field mills).   

Finally, two inverted antennas were designed for measuring net charge transfers of positive and 

negative cloud-to-ground lightning discharges within 20 km of the ICLRT with nominal 

sensitivities of 10 kV/m and 3 kV/m per digitizer volt, and time constants of 8 s and 6 s 
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respectively.  These two antennas were co-located about 60 m north of the Field Launcher. The 

amplification electronics for all electric field measurements were designed and constructed by 

Robert Olsen III.   

As described in Section 2.5, a redundant dE/dt network (the HBM dE/dt network) was 

constructed prior to Summer 2011.  The outputs of the 10 existing flat plate dE/dt antennas were 

recorded on both the LeCroy DSOs in Launch Control and by the HBM Transient Recorder in 

the Office Trailer.  In addition to the dE/dt measurements, two channel-base current 

measurements were also recorded on the HBM Transient Recorder.  Setup specifications for the 

10 dE/dt measurements and two channel-base current measurements recorded on the HBM 

Transient Recorder are given in Table 2-8.   

 There were many changes to the photographic setup at the ICLRT for Summer 2011.  A 

network of eight Nikon D5000 still cameras were deployed on the periphery of the site in four 

different locations (Section 2.10) for imaging both natural and triggered lightning discharges.  In 

addition, a new Cordin high-speed camera (Section 2.9) was installed in the Optical Building for 

imaging the bottom 100 m of the leader phase and the attachment region of triggered lightning 

discharges.  The Phantom V7.3 high-speed camera that had previously operated from the Office 

Trailer for photographing the ascent of the triggering wire and beginning of the sustained upward 

positive leader was relocated to a portable building immediately north of the Blast Wall on the 

far northeast corner of the site.  The camera was located about 440 m from the Field Launcher.   

Finally, the Photron SA1.1 was used primarily to photograph leader processes within the bottom 

130 m of the triggered lightning channel in addition to the attachment region.  The Photron was 

operated at frame rates of either 300 kfps or 450 kfps.  Late in the summer, the Photron was 

angled upward to photograph the upward positive leader channel above the triggering wire.  The 
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camera imaged a region from about 215 m to 345 m above ground.  The general photographic 

setup specifications for 2011 are given in Table 2-9. 

The 7-station LMA network (Section 2.15) recorded triggered and natural lightning events 

at the ICLRT beginning on June 23, 2011.  The SMART radar (Section 2.16) captured radar 

scans during triggered and natural lightning events from June 23, 2011 to August 12, 2011.    
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Figure 2-1.  Perspective aerial view of the ICLRT.  The manned operational facilities (Launch 

Control, Office Trailer, Optical Building), launching facilities (Tower Launcher, 

Field Launcher), and observation stations are labeled. 
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Figure 2-2.  An example of one of 25 individual ground-based measurement stations at the 

ICLRT.  Pictured is Station 5, located about 79 m from the Field Launcher and about 

94 m from the Tower Launcher (pictured).  Station 5 is equipped with flat plate 

electric field and electric field derivative (dE/dt) sensors, an unshielded NaI energetic 

radiation detector, and a plastic energetic radiation detector.  Lightning waveforms 

acquired from these sensors are transmitted to the central Launch Control trailer over 

62.5 m multi-mode fiber using Opticomm analog fiber-optic links where they are 

digitized and stored.  Photo courtesy of the author. 
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Figure 2-3.  PIC serial command and receive structures.  A) The serial packet command structure 

sent by HAL to a given PIC controller in the field. B) The decomposition in bits of 

the hexadecimal serial command (byte 5) in A.  Each bit is coordinated with a 

different function of the PIC controller (power, calibration, attenuation).  C) The 

serial packed receive structure returned to HAL by each PIC controller after a 

command packet is transmitted.  The received structure is parsed and displayed for 

the user to monitor the status of each measurement. 
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Figure 2-4.  Three generations of ICLRT PIC controllers.  A) a 2001 PIC, B) a 2006 PIC, and C) a 2011 PIC.  The fiber connectivity 

ports, battery power ports, output power ports, and channel I/O ports on each PIC controller are annotated.  Photos courtesy 

of the author. 
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Figure 2-5.  Inside the rear door of the Launch Control trailer.  The armored fiber bundles (far 

right) are stripped and the individual fibers are terminated and coupled to Opticomm 

receiver cards.  The optical fan-out boards that broadcast control signals from HAL to 

the PIC controllers in the field are located in the middle rack.  Photo courtesy of the 

author. 
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Figure 2-6.  Front rack space in Launch Control that supports the majority of the DSO network.  

The DSOs are annotated by scope number.  Scopes 12, 13, 14, 17, 17, 20, 21, 28, and 

29 (all LeCroy models) record the outputs of the dE/dt antennas, plastic energetic 

radiation detectors, and LaBr3 energetic radiation detectors that comprise the TOA 

network, a portion of the MSE.  Scopes 36 and 37 also record the outputs of the eight 

plastic energetic radiation detectors, but trigger independently on cosmic ray air 

showers.  Note the above photograph depicts the 2012 installation of the DSO 

network.  Photo courtesy of the author. 

 



 

140 

 
 

Figure 2-7.  The HBM digitization system.  A) photograph of the HBM GEN16t transient recorder located in the Office Trailer, and 

B) photographs of the HBM 7600 Isolated Digitizer.  Photos courtesy of the author. 
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Figure 2-8.  Screen capture of the NLDN display on the LTS2005 software during a storm on 

May 15, 2012.  Cloud-to-ground and cloud lightning discharges are plotted according 

to their polarity and occurrence time.  The location of the ICLRT is annotated. 
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Figure 2-9.  Campbell Scientific field mills.  A) locations of the 8 Campbell Scientific field mills 

overlaid on an aerial photograph of the ICLRT.  The naming of the field mills is 

consistent with Table 2-1.  B) annotated photograph of the NE80 field mill.  The 

Field Launcher is in the background.  Photos courtesy of the author. 
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Table 2-1.  The absolute spatial positions of all Campbell Scientific field mills were measured to an accuracy of 1 cm to the center of 

the sensing plate using a Differential Global Positioning System (DGPS).  Coordinate measurements were based on the 

Florida North NAD83 data.  ICLRT spatial coordinates are obtained by subtracting the absolute spatial coordinates from 

the ICLRT coordinate origin, which is located on the far southwest corner of the site.  The distances from each field mill to 

both launching facilities are also given.   

 

 

 Absolute Spatial Coordinates ICLRT Spatial Coordinates   

Field Mill Latitude Longitude 
Altitude 

(m) 

Easting 

(m) 

Northing 

(m) 

Altitude 

(m) 

Distance From 

Field Launcher 

(m) 

Distance From 

Tower Launcher 

(m) 

NE35 29 56 35.76074 82 01 58.81204 70.351 325.694 481.157 3.30 38.536 135.354 

NE80 29 56 36.67610 82 01 57.62828 70.497 356.820 510.022 3.45 80.746 128.763 

NE130 29 56 38.18070 82 01 56.60836 71.024 383.161 556.931 3.97 133.631 154.250 

NW30 29 56 35.37842 82 02 00.85457 69.936 271.190 468.203 2.89 35.145 180.632 

NW60 29 56 35.69977 82 02 01.80295 69.955 245.550 477.545 2.90 62.226 207.889 

NW100 29 56 35.80353 82 02 03.06405 69.723 211.671 480.008 2.67 94.699 241.071 

LC 29.94272413 82.03111869 72.527 508.892 424.948 5.48 208.720 65.786 

OT 29.94417846 82.03476245 70.302 153.731 578.507 3.25 195.447 332.959 
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Figure 2-10.  The field installation of the Northeast Optical detector (NEO).  The signals from 

the two optical detectors on the northeast and southwest corners of the ICLRT 

generate a trigger signal for the DSOs and high-speed cameras when natural or 

triggered lightning return strokes of sufficient brightness occur within the field of 

view of both detectors.  Photo courtesy of the author. 
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Figure 2-11.  ICLRT Master Trigger Box installed in the front rack in Launch Control.  Photo 

courtesy of the author. 
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Figure 2-12.  Photographs of ICLRT high-speed cameras.  A) Photron SA1.1, B) Phantom V7.3, 

and C) Cordin 550 high-speed cameras.  Specification for each camera are given at 

right.  Timing is obtained for the Cordin framing camera by digitizing the framing 

output on a DSO with a timebase sychronized to IRIG-B.  A circuit is currently being 

tested so the Cordin camera will only trigger on dart-stepped leaders.  Presently the 

camera always triggers on the first return stroke.  Photos courtesy of the author. 
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Figure 2-13.  A block diagram of the full ICLRT instrument triggering topology.  The diagram 

corresponds to the 2011 measurement network.  Blocks are color coded by instrument 

type according to the key at the bottom of the figure.   
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Figure 2-14.  ICLRT DSLR still cameras.  A) an aerial perspective view of the ICLRT showing 

the locations of the still cameras.  The fields of view of the site coverage cameras are 

shown.  B) Nikon D5000 DSLR still camera installation at the Blast Wall observation 

station.  One camera operates in a site-coverage mode (top camera) and the one 

camera operates in a triggered lightning mode (bottom camera).  Both cameras are 

equipped with 6-stop neutral density filters and circular polarizing filters.  The 

shutters of both cameras are controlled by the 2011 PIC controller.  The cameras are 

AC powered from a large inverter.  Photos courtesy of the author. 
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Figure 2-15.  An example of a fiberglass rocket used at the ICLRT to trigger lightning.  The 

rockets elevates the grounded kevlar-coated copper wire at a peak velocity of about 

150 m/s.  The nose cone is ejected at the end of the rocket-motor burn by a small 

parachute charge.  Photo courtesy of the author. 
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Figure 2-16.  The Tower Launching Facility.  A) a photograph of the Tower Launching facility.  

The Launch Control trailer is pictured in the background.  The Tower Launcher 

consists of 12 aluminum rocket tubes on top of an 11 m tall wooden tower.  The top 

of the rocket tubes are 14 m above local ground level.  B) the launcher control box 

mounted between the rocket tubes.  C) the rocket launcher box in Launch Control.  D) 

bottom right, an individual rocket tube control box (note the tube is not loaded and 

there is no squib wire present).  Photos courtesy of the author. 
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Figure 2-17.  1/20
th

 scale model experiment of the lightning protection system (LPS) over Pad 39B at Kennedy Space Center.  

Lightning return strokes were triggered to the intercepting rod atop the support pole closest to the ground-based Field 

Launcher.  Return stroke currents were measured in the large box atop the support pole and initial stage currents were 

measured in the large box mounted directly underneath the launcher.  Return stroke currents flowed through the catenary 

wire system to ground through a network of nine down-conductors.   Photo courtesy of the author. 
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Figure 2-18.  The 2010 Field Launcher.  A) the 2010 Field Launcher has 6 aluminum rocket 

tubes and is supported by tubular fiberglass legs.  The launcher control box is 

mounted to the right of the launch tubes.  The initial stage current measurement box is 

pictured.  B) the inside of the launcher control box.  C) the inside of one of the tube 

control boxes.  Photos courtesy of the author. 
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Figure 2-19.  Block diagram of the rocket launching system for the Field Launcher (2010, 2011).  The system for the Tower Launcher 

is very similar.   
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Figure 2-20.  The 2011 Field Launcher with intercepting wire ring and down conductors.  The 

large current measurement box was mounted beneath the launcher on supporting 

ceramic insulators.  The pneumatic supply (air compressor) was moved to a small 

shed to the southwest of the launcher. Rocket tube extenders were added to help the 

rocket track more straightly upon exiting the tube.  Photo courtesy of the author. 
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Figure 2-21.  The Tower Launcher current measurements.  A) photograph of the Tower Launcher 

current measurement box (2009 configuration).  B) an electrical schematic of the 

current measurement box.  Note that fiber-optic connectivity is not shown in this 

diagram.  Photo courtesy of the author. 
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Figure 2-22.  2010 Initial Stage current measurements.  A) electrical schematic of Initial Stage current measurement box during 2010 

Pad 39B catenary wire experiment.  The box was mounted to the underside of the Field Launcher.  B) electrical schematic 

of the corresponding Return Stroke current measurement box.  The box was mounted atop the westernmost support pole on 

a wooden platform.  
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Figure 2-23.  2011 current measurements.  A) a photograph of the 2011 current measurement 

box mounted underneath the Field Launcher.  B) an electrical schematic of the 2011 

current measurement box.  The box contained a total of six current measurements, 

four on the ICLRT digitization system and two on the HBM digitization system.  

Photo courtesy of the author. 
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Figure 2-24.  dE/dt flat plate antenna.  A) a schematic of the dE/dt flat plate antenna installation.  B) a photograph of the dE/dt flat 

plate antenna (dE-7).  Photo courtesy of the author. 
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Figure 2-25.  A vertical cross section of the dE/dt flat plate antenna installation.   
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Figure 2-26.  dE/dt measurement installation.  A) a schematic of the dE/dt measurement 

electronics box installation.  B) a corresponding top-down photograph of the 

electronics boxes resting on the support structure (schematic shown in Figure 2-25).  

C) the inside of the ICLRT dE/dt measurement enclosure.  D) the inside of the HBM 

dE/dt measurement enclosure.  Photos courtesy of the author. 
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Figure 2-27.  TERA box installation.  A) photograph of the exterior of a TERA box (Station 12).  

B) an image of interior of a TERA box.  C) a schematic drawing of the electronics 

and NaI detectors inside a TERA box.   Photos courtesy of the author. 
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Figure 2-28.  A photograph of the LaBr3 detector TERA box (Station 17).  Photo courtesy of the 

author. 
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Figure 2-29.  Plot of the single-photon responses of the NaI (green trace) and LaBr3 (blue trace) 

detectors to a Cs-137, 662 keV source.  The vertical scale is in raw digitizer volts.  

The higher noise level on the NaI measurement is a result of the analog fiber-optic 

link.  The output of the LaBr3 detector is transmitted directly over double-shielded 

coaxial cable.   
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Figure 2-30.  Plastic scintillator installation.  A) photograph of the field installation of the plastic 

detectors.  Signal and power cables pass through the galvanized pipe from the TERA 

box to outer box of the plastic detector.  B) photograph of the inner box that holds the 

plastic detector.  The signal and power feed-through panel on the inner box is 

annotated at far left.  Photos courtesy of the author. 
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Figure 2-31.  Interior of plastic scintillator measurement box.  A) photograph of the plastic scintillator during initial installation in 

2009 (without Tyvec and with one PMT).  B) photograph of the PMT mated to the plastic scintillator.  C) schematic of the 

2011 layout of the plastic detectors including the modified amplification electronics.  Photos courtesy of the author. 
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Table 2-2.  In Columns 2-4, the absolute spatial coordinates of all seven LMA stations (Columns 2-4) obtained from the GPS receiver 

at each station.   In Columns 5-7, the coordinates of the LMA stations relative to the ICLRT coordinate origin.  ICLRT 

spatial coordinates are obtained by subtracting the absolute spatial coordinates from the ICLRT coordinate origin, which is 

located on the far southwest corner of the site.  The distances from each LMA station to the Field Launcher are given in 

Column 8 and the azimuth angle from the Field Launcher to each LMA station is given in Column 9.   

 

 

 

 

 

 Absolute Spatial Coordinates ICLRT Spatial Coordinates   

LMA 

Station 
Latitude Longitude 

Altitude 

(m) 

Easting 

(m) 

Northing 

(m) 

Altitude 

(m) 

Distance From 

Field Launcher 

(m) 

Azimuth Angle  

From Field Launcher 

(degrees) 

Blast Wall 29.94474 82.02894 61.74 714.33 652.91 -5.31 459.32 64 

Golf 29.94023 82.06406 48.50 -2664.53 80.15 -18.55 2989.41 277 

DupontS 29.89488 82.04172 50.94 -399.96 -4899.28 -16.11 5396.03 188 

DupontN 30.01243 82.03605 52.59 -134.02 8139.53 -14.46 7700.95 357 

FDOT 29.96578 82.08430 37.50 -4678.06 2870.08 -29.55 5536.36 296 

Warehouse 29.91754 82.12840 45.15 -8822.21 -2565.36 -21.90 9609.66 252 

Blanding 29.92448 82.01397 69.97 2208.08 -1560.90 2.92 2771.53 134 
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Figure 2-32.  Plan view of the seven LMA station locations.  The location of the Field Launcher 

is annotated.  
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Figure 2-33.  LMA station installation.  A) photograph of the Blast Wall LMA antenna.  B) the 

LMA electronics enclosure, located in the Blast Wall observation station.  The LMA 

antenna input, GPS antenna input, and power input enter the box through a panel on 

the right side of the box.  C) the inside of the LMA electronics enclosure.  Photos 

courtesy of the author. 
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Figure 2-34.  A photograph of the C-band dual-polarimetric SMART Radar.  Photo courtesy of 

Kyle Thiem, University of Oklahoma. 
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Figure 2-35.  2009 ICLRT measurement network.  A) aerial photograph of the ICLRT with all 

2009 measurements annotated.  B) aerial photograph of the 9 station 2009 TOA 

network measurements, a subset of the measurements shown in the top photograph.  

The measurements are labeled according to the keys at the bottom of each 

photograph.  
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Table 2-3.  2009 ICLRT measurement specifications.  The measurement sensitivity ranges for each type of measurement in units 

(Column 2) per digitizer volt are given in Column 3.  The DSO timebase and digitization settings are given in Columns 5-

7.  The number identifications and models of the DSOs (Figure 2-6) that digitize each type of measurements are given in 

Columns 8-9.   

Measurement Units 
Sensitivity 

(Units/V) 

# of 

Channels 

Sampling 

Frequency 

Record 

Length 

Memory 

Segments 

Oscilloscope 

Numbers 

Oscilloscope 

Model 

Electric Field kV/m .069 - 76 10 10 MS/s 2 s 1 22, 24, 25 Yokogawa DL750 

Electric Field 

Derivative 
kV/m/µs 30 9 

250 MS/s 

250 MS/s 

5 ms 

2 ms 

10 

2 

18, 20, 21 

14, 17 

LeCroy 44 Xi 

LeCroy Waverunner I 

Magnetic Field µW/ m
2
 30 4 10 MS/s 2 s 1 22, 24, 25 Yokogawa DL750 

Channel-Base 

Current 
A 21 - 63000 3 

10 MS/s 

250 MS/s 

2 s 

5 ms 

1 

10 

22, 24, 25, 30 

26 

Yokogawa DL750 

LeCroy 44 Xi 

Optical - - 2 10 MS/s 2 s 1 23 Yokogawa DL750 

X-ray 

(NaI - unshielded) 
MeV 2.6 - 10.5 24 

10 MS/s 

10 MS/s 

250 MS/s 

2 s 

1.6 s 

2 ms 

1 

1 

2 

23, 30 

10, 19 

12, 13, 17 

Yokogawa DL750 

Yokogawa DL716 

LeCroy Waverunner I 

X-ray 

(NaI - shielded) 
MeV 4.2 - 16.8 13 

10 MS/s 

10 MS/s 

2 s 

1.6 s 

1 

1 

23 

10, 19 

Yokogawa DL750 

Yokogawa DL716 

X-ray (Plastic) MeV - 8 
250 MS/s 

250 MS/s 

5 ms 

2 ms 

10 

2 

28, 29 

14 

LeCroy 44 Xi 

LeCroy Waverunner I 

X-ray (LaBr3) MeV 4.4 2 250 MS/s 5 ms 10 18 LeCroy 44 Xi 
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Table 2-4.  2009 ICLRT photographic setup specifications.  

Camera Location 
Frame Rate or 

Exposure Length 
Focal Length 

Lens 

Aperture 
Filters Purpose 

Photron SA1.1 Office Trailer 50-300 kfps 20 or 24 mm f/2.8 None Attachment Region 

Phantom V7.3 Office Trailer 8 kfps 20 or 24 mm f/4 - f/11 None Full Lightning Channel 

Sony HDR HC5 IS2 30 fps Variable Variable None Midrange Lightning Channel 

Sony HDR HC5 Office Trailer 30 fps Variable Variable None Full Lightning Channel 

Sony HDR HC5 
Launch 

Control 
30 fps Variable Variable None Attachment Region 

Sony HDR HC5 Runway 30 fps Variable Variable None Midrange Lightning Channel 

Nikon D80 
Launch 

Control 
6 s 70 mm f/32 

4-stop ND, 

CPOL 
Attachment Region 
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Figure 2-36.  2010 ICLRT measurement network.  A) aerial photograph of the ICLRT with all 

2010 measurements annotated.  B) aerial photograph of the 10 station 2010 TOA 

network measurements, a subset of the measurements shown in the top photograph.  

The measurements are labeled according to the keys at the bottom of each 

photograph. 
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Table 2-5.  2010 ICLRT measurement specifications.  The measurement sensitivity ranges for each type of measurement in units 

(Column 2) per digitizer volt are given in Column 3.  The DSO timebase and digitization settings are given in Columns 5-

7.  The number identifications and models of the DSOs (Figure 2-6) that digitize each type of measurements are given in 

Columns 8-9.   

 

Measurement Units 
Sensitivity 

(Units/V) 

# of 

Channels 

Sampling 

Frequency 

Record 

Length 

Memory 

Segments 

Oscilloscope 

Numbers 

Oscilloscope 

Model 

Electric Field kV/m .069 - 76 10 10 MS/s 2 s 1 22, 24, 25 Yokogawa DL750 

Electric Field 

Derivative 
kV/m/µs 30 10 

250 MS/s 

250 MS/s 

5 ms 

2 ms 

10 

2 

18, 20, 21 

14, 17 

LeCroy 44 Xi 

LeCroy Waverunner I 

Magnetic Field µW/ m
2
 30 4 10 MS/s 2 s 1 22, 24, 25 Yokogawa DL750 

Channel-Base 

Current 
A 21 - 63000 3 

10 MS/s 

250 MS/s 

2 s 

5 ms 

1 

10 

22, 24, 25, 30 

26 

Yokogawa DL750 

LeCroy 44 Xi 

Optical - - 2 10 MS/s 2 s 1 23 Yokogawa DL750 

X-ray 

(NaI - unshielded) 
MeV 2.6 - 10.5 24 

10 MS/s 

10 MS/s 

250 MS/s 

2 s 

1.6 s 

2 ms 

1 

1 

2 

23, 30 

10, 19 

12, 13, 17 

Yokogawa DL750 

Yokogawa DL716 

LeCroy Waverunner I 

X-ray 

(NaI - shielded) 
MeV 4.2 - 16.8 13 

10 MS/s 

10 MS/s 

2 s 

1.6 s 

1 

1 

23 

10, 19 

Yokogawa DL750 

Yokogawa DL716 

X-ray (Plastic) MeV - 8 
250 MS/s 

250 MS/s 

5 ms 

2 ms 

10 

2 

28, 29 

14 

LeCroy 44 Xi 

LeCroy Waverunner I 

X-ray (LaBr3) MeV 4.4 2 250 MS/s 5 ms 10 18 LeCroy 44 Xi 
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Table 2-6.  2010 ICLRT photographic setup specifications.   

Camera Location 
Frame Rate or 

Exposure Length 
Focal Length 

Lens 

Aperture 
Filters Purpose 

Photron SA1.1 Office Trailer 300 kfps, 14 or 20 mm f/4 None Attachment Region 

Phantom V7.3 Office Trailer 8 kfps 20 mm f/5.6 -f/8 None Full Lightning Channel 

Phantom V310 Office Trailer 3.2 kfps 24 mm f/16 None Site Coverage 

Phantom V310 
Launch 

Control 
4.3 kfps 24 mm f/16 None Site Coverage 

Canon HF S20 
Launch 

Control 
30 fps Variable Variable None Attachment Region 

Canon HF S20 Office Trailer 30 fps Variable Variable None Full Lightning Channel 

Nikon D80 
Launch 

Control 
6 s 70 mm f/32 

4-stop ND, 

CPOL 
Attachment Region 
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Figure 2-37.  2011 ICLRT measurement network.  A) aerial photograph of the ICLRT with all 

2011 measurements annotated.  B)  aerial photograph of the 10 station 2011 TOA 

network measurements, a subset of the measurements shown in the top photograph.  

The measurements are labeled according to the keys at the bottom of each 

photograph. 
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Table 2-7.  2011 ICLRT measurement specifications.  The measurement sensitivity ranges for each type of measurement in units 

(Column 2) per digitizer volt are given in Column 3.  The DSO timebase and digitization settings are given in Columns 5-

7.  The number identifications and models of the DSOs (Figure 2-6) that digitize each type of measurements are given in 

Columns 8-9.   

a,b 
Note that six electric field measurements and two sensitive channel-base current measurements were digitized continuously on the 

NI 6212 DAQ card that runs on HAL.  

Measurement Units 
Sensitivity 

(Units/V) 

# of 

Channels 

Sampling 

Frequency 

Record 

Length 

Memory 

Segments 

Oscilloscope 

Numbers 

Oscilloscope 

Model 

Electric Field kV/m 0.3 - 180 9 
10 MS/s 

50 KS/s 

2 s 

Cont. 

1 

Cont. 

22, 24, 25 

- 

Yokogawa DL750 

NI 6212 DAQ
a
 

Electric Field 

Derivative 
kV/m/µs 15 10 

250 MS/s 

250 MS/s 

5 ms 

2 ms 

10 

2 

18, 20, 21 

14, 17 

LeCroy 44 Xi 

LeCroy Waverunner I 

Channel-Base 

Current 
A 0.4 - 63000 4 

10 MS/s 

250 MS/s 

50 KS/s 

2 s 

5 ms 

Cont. 

1 

10 

Cont. 

22, 24, 25, 30 

26 

- 

Yokogawa DL750 

LeCroy 44 Xi 

NI 6212 DAQ
b
 

Optical - - 2 10 MS/s 2 s 1 23 Yokogawa DL750 

X-ray 

(NaI - unshielded) 
MeV 2.6 - 10.5 24 

10 MS/s 

10 MS/s 

250 MS/s 

2 s 

1.6 s 

2 ms 

1 

1 

2 

23, 30 

10, 19 

12, 13, 17 

Yokogawa DL750 

Yokogawa DL716 

LeCroy Waverunner I 

X-ray 

(NaI - shielded) 
MeV 4.2 - 16.8 13 

10 MS/s 

10 MS/s 

2 s 

1.6 s 

1 

1 

23 

10, 19 

Yokogawa DL750 

Yokogawa DL716 

X-ray (Plastic) MeV - 8 
250 MS/s 

250 MS/s 

5 ms 

2 ms 

10 

2 

28, 29, 36, 37 

14 

LeCroy 44 Xi 

LeCroy Waverunner I 

X-ray (LaBr3) MeV 4.4 2 250 MS/s 5 ms 10 18 LeCroy 44 Xi 
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Table 2-8.  2011 HBM digitization system measurement specifications.  Note the electric field derivative measurements digitized on 

the HBM system were a factor of two more sensitive than those recorded on the ICLRT digitization system.   

Measurement Units 
Peak Amplitude 

Range 

# of 

Channels 

Sampling 

Frequency 

Record 

Length 

Memory 

Segments 

HBM 

Recorders 

Electric Field 

Derivative 
kV/m/µs +/- 8 10 100 MS/s 20 ms Infinite C, D, E, F, G, H 

Channel-Base 

Current 
A 

+/- 200  

 +/- 50000 

1 

1 

100 MS/s 

100 MS/s 

20 ms 

20 ms 

Infinite 

Infinite 

H 

C 
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Figure 2-38.  2011 inverted electric field antenna (Station 7).  Photo courtesy of the author. 
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Table 2-9.  2011 ICLRT photographic setup specifications.   

 

Camera Location 
Frame Rate or 

Exposure Length 
Focal Length 

Lens 

Aperture 
Filters Purpose 

Photron SA1.1 Office Trailer 300 kfps, 14 mm f/4 None Attachment Region 

Phantom V7.3 Office Trailer 8 kfps 20 mm f/5.6 -f/8 None Full Lightning Channel 

Canon HF S20 Office Trailer 30 fps Variable Variable None Site Coverage 

Canon HF S20 Office Trailer 30 fps Variable Variable None Site Coverage 

Canon HF S21 Office Trailer 30 fps Variable Variable None Full Lightning Channel 

Canon HF S21 Launch Control 30 fps Variable Variable None Attachment Region 

Nikon D5000 Blast Wall 5-10 s 10 mm f/18 6-stop ND, CPOL Site Coverage 

Nikon D5000 Blast Wall 6-8 s 18 mm f/22 6-stop ND, CPOL Full Lightning Channel 

Nikon D5000 IS2 5-10 s 10 mm f/18 6-stop ND, CPOL Site Coverage 

Nikon D5000 IS2 6-8 s 90 mm f/22 6-stop ND, CPOL 
Midrange Lightning 

Channel 

Nikon D5000 SWO 5-10 s 10 mm f/18 6-stop ND, CPOL Site Coverage 

Nikon D5000 SWO 6-8 s 18 mm f/22 6-stop ND, CPOL Full Lightning Channel 

Nikon D5000 IS4 5-10 s 10 mm f/18 6-stop ND, CPOL Site Coverage 

Nikon D5000 IS4 6-8 s 86 mm f/22 6-stop ND, CPOL 
Midrange Lightning 

Channel 

Nikon D80 Launch Control 6 s 100 mm f/32 4-stop ND, CPOL Attachment Region 
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CHAPTER 3 

TIME-OF-ARRIVAL MEASUREMENTS 

The majority of the data presented in this dissertation are related to time-of-arrival (TOA) 

measurements using, 1) wideband electric field derivative (dE/dt) waveforms obtained from flat 

plate antennas, 2) energetic radiation waveforms from both plastic and LaBr3 scintillation 

detectors, and 3) narrowband (66-72 MHz) VHF radiation detected by the Lightning Mapping 

Array (LMA) sensors.  These three measurement systems, which record spectral ranges from 

near DC to the x-ray/gamma ray wavelengths, are all configured to study the radiation associated 

with propagating lightning leaders, and the case of the first two systems, the attachment of these 

lightning leaders to ground or ground-based objects.  The principle of any three-dimensional 

TOA system is to measure a common radiated source, which is assumed to occur at a single 

point and time in space (x, y, z, t), at numerous spatial locations (xi, yi, zi), and then, using the 

measured arrival times at each station (ti), assuming the signal propagated in a straight line and at 

the speed of light c, calculate the position and emission time of the source.  The governing 

equation, often referred to as the "TOA Equation" is given by Equation 3.1.   

 2 2 2( ) ( ) ( ) ( )i i i ic t t x x y y z z        (3.1) 

Considering lightning leaders propagate in a three-dimensional space, in theory, it is 

necessary to measure a radiated source at only four stations in order to reconstruct the spatial 

position of the source.  In practice though, the physical geometry of the measuring network, the 

geometry of the network relative to the source, and the associated inherent errors in sensor 

location and the selected arrival times of the radiated signal make a four station network 

effective in only very idealized cases.  A four station network provides only one possible 

combination of measured arrival times by which to reconstruct the three-dimensional source 

location.   
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Systems for locating lightning discharges via their radiated electromagnetic fields have 

been utilized since the early part of the 20th century.  Early lightning-locating systems used 

crossed-loop magnetic field antennas to estimate the azimuth angle to the causative discharge.  A 

thorough discussion of the history of magnetic direction finding (MDF) systems is given in 

Rakov and Uman [2003, Ch. 17.3].  The original TOA systems, such as the implementation 

described in Lewis [1960], primarily utilized long-baseline (often greater than 100 km) networks 

of sensors that operated in the VLF/LF frequency range.  Lewis [1960] used a network of four 

stations arranged in a triangular geometry around a central station.  Lightning sferics were sensed 

by vertical antennas operating in the 4-45 KHz band.  The data were relayed continuously to the 

central station over a microwave link.  The stations were located in New England and were used 

to locate sferics from lightning discharges in western Europe.  The geometry of the sensor 

baseline made the network efficient at determining the azimuth to the causative discharge in the 

north-south direction (perpendicular to the direction of propagation).  Lewis [1960] obtained 

azimuths for 150 sferics radiated from western Europe using this system.  The azimuths were 

compared to ground-strike estimates for the same causative lightning discharges obtained by the 

magnetic cross-loop DF network operated by the British Meteorological Office (BMO).  The 

BMO network reported fixes for the ground termination points of lightning discharges within 

about 30 nautical miles in the north-south direction and about 18.5 nautical miles in the east-west 

direction.  The azimuth angles obtained by Lewis [1960] placed the causative discharges within 

an average absolute deviation of about 31 nautical miles from the positions reported by the 

BMO.   

Other long-baseline TOA systems were developed in the later part of the 20th century that 

provided actual two-dimensional ground strike locations of individual lightning discharges.  Lee 
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[1986] operated a seven-station TOA network operating in the 2-18 KHz frequency band with 

stations located in the United Kingdom, Gibraltar and Cyprus.  The stations were separated by 

250-3300 km.  The system provided lightning flash locations at a rate not exceeding 400 per 

hour.  The estimated system error was 2-20 km.  In the late 1980s, the LPATS (lightning 

positioning and tracking system) network [e.g., Casper and Bent, 1992; Bent and Lyons, 1984]  

became the first commercially available TOA system.  The system was developed by the 

Atmospheric Research Systems, Inc. (ARSI).  LPATS also operated in the VLF/LF frequency 

band and consisted of four or more stations separated by typical distances of 200-400 km.  The 

system measured the differences in signal arrival times at the stations with time synchronization 

(of the order of 100 ns) provided by Loran-C (and later GPS).  Since 1987, LPATS systems have 

operated in 18 countries spanning five continents.  In the early 1990s, a network of 59 of the 

LPATS sensors were combined with 47 IMPACT MDF sensors (manufactured by Lightning 

Location and Protection, Inc.) to form the 106-sensor National Lightning Detection Network 

(NLDN).  The combined benefits of the two types of sensors (MDF/TOA) provided a significant 

improvement in the location accuracy of the system (median accuracy of 500 m) and flash 

detection ratio (90% for events with peak currents above 5 kA) [e.g., Cummins et al., 1998].    

The systems mentioned above operate in the VLF/LF frequency band and provide 

estimates for the ground-strike locations of lightning discharges.  They do not, however, provide 

any information about the physical channel structure (and underlying physics) of individual 

discharges.  Systems capable of mapping the progression of lightning leader channels in three-

dimensions have traditionally operated in the VHF frequency range, which is typically associated 

with air-breakdown processes.  The first three-dimensional VHF lightning mapping system was 

developed in South Africa by D.E. Proctor in the early 1970s.  Proctor [1971, 1981, 1983] and 
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Proctor et al. [1988] used short base line (10-40 km) systems with five ground stations arranged 

on two nearly-perpendicular base lines.  The fifth station was used to provide a redundant 

measurement.  The systems operated at 250 MHz [e.g., Proctor, 1971], 253 MHz [e.g., Proctor, 

1981] or 355 MHz [e.g., Proctor, 1983; Proctor et al., 1988] with a 5 MHz bandwidth.  Proctor's 

network had spatial resolution of about 100 m.  Source coordinates were determined based on the 

hyperbolic approach.  The equations were solved using a non-linear iterative process to find the 

optimal source location from an initial guess, though the derivations were highly-complex and 

only applicable to very idealized network geometries.  Lateral source coordinates were 

determined with errors of the order of 25 m and altitude source coordinates were determined 

with errors of about 100 m for sources well above ground, but not more than several kilometers 

in altitude.  The network was capable of recording a source location about every 70 µs.  A 

similar VHF lightning mapping system, the LDAR (Lightning Detection and Ranging), was built 

at the Kennedy Space Center and is described in Lennon and Poehler [1982] and Maier et al. 

[1995].   The LDAR was comprised of seven stations that operated in the 56-75 MHz frequency 

band.  Six of the stations were arranged in a concentric ring with diameter of 16 km and the 

seventh station was located at the center of the measurement array.  The geometry effectively 

formed two y-shaped sensor networks, each including three outer sensors and the central sensor.  

Each station recorded 82 µs segments of data when a pre-defined trigger threshold was exceeded.  

The data were transmitted via a microwave link to the central station where they were processed 

as individual four-station sets of arrival times for the two y-shaped networks.  The arrival time 

from each station was taken as the time of the peak signal recorded at the given station within the 

82 µs window.  The differences in arrival times were used to calculate the three-dimensional 

position of the source.  Events were discarded if the solutions from both sets of four stations 
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were not self-consistent within a defined tolerance.  The processing of the LDAR solutions was 

modified in the early 1990s to include all 20 of the possible four-station combinations.  The best 

solution was determined using a voting process with weights attached to each four-station 

combination.  Despite the improved processing technique, Starr et al. [1998] estimated that the 

LDAR discarded about 60% of detected events.  Poehler [1977] used geometric dilution of 

precision (GDOP) formulations and an assumed timing error of 20 ns to estimate the LDAR 

lateral coordinate errors to be about 7-11 m rms for sources below about 8 km in altitude.  The 

LDAR system typically located anywhere from 10-50 sources per lightning flash.  A thorough 

analysis of the performance characteristics of the LDAR system is given in Boccippio et al. 

[2001a, 2001b].   

The relative success of the LDAR system prompted the development of a second VHF 

mapping system, the Lightning Mapping Array (LMA) [e.g., Rison et al., 1999; Krehbiel et al., 

2000; Thomas et al., 2004], in the mid-1990s.  The LMA was conceived and developed by Dr. 

Paul Krehbiel, Dr. Bill Rison, and Dr. Ron Thomas at the New Mexico Institute of Mining and 

Technology.  The methodology and operation of the LMA system was described in Section 2.15.  

The general operation of the LDAR and the LMA are not in principle different.  Both systems 

determine the time of the peak power of a received VHF impulse within a given time window 

and use the measured signal arrival times at different stations to calculate the spatial position and 

emission time of the source.  The main advantage of the LMA system is that the time base at 

each station is controlled by an onboard GPS receiver, the one-pulse-per-second (1 PPS) output 

of which is used to phase lock a 25 MHz clock that determines the endpoints of the data 

acquisition windows.  For each data point above a defined threshold, the LMA simply stores the 

time and peak power of the pulse at the LMA station.  In contrast, the LDAR transmits the 
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detected analog waveforms over a microwave link to a central station, introducing many sources 

of potential timing error.  LMA systems were installed in Oklahoma and at Langmuir Lab in 

New Mexico in the late 1990s and later in northern Alabama.  Typical LMA networks consist of 

10-15 stations spread over a typical ground area of 60 km in diameter.  Most LMA networks 

operate in the 60-66 MHz frequency band (Channel 3).  The locations of sources recorded by six 

or more stations are initially determined using the hyperplane technique [e.g., Koshak and 

Solakiewicz, 1996; Koshak et al., 2004], the output of which is used as an initial solution guess 

for a non-linear least squares minimization technique for the over-determined set of equations 

[e.g. Thomas et al., 2004]. Sources occurring over the LMA network at 6-12 km altitude are 

typically located with a horizontal uncertainty of 6-12 m rms and vertical uncertainty of 20-30 m 

rms.  The rms timing error of the LMA network is typically 40-50 ns.  With 80 µs data 

acquisition windows, the LMA often locates several thousand sources per lightning flash, a 

significant improvement over the LDAR system.  A limitation of the LMA system is the poor 

altitude determination of low-altitude sources.  The altitude error of any three-dimensional TOA 

system is principally dependent on the ratio of the source height to the horizontal distance from 

the source to the closest sensor.  Large-area LMA networks are thus ideally suited for studying 

in-cloud processes that occur two kilometers or more above the plane of the network.   

A third type of TOA system was developed by Thomson [1994] and was installed at the 

Kennedy Space Center.  This system differed from the LDAR and LMA networks described 

above in that it detected the broadband dE/dt signature radiated by propagating lightning leaders.  

The network consisted of four outlying stations covering a ground area of approximately 15 x 15 

km and one central station.  The outer stations had bandwidth from 800 Hz to 4 MHz and the 

central station had bandwidth from 800 Hz to 2 MHz.  When the system was triggered, data frp, 
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the outer stations were transmitted to the central station where they were digitized at 20 MS/s in 

204.8 µs segments.  As many as 25 data segments could be recorded per lightning flash with as 

little as 40 µs dead-time between each subsequent data segment.  The signal arrival times for 

common pulses at the five stations were determined to be the mean of the three waveform 

features for a given dE/dt pulse, 1) the rising-portion half-peak, 2) the peak, and 3) the falling-

portion half-peak.  The source locations and emission times were computed using a weighted 

hyperbola technique to solve the over-determined set of equations.  Thomson [1994] estimated 

that the location error was less than 100 m for sources within the network.   

3.1 ICLRT TOA Network 

The limitations of the previously described long-baseline VHF TOA systems prompted the 

design and implementation of a small-area dE/dt TOA system at the ICLRT suitable for locating 

radiated sources from lightning leaders with a high degree of accuracy and without any 

windowing timing constraints.  The first dE/dt TOA system at the ICLRT capable of reproducing 

three-dimensional "images" of lightning leaders was constructed by Dr. Joseph Howard and the 

author at the beginning of summer 2006.  Previously, a network of four dE/dt antennas had been 

used at the ICLRT to calculate the approximate strike points of natural lightning discharges 

terminating on or near the site [e.g., Jerauld, 2007].  The original four antennas were located at 

Station 1, Station 4, Station 8, and Station 9 (Figure 3-37).  The measured signal arrival times at 

the four stations, obtained from measurement of the peak dE/dt associated with the return stroke, 

provided a set of four possible three-station combinations.  The antennas were assumed to be 

exactly co-planar, removing the altitude dimension from the problem.  Each three-station 

combination (i, j, k)  yielded two time-difference-of-arrival (TDOA) equations, given in 

Equation 3.2.   
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 (3.2) 

Each TDOA equation represents a hyperbola in two-dimensions.  The intersection of the 

two hyperbolas, which can be obtained numerically, gives the ground-strike location (x, y) of the 

source.  For some cases, the two hyperbolas intersect at two locations, giving a non-determinate 

solution.  Then, the other three-station combinations are used to eliminate the non-physical 

location.  The lateral coordinates of the strike point obtained from all available three-station 

combinations were averaged to obtain the final strike-point estimate.   

   An additional four flat-plate dE/dt antennas were installed at the beginning of summer 

2006 to convert the existing two-dimensional TOA system to a network capable of mapping 

lightning leader sources in three-dimensions.  The new antennas were located at Station 3, 

Station 5, Station 7, and Station 11 (Figure 2-37), forming two north/south baselines to 

complement the existing east/west baseline.  The total enclosed network area was about 0.25 

km
2
. 

 
Unshielded NaI energetic radiation detectors (Section 2.14.1) were installed in TERA 

boxes at each TOA station within about 10 m of the flat plate dE/dt antenna.  Howard et al. 

[2008, 2010] used the calculated TOA locations from the new 8-station network to initially 

establish the spatial and timing relationship between the dE/dt and x-ray sources from stepped-

leader steps, and to analyze the sub-microsecond structure of the lightning attachment process.   

In 2009 and 2010, the TOA network was substantially modified.  Many of the additions 

and changes were described in Chapter 2.  The network expanded to ten stations, each with a flat 

plate dE/dt antenna and either a plastic or LaBr3 energetic radiation detector.  The additional 

stations (Station 17 and Station 25) were added in close proximity to the rocket launching 
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facilities to provide better altitude resolution, primarily for locating radiated sources from 

triggered lightning dart-stepped leaders.   

To calculate the three-dimensional locations and emission times of sources radiated by 

lightning leaders with a high degree of accuracy, two quantities must be determined with 

significant precision, 1) the three-dimensional location of each sensor, and 2) the timing delay of 

each measurement system from the sensor to the digitizer input.  The techniques by which these 

quantities were obtained for the 2009-2011 ICLRT TOA networks are discussed in the following 

sections.  Similar discussions for the previous TOA network installations are found in the Ph.D 

dissertations of Jerauld [2007] and Howard [2009].    

3.2 Determination of Sensor Locations 

In 2009, a professional team of surveyors from Pat Welch Surveying in Starke, FL was 

hired to determine the spatial locations of all sensors at the ICLRT.  The lateral and altitude 

coordinates of all sensors were first determined using a Differential Global Positioning System 

(DGPS).  For dE/dt measurements, the sensor location was taken to be the center of the antenna 

sensing plate.  For the eight plastic energetic radiation detectors, the sensor location was 

measured at the center of the plastic scintillator.  For the NaI detectors included in the TOA 

network and the two LaBr3 energetic radiation detectors, the sensor location was measured at the 

center of the mu-metal shield that encases the detector.  After the DGPS measurements were 

conducted, the altitude coordinates of all measurements included in the TOA network were re-

measured using a closed level loop for greater accuracy.  The spatial positions of the TOA 

sensors are measured to an accuracy of about 1 cm.  The coordinates of the sensors were 

provided in both the state plane format and in latitude/longitude.  Lateral state plane coordinates 

were based on the Florida North NAD83 data and altitude coordinates were based on the 

NAVD88 data.  Considering that the state plane coordinates for the sensors are of the order of 
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hundreds of thousands of meters, it was convenient for data processing purposes to establish a 

local coordinate system at the ICLRT.  A single surveyed point was chosen on the far southwest 

corner of the ICLRT to be the coordinate origin.  The location of the origin was chosen such that 

the coordinates of all sensors would be positive laterally and vertically relative to the location of 

the origin point.  The state plane coordinates of the origin point were subtracted from the state 

plane coordinates of all sensors to establish the local coordinate system.  The dimensions of the 

full measurement network relative to the origin were about 700 m to the east, 625 m to the north, 

and about 8 m in altitude (excluding the x-ray measurements located on the 11 m deck that 

supports the Tower Launcher).  A similar survey was conducted prior to summer 2011 by the 

same team of surveyors.  The coordinates of newly-added measurements and any existing 

measurements that had changed location since the 2009 survey were re-measured.  The state 

plane coordinates, latitude/longitude, and local ICLRT coordinates of all TOA sensors from both 

the 2009 and 2011 site surveys are given in Table 3-1.  The measurements are arranged by type 

and by increasing station number.  Electric field derivative sensors are named according to the 

convention "dE-X", plastic energetic radiation detectors are named with the convention "TX-F", 

LaBr3 energetic radiation detectors are named with the convention "LaBr-X", and unshielded NaI 

radiation detectors are named with the convention "TX-U".  In all sensor naming conventions, 

"X" is the corresponding station number where the sensor is located.  Refer to Sections 3.17 

through 3.19 and Figures 3-35 through 3-37 for discussion on the measurement network from 

2009-2011 and graphical representations of the position of the stations and corresponding 

sensors.   
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3.3 Measurement of Time Delays  

When a signal arrival time is measured at a given station, the total delay between the actual 

emission time of the source and the measured arrival time on the digitized waveform is the sum 

of 1) the signal propagation time from the source location to the antenna and 2) the signal 

propagation time through the measurement electronics in the field, the fiber-optic link, and the 

coaxial cable that connects the fiber-optic receiver to the digitizer input.  In order to accurately 

measure the signal propagation time, all delays introduced by electronics and cabling must be 

accounted for.  In early two-dimensional TOA measurements at the ICLRT, only the delay of the 

fiber-optic cable was removed.  The fiber delay was measured using an Optical Time Domain 

Reflectometer (OTDR).  For three-dimensional TOA measurements, more accurate timing was 

required, and thus, a system was developed to measure not only fiber-optic cabling delays but all 

cabling and electronics delays between the sensor output and the digitizer input.  The delay 

measurement system, which was designed by Rob Olsen III, is comprised of a single-mode fiber 

transmitter/receiver pair and a 1 km 9/125 m single-mode fiber.   The first step in making the 

delay measurement is to accurately measure the nominal signal propagation delay through the 

fiber transmitter/receiver pair connected by the 1 km single-mode fiber.  A line diagram of the 

nominal time delay measurement process is given in Figure 3-1A.  A pulse generator is used to 

inject a pulse with width of about 1 s with repetition rate of several tens of kilohertz into a short 

section (about 1 m) of coaxial cable.  This short section of cable (Cable 1 in Figure 3-1A) is 

connected to one input of a BNC-F connector on Channel 1 of a LeCroy 44 Xi DSO.  A second 

short section of coaxial cable (Cable 2 in Figure 3-1A) is connected to the other input of the 

BNC-F connector and then to the input of the single-mode fiber transmitter.  The 1 km fiber is 

connected between the fiber transmitter and receiver, both of which are packaged in individual 
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shielded project boxes.  The transmitter and receiver are powered by a 12 V battery.  The output 

of the fiber receiver is connected to Channel 2 of the LeCroy 44 Xi DSO through two sections of 

coaxial cable coupled by a BNC barrel connector.  Cable 3 is about 1 m in length and Cable 4 is 

about 3 m in length.  The DSO is configured to sample at 5 GHz and is set to trigger in “normal” 

mode on the rising edge of the incoming pulse on Channel 1.  A vertical cursor is placed on the 

initial rising point of the incoming pulse measured on Channel 1, and a second vertical cursor is 

placed on the initial rising point of the incoming pulse on Channel 2, this pulse having 

propagated through Cable 2, the fiber transmitter, the 1 km fiber, the fiber receiver, Cable 3, and 

Cable 4.  The time difference between the two cursors is the nominal delay of the system.  The 

zoom feature of the LeCroy 44 Xi is used to insure that the selected point on the rising edge of 

each pulse is chosen as accurately as possible.   

After the nominal delay of the system is measured, the next step in the process is to 

unspool the 1 km fiber to the location of a given field measurement location.  The other end of 

the 1 km fiber remains in Launch Control.  The single-mode fiber receiver, a 12 V battery, and 

coaxial Cable 3 (Figure 3-1B) are also re-located to the field measurement location.  A line 

diagram of the field delay measurement configuration is given at bottom in Figure 3-1B.  The 

sensor output in the field is disconnected and coupled directly to Cable 3 with a BNC barrel 

connector.  For dE/dt antennas, the BNC cable is removed from the BNC feed-through on the 

antenna housing (Section 2.13) and coupled to Cable 3.  For NaI and LaBr3 detectors, the output 

of the PMT base is disconnected and coupled to Cable 3.  For the plastic detectors, the coaxial 

cable was disconnected from the BNC feed-through on the outside of the inner box (prior to the 

cable entering the galvanized pipe connected to the TERA box, see Section 2.14) and coupled to 

Cable 3.  The PIC controller at the given measurement is then commanded to switch on its output 
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power, providing 12 V to the Opticomm transmitter.  In Launch Control, the coaxial cable is 

removed from the DSO channel input where the signal from the given sensor in the field 

terminates (after being transmitted over the Opticomm link).  This cable is connected to Cable 4 

(Figure 3-1B) with a BNC barrel connector.  The opposite end of Cable 4 is connected to 

Channel 2 of the LeCroy 44 Xi.  Similar to the nominal delay measurement, the LeCroy 44 Xi is 

configured to trigger on the rising edge of the incoming pulse from the pulse generator on 

Channel 1.  The total delay of the system is then the time difference between the incoming pulse 

on Channel 1 and the delayed incoming pulse on Channel 2, this pulse having propagated 

through the single-mode fiber link, the measurement electronics in the field, the Opticomm fiber 

link, and the length of coaxial cable connecting Channel 2 to the output of the Opticomm 

receiver.  The actual measurement system delay can then be calculated by simply subtracting the 

previously-measured nominal delay from the total delay.  For TOA measurements, delays range 

from about 170 ns to about 3.5 µs.  The measured system delays for all dE/dt measurements are 

given in Table 3-2 and for all energetic radiation measurements (plastic, LaBr3, and NaI) in 

Table 3-3.   

Prior to 2011, the delays of the PMTs attached to the plastic and LaBr3 scintillators were 

not accounted for in the delay measurements described above in Section 3.3.  Some research 

revealed that the manufacturer-stated delay for the Hamamatsu R550 PMTs coupled to the 

plastic scintillators is 70 ns.  In order to verify this delay time and to insure that the delays of all 

the PMTs were the same, a system was devised by Rob Olsen III and the author to measure 

accurately the PMT delays.  A line diagram of the system in shown in Figure 3-2.  The objective 

was to replicate the optical signal output of the plastic scintillator with a repeatable waveshape.  

Considering the PMTs have peak sensitivity in the blue wavelengths, we elected to take the same 
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multi-mode fiber transceiver used on the 2006 and 2011 PIC controllers (model HFBR 1414-T) 

and replace the standard red LED with a blue LED.  The transceiver was mounted on a piece of 

perf-board along with the necessary drive circuitry and input/output BNC ports.  The HFBR 

1414-T was coupled to a 10 m 62.5 µm fiber jumper.  The same pulse generator described in 

Section 3.3 was used to inject a 1 µs pulse into a short length of coax that terminated at a BNC-F 

connector at Channel 1 of the LeCroy 44 Xi.  The HFBR 1414-T board was coupled directly to 

the other output of the BNC-F connector.  The lid of the plastic scintillator inner box was 

removed and the PMTs were de-coupled from the plastic scintillator material.  The output of one 

of the PMTs was disconnected from the summing amplifier.  The end of the 10 m fiber jumper, 

which was terminated with a typical ST-type connector, was mated directly to the face of the 

second PMT.  The inner box lid was replaced and bolted down with light tension so that the fiber 

jumper, which rested on top of the rubber gasket, would not be damaged.  A black sheet was 

placed over the entire measurement box to insure that no light entered the inner box.  A length of 

coaxial cable was connected to the outside BNC feed-through port on the inner box, replacing 

the cable that normally carries the signal through the galvanized pipe to the TERA box.  The 

opposite end of the coaxial cable was connected to Channel 2 of the LeCroy 44 Xi.  The 

measured total delay between the Channel 1 and Channel 2 inputs was 156 ns.  The signal 

propagated through the 10 m fiber jumper, the PMT, the PMT base, the trans-impedance 

amplifier at the output of the PMT base, the summing amplifier, and the connecting coaxial 

cables.  This delay measurement was repeated for all 16 of the PMTs connected to the 8 plastic 

scintillators.  The nominal delay of the LED circuit, the 10 m fiber jumper, and the external 

coaxial cables was later determined to be 61 ns.  The delay of the internal coaxial cables that 

connect the output of the trans-impedance amplifier to the summing amplifier and the output of 
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the summing amplifier to the BNC feed-through on the inner box were measured to be 16 ns.  

Thus, the delay of the PMT and the PMT base was 79 ns.  Fortunately, this measurement was 

highly consistent for all 16 PMTs.  An additional 95 ns (the addition of the coaxial cable, PMT, 

and PMT/PMT base delays inside the inner box) was added to the delay measurements for all the 

plastic detectors.  This number is slightly in error for the measurement configurations prior to 

February 2011 (when the amplification electronics were replaced on all plastic scintillators).  The 

error is strictly due to differences in coaxial cable length inside the inner box and should be 

consistent and not more than about 4 ns.   

Ideally, a similar delay procedure would be conducted with the LaBr3 detectors, however, 

the scintillator and PMT are coupled together inside a hermetically sealed mu-metal shield, 

preventing direct access to the PMT.  For the LaBr3 detectors, the manufacturer-stated delay for 

the PMT is 45 ns.  This number was taken as valid and was added to the delay measurements for 

both LaBr3 detectors.  The additional delays discussed in this section are included in the stated 

measurements in Table 3-3.   

3.4 DSO Time Base Synchronization 

A line diagram of the DSO channel configuration in Launch Control for all TOA 

measurements in shown in Figure 3-3.  As discussed in Chapter 3, Scopes 12, 13, 14, and 17 are 

LeCroy Waverunner I DSOs and Scopes 18, 20, 21, 28, and 29 are LeCroy 44 Xi DSOs.  The 

TOA DSOs all trigger on the output of the ICLRT master trigger box (Section 2.7).  The external 

trigger input of each DSO is connected to an individual output on the ICLRT master trigger box 

with a 68" (1.73 m) length of coaxial cable.  Ideally, all nine of the TOA DSOs would trigger at 

exactly the same time and have identical, sample-aligned time-bases.  In practice though, the 

time bases of the nine DSOs do not align exactly.  For TOA measurements with nanosecond-

level timing, synchronization of the DSO time bases is then very important to avoid systematic 
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timing errors.  DSO time base correlation is achieved through a complex series of physical 

cabling connections and post-processing algorithms, the details of which are described in this 

section.   

The first step in synchronizing the time bases of the nine DSOs is to pick one reference 

time base.  In this case, the reference DSO is Scope 21 and the reference channel is dE-7.  As 

seen in Figure 3-3, the first channels of Scopes 12, 13, 20, and 21 are connected with 64" (1.63 

m) coaxial cables to channels 1-4 of Scope 17.  The signals are branched directly at the input 

channels of Scopes 12, 13, 20, and 21 with BNC-T connectors.  Similarly, the first channels of 

Scopes 28, 29, and 18 are connected to channels 1-3 of Scope 14, also with 64" coaxial cables.  

Channel 4 of Scope 17 is then connected to channel 4 of Scope 14 with a 64" coaxial cable.  

Scopes 17 serves to synchronize the time bases of Scopes 12, 13, 20, and 21 (treating Scope 21 

as the reference) and Scope 14 serves to synchronize the time bases of Scopes 28, 29, and 18.  

The Scope 14 time base can the be synchronized to the Scope 17 time base.   

The processing algorithm for actually performing the synchronization is described below 

in a step-by-step format.  The processing code is written in Matlab.  The waveforms from all 

nine DSOs are read into the Matlab workspace in individual time and data vectors.  Time base 

synchronization is performed on the memory segment of interest, though due to the shallow 

memory depth of the LeCroy Waverunner I DSOs, synchronization can only be performed on the 

first two memory segments (even though the LeCroy 44 Xi DSOs record 10 memory segments).  

When TOA calculations are performed for memory segments on the LeCroy 44 Xi DSOs beyond 

the second segment, the shift values returned for the second memory segment are used.   

1) The first channel on Scope 21 (dE-7) is cross-correlated with the duplicated channel on 

 Scope 17.  The cross-correlation is performed using a 50 µs section of the waveform 
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 recorded on each DSO, starting with a time window from t = -50 µs to t = 0 µs.  The 

 trigger point occurs at t = 0 µs.  The cross-correlation operation returns the number of 

 sample points to shift the time base on Scope 17 to match the time base of Scope 21.  The 

 cross-correlation is then performed an additional four times with the 50 µs window 

 shifted backwards in time for each operation (i.e., the second operation uses times from t 

 = -60 µs to t = -10 µs and so on).  After the last operation is complete, the program 

 checks to see that all five cross-correlation operations returned the same shift value.  If 

 so, the shift for Scope 21 is stored in a variable as the reference shift value.   

2)  The first channels of Scopes 12, 13, and 20 are cross-correlated with their duplicate  

 channels on Scope 17 using the same five-operation procedure described in Step 1.  If the 

 shift value for a particular scope is consistent, the actual shift for the scope time-base is 

 calculated as the difference between the shift for Scope 21 (the reference) and the 

 returned shift value and saved to a variable.  Effectively, the shift for Scope 21 is treated 

 as zero and the time bases of the other DSOs are shifted accordingly.   

3) The fourth channel of Scope 17 (dE-7) is cross-correlated with the fourth channel of 

 Scope 14 (dE-7) using the five-operation procedure described in Step 1.  In this step, the 

 Scope 17 time base is considered to be the reference.  The shift of Scope 14 with respect 

 to Scope 17 is stored in a variable.  

4) The first channels of Scopes 28, 29, and 18 are cross-correlated with their duplicate 

 channels on Scope 14, again using the five-operation procedure described in Step 1.  The 

 returned shift values are then subtracted from the shift of Scope 14 with respect to Scope 

 17 and stored to variables.   
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5) The shift values for Scopes 28, 29, and 18 obtained in Step 4 are added to the shift of 

 Scope 17 relative to Scope 21 (the reference time base) and stored to variables.  This 

 operation synchronizes the time bases of Scopes 28, 29, and 18 to that of Scope 21.  

Typical time base shifts vary from 1-3 sample points (4-12 ns) and rarely exceed 4 sample 

points (16 ns).   

3.5 dE/dt Signal Arrival Time Selection (DSO dE/dt Network) 

 The LeCroy waveforms from the ten dE/dt sensors, consisting of time and data vectors, 

are first read into Matlab.  In order to simplify the waveform aligning process, an artificial time 

base is created for each data vector independent of the actual time vector (which contains time 

values to the precision of the sampling resolution).  The time base is created by initially 

assigning the array index (integer values starting at 1) to each position of a vector with the same 

length as the data vector.  Each data vector is then cross-correlated with the reference data 

vector, which is typically chosen to be dE-7 unless the measurement is unavailable.  The time 

window of the cross-correlation can be varied, but typically operates over a span of about 50 s 

prior to the trigger point (the return stroke).  For dE/dt waveforms, this time window usually 

encompasses a portion of the descending leader with large, well-resolved pulses (in the case of 

stepped leaders, dart-stepped leaders, or “chaotic” dart leaders).  The cross-correlation returns 

the optimal shift value, which may be either positive or negative depending on the location of the 

source and the time delay of the measurement link, to align the waveform from each station with 

that of the reference station.  The time and data vectors for each of the ten measurements along 

with the shift values with respect to dE-7 are returned in a single Matlab “struct”.  The struct 

format allows the large number of contained vectors to be easily passed to other programs.   
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 The struct returned from the cross-correlation routine is passed to a plotting routine that 

displays the ten waveforms.  Before the plot command is executed, the appropriate shift 

calculated in the cross-correlation routine is added to the artificial time base for each particular 

measurement.  As an example, the artificial time base array for a LeCroy 44 Xi waveform prior 

to shifting would have total length of 1.25 million sample points (array indices 1 to 1.25 x 10
6 

with each array value equal to its index).  If a shift was applied of -300 points, the array indices 

would remain the same and the array values would then range from -299 to 1.2497 x 10
6
.  The 

shifting does not modify the original time vector in any way.  After the shifting operations have 

been conducted, the ten waveforms are plotted in the same plot window with each subsequent 

waveform offset by a vertical quantity that can be specified within the plotting routine.  The 

vertical shift can be used to zoom in or out on the waveforms depending on the signal-to-noise 

ratio of the pulse in question.  The waveforms are colored differently and are labeled according 

to station number on the vertical axis.  A 64 µs plot of the shifted (time-aligned) waveforms for a 

triggered lightning dart-stepped leader preceding the fourth return stroke of event UF 11-35 on 

August 18, 2011 is shown in Figure 3-4.   Note that the entire length of the artificial time vector 

is not plotted in Figure 3-4.  Typically, only the first 700,000 points are plotted (a portion of 

which are shown in Figure 3-4) in order to conserve memory.  For the dE/dt measurements, the 

portion of the recorded waveform well after the return stroke usually does not contain a great 

deal of useful information.  

 Once the waveforms are plotted, the process of manually selecting the signal arrival times 

for common pulses can begin.  The time window is adjusted using the zoom tool within the 

Matlab plot window such that the fine structure of individual leader step pulses can be easily 

resolved.  After the window is zoomed correctly, the user visually observes which stations have 
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the common pulse sufficiently resolved for an arrival time to be accurately determined.  A 

second program is called from the Matlab command line that prompts the user to select the signal 

arrival times.  As input, this program takes a vector containing the station numbers that do not 

have the given pulse sufficiently resolved.  The arrival time selection process uses the Matlab 

“ginput” function.  This function allows the user to extract a data point from a plotted vector by 

clicking on the plotted vector with the left mouse button.  For each qualified station, the program 

takes in two data points- one prior to the peak of the pulse and one after the peak of the pulse.  

The points are selected manually by the user with two mouse clicks.   For each station, the 

program determines the data indices in the artificial time vector of the two data points, then finds 

the corresponding maximum amplitude value of the data vector between the two data indices.  

With the exception of dE-17 and dE-25, the vector index of the maximum amplitude value is 

returned in the position of a new array that corresponds to the station number.  The indices of 

dE-17 and dE-25 are returned in positions 12 and 13 in the new array as opposed to positions 17 

and 25.  In Figure 3-5, a single dart-stepped leader pulse from the leader plotted in Figure 3-4 is 

shown with the user-selected points marked with red circles and the software-determined 

maximum amplitude points annotated.  The length of the plot is about 1.9 µs.  If two data points 

between the user-selected points share the same amplitude, the point occurring first in time is 

selected by the software (reference the waveform for dE-4 in Figure 3-5).  Data points that share 

the same amplitude near the peak of a dE/dt pulse are usually an artifact of the 8-bit digitization 

on the LeCroy DSOs.  Note that in Figure 3-5, the peak of the dE/dt pulse on dE-17 is not 

resolved.  From the user-defined vector of unused stations, the data point selection program will 

automatically bypass dE-17 when assigning variables from user mouse clicks.  The 13-element 

output vector will have a '0' in any position that does not correspond to a station number 
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(positions 2, 6, and 10) and also a '0' in any position where the dE/dt pulse was unresolved (in 

this case, position 12).   

 When the array of data indices are determined corresponding to the peak dE/dt 

amplitudes for a common pulse, the next step is to calculate the actual arrival times of the signal 

at each of the involved stations.  The 13-element indices vector obtained in the prior step is 

passed to a different program.  This program parses through the index vector, and for each non-

zero element, first adds the shift of the time base for the DSO where the measurement was 

digitized (Section 2.4).  For dE/dt measurements recorded on Scope 21 (the reference time base), 

there is no shift applied.  The time bases for Scope 18 and Scope 20 are shifted accordingly.  

After the time base shift is applied, the program then finds the value of the actual time vector for 

each measurement (not the artificial time vector) at the given index.  When the actual time is 

determined, the program then subtracts the appropriate measured cabling/electronics time delay 

(Section 3.3) for the measurement.  When the arrival times for all involved stations are 

computed, a separate program is called that checks to see if the time differences between all 

possible sets of two stations are physically possible assuming straight-line propagation at the 

speed of light.  If not, an appropriate error message is displayed.  For dE/dt measurements, this 

rarely, if ever, occurs, assuming the waveforms were shifted appropriately to line up the common 

pulses.  The final output of the program is again a 13-element vector containing the actual arrival 

times, accounting for all delays, of the common signal at each of the involved stations.  The 13-

element vector is automatically written to a Microsoft Excel worksheet using the Matlab Excel-

Link toolkit.    

3.6 dE/dt Signal Arrival Time Selection (HBM Network) 

The waveforms stored by the HBM Genesis recorder are merged into an archive file with 

the ".PNRF" extension.  Each time the system is armed, a new archive file is created.  Inside the 
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archive file, the waveforms are stored according to the physical channel connectivity to the 4-

channel receiver cards, each card having a corresponding number (1-7) and letter (B-H) 

identifier.  Each center-triggered segment of data is 20 ms in length, or 2 million sample points.  

The ten dE/dt waveforms corresponding to the appropriate data segment are read into Matlab, 

though only the first 1.25 million data points are read to conserve memory.  An artificial time 

base is created for each data vector.  Each dE/dt waveform is similarly cross-correlated with the 

dE-7 waveform to establish the necessary shift in order to align visually the leader-step pulse 

structures.  After the shift values are returned, the waveforms are plotted in an identical manner 

to the dE/dt waveforms described above in Section 3.5.  The arrival time selection process is also 

handled using the same "ginput" technique to pick data points on either side of the dE/dt peak of 

a given pulse.  For each station, the index of the maximum dE/dt peak between the two selected 

data points is stored in a 13-element vector.  In Figure 3-8, the HBM dE/dt waveforms and user-

selected data points are plotted for the same dart-stepped leader pulse shown in Figure 3-5.  In 

addition to demonstrating the arrival time selection process, Figure 3-8 also showcases the 

quality of the digitized data from the HBM digitization system versus that of the DSO 

digitization system.  The peaks of the dE/dt pulses, which were generally rounded or squared-off 

on the DSO digitization system due to the 8-bit amplitude resolution, are very well resolved on 

the 14-bit HBM digitization system.  After the software has determined the indices of the 

maximum dE/dt peaks for each available station, a program is then called that checks to see if the 

differences in arrival indices, considering the 10 ns sampling resolution of the system, for every 

two station combination are physically possible.  The vector of indices are then written to an 

Excel spreadsheet.  Unlike the DSO dE/dt system, once the indices of a given pulse have been 

obtained and verified for each available station, all the necessary information is stored to call the 
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solution algorithm.  As discussed in Section 2.5, the HBM Genesis recorder automatically 

removes cabling and electronics delays each time the system is armed.   

3.7 X-ray Signal Arrival Time Selection 

The arrival time selection process for energetic radiation (primarily x-ray) waveforms 

follows the same general series of steps as that described in Section 3.5 for the DSO dE/dt 

waveforms.  The primary difference for processing the x-ray waveforms is that the cross-

correlation routine used to visually align the dE/dt waveforms does not work particularly 

reliably.  As described in Section 2.14, the amplitude response of the plastic detectors is not 

linear with photon energy, and thus, the structure of the x-ray pulses recorded on different 

detectors often do not share a great deal of similarity.  After some trial and error, it was found 

that the best way to visually align the x-ray waveforms was to apply the shift values calculated 

for the dE/dt waveforms of the same leader event, implying that the source locations were 

similar.  In Figure 3-6, the energetic radiation waveforms for the eight plastic detectors and two 

LaBr3 detectors are plotted using the dE/dt shift values for the same triggered lightning dart-

stepped leader plotted in Figure 3-4.  The time of the return stroke is annotated.   

Selecting the x-ray arrival times associated with the formation of a leader step is a more 

subjective process than for the corresponding dE/dt pulses.  Whereas most leader step pulses 

exhibit a relatively clear dE/dt peak that can be used as a distinguishing waveform feature for the 

arrival time, x-ray waveforms simply deviate from the system noise level when the first x-ray 

photon is detected.  X-ray arrival times are similarly selected using the Matlab "ginput" function, 

but instead of specifying a window where the arrival time occurs and asking the software to find 

the appropriate data point, the indices of the arrival times at each available station are stored to 

elements in a 13-element vector with a single mouse click on the user-identified sample point 

where the initial deflection occurs.  In Figure 3-7, an example x-ray waveform is plotted for a 
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single burst of photons associated with a dart-stepped leader step (annotated in Figure 3-6).  The 

user-selected arrival times on the initial negative deflection of qualified waveforms (T4-F does 

not have a well-resolved x-ray pulse for this leader step) are annotated with red circles.  The 

actual arrival times are computed using the exact same technique as described for the dE/dt 

waveforms, again accounting for DSO time base shifts and measured cabling/electronics delays.  

After the arrival times for all involved stations are computed, a similar program is called that 

checks to see if the time differences between all possible sets of two stations are physically 

possible.  Occasionally, the arrival times of the x-ray photons can be very difficult to select 

accurately, and the time-checking program prevents un-realistic time values from being run 

through the solution algorithm.  The measured arrival times contained in the 13-element vector 

are written to an Excel spread sheet.  

3.8 Calculation of Source Locations and Emission Times 

 After the arrival times at the involved stations are determined on either of the three 

measurement systems described above, the final step in the TOA process is to actually calculate 

the three-dimensional location and emission time of the source.  This is accomplished using a 

Matlab non-linear least-squares program based on the Levenburg-Marquardt algorithm.  The 

algorithm minimizes a chi-squared goodness-of-fit value in an iterative manner by linearizing the 

TOA equations (Equation 3-1) for each station around successive trial solutions and 

subsequently solving the linearized equations to determine the next trial solution.  The linear 

curvature matrix that is used to obtain the actual solution can be inverted to obtain the covariance 

matrix that describes the uncertainties of the three-dimensional solution parameters and the 

source emission time.  This procedure is described in Bevington [1969].  The chi-squared 

goodness-of-fit value is defined according to Equation 3.3. 
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The quantity obs
it is the measured arrival time at the ith station, the quantity 

fit
it is the fitted 

arrival time at the ith station predicted by the iterative algorithm, and the quantity 2
rmst is the 

estimated Gaussian-distributed, rms timing error of the network.  The goal of the algorithm is to 

minimize the sum of squares differences between the measured arrival times and the predicted 

arrival times, normalized by the estimated system timing error.  The chi-squared values are 

normalized with respect to the number of stations N, providing a reduced-chi-squared 2
  value, 

where  is the number of degrees of freedom ( = N-4) necessary to obtain a three-dimensional 

solution.  For the three ICLRT TOA networks described in Sections 3.5-3.7, the rms system 

timing error is assumed to be 10 ns.  For automated networks such at the LMA where often many 

thousands of sources are collected per lightning flash, the rms timing error can be estimated by 

fitting the distribution of reduced-chi-squared values to the theoretical distributions for each 

degree of freedom, which are given by Bevington [1969], assuming Gaussian-distributed errors.  

In the LMA processing code, the rms timing error is assumed to be 70 ns.  The reduced-chi-

squared values can be scaled to any rms timing error to fit the theoretical distributions by 

multiplying by (70 ns/Δt)
2
, where Δt is the estimated rms timing error.  An insufficient number 

of sources are calculated with the three ICLRT TOA networks to accurately fit the reduced-chi-

squared vales to the theoretical distributions for each degree of freedom.  Instead, the rms timing 

error was originally estimated in the Ph.D dissertation of Howard [2010], who used a Monte 

Carlo simulation to inject random timing errors to a known source location and then compared 

the covariance estimates for the source returned by the solution algorithm with those obtained 



 

206 

from a lightning source radiated from the same spatial location (i.e., same geometry relative to 

the measurement network).  Howard [2010] found that the best match for the covariance 

estimates occurred when the injected timing error was between 6-10 ns.   

  The duration of the non-linear least squares algorithm is limited by two quantities, 1) the 

user-defined tolerance parameter, and 2) the user-defined number of iterations.  The tolerance 

parameter sets the necessary precision at which the algorithm is determined to have converged, 

that is, the improvement in the normalized sum of squares goodness of fit between the measured 

and predicted arrival times between successive iterations.  For the three ICLRT TOA networks, 

the tolerance is set to 0.0001.  The maximum number of iterations is set to 40, though the 

solutions typically converge with less than 20 iterations.  From a processing time standpoint, 

limiting the iterations is much less critical with the ICLRT TOA networks than with networks 

like the LMA where the signal arrival time selection process is automated (and more extraneous 

arrival times are selected).  

 When the TOA solution algorithm is called from the Matlab command line, the program 

first calculates the number of possible station combinations for each degree of freedom using the 

built-in "nchoosek" function, where n is the number of available stations with measure arrival 

times and k is the minimum number of stations to participate in the solution.  For the three 

ICLRT TOA networks, at least five stations must be involved in any solution.  For each 

combination of k stations, a k x 3 element array is then constructed with the spatial coordinates 

(x, y, z) of the given station.  Next, an initial guess is defined for the location of the source.  This 

guess is contained in a four-element vector with the spatial location (x, y, z) and emission time 

(t) of the source.  For the three ICLRT TOA networks, the spatial position guess is set to x = 200 

m, y = 200 m, z = 300 m, and the source emission time guess is set to the average of the 
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measured arrival times minus 2 µs.  For large area networks like the LMA, the hyperplane 

approach [e.g. Koshak and Solakiewicz, 1996; Koshak et al., 2004] is used to determine the 

initial guess for the non-linear least squares solution.  The hyperplane solution for N ≥ 5 stations 

is calculated by squaring Equation 3-1 for each station and then subtracting the equations from 

each other to obtain N-1 difference equations.  The quadratic terms in x, y, z, and t cancel in the 

process, leaving the unknown terms in the linear domain.  The difference equations define a 

plane in four-dimensional hyperspace and can then be solved analytically for the four unknowns.  

The solution is the intersection of the four or more hyperplanes.  This approach is similar to that 

used by Jerauld [2007] to calculate the two-dimensional strike points of natural lightning flashes 

that terminated on or near the ICLRT.  The resulting hyperplane solution is poorly determined in 

the altitude plane for networks that are nearly planar (reference Appendix A of Thomas et al. 

[2004] for a thorough discussion of the altitude errors associated with the hyperplane solution), 

however, the initial guess drastically reduces the number of necessary iterations for the following 

least-squares solution to converge.  When many thousands of source locations are being 

calculated, the savings in processing time are substantial.  For the three small-area ICLRT TOA 

networks, the four parameters do not have to be varied significantly in subsequent iterations for 

the solution to converge, and hence, computing a hyperplane solution prior to calling the non-

linear least squares program is not necessary.   

 When the non-linear least squares program converges for a particular set of stations, the 

program returns the vector of predicted arrival times and the covariance matrix that describes the 

uncertainties of the parameters.  The trace of the covariance matrix provides the total spatial 

location uncertainty of the calculated solution.  The estimated errors for the four parameters are 

obtained by taking the square root of the diagonal elements of the covariance matrix.  Finally, the 
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reduced-chi-squared value for the solution is calculated according to Equation 3-3.  The solution, 

errors, reduced-chi-squared value, and the combination of stations are stored in a three-

dimensional array with the third dimension of the array corresponding to the number of stations 

used in the solution.  The non-linear least squares program is run for all possible combinations of 

five or more stations, and the results described above are likewise stored for any solution that 

converges.   

 After all possible station combinations have been computed, the program next has to 

determine the best solution.  The metric for determining the best solution is identical to that used 

with the LMA processing code and is described in Appendix A of Thomas et al. [2004].  First, 

the reduced-chi-squared value for each convergent solution is compared to unity.  If the value is 

greater than one, the returned reduced-chi-square value is used.  If the value is less than one, the 

returned reduced-chi-squared value is set equal to one.  The best solution is then determined by 

the minimum product of the trace of the covariance matrix and the reduced-chi-squared value for 

a particular set of stations.  Once the best solution has been determined, the four element solution 

vector (x, y, z, t), the corresponding four element vector of errors (Δx, Δy, Δz, Δt), the reduced-

chi-squared value of the solution, and the ten element station combination vector (unused 

stations are zeroes) are all written to the same line of the Excel file where the signal arrival times 

were previously written.  For DSO dE/dt waveforms, the emission times of the sources are 

calculated with respect to the trigger point of the Scope 21 time base.  The absolute trigger time 

of Scope 21 is known to within a microsecond via the GPS time-stamping software described in 

Section 2.8, and such, the source emission times can then be related to absolute time if necessary.  

For waveforms digitized on the HBM Genesis recorder, the emission times of the sources are 

initially calculated with respect to the beginning of the data segment and are given in units of 
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sample points.  The emission times can be converted to absolute time by multiplying the 

emission time by the sampling resolution of the system (10 ns) and then adding this number to 

the absolute time of the first point of the data segment.  The absolute time of the first point of the 

data segment is known to within 10 ns.   

3.9 Spatial and Timing Errors of the ICLRT TOA Networks 

Based on the 8-station TOA networks that operated from 2006-2008 at the ICLRT, 

Howard [2010] used a Monte Carlo analysis to predict that the network experiences timing errors 

of 6-10 ns for sources within the network boundaries, as noted above.  The fitted data were from 

sources calculated from one triggered lightning dart-stepped leader (event UF 07-07) and one 

natural lightning stepped leader (event MSE 06-04).  The simulation predicted that sources were 

located with errors of only 2-3 m in the lateral directions and less than 10 m in the vertical 

direction.  For event UF 07-07, the closest dE/dt sensor to the triggering facility was dE-5, 

located about 90 m from the Tower Launcher.  From Thomas et al. [2004], the altitude 

uncertainty is given by Equation 3.4. 

 
d r

z c t
z

 
   

 
 (3.4) 

In Equation 3.4, d is the horizontal distance from the source to the closest measurements station, 

r is the radial distance from the source to the closest measurement station, and z is the source 

altitude.  For a source at 50 m altitude in the lateral location of the Tower Launcher with the 

closest dE/dt sensor at 90 m, the expected altitude uncertainty is about 11.8 m.  For the 2009-

2011 TOA networks, the closest dE/dt sensor to the Tower Launcher was dE-25 (about 42 m) 

and the closest sensor the Field Launcher was dE-17 (about 27 m).  For the 42 m distance, the 

expected altitude uncertainty is 6.5 m. For the 27 m distance, the expected altitude uncertainty 

falls to 5 m.  Thus, we would expect the uncertainty in the predicted source altitudes to be about 
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a factor two better than those reported by Howard [2010].  The TOA results calculated for the 

2009-2011 data sets indicate that the location uncertainties are, in fact, somewhat better than the 

model predicted results.  For centrally-located sources (such as those associated with triggered 

lightning leaders) above about 50 m with respect to local ground level, the lateral coordinates are 

typically calculated with errors of less than 1 m and the altitude coordinate is calculated with 

errors of the order of  1 m.  For lower altitude sources, the lateral coordinate errors remain of the 

order of 1 m while the altitude error may increase to 2-3 m depending on the combination of 

stations used to calculate the solution.  The improvement in spatial location uncertainty over the 

results reported in Howard [2010] is likely attributable to several factors, 1) the Field (Ground) 

Launcher, which was utilized for most of 2010 and 2011, is located closer to more of the 10 

dE/dt sensors than is the Tower Launcher, 2) the spatial locations of the sensors are likely known 

with better precision, 3) for the DSO dE/dt network, the system sensitivity was doubled in 2011, 

resulting in better signal-to-noise ratio and more well-determined dE/dt peaks (and hence, more 

well-determined arrival times), 4) for the HBM dE/dt network, the sensitivity is a factor of four 

greater than the data used by Howard [2010], there is essentially no uncertainty in cabling delay, 

and the waveforms are digitized with 14-bit versus 8-bit amplitude resolution, all improvements 

that provide less uncertainty in the selected arrival times.    
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Table 3-1.  The spatial coordinates of all TOA sensors at the ICLRT from the 2009 and 2011 site surveys.  With the exception of the 

absolute coordinates, all coordinates are given in units of meters.  

 State Plane Coordinates Absolute Coordinates ICLRT Local Coordinates   

Sensor Easting Northing Altitude Latitude Longitude Easting Northing Altitude Distance to Field Launcher Years 

Origin 106653.796 837811.858 67.050 29.93899065 82.03648403 0.000 0.000 0.00 542.601 2009-2011 

           

dE-1 107153.348 837948.964 70.037 29.94346957 82.03495231 137.106 499.551 2.99 171.717 2009-2011 

dE-3 107222.974 838185.359 70.674 29.94405142 82.03248851 373.501 569.176 3.62 138.292 2009-2011 

dE-4 107147.606 838492.623 71.720 29.94331163 82.02932329 680.764 493.809 4.67 381.387 2009-2011 

dE-5 107133.248 838187.014 71.332 29.94324182 82.03249149 375.155 479.450 4.28 78.710 2009-2011 

dE-7 106898.477 838204.961 70.510 29.94112083 82.03235826 393.102 244.680 3.46 225.555 2009-2011 

dE-8 106939.945 838382.195 71.915 29.94146024 82.03051350 570.336 286.148 4.86 315.066 2009-2011 

dE-9 106751.047 837946.795 72.786 29.93984149 82.03506485 134.937 97.251 5.74 391.060 2009-2011 

dE-11 106914.515 837980.056 69.199 29.94130938 82.03468380 168.198 260.718 2.15 232.438 2009-2011 

dE-17 107066.902 838293.208 72.997 29.94262269 82.03140659 481.349 413.105 5.95 183.494 2009-2010 

dE-17 107087.991 838134.404 70.580 29.94284391 82.03304648 322.545 434.194 3.53 26.657 2011 

dE-25 107108.296 838257.477 72.055 29.94300302 82.03176734 445.619 454.499 5.00 143.868 2009-2011 

           

T1-F 107142.567 837952.830 70.354 29.94337157 82.03491468 140.972 488.769 3.30 165.215 2009-2011 

T3-F 107228.838 838182.757 70.558 29.94410482 82.03251415 370.898 575.041 3.51 142.054 2009-2011 

T4-F 107137.924 838503.140 72.168 29.94322224 82.02921654 691.281 484.127 5.12 390.898 2009-2011 

T5-F 107122.511 838193.843 71.473 29.94314365 82.03242317 381.985 468.713 4.42 82.139 2009-2011 

T7-F 106908.963 838204.427 71.305 29.94121552 82.03236144 392.568 255.166 4.26 215.783 2009-2011 

T8-F 106934.096 838390.320 71.799 29.94140589 82.03043067 578.461 280.299 4.75 325.051 2009-2011 

T9-F 106758.656 837945.655 73.018 29.93991034 82.03507496 133.797 104.860 5.97 384.689 2009-2011 

T11-F 106906.362 837985.286 69.373 29.94123483 82.03463147 173.428 252.565 2.32 236.274 2009-2011 

LaBr-17 107057.363 838293.173 73.551 29.94253666 82.03140909 481.314 403.566 6.50 185.662 2009-2010 

LaBr-17 107087.174 838122.910 70.866 29.94283878 82.0331657 311.051 433.377 3.82 19.842 2011 

LaBr-25 107112.517 838268.042 72.768 29.94303903 82.03165698 456.184 458.720 5.72 154.585 2009-2011 

           

T1-U 107142.954 837950.077 70.735 29.94337560 82.03494311 138.219 489.156 3.69 167.984 2009-2011 

T3-U 107231.522 838182.805 70.714 29.94412902 82.03251305 370.947 577.725 3.66 144.429 2009-2011 

T4-U 107140.435 838504.093 72.457 29.94324471 82.02920611 692.234 486.638 5.41 392.068 2009-2011 

T5-U 107122.509 838191.169 71.732 29.94314415 82.03245086 379.311 468.712 4.68 79.530 2009-2011 

T7-U 106908.438 838201.405 71.494 29.94121138 82.03239285 389.546 254.641 4.44 215.008 2009-2011 

T8-U 106932.842 838387.864 72.219 29.94139507 82.03045638 576.006 279.045 5.17 323.627 2009-2011 

T9-U 106758.280 837942.835 73.283 29.93990750 82.03510425 130.977 104.484 6.23 386.266 2009-2011 

T11-U 106907.847 837987.628 69.766 29.94124776 82.03460687 175.770 254.050 2.72 233.758 2009-2011 
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Figure 3-1.  Measurement of time delays.  A) line diagram of nominal delay measurement configuration, and B) line diagram of the 

delay measurement configurations for all TOA measurements.  
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Table 3-2.  Measured time delays from each dE/dt sensor to the DSO input.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sensor DSO Injection Point Delay (ns) Year Comments 

dE-1 Scope 20 Antenna BNC 2572 2009-2011  
dE-1 Scope 17 Antenna BNC 2578 2009-2011  
dE-3 Scope 20 Antenna BNC 1182 2009-2011  
dE-4 Scope 20 Antenna BNC 1502 2009-2011  
dE-5 Scope 20 Antenna BNC 670 2009-2011  
dE-7 Scope 21 Antenna BNC 1624 2009-2011  
dE-7 Scope 17 Antenna BNC 1636 2009-2011  
dE-7 Scope 14 Antenna BNC 1642 2009-2011  
dE-8 Scope 21 Antenna BNC 1893 2009-2011 Events before 5/18/10 (Old St. 8 fiber) 
dE-8 Scope 21 Antenna BNC 1896 2010-2011 Events after 5/18/10 (New St. 8 fiber) 
dE-9 Scope 21 Antenna BNC 3166 2009 Events before 6/28/09 (Old St. 9 fiber) 
dE-9 Scope 21 Antenna BNC 3067 2009-2010 Events after 6/28/09 (New St. 9 fiber) 
dE-9 Scope 21 Antenna BNC 3448 2010-2011 Events after 5/12/10 (New St. 9 fiber) 
dE-11 Scope 21 Antenna BNC 3014 2009-2011  
dE-17 Scope 18 Antenna BNC 567 2010 Location next to Tower Launcher 
dE-17 Scope 18 Antenna BNC 1420 2011 Location next to Field Launcher 
dE-25 Scope 18 Antenna BNC 399 2009-2011  
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Table 3-3.  Measured time delays from each energetic radiation detector to the DSO input. 

Sensor DSO Injection Point Delay (ns) Year Comments 

T1-F Scope 28 PMT  2685 2009-2011  
T1-F Scope 14 PMT 2693 2009-2011  
T3-F Scope 28 PMT 1335 2009-2011  
T4-F Scope 28 PMT 1606 2009-2011  
T5-F Scope 28 PMT 776 2009-2011  
T7-F Scope 29 PMT 1779 2009-2011  
T7-F Scope 14 PMT 1788 2009-2011  
T8-F Scope 29 PMT  1989 2009-2010 Events before 5/18/10 (Old St. 8 fiber) 
T8-F Scope 29 PMT 2036 2011 Events after 5/18/10 (New St. 8 fiber) 
T9-F Scope 29 PMT 3141 2009-2010 Events after 6/28/09 
T9-F Scope 29 PMT 3520 2010-2011 Events after 5/12/10 (New St. 9 fiber) 
T11-F Scope 29 PMT 3175 2011  

 
LaBr-17 Scope 18 PMT  664 2010-2011  
LaBr-17 Scope 18 PMT  1108 2011  
LaBr-25 Scope 18 PMT  167 2009-2011  

 
T1-U Scope 12 PMT Base 2558 2009-2011  
T1-U Scope 17 PMT Base 2562 2009-2011  
T3-U Scope 12 PMT Base 1227 2009-2011  
T4-U Scope 12 PMT Base 1497 2009-2011  
T5-U Scope 12 PMT Base 664 2009-2011  
T7-U Scope 13 PMT Base 1666 2009-2011  
T7-U Scope 17 PMT Base 1672 2009-2011  
T8-U Scope 13 PMT Base 1878 2009-2010 Events before 5/18/10 (Old St. 8 fiber) 
T8-U Scope 13 PMT Base 1935 2010-2011 Events after 5/18/10 
T9-U Scope 13 PMT Base 3140 2009 Events before 6/28/09 (Old St. 9 fiber) 
T9-U Scope 13 PMT Base 3032 2009-2010 Events after 6/28/09 (New St. 9 fiber) 
T9-U Scope 13 PMT Base 3414 2010-2011 Events after 5/12/10 (New St. 9 fiber) 
T11-U Scope 13 PMT Base 3062 2009-2011  
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Figure 3-2.  Line diagram of plastic scintillator PMT/PMT base measurement delay configuration. 
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Figure 3-3.  Line diagram of the DSO channel connectivity for all TOA measurements.  Scope 17 and Scope 14 serve to synchronize 

the time bases of Scope 12, Scope 13, Scope 20, Scope 18, Scope 28, and Scope 29 to the time base of Scope 21, which is 

the reference time base.   
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Figure 3-4.  A plot of the 10 dE/dt waveforms from a triggered lightning dart-stepped leader on August 18, 2011.  The waveforms 

have been shifted using the cross-correlation routine described in Section 3.5 to align the common leader-step pulses.  The 

waveform region enclosed with the dotted line is expanded in Figure 3-5.  
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Figure 3-5.  An expanded view of the 10 dE/dt waveforms shown in Figure 3-4.  The user-selected times on either side of the dE/dt 

peak for a single dart-stepped leader pulse on each of the qualified channels are annotated with red circles.  The software-

determined times of the dE/dt peaks are indicated with arrows.   
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Figure 3-6.  A plot of the 10 energetic radiation waveforms (plastic and LaBr3 detectors) from the same triggered lightning dart-

stepped leader shown in Figure 3-4.  The waveforms have been shifted to align the common pulses using the shift values 

obtained from cross-correlation of the dE/dt waveforms plotted in Figure 3-4.  The time of the return stroke is annotated.  

The pulse enclosed in the dotted lines is expanded in Figure 3-7.   
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Figure 3-7.  An expanded view of the 10 energetic radiation waveforms shown in Figure 3-6.  The user-selected arrival times on the 

initial negative deflection from the system noise level on each of the qualified channels are annotated with red circles.   
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Figure 3-8.  A plot of the 10 dE/dt waveforms recorded on the HBM Genesis system for the same dart-stepped leader pulse shown in 

Figure 3-5.  The user-selected times on either side of the dE/dt peak for a single dart-stepped leader pulse on each of the 

qualified channels are annotated with red circles.  The software-determined times of the dE/dt peaks are indicated with 

arrows.  
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CHAPTER 4 

DATA DOCUMENTATION, DATA, AND GENERAL DATA STATISTICS 

This chapter will first provide a detailed discussion about the protocols used to save, 

catalogue, and document both lightning waveform and photographic data acquired at the ICLRT 

(Section 4.1).  A synopsis of the natural and triggered lightning data collected at the ICLRT from 

2009-2011 will follow (Section 4.2).  Finally, general statistics are computed for various 

parameters of the lightning discharges recorded from 2009-2011 and compared with prior 

studies.  Statistics for triggered lightning return strokes and return stroke currents are given in 

Section 4.3 and statistics for triggered lightning initial stage (IS) currents are given in Section 

4.4.  The intent of the statistical portion of this chapter is to provide an overview of the dataset 

(and how it may be unique) that can be referenced when reading the detailed discussions of 

particular events that follow in the subsequent chapters.   

4.1 Data Cataloguing and Documentation 

The procedures for cataloguing, documenting, and safeguarding acquired lightning data are 

involved, yet very necessary processes.  Each lightning event recorded by the ICLRT network of 

DSOs, high-speed cameras, and the LMA generates about 40 GB of data.  At the conclusion of a 

day where lightning data have been collected, the most important task is to download all 

waveform and calibration files saved on the DSOs.  Each DSO has an independent static IP 

address that allows for communication over a local area network with ICLRT computers.  

Traditionally, DSO data are downloaded on HAL, the NLDN computer, and on the author's 

personal computer.  Downloaded data are then transferred over the local network to an 8 TB 

RAID storage array located in the Office Trailer.  The RAID storage array contains folders for 

each year of data collected.  Inside the year folder, sub-folders are created for each storm date 

within the calendar year.  The DSO data, which includes the calibration files recorded when the 
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network armed and disarmed (Section 2.6) and any waveform data files, are copied to the 

appropriate date folder with sub-folders for each individual DSO.  The DSO sub-folders have the 

naming convention "ScopeXX", where "XX" is the DSO number (and also the last field in its IP 

address).  A separate sub-folder is created for the PNRF file(s) generated by the HBM Genesis 

system.  The PNRF files are downloaded directly from the computer that controls the HBM 

system using a USB drive.  Another sub-folder is created with the title "Pictures&Videos".  Data 

acquired and saved by the Photron SA1.1, Phantom V7.3, and Cordin 550 high-speed cameras 

are copied into respective sub-folders within the "Pictures&Videos" folder.  Sub-folders are also 

created to hold still images and raw HD movie files.  Finally, the GPS time-stamp file generated 

by the NLDN computer, the launch times file generated by HAL, and the NLDN data file 

queried from the LTS2005 software are all copied to the appropriate date folder.  When all data 

from a given day have been saved to the RAID array, the full dataset is copied to a second 8 TB 

RAID array located in the Office Trailer.  The data from the backup RAID array are not globally 

accessible over the local network.  The data from the backup RAID array in the Office Trailer 

are regularly copied to a 12 TB RAID array located in 311 Larsen Hall on the University of 

Florida campus.  When all backups are complete, the full dataset is stored on three independent 

RAID storage arrays in addition to the personal computers of UF graduate students.   

For each day during which lightning data are collected, there are three documentation files 

created, 1) the Equipment Table, 2) the Data List, and 3) the Summary.  These files were 

prepared by the author during 2009-2010 and by graduate student William Gamerota during 

2011.  The Equipment Table is a Microsoft Excel file that contains the full list of measurements 

grouped by type and ascending station number.  The information listed for each measurement 

include the PIC hexadecimal address, the DSO channels where the measurement is recorded, the 
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data fiber color, the gain/attenuation value (if applicable), and the reference voltage for the 

calibration square wave.  For electric field and dE/dt measurements the area of the flat plate 

antenna is given, and for NaI and LaBr3 measurements, the detector response (in millivolts) to 

the Cs-137 662 keV source is given.  Two columns are left open for the pre-storm and post-storm 

calibration factors.  These values are calculated by measuring the peak-to-peak voltages of the 

square waves generated by the PIC controller at each station.  Measurements of the calibration 

square waves are handled in a custom waveform viewing program named "DF" written by Dr. 

Douglas Jordan.  When the calibration waveform is opened for a given channel, simply pressing 

the letter "c" on the keyboard will generate a text box including the peak-to-peak voltage of the 

square wave to millivolt accuracy.  The pre-storm and post-storm calibration amplitudes for each 

measurement are averaged and stored in a separate column within the Equipment Table.  The 

most important value in the Equipment Table is the actual measurement calibration factor used to 

convert the raw digitizer volts recorded on each DSO to meaningful physical units.  For each 

type of measurement, this value takes into account the theoretical expression for the voltage 

output of the sensor (reference Section 2.13 for time-domain response of the flat plate dE/dt 

antenna), any external gain or attenuation, and the calibration signal reference voltage (1 V peak-

to-peak if a 50  resistor is placed across the input of the Opticomm transmitter, 2 V peak-to-

peak if the signal is injected directly into the 68 k Opticomm input impedance).  The raw 

digitizer volts recorded in each data file are multiplied by the calibration factor to obtain the 

proportional data file in meaningful physical units.  Within the Equipment Table, measurements 

are color-coded according to various criteria (i.e., configuration changed since last storm date, no 

calibration signal recorded, did not save appropriately, recorded but did not function 
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appropriately, did not record).  The key for the color-coding is provided to the right of the 

primary table. 

The Data List file is also prepared in Microsoft Excel and is an equally useful document.  

The Data List contains a row for every DSO channel.  Within each row, the name of the recorded 

measurement is listed in addition to the sampling rate and the record length.  For each natural 

lightning or triggered lightning attempt during the given day, a column is created to the right of 

the measurement name with the heading "MSE XX-YY" or "UF XX-YY", where "XX" is the 

suffix of the calendar year and "YY" is the event number of the calendar year.   Natural lightning 

events have the prefix "MSE" and triggered lightning events have the prefix "UF".  This naming 

convention is carried throughout this document.  Within each event column, the file names of the 

collected DSO waveform files are given for every channel.  The Data List file is extremely 

helpful and saves the user a great deal of time when processing large number of waveforms from 

many different DSOs (i.e., computing TOA locations).   

The final documentation file is the Summary document.  This document is prepared in 

Microsoft Word.  The Summary document is an important reference tool for data-processing 

purposes.  The document first provides a general description of the local atmospheric conditions 

during any natural or triggered lightning events and a list of the functioning experiments during 

the given storm day.  Tables are given at the beginning of the document containing the 

calibration factors for the channel-base current measurements and the list of functioning cameras 

and their settings.  A written description is given for each triggered lightning attempt including 

such parameters as the quasi-static electric field at the time of the launch, the initiation altitude of 

the sustained UPL, the overall peak current of the flash, the flash multiplicity, and the UPL/ICC 

charge transfer, duration, and average current.  If the event contained any unusual characteristics, 
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they are noted.  For each event, tables are given including the quasi-static electric field at ground 

on all eight Campbell Scientific field mills (Section 2.6), a list of the return strokes (if 

applicable) and their corresponding measured peak currents, GPS times, and LeCroy memory 

segments, and a list of the number of channels recorded for each type of measurement.  A written 

description is also provided for the high-speed video data of the rocket ascent, sustained UPL, 

and subsequent leader/return stroke sequences.  If the event contains return strokes, the 

corresponding frame numbers in the Photron and Phantom high-speed video files are given in a 

table.  At the end of the written portion of the Summary document, a thorough list of known 

problems that may have occurred during the data collection period is provided.  Typically, plots 

of the channel-base current records for triggered lightning events are given at the end of the 

document.  Additional plots may be included of other unique waveform characteristics (e.g., 

dE/dt and x-ray waveforms of dart-stepped or "chaotic" dart leaders, abnormally long inter-

stroke continuing currents, large M-components). 

4.2 Synopsis of Collected Lightning Data 

 In Table 4-1, a list is provided of the natural lightning discharges recorded by the ICLRT 

instrumentation from 2009-2011.  These discharges, 12 in total, terminated within or very close 

to the network boundaries.  Historically, the average number of natural lightning discharges 

terminating on ground within the ICLRT network boundaries is 5-8 per year.  In 2009 and 2010, 

a total of only four natural lightning discharges were recorded, a number well below the expected 

average.  In 2011, there were eight natural lightning discharges recorded, including six during 

one spectacular convective storm on July 31, 2011 (four of which terminated within the network 

boundaries).  There were a total of three natural return strokes recorded that were preceded by 

dart-stepped leaders and another three strokes that were preceded by “chaotic” dart leaders.  The 

NLDN-reported peak currents for the 12 first return strokes ranged from 10.6-99.4 kA with 
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arithmetic mean (AM) of 33.1 kA, geometric mean (GM) of 28.2 kA, standard deviation (SD) of 

24.3 kA, and standard deviation of the base-ten logarithm (SD(log)) of 0.24.  The high standard 

deviation is due mostly to the 99.4 kA peak current of flash MSE 09-01.   The peak current 

distribution of the natural return strokes is in good agreement with the 50% value of 30 kA 

reported by Berger et al. [1975] for 101 negative return strokes measured at two 

telecommunications towers on Monte San Salvatore in Switzerland.  The NLDN-reported peak 

currents of the six subsequent return strokes ranged from 17.0-38.3 kA with AM of 25.1 kA, GM 

of 24.2 kA, and SD of 7.7 kA.  The peak currents of the subsequent strokes are about a factor of 

two greater than the 50% value of 12 kA reported by Berger et al [1975] for 135 negative 

subsequent strokes to the towers on Monte San Salvatore.  This statistic is not surprising 

considering that all subsequent return strokes identified by the NLDN were preceded by either 

dart-stepped leaders or “chaotic” dart leaders, as determined from close dE/dt measurements.  

For 22 strokes initiated by dart-stepped leaders and 15 strokes initiated by "chaotic" dart leaders, 

Rakov and Uman [1990b] found that the peak electric fields normalized to 100 km were 4.8 V/m 

and 4.3 V/m, respectively.  In contrast, for 232 subsequent strokes not categorized by preceding 

leader type, Rakov et al. [1994] found that the peak electric field normalized to 100 km was 2.7 

kV/m.  The peak electric fields for dart-stepped and "chaotic" dart leaders are in better agreement 

with the normalized value of 4.1 kV/m reported by Rakov et al. [1994] for subsequent strokes 

that created a new ground termination point.  From optical measurements, Guo and Krider 

[1982] reported that natural lightning return strokes preceded by dart-stepped leaders have higher 

light intensity than return strokes preceded by dart leaders.  This result, coupled with the work of 

Idone and Orville [1985], who found that the return stroke light-pulse peak was highly correlated 

with the measured channel-base current in 39 triggered lightning subsequent return strokes, 
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suggests that dart-stepped leaders may typically be associated with higher peak current 

subsequent return strokes.  All three recorded dart-stepped leaders preceded the second return 

stroke in the given flash, a result in agreement with the observations of Schonland [1956], who 

analyzed six dart-stepped leaders, all associated with the second strokes, and also in agreement 

with Rakov and Uman [1990b], who found that second strokes were initiated by dart-stepped 

leaders more than five times as frequently as all higher-order strokes combined.  High-speed 

video data were acquired of four natural lightning flashes, including an event on June 18, 2010 

that was photographed at a frame rate of 300 kfps, the fastest video of a natural lightning 

discharge recorded to date.  The high-speed video observations of this flash, particularly 

concerning the formation of stepped-leader steps, are discussed in detail in Chapter 6.   

 In Tables 4-2, 4-3, and 4-4, lists are provided of the triggered lightning attempts that 

resulted in, at minimum, a full initial stage (IS) process in 2009, 2010, and 2011, respectively.  

For each triggered flash, statistics are given, when available, for the duration (ms), charge 

transfer (C), and average current amplitude (A) during the initial continuous current (ICC), the 

time of the initial current variation (ICV) relative to upward positive leader (UPL) initiation 

(ms), the flash multiplicity and overall peak current (kA), and the Photron SA1.1 frame rate 

(kfps).   In this document, a full IS process is defined as a wire launch with measured precursor 

current pulses on the ascending triggering wire, followed by the initiation of a sustained UPL, 

the subsequent explosion of the triggering wire (ICV), and the full duration of ICC.  In 2009, 

there were 22 events having at least a full IS process, 17 of which had at least one subsequent 

return stroke.   All events were triggered from the Tower Launcher.  Sixteen of the events were 

photographed with the Photron SA1.1 high-speed camera at frame rates from 108-300 kfps.  A 

total of eight dart-stepped leaders and one “chaotic” dart leader were recorded in 2009 preceding 
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triggered lightning return strokes.   In 2010, there were a total of 14 triggered lightning flashes 

with at least a full IS process, 10 of which had at least one subsequent return stroke.  All events 

with subsequent return stroke(s) were photographed at a frame rate of 300 kfps.  Flashes UF 10-

01 through UF 10-18 were triggered from the Field (Ground) Launcher and flashes UF 10-20 

through UF 10-26 were triggered from the Tower Launcher.  A total of one dart-stepped leader 

and four “chaotic” dart leaders were recorded during 2010.  A detailed analysis and discussion of 

the "chaotic" dart leaders recorded during 2010 is given in Chapter 7.  Finally, in 2011, there 

were 15 triggered lightning events with at least a full IS process, 12 of which had at least one 

subsequent return stroke.  Flashes UF 11-01 through UF 11-08 were triggered from the Tower 

Launcher while flashes UF 11-11 through UF 11-35 were triggered from the Field (Ground) 

Launcher.  Nine of the triggered lightning flashes with subsequent return strokes were 

photographed at either 300 kfps or 450 kfps.   A total of 10 dart-stepped leaders and 12 “chaotic” 

dart leaders were recorded during 2011.  General statistics for all dart-stepped leaders and 

“chaotic” dart leaders recorded preceding triggered lightning return strokes, including stroke 

order and subsequent return stroke peak current are given in Tables 4-5 and 4-6, respectively.    

4.3 General Statistics for Triggered Lightning Return Strokes (2009-2011) 

In Figure 4-1, the distributions of return stroke peak currents are shown graphically for 

triggered lightning events during 2009, 2010, 2011, and 2009-2011.  Statistics for each data set 

are overlaid on the respective plot including the sample size (N), the arithmetic mean (AM), 

geometric mean (GM), standard deviation (SD), standard deviation of the base-ten logarithm 

(SD(log)), minimum peak current (Min), and maximum peak current (Max).  Statistics for peak 

currents greater than about 6 kA were measured using data recorded on Scope 26, a LeCroy 44 

Xi DSO with bandwidth of 20 MHz.  Statistics for peak currents less than 6 kA were measured 

using data recorded on Scope 24, a Yokogawa DL750 with bandwidth of 3 MHz (2009), or with 
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the HBM Genesis system with bandwidth of 25 MHz (2010, 2011).  Large current pulses 

(amplitudes greater than 1.5 kA) that occurred during the IS processes of three triggered flashes 

(flash UF 10-23, flash 11-08, and flash UF 11-15) were classified as return strokes if their rise-

times were less than 40 µs.  Over the three year period, there were a total of 156 triggered 

lightning return strokes recorded with amplitudes ranging from 1.5-46.5 kA.  These strokes had 

AM of 13.1 kA, GM of 10.9 kA, SD of 7.9 kA, and SD(log) of 0.27 kA.  The 2009 dataset 

contained both more return strokes (61) and higher average peak current return strokes (AM of 

15.6 kA and GM of 13.6 kA) than either the 2010 or 2011 datasets.  The total return stroke peak 

current statistics for the 2009-2011 dataset are given at bottom in Table 4-7, along with similar 

statistics for triggered lightning studies conducted at the Kennedy Space Center in Florida 

[Depasse, 1994], Saint-Privat d'Allier in France [Depasse, 1994], the Kennedy Space Center and 

Fort McClellan in Alabama [Fisher, 1993], and at Camp Blanding in Florida [Crawford, 1998; 

Rakov et al.,1998; Uman et al., 2000; Schoene et al., 2003; Jerauld et al., 2005; Nag et al., 

2011].  From Table 4-7, it is clear that the statistics for the peak currents of triggered lightning 

return strokes at Camp Blanding during 2009-2011 are in very good agreement with those of 

previous studies.   

The distribution of triggered lightning return stroke peak currents can also be viewed in 

relation to the preceding leader type.  To the best of the author's knowledge, this comparison is 

not found elsewhere in the literature for triggered lightning return strokes.  Of the 156 return 

strokes with measured channel-base current recorded from 2009-2011, 121 were preceded by 

dart leaders, 18 were preceded by dart-stepped leaders, and 17 were preceded by "chaotic" dart 

leaders.  The leader type is determined using dE/dt waveforms measured within several hundred 

meters of the triggered lightning channel.  A graphical representation of the distribution of return 
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stroke peak currents versus preceding leader type is shown in Figure 4-2.  The AM peak currents 

for strokes preceded by dart leaders, dart-stepped leaders, and "chaotic" dart leaders were about 

11.2 kA, 19.9 kA, and 19.7 kA, respectively.  Similarly, the GM peak currents for the three 

leader types were 9.5 kA, 17.5 kA, and 17.7 kA.  The AM and GM peak currents of strokes 

associated with dart-stepped and "chaotic" dart leaders were about 75% and 85% higher than 

those associated dart leaders.  This result is not entirely unexpected considering the higher 

electric field peak values and higher peak luminosities of dart-stepped and "chaotic" dart leaders 

associated with natural subsequent strokes, but is important nonetheless.     

A histogram of the occurrences of dart-stepped leaders and "chaotic" leaders versus 

triggered lightning return stroke order is shown in Figure 4-3 for the 2009-2011 dataset.  Six out 

of 19 (~32%) dart-stepped leaders and 8 out of 17 (~47%) "chaotic" dart leaders were associated 

with the first return stroke following the IS.  For dart-stepped leaders, this statistic is consistent 

with the findings of Rakov and Uman [1990b] (discussed above in Section 4.2) for dart-stepped 

leaders associated with natural lightning second strokes.  To the author's knowledge, comparable 

statistics are not available in the literature for "chaotic" dart leaders associated with natural 

lightning second strokes.   

A final statistical return stroke parameter measured for the 2009-2011 dataset was the 

overall stroke multiplicity (the number of strokes in a given flash).  The distributions of triggered 

lightning flash multiplicities for the three individual years of study and for the full dataset are 

given in Figure 4-4.  For the 39 flashes with subsequent return strokes and measured channel-

base current, stroke multiplicities were recorded ranging from 1-16 strokes.  The triggered 

flashes had AM of 4.2 strokes, GM of 3.0 strokes, and SD of 3.4 strokes.  Eleven flashes (about 



 

 232 

26% of the total number) had one return stroke following the IS.  Eight flashes (about 21% of the 

total number) had seven or more return strokes following the IS.    

4.4 General Statistics for Triggered Lightning UPL/ICC Currents (2009-2011) 

For the 2009-2011 datasets, specific values for the duration, charge transfer, and average 

current amplitude of the UPL/ICC process were given in Tables 4-2 through 4-4 for each 

triggered lightning event with available channel-base current measurements.  In Figure 4-5, the 

distributions of ICC time durations for each year (2009-2011) are plotted in addition to the 

distribution for the full dataset.  The UPL/ICC duration is defined as the elapsed time between 

the initiation of the sustained UPL and the point at which the continuous current ceases to flow.  

The UPL/ICC durations were measured using waveform data from a sensitive channel-base 

current measurement (minimum resolvable amplitude of several hundred milliamperes) recorded 

on Yokogawa DL750 DSOs.  ICC durations of 46 flashes were measured from 160-945 ms, with 

AM of 433 ms, GM of 387 ms, and SD of 197 ms.  The variations of the UPL/ICC duration 

statistics within the three years of study were relatively minor.  The GM UPL/ICC duration for 

the 2009-2011 dataset was about 39% greater than the reported GM duration of 279 ms reported 

by Wang et al. [1999c] for 37 triggered flashes at Fort McClellan and Camp Blanding, and about 

27% greater than the GM duration of 305 ms reported by Miki et al. [2005] for 45 triggered 

flashes at Camp Blanding.  

 In Figure 4-6, a similar set of distributions are plotted for the UPL/ICC charge transfers of 

the 46 flashes.  The UPL/ICC charge transfer is calculated by numerically integrating the 

channel-base current waveform using the trapezoidal integration technique.  Care is taken to 

remove any DC offset in the waveform data prior to performing the integration.  For the full 

dataset, UPL/ICC charge transfers were measured ranging from 8-225 C, with AM of 67 C, GM 

of 50 C, and SD of 47 C.  There were a total of nine flashes with UPL/ICC charge transfers in 
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excess of 100 C, including six during 2011.  The variation of the mean UPL/ICC charge transfers 

over the three years of study is less than 20%.  The GM UPL/ICC charge transfers measured 

during 2009-2011 were about 85% larger than the GM value of 27 C reported by Wang et al. 

1999c] and about 64% larger than the GM value of 30.4 C reported by Miki et al. [2005].   

In Figure 4-7, the distributions of UPL/ICC average current amplitudes are plotted 

individually for the three years of study and for the full dataset.  The UPL/ICC average current 

amplitude is obtained by averaging the current values over the duration of the UPL/ICC process, 

taking into account any DC offset prior to calling the averaging routine.  For the 46 events, 

average current amplitudes were measured from 49-834 A, with AM of 145 A, GM of 130 A, 

and SD of 68 A.  Interestingly, the two events with abnormally large UPL/ICC average current 

durations (834 A for flash UF 09-30 and 328 A for flash UF 11-26) both exhibited current 

polarity reversals during the UPL/ICC process.  Yoshida et al. 2012] used a broadband 

interferometer to map the IS of flash UF 09-30.  Similarly, Hill et al. [2012] present LMA data 

for the IS of flash UF 11-26.  The correlated LMA and channel-base current observations for 

flash UF 11-26 are also presented in detail in Chapter 8 of this document.  Similar to the 

statistics for UPL/ICC charge transfer, there was less than 20% difference between the mean 

values of UPL/ICC average current amplitude between the three years of study.  The GM 

UPL/ICC average current amplitude of 130 A was about 35% larger than the GM value of 96 A 

reported by Wang et al. [1999c] and about 31% larger than the GM value of 99.6 A reported by 

Miki et al. [2005].   

In Figure 4-8, distributions are plotted of the time duration between the initiation of the 

sustained UPL and the ICV for 37 triggered lightning flashes.  Recall that the ICV is associated 

with the vaporization of the copper triggering wire.  In nine flashes, the ICV could not be clearly 
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determined.  Time durations for this statistic were measured ranging from 2.1-69.4 ms with AM 

of 13.1 ms, GM of 7.5 ms, and SD of 17.1 ms.  The GM duration for our 37 cases was in good 

agreement with the GM duration of 8.6 ms reported by Wang et al. [1999c] for 22 triggered 

flashes at Fort McClellan and Camp Blanding.  Olsen et al. [2006] classify ICVs in two 

categories, 1) Type I events exhibit a pronounced decrease in channel-base current towards zero 

over a period of some hundreds of microseconds, followed by a flattening of the current at the 

zero level (within the amplitude resolution of the measurement system) that persists for typically 

1-4 ms, and 2) Type II events exhibit a similar decrease in the channel-base current, again lasting  

some hundreds of microseconds, but the current does not flatten at the zero level and the overall 

current reduction period is generally less than 500 µs.  Type I events often exhibit return-stroke-

like current pulses at ground during the zero-current period.  These pulses have rise-times less 

than 1 µs and have typical amplitudes from 40-250 A [e.g., Olsen et al., 2006].  For both Type I 

and Type II events, the current is re-established between the UPL and ground following the 

current reduction period by a larger pulse with typical amplitude of 1 kA.  Olsen et al. [2006] 

refer to the return-stroke-like pulses in Type I events as attempted reconnection pulses (ARP) 

and the larger pulse that re-establishes current between the UPL and ground as the reconnection 

pulse (RP).  If the metric described in Olsen et al. [2006] is used to classify ICVs measured from 

2009-2011, there were a total of eight Type I events and 31 Type II events.  The eight Type I 

events had zero-current periods with durations ranging from 290 µs to 1.523 ms with AM of 806 

µs, GM of 706 µs, and SD of 413 µs.  The zero-current durations for Type I events in this study 

are somewhat shorter than those reported by Olsen et al. [2006].  Six of the eight (75%) Type I 

events exhibited at least one ARP during the zero-current interval.  The nine total ARPs had AM 

of 116 A, GM of 113 A, and SD of 33 A.  In addition, four ICVs that would otherwise be 
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classified as Type II events exhibited smaller ARP-like pulses during the current reduction 

period.  There were a total of four of these pulses recorded ranging in amplitude from 9-16 A.  

For Type I events, the RP amplitudes ranged from about 250 A to 2.75 kA with AM of 820 A, 

GM of 600 A, and SD of 830 A.   

It is also interesting to relate the occurrences of Type I and Type II ICVs to other 

parameters measured during the IS process.  The AM (GM) time durations between the initiation 

of the sustained UPL and the ICV for Type I and Type II events were 22 (19) ms and 11 (6) ms, 

respectively.  Similarly, the AM (GM) UPL/ICC duration for flashes containing Type I and Type 

II ICVs were 547 (462) ms and 409 (373) ms, respectively.   Further, the AM (GM) UPL/ICC 

charge transfer for flashes containing Type I and Type II ICVs were 83 (56) C and 64 (49) C, 

respectively.  To summarize, with calculated GM values used for reference, flashes containing 

Type I ICVs exhibited longer time durations between the initiation of the sustained UPL and the 

ICV by a factor of 3, had 24% longer UPL/ICC durations, and 14% larger UPL/ICC charge 

transfers.   

The action integrals (the time integral of the square of the channel-base current waveform) 

between the initiation of the UPL and the time of the ICV were calculated for the 37 flashes 

where the ICV was clearly defined.  The distributions of calculated action integrals for the 2009-

2011 dataset are shown in Figure 4-9.  The action integral (or specific energy) is the energy that 

would dissipated in a 1  resistor if the lightning current were to flow through it.  According to 

Rakov and Uman [2003], the value of the action integral determines the heating of electrically 

conducting materials and the explosion of  non-conducting materials.  Considering the triggering 

wire spools are relatively uniform in their resistance per unit length, one would expect the action 

integral between the initiation of the UPL and the ICV to be constrained to a reasonably narrow 
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range of values.  Indeed, 65% of the calculated action integrals for the 2009-2011 dataset fall 

between 120-150 A
2
s with a GM for the full dataset of 119 A

2
s.  About 95 % of the action 

integrals have values between 60-150 A
2
s.   The two outliers (flash UF 09-12 with action integral 

of 305 A
2
s and flash UF 10-13 with action integral of 29 A

2
s) had no unusual characteristics, 

suggesting that the wire spools themselves likely had different characteristics.  Wang et al. 

[1999c] calculated the GM action integral between the UPL initiation and the ICV for 22 events 

at Fort McClellan and Camp Blanding to be 110 A
2
s, a value in good agreement with the present 

study.   

Finally, in Figure 4-10, the distributions of average current amplitudes for the time period 

between the UPL initiation and the ICV are shown for the 2009-2011 dataset.  The average 

current amplitudes range from 29 A to 127 A with a GM value for the full dataset of 67 A.  The 

variability in the average current amplitudes between the UPL initiation and the ICV suggests 

that that action integral is primarily responsible for the determining when the triggering wire 

exploded, and not the average current amplitude.   

In Table 4-8, measured statistics from this study in addition to those of Wang et al. [1999c] 

and Miki et al. [2005] are provided for channel-base currents during the IS of triggered lightning 

discharges.   
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Table 4-1.  A list of natural lightning discharges that terminated on or very near the ICLRT from 2009-2011.   

Date Flash Return Stroke Leader Type Time (UT) 
NLDN 

Latitude 

NLDN 

Longitude 

NLDN Peak 

Current (kA) 

High-Speed Video 

Frame Rate (kfps) 

063009 MSE 09-01 1 Stepped 11:21:29.496232 29.9472 82.0211 99.4 - 

061810
a
 - 1 Stepped 19:38:29.853946 - - 10.6 300  

063010 MSE 10-01 1 Stepped 17:16:35.715782 29.9408 82.0368 21.5 4.3  

092710 MSE 10-02 1 Stepped 18:05:06.796647 29.9443 82.0317 27.7 4.3  

  2 Dart Stepped 18:05:06.865118 29.9441 82.0322 38.3 4.3  

070711 MSE 11-01 1 Stepped 19:37:34.737534 29.9389 82.0297 30.4 - 

  2 Dart Stepped 19:37:34.794163 29.9396 82.0336 22.1 - 

  3 "Chaotic" Dart 19:37:34.837564 29.9401 82.0348 20.6 - 

  4 "Chaotic" Dart 19:37:34.881848 29.9396 82.0348 22.8 - 

073111 MSE 11-02 1 Stepped 20:23:40.166011 29.9442 82.0120 25.3 - 

073111 MSE 11-03 1 Stepped 20:27:48.682425 29.9368 82.0248 28.5 - 

073111 MSE 11-04 1 Stepped 20:34:57.121671 29.9396 82.0343 37.6 - 

  2 Dart Stepped 20:34:57.157557 29.9376 82.0336 17.0 - 

073111
b
 MSE 11-05 1 Stepped 20:44:15.489141 - - - - 

  2 "Chaotic" Dart 20:44:15.922976 29.9393 82.0270 29.7 - 

073111 MSE 11-06 1 Stepped 20:58:22.833734 29.9417 82.0274 20.8 - 

073111 MSE 11-07 1 Stepped 21:02:00.116936 29.9412 82.0327 29.8 - 

081811
b
 MSE 11-08 1 Stepped 20:24:50.095451 - - - - 

a
 The ground strike point of the natural lightning event on 061811 was about 1 km to the northwest of the ICLRT. 

b
 Return strokes not recorded by NLDN.     
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Table 4-2.  2009 triggered lightning event characteristics.  Only events including, at minimum, a full IS process are tabulated.  For 

some events, there is no clear ICV in conjunction with the triggering wire explosion.
 

Date Shot Time (UT) 

UPL/ICC 

Duration 

(ms) 

UPL/ICC 

Charge 

Transfer (C) 

UPL/ICC 

Average 

Current (A) 

Time of ICV Relative 

to UPL Initiation (ms) 

Current Zero 

During ICV 

Return 

Strokes 

Overall Peak 

Current (kA) 

Photron SA1.1 

Frame Rate (kfps) 

032809 UF 09-06 01:55:24 575 94 164 6.9 No 6 17.3 120 

052609 UF 09-12 20:31:496924 422 71 169 2.9 No 1 34.9 108 

060409 UF 09-15 20:20:20 164 8 49 17.7 Yes 0 0.4 - 

060409 UF 09-17 20:37:13.416051 576 74 128 4.6 No 5 46.5 135 

061809 UF 09-20 16:34:03.119539 418 46 110 - No 4 20.1 180 

061809 UF 09-21 16:44:42 556 71 128 11.1 No 0 2.0 - 

061809 UF 09-22 16:58:10.953253 433 67 162 10.9 No 8 15.5 180 

062909 UF 09-25 21:09:17.612277 412 51 124 - No 5 32.9 240 

062909 UF 09-26 21:18:36.306798 522 82 157 3.1 No 5 28.7 240 

062909 UF 09-27 17:31:23.005941 188 16 83 7.3 No 6 28.4 240 

063009 UF 09-29 13:49:17.096270 351 66 171 2.2 No 5 16.7 300 

063009 UF 09-30
a
 14:01:04.391149 234 93 834 2.9 No 1 31.6 300 

063009 UF 09-31 14:12:24.486065 356 51 144 2.2 No 5 14.8 300 

070709 UF 09-32 15:12:57.261135 719 193 272 2.7 No 1 19.2 180 

070909 UF 09-34 17:15:40.445418 204 15 77 - No 3 17.7 180 

071409 UF 09-35 21:07:57 668 96 144 - No 0 0.4 - 

071409 UF 9-37
b
 21:21:21 - - - - - 0 - - 

071409 UF 09-38 21:25:18.526361 537 86 160 8.6 No 1 29.8 180 

071809 UF 09-40 - 200 26 137 5.3 No 0 1.4 - 

081809 UF 09-41
c
 16:22:25 - - - - - 0 - - 

081809 UF 09-42 16:24:41.585945 280 62 228 4.8 No 0 14.5 300 

081809 UF 09-43
d
 16:30:12.252595 - - - - - 5 25.3 300 

a
 Flash UF 09-30 exhibited a bi-polar IS process.  The charge transfer and average current given is only for the negative charge   

transport to ground.   
b
 Scopes 22/25 had finished recording at the time of the IS process.   

c
 Scopes 22/25 were not armed and did not record the IS process.   

d
 Scopes 22/24/25 were not finished saving from the previous shot at the time of the rocket launch. 
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Table 4-3.  2010 triggered lightning event characteristics.  Only events including, at minimum, a full IS process are tabulated.  For 

some events, there is no clear ICV in conjunction with the triggering wire explosion.
 

Date Shot Time (UT) 

UPL/ICC 

Duration 

(ms) 

UPL/ICC 

Charge 

Transfer (C) 

UPL/ICC 

Average 

Current (A) 

Time of ICV Relative to 

UPL Initiation (ms) 

Current Zero 

During ICV 

Return 

Strokes 

Overall Peak 

Current (kA) 

Photron SA1.1 

Frame Rate (kfps) 

060510 UF 10-01 18:12:26.015687 190 9 49 - No 1 11.6 300 

061710 UF 10-06 23:59:21.392145 742 102 137 13.7 Yes 8 14.9 300 

061810 UF 10-09 20:08:19.883969 246 44 174 - No 3 24.6 300 

062110 UF 10-13 20:09:37.357362 684 68 98 26.2 Yes 1 43.1 300 

063010 UF 10-14
a
 17:26:23 - - - 5.8 No 0 - - 

063010 UF 10-15 17:32:05.060857 265 38 145 4.9 No 3 12.7 300 

071110 UF 10-16 22:08:29 401 75 186 2.1 No 0 3.7 - 

071110 UF 10-17 22:41:14.813597 332 45 135 2.6 No 7 22.4 300 

071110 UF 10-18 22:55:05 404 69 169 2.6 No 0 4.1 - 

071510 UF 10-20 17:28:25.235689 652 87 133 49.1 Yes 4 17.1 300 

071510 UF 10-21 17:35:06.232322 402 42 107 14.0 Yes 3 22.2 300 

073110 UF 10-23 20:25:28.639877 719 107 149 5.7 No 16 23.8 300 

081310 UF 10-24 19:44:35.013453 548 100 182 42.6 No 9 28.3 300 

092710 UF 10-26 19:44:29 212 18 87 9.5 No 0 2.3 - 
a
 Scopes 22/25 had finished recording at the time of the IS process.   
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Table 4-4.  2011 triggered lightning event characteristics.  Only events including, at minimum, a full IS process are tabulated.  For 

some events, there is no clear ICV in conjunction with the triggering wire explosion.
 

Date Shot Time (UT) 

UPL/ICC 

Duration 

(ms) 

UPL/ICC 

Charge 

Transfer (C) 

UPL/ICC 

Average 

Current (A) 

Time of ICV Relative to 

UPL Initiation (ms) 

Current Zero 

During ICV 

Return 

Strokes 

Overall Peak 

Current (kA) 

Photron SA1.1 

Frame Rate (kfps) 

012511 UF 11-01 21:43:36 187 12 64 4.1 No 0  - 

042011 UF 11-04 20:33:18 171 8.9 52 66.7 No 0  - 

051411 UF 11-08
a
 17:23:35.154788 - - - - - 10 8.3 450 

062311 UF 11-11 19:06:27.834612 345 22 63 - No 5 13.5 300 

070711 UF 11-15 19:02:19.528147 161 18 114 8.0 Yes 11 20.5 300 

070711 UF 11-18 19:26:27.471664 211 11 51 5.8 No 1 8.2 300 

071011 UF 11-20 19:01:28.051825 398 33 83 - No 2 7.7 300 

080511 UF 11-24 19:33:19.5435736 425 46 107 4.7 No 1 32.8 300 

080511 UF 11-25 19:43:31.4899735 404 28 70 - No 1 12.1 300 

080511 UF 11-26
b
 19:49:55 433 120 328 5.2 No 0  - 

081211 UF 11-28 23:39:21.288556 694 136 196 - No 3 19.5 300 

081811 UF 11-32 20:37:30.841497 945 225 236 18.7 Yes 2 19.8 300 

081811 UF 11-33
c
 20:45:13.497381 630 110 219 28.4 Yes 1 7.6 - 

081811 UF 11-34
c
 20:51:42.136853 567 120 211 3.9 No 2 13.4 - 

081811 UF 11-35
c
 20:58:11.665782 726 128 176 3.9 No 7 27.4 - 

a
 The II-Low and II Very-Low channel-base current measurements malfunctioned and no data were recorded   

b
 Flash UF 09-30 exhibited a bi-polar IS process.  The charge transfer and average current given is only for the negative charge   

transport to ground.   
c
 The Photron SA1.1 had filled its three memory partitions and did not record flashes UF 11-33 through 11-35. 
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Table 4-5.  A list of dart-stepped leaders preceding triggered lightning return strokes between 

2009-2011.  The following return stroke peak current is given for each leader event.   

Date Shot Stroke Peak Current (kA) 

052609 UF 09-12 1 34.9 

060409 UF 09-17 1 24.2 

060409 UF 09-17 2 22.8 

060409 UF 09-17 4 46.5 

062909 UF 09-25 5 32.9 

062909 UF 09-26 4 24.6 

063009 UF 09-29 5 20.0 

070709 UF 09-32 1 19.2 

061710 UF 10-06
a
 3 - 

051411 UF 11-08 10 8.3 

070711 UF 11-15 10 10.2 

080511 UF 11-25 1 12.1 

081811 UF 11-32 1 14.5 

081811 UF 11-32 2 19.8 

081811 UF 11-34 1 13.4 

081811 UF 11-34 2 12.1 

081811 UF 11-35 4 27.4 

081811 UF 11-35 6 7.5 

081811 UF 11-35 7 8.4 
a
 The final five return strokes of flash UF 10-06 did not attach to the intercepting rod over the 

western tower on the Pad 39B catenary wire experiment.  No current data are available for these 

returns strokes.   
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Table 4-6.  A list of "chaotic" dart leaders preceding triggered lightning return strokes between 

2009-2011.  The following return stroke peak current is given for each leader event.   

Date Shot Stroke Peak Current (kA) 

063009 UF 09-30 1 31.6 

062110 UF 10-13 1 43.1 

071510 UF 10-20 1 17.1 

071510 UF 10-21 1 22.2 

081310 UF 10-24 3 28.3 

062311 UF 11-11 1 13.3 

062311 UF 11-11 2 11.2 

062311 UF 11-11 3 10.5 

062311 UF 11-11 4 10.6 

062311 UF 11-11 5 13.5 

070711 UF 11-15 7 20.5 

070711 UF 11-15 11 10.5 

070711 UF 11-18 1 8.2 

080511 UF 11-24 1 32.8 

081211 UF 11-28 1 19.5 

081811 UF 11-35 2 18.4 

081811 UF 11-35 5 23.5 



 

 243 

 
 

Figure 4-1.  Distributions of triggered lightning return stroke peak currents at Camp Blanding in 

A) 2009, B) 2010, C) 2011, and D) 2009-2011.  Computed statistics for each dataset 

are overlaid on the respective plots.   
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Table 4-7.  Triggered lightning return stroke peak current statistics for studies at the Kennedy Space Center in Florida, Saint-Privat 

d'Allier in France, Fort McClellan in Alabama, and Camp Blanding in Florida from 1985-2011.  The statistics for the 

present study (2009-2011) are given in the bottom row of the table.   

Location Years 
Number 

of Strokes 

Min 

(kA) 

Max 

(kA) 

AM 

(kA) 

GM 

(kA) 

SD  

(kA) 

Log(SD) 

Kennedy Space Center, 

Florida 
1985, 1987-1991 305 2.5 60.0 

14.3 - 9.0 - 

Saint-Privat d'Allier, 

France 
1986, 1990-1991 54 4.5 49.9 

11.0 - 5.6 - 

Kennedy Space Center, 

Florida & Fort McClellan, 

Alabama 

1990, 1991 45 < 2.0 38.0 

- 12 - 0.28 

Camp Blanding, Florida 1993 37 5.3 44.4 15.1 13.3 - 0.23 

Camp Blanding, Florida 1997 11 5.3 22.6 12.8 11.7 5.6 0.20 

Camp Blanding, Florida 1998 24 5.9 33.2 14.8 13.5 7.0 0.19 

Camp Blanding, Florida 1999-2000 64 5.0 36.8 16.2 14.5 7.6 0.21 

Camp Blanding, Florida 2001-2003 122 2.9 43.0 15.0 13.0 7.4 0.20 

Camp Blanding, Florida 2004-2009 122 2.9 45.0 14.0 12.0 7.9 0.23 

Camp Blanding, Florida 2009-2011 156 1.5 46.5 13.1 10.9 7.9 0.27 
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Figure 4-2.  Distribution of triggered lightning return stroke peak currents versus preceding 

leader type.  From left, A) dart leaders, B) dart-stepped leaders, and C) "chaotic" dart 

leaders.     
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Figure 4-3.  Histogram of the occurrences of dart-stepped leaders (blue) and "chaotic" dart 

leaders (red) versus triggered lightning subsequent return stroke order (2009-2011 

dataset). 
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Figure 4-4.  Distributions of triggered lightning flash multiplicities at Camp Blanding in A) 

2009, B) 2010, C) 2011, and D) 2009-2011.   
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Figure 4-5.  Distributions of triggered lightning UPL/ICC time durations for 46 flashes triggered 

at Camp Blanding in A) 2009, B) 2010, C) 2011, and D) 2009-2011. 
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Figure 4-6.  Distributions of triggered lightning UPL/ICC charge transfers for 46 flashes 

triggered at Camp Blanding in A) 2009, B) 2010, C) 2011, and D) 2009-2011.   
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Figure 4-7.  Distributions of triggered lightning UPL/ICC average current amplitudes for 46 

flashes triggered at Camp Blanding in A) 2009, B) 2010, C) 2011, and D) 2009-2011. 
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Figure 4-8.  Distributions of the time duration between the initiation of the sustained UPL and 

the ICV for 37 triggered lightning flashes at Camp Blanding in A) 2009, B) 2010, C) 

2011, and D) 2009-2011. 
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Figure 4-9.  Distribution of calculated action integrals between the initiation of the UPL and the 

ICV for 37 triggered flashes at Camp Blanding in A) 2009, B) 2010, C) 2011, and D) 

2009-2011. 
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Figure 4-10.  Distribution of average current amplitudes between the initiation of the UPL and 

the ICV for 37 triggered flashes at Camp Blanding in A) 2009, B) 2010, C) 2011, and 

D) 2009-2011. 
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Table 4-8.  Measured channel-base current statistics during the initial stage (IS) of triggered lightning discharges at Fort McClellan in 

Alabama, and Camp Blanding in Florida.  The statistics for the present study (2009-2011) are given in the bottom row of 

the table.   

Location Years Events 

UPL/ICC 

Duration  

(ms) 

UPL/ICC  

Charge Transfer  

(ms) 

UPL/ICC  

Average Current  

(A) 

ICV 

(ms) 

 Action Integral 

from UPL to ICV 

(A
2
s) 

Fort McClellan, Alabama 

Camp Blanding, FL 

1994 

1996-1997 
37

a
 279 27 96 

8.6  

 (22 events) 

 

110 

(22 events) 

Camp Blanding, FL 
1996-1997 

1999-2000 
45

b
 305 30.4 99.6 - 

- 

Camp Blanding, Florida 2009-2011 46 387 50 130 
7.5 

(37 events) 

119 

(37 events) 
a
Events discussed in Wang et al. [1999c] 

b
Events discussed in Miki et al. [2005] 
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CHAPTER 5 

HIGH-SPEED VIDEO OBSERVATIONS OF A NATURAL LIGHTNING STEPPED 

LEADER 

In this chapter, high-speed video observations are presented for one branch of a stepped 

leader that preceded a natural lightning first return stroke.  The focus of this work is to 1) 

develop a more thorough understanding of the propagation mechanisms (i.e. the leader step 

formation process) of lightning leaders through virgin air given the present knowledge obtained 

from long-laboratory spark experiments, and 2) to compare the measured properties with those of 

dart-stepped leaders preceding triggered lightning return strokes.  Due to the inherent repeatable 

nature of both laboratory spark experiments and triggered lightning, the optically-observed 

properties of leader propagation for both scales of discharges are better quantified than are the 

similar properties of natural stepped leaders.  The results presented in this chapter are also 

discussed in Hill et al. [2011].   

5.1 Literature Review 

 Properties of stepped leaders preceding negative natural lightning first strokes have been 

studied optically via streak photography [e.g., Schonland et al., 1935;  Berger, 1967; Orville and 

Idone, 1982], through the use of photodiode array photographic systems [e.g., Chen et al., 1999; 

Krider, 1974; Lu et al., 2008], and through electric field measurements [e.g., Kitagawa, 1957; 

Krider and Radda, 1975; Krider et al, 1977; Thomson, 1980; Beasley et al., 1982; Cooray and 

Lundquist, 1985].  Using a Boys continuous-moving film camera with time resolution of 

approximately 600 ns, Schonland et al. [1935] measured individual step lengths from 10 to 200 

m, interstep intervals ranging from 40 to 100 µs, and average two-dimensional stepped leader 

speeds of 3.8 x 10
5
 m/s.  Berger [1967] used a similar streak camera to photograph four 

downward negative stepped leaders to the towers atop Mount San Salvatore in Switzerland.  

They also photographed 14 negative stepped leaders that terminated on ground.  The step lengths 
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for negative stepped leaders to the towers were 8 to 10 m with interstep intervals from 40 to 52 

µs, and the step lengths for negative stepped leaders to ground were 3 to 17 m with interstep 

intervals from 29 to 47 µs.  Stepped leader speeds ranged from 0.9 to 4.4 x 10
5
 m/s.    Orville 

and Idone [1982] imaged three stepped leaders using a streak camera, but only the overall 

propagation speeds for the three leaders could be determined due to the weak optical intensity of 

the steps.  Their measured leader speeds ranged from 5.9 to 15 x 10
5
 m/s.  Chen et al. [1999] 

recorded two stepped leaders using the ALPS photodiode array imaging system in both Australia 

and China.  For the event in Australia (time resolution of 500 ns), individual step lengths were 

measured between 7.9 and 20 m, interstep intervals were from 5 to 50 µs, and leader speeds were 

from 4.9 to 11 x 10
5
 m/s.   For the event in China (time resolution of 100 ns), step lengths were 

reported to be 8.5 m, interstep intervals were from 18 to 21 µs, and leader speeds ranged from 

4.9 to 5.8 x 10
5
 m/s.  Using a photoelectric detector in Arizona, Krider [1974] measured interstep 

intervals from 17 to 32 µs for stepped leader pulses within 70 µs of the return stroke.  Lu et al. 

[2008] also used the ALPS optical imaging system to record a downward branched stepped 

leader in Florida at an estimated distance of about 1.3 km.  They measured 60 values for 

interpulse interval for the main channel ranging from 0.2 to 15.7 µs with geometric mean of 3.3 

µs and an average two dimensional leader propagation speed of 1.5 x 10
6
 m/s.  Through 

measurements of the electric field produced by descending negative stepped leaders obtained 

within a few hundred microseconds of the return stroke, interstep intervals have been estimated 

to be from 5 to 25 µs [e.g., Kitigawa, 1957; Krider and Radda, 1975; Krider et al., 1977; 

Thomson, 1980; Beasley et al, 1982; Cooray and Lundquist, 1985].   Summary statistics for 

interstep interval, step length, and stepped leader propagation speed from previous optical studies 

of stepped leaders are given in Table 5-1.   
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 While the overall characteristics of negative stepped leaders have been well studied, as 

noted above, the actual formation process of individual leader steps remains poorly documented 

and poorly understood.  From the photographic and photoelectric work of Schonland et al. 

[1935] and Orville and Idone [1982], the step formation appears to occur within about a 

microsecond, and hence is unresolved.  The formation mechanism of natural negative leader 

steps has however been inferred from meter-length laboratory spark experiments, although the 

time and size scales of the two phenomena differ.  Long laboratory spark development has been 

described by Gorin et al. [1976], Les Renardieres Group [1978], Ortega et al.  [1994], Reess et 

al. [1995], Bazelyan and Raizer [1998], and Gallimberti et al. [2002].  Long laboratory spark 

discharges are initiated by applying megavolts of potential difference between electrodes 

separated by up to about 17 meters.  Typically, the voltage magnitude across the gap and the rate 

of voltage rise are adjusted to control the discharge properties.  The voltage across the gap and 

current through the gap are measured and the spark gap is often imaged using image converter 

cameras in either frame or streak mode.  A general sequential description of the negative leader 

step formation process in long laboratory sparks follows: 1) when the negative voltage impulse is 

applied to the high-voltage electrode, a burst of branched filamentary corona streamers moves 

into the gap, heating the air in the immediate proximity to the electrode and establishing the 

initial leader channel at the electrode, 2) a luminous, apparently-isolated space stem forms ahead 

of the primary negative leader tip with positive streamers propagating back from it towards the 

negative high-voltage electrode (and initial leader channel) and negative streamers propagating 

downward from the space stem into the gap, 3) a new section of leader channel is formed when a 

sufficient number of positive backwards propagating streamers reach the negative primary leader 

channel, then instantly transferring the potential of the high-voltage electrode to the end of the 
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secondary channel established by the space stem, and 4) a burst of negative streamers is emitted 

from the end of the secondary channel, initiating a current pulse that propagates up the existing 

channel segment towards the high-voltage electrode, illuminating the full channel.  A new space 

stem forms and the sequence noted above repeats during the formation of each new step.  A 

drawing of the process, modified from Gorin et al. [1976], is given by Biagi et al. [2010].   

 While lightning stepped leaders should share some characteristics with long laboratory 

spark leaders, the larger available gap, different charge source, and higher potential voltage at the 

tip of a lightning leader likely generates larger leader step currents with higher charge densities 

and greater propagation speeds [e.g., Rakov and Uman, 2003].  The fact that the type of leader 

channel development shown in laboratory sparks also occurs in lightning was first shown by 

Biagi et al. [2009] who obtained an image of a 2 m long space stem located roughly 4 m below 

the tip of a dart-stepped leader that preceded the eighth return stroke of a triggered-lightning 

discharge (flash UF 08-18 triggered on September 17, 2008).  The space stem was photographed 

using a Photron SA1.1 high-speed camera operated at a frame rate of 50 kfps, or 20 µs per frame.  

Two frames of the descending dart-stepped leader preceding the return stroke are shown in 

Figure 5-1 (adapted from Biagi et al. [2009]).  Each frame is shown in both a true and pixel-

inverted form to better illustrate the low-level luminosity features of the leader.  Biagi et al. 

[2010] show additional instances of space stems and/or space leaders in seven high-speed video 

frames of a dart-stepped leader that preceded the fifth return stroke of a triggered-lightning 

discharge (flash UF 09-25 triggered on June 29, 2009).  The frames were recorded with the same 

camera, but at a frame rate of 240 kfps, or 4.17 µs per frame.  A sequence of 10 consecutive 

frames (~42 µs) of the triggered lightning dart-stepped leader are shown in Figure 5-2.  In each 

of the seven frames where space stems and/or space leaders are visible, the luminous segments 
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were 1 to 4 m in length and separated from (and were below) the primary leader channel by 1 to 

10 m.  In three frames, there were two clearly separated segments of luminosity vertically below 

the primary leader channel (inset, Figure 5-2).  In some instances, the luminous intensity of the 

separated channel segments was comparable to that of the primary leader channel, and in all 

cases, the luminous intensity of the separated channel segments was greater than that of the 

surrounding corona streamers.   

 In this study, the shortest time exposure (3.33 µs) video observations to date of a natural 

lightning stepped leader are analyzed.  From the video data, accompanying statistics are 

measured for interstep interval, step length, and two-dimensional leader propagation speed.  In 

addition, the first observations of space stems/leaders associated with stepped leaders are 

presented.  A schematic view of the formation of a natural negative leader step is provided from 

examination of 82 individual steps imaged during this event.  The measured parameters from the 

high-speed video analysis are compared to observations obtained in association with dart-stepped 

leaders in triggered-lightning discharges.  Finally, the high-speed video data confirm the 

observations of Wang et al. [1999a] and the suggestion of Chen et al. [1999] that following the 

progression of the leader channel due to a new step, a luminosity wave propagates from the 

leader tip back up the existing channel. 

5.2 Experimental Setup and Data Processing Techniques 

 The high-speed video images acquired of the negative stepped leader presented here were 

recorded at the ICLRT on June 18, 2010.  The flash occurred at 19:38:29.853946 (UT).  The 

National Lightning Detection Network's (NLDN) most probable ground strike location of the 

10.6 kA negative return stroke associated with the photographed stepped leader was about 1 km 

to the northwest of the ICLRT.  High-definition video records indicate that the stepped leader 

branches imaged with the high-speed video traversed a path over and slightly to the southeast of 
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the ICLRT.  The stepped leader entered the field of view of the Photron SA1.1 high-speed 

camera that was configured with a 20 mm Nikon lens set to an aperture of f/4 for imaging rocket-

triggered lightning discharges at a distance of 300 m.  The Photron SA1.1 recorded the stepped 

leader at a frame rate of 300 kfps, or 3.33 µs per frame.  The resolution was 320 x 32 pixels 

(vertical x horizontal) with 12-bit grayscale amplitude resolution.  As discussed in Section 2.7, 

the Photron SA1.1 is triggered to record on the output of the ICLRT master trigger box, which 

generates a trigger pulse anytime a natural lightning terminates within the site boundaries or a 

triggered lightning current is measured in excess of about 6 kA.  In this case, neither of the 

trigger criteria were met.  The Photron fortuitously triggered in conjunction with a "glitch" in the 

generator power that supplies the Office Trailer when storm conditions are presented.  It is 

undetermined (yet probable) that the glitch in generator power was associated with an induced 

effect from the photographed lightning discharge.  The remainder of the ICLRT data acquisition 

network did not record data for the flash.   

The best estimate of the distance from the camera to the stepped leader is 1 km, providing 

a spatial resolution of 1 m per pixel, with a possible range from as far away as 2 km to as close 

as 700 m.  The best estimate and distance limits are based on the following: 1) comparison of the 

luminous features of streamers and space stems/leaders observed in the present high-speed video 

with video recorded at the known distance of 430 m of dart-stepped leaders in triggered lightning 

with the same camera at essentially the same frame rate [e.g., Biagi et al., 2010], 2) the fact that 

the stepped leader speed computed from the present data at a distance between 700 m and 2 km 

(Section 5.4 and Table 5-2) is consistent with speeds found in the literature, 3) knowledge of the 

ground strike point of the lightning in question from the NLDN, and 4) the spatially smaller and 

less luminous phenomena evident in the video would have been difficult to resolve at distances 
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too much beyond 1 km in the presence of the light precipitation that was falling at the end of the 

storm when the video was acquired.   

All stepped leader size and velocity measurements scale linearly with the assumed 

distance to the stepped leader.  For all spatial measurements presented, the stepped leader 

channel is assumed to propagate only within the plane perpendicular to the field of view of the 

camera.  Since each pixel represents 1 m at a range of 1 km, the approximate error in all length 

measurements is 1 m at 1 km.  In addition, all spatial measurements are straight line lengths and 

are presented to tenths of a meter accuracy because of propagation along directions other than 

the horizontal or vertical of the pixel array.   

The video data were analyzed and processed in a darkened room using a Dell UltraSharp 

U2410 LCD monitor.  The monitor was configured to display 1920 x 1200 pixels at 94 dots-per-

inch (DPI) with a typical contrast ratio of 1000:1.  Video images were manipulated (inverted and 

contrast enhanced) using Matlab and Adobe Photoshop CS3.   

5.3 Results 

 A total of 225 frames (about 750 µs) of downward stepped leader were recorded.  After 

the ground attachment of the primary leader channel out of the field of view of the camera (one 

of many branches until it connected to ground), the branches being observed were illuminated by 

the return stroke.  There were 45 frames (about 150 µs) captured during the return stroke 

illumination and subsequent decay. The stepped leader channel entered the field of the view of 

the camera at an altitude of 358 m.  The leader propagated downward within the field of view, 

splitting into two distinct branches about 417 µs later at an altitude of 268 m.  The two stepped 

leader branches continued to propagate downward and to the left in the frame, ultimately exiting 

the horizontal field of view of the camera at altitudes of 217 m and 202 m respectively, and 227 

µs and 287 µs respectively after branching from the original leader channel.  Shown in Figure 5-
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3 is a full-frame image of the flash obtained by time-integrating the luminosity from four 

consecutive frames during the return stroke illumination of the leader channel.  All stepped 

leader branches are labeled with the notation "P-X" indicating a primary branch and "S-X" 

indicating a secondary branch, where "X" is an integer.  Differentiation between primary and 

secondary branches was to some degree subjective.  However, primary branches were 

characterized by more extensive propagation within the field of view (and hence a greater 

number of measured leader steps) while secondary branches were channels with smaller extent 

originating from the three primary leader channels.  Three primary branches and five secondary 

branches have been analyzed.  In Table 5-2, measured statistics are presented for each individual 

branch including the number of individual leader steps, the average interstep interval, the 

average step length, and the average two-dimensional leader propagation speed, all assuming a 

range of 1 km.  Located below each value in Table 5-2 for average step length and average two-

dimensional leader speed, uncertainties are provided in the presented statistics in the form "(+ A 

/ - B)", where "A" represents the range correction in measurement for a maximum range of 2 km 

and "B" represents the correction for a minimum range of 700 m.   For the three primary 

branches, there were a total of 64 individual leader steps analyzed.  The average interstep 

intervals for the three primary branches ranged from 13.7 µs to 15.1 µs, the average step lengths 

ranged from 4.8 m to 5.2 m, and the average two-dimensional leader speeds ranged from 4.4 to 

4.6 x 10
5
 m/s.  For the five secondary branches, there were a total of 18 individual leader steps 

analyzed.  The average interstep intervals for the five secondary branches ranged from 12.2 µs to 

40.0 µs, the average step lengths ranged from 5.4 m to 7.1 m, and the average two-dimensional 

leader speeds ranged from 2.7 to 6.2 x 10
5
 m/s.  Average two-dimensional leader speeds could 

only be calculated for two of the five secondary branches (S-1 and S-4).  Leader speeds were 
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calculated by dividing the distance between the ending points in space of two consecutive leader 

steps in a respective branch by the number of frame integration times of 3.33 µs apiece between 

the steps.  The speeds obtained between each set of two consecutive steps were summed and 

divided by the total number of steps in the respective branch.  It appears that there is not much 

difference between the step lengths and average leader speeds in the primary and secondary 

channels, but that the interstep times in the secondary channels are longer.   

 Before presenting video frames of the stepping mechanism, an artist sketch of the 

author's view of the leader step formation process is provided in Figure 5-4.  This sequential 

process, decomposed into five stages, was derived from analyzing the high-speed video images 

with frame integrations ending randomly at different times within the leader step formation 

process.  Here, a 50 m segment of leader channel is drawn.  In the first stage, a negative stepped 

leader channel is shown having decayed in luminosity following a prior leader step.  In the 

second stage, the formation of a space stem/leader is shown with vertical extent of several meters 

located several meters below the tip of the leader channel above.  It is likely that the space 

stem/leader actually forms within the negative streamer zone of the leader channel above as 

illustrated in Biagi et al. [2010].  However, due to the increased distance between the channel 

and camera, estimated at roughly twice that of Biagi et al. [2010], and the ambient atmospheric 

conditions, there was insufficient spatial and luminosity resolution in the present high-speed 

video data to well-spatially-resolve the streamer zones, though it is inferred that they exist in 

each case by the observed low level "glow" surrounding both the leader tip and the space 

stem/leader.  In the third stage, the space stem/leader begins to reconnect to the leader channel 

above with low-level luminosity, and in the fourth stage, the space stem/leader fully connects to 

the above leader channel, brightly illuminating the space stem/leader and the connection region.  
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Finally, in the fifth stage, after the new bright segment of stepped leader channel has been 

formed, a luminosity wave propagates back up the existing channel for some tens of meters, 

illuminating the channel above with intensity comparable to that of the leader tip.  It is likely that 

all five stages shown in Figure 5-4 occur within about a microsecond.    

 The first examples of space stems/leaders shown in association with natural stepped 

leader steps are now presented.  In two cases, shown in Figure 5-5 and Figure 5-6, five 

consecutive 3.3 µs frames (about 16.7 µs total) are plotted which have been inverted and 

contrast-enhanced to show better the more faint luminous characteristics of the step formation 

process.  Time progresses from left to right and the frames span 70 m in altitude and 32 m 

horizontally.  Note that Figure 5-5 and Figure 5-6 show consecutive leader steps.  The final 

frame shown in Figure 5-5 is the first frame shown in Figure 5-6.  In both examples the top of 

the frames are located about 16 m below the split of primary branch P-1 into primary branches P-

2 and P-3 (as shown in Figure 5-3).   

 The first example of the leader step formation process is shown in Figure 5-5.  A new 

leader step is forming in Frame A in branch P-2, brightly illuminating the leader tip.  An upward 

propagating luminosity wave in branch P-3 moves out of the frame from a new leader step in the 

previous frame (not shown).  In Frame B, the upward propagating luminosity wave from the new 

leader step in Frame A moves up branch P-2 and out of the frame and the luminosity in branch 

P-2 begins to decay.  In Frame C, two distinct space stems/leaders are imaged, one below branch 

P-3 and one to the right of branch P-2, both annotated by arrows in the figure.  Interestingly, the 

space stem/leader below branch P-3 is already partially connected to the leader channel above 

with low-level luminosity, likely a result of the frame integration ending during the third stage of 

the leader step formation process outlined in Figure 5-4.  The space stem/leader shown to the 
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right of branch P-2 appears to be completely separated from the existing leader channel.  In this 

case, the space stem/leader below branch P-3 is significantly brighter than the leader channel 

above.  However, this could be a result of the existing partial connection.  The space stem/leader 

to the right of branch P-2 is quite faint in comparison to the leader channel which is still 

decaying in luminosity from the new leader step two frames prior.  In Frame D, both space 

stems/leaders fully connect to their respective leader channels, at left forming a new section of 

branch P-3 and at right forming a new step in branch S-5.  Also in Frame D, upward propagating 

luminosity waves have moved up branch P-3 and from branch S-5 into branch P-2.  It is 

interesting to note that the upward propagating luminosity wave originating from the new step in 

branch S-5 appears to only move into the existing channel section above the junction point of 

branches S-5 and P-2 and does not appear to influence the new channel section of branch P-2 

formed in Frame A.  

 A second example of the leader step formation process in shown in Figure 5-6.  In Frame 

A of Figure 5-6, three distinct leader channels have already decayed in luminosity from prior 

leader steps, P-3 on the left, P-2 in the middle, and S-5 on the right.  In Frame B, all three leader 

channels decay further in luminosity where P-3 and P-2 are only faintly visible.  In Frame C, two 

distinct space stems/leaders form below leader channels P-3 and P-2 and are annotated in the 

figure with arrows.  The luminosity levels of the space stems/leaders are comparable to or 

somewhat brighter than the leader channels above.  In Frame D, both leader channels P-3 and P-

2 connect with the space stems/leaders formed in Frame C, brightly illuminating the connection 

regions.  Also in Frame D, the propagation of upward luminosity waves over several tens of 

meters in both channels P-3 and P-2 is evident.  In Frame E, the upward propagating luminosity 
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waves move out of the frame and the luminosity of the new steps in channels P-3 and P-2 begin 

to decay.   

 A total of 16 instances of space stems/leaders have been analyzed from the high-speed 

video data.  In Table 5-3, measured statistics are provided for all imaged space stems/leaders 

including length and separation from the leader channel above assuming a range of 1 km.  The 

separation is measured as the distance between the top of the space stem and the lowest point in 

space of the prior leader step along the direction of the space stem formation.  The average space 

stem/leader length was 3.9 m and the average separation from the leader channel above was 2.1 

m.   For all statistics presented in Table 5-3, range corrections (shown to the right of each 

primary value) are provided in the form "(+ A / - B)", where "A" represents the range correction 

in measurement for a maximum range of 2 km and "B" represents the correction for a minimum 

range of 700 m.  Figure 5-5 includes space stems/leader 12 from Table 5-3 and Figure 5-6 

includes space stems/leaders 13 and 14 from Table 5-3.   

 Though a detailed discussion of the remaining 13 instances of photographed space 

stems/leaders will not be given, the processed images for the remaining events are shown in 

Figures 5-7 though 5-13.  The number of the space stem/leader in each figure is given relative to 

Table 5-3.   

 Of the 82 leader steps identified, the lengths of the upward propagating luminosity waves 

following the step formation were successfully measured in 28 instances.  The measurements 

were restricted by the field of view and dynamic range of the camera and by the relative 

difference between the background luminosity preceding the formation of each leader step and 

the luminosity of the upward propagating luminosity wave.  Measurements were obtained by 

subtracting the luminosity one frame prior to a new step from the frame containing the new step 
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and the subsequent three frames.  In seven cases, upward propagating luminosity was measured 

in only one frame, for 20 cases, in two consecutive frames, and for one case, in three consecutive 

frames.  The total lengths of the upward propagating waves ranged from 14 to 85 m with an 

average value of 43 m.  The velocities calculated from these length values ranged from about 4.0 

x 10
6
 to 1.3 x 10

7
 m/s with an average value of about 7.5 x 10

6
 m/s. The velocities of the upward 

propagating waves were calculated by dividing the total length traveled by the elapsed time of 

either one, two, or three frame integrations of 3.33 µs apiece.  The stated velocity measurements 

are clearly the minimum possible velocities considering the impossibility of determining what 

fraction of the 3.33 µs frame integration time imaged the actual motion of the luminosity wave. 

5.4 Discussion of Results 

 Clearly, the space stem/leader plays an integral role in determining the propagation 

characteristics of the negative stepped leader.  The measured statistics for space stem/leader 

length and separation from the previous leader channel tip given in Table 5-3 are in relatively 

good agreement with those obtained by Biagi et al. [2010] for a dart-stepped leader preceding a 

rocket-triggered lightning return stroke at a range of 430 m.  Biagi et al. [2010] reported space 

stem/leader lengths ranging from 1 to 4 m and separations from the above leader channel ranging 

from 1 to 10 m (Figure 5-2).   

 Comparing the measured statistics for the natural stepped leader in this study with 

previously obtained statistics for interstep interval and step length using continuous-moving film 

(streak) cameras, it was found that both the interstep intervals and step lengths from this study 

are, in general, shorter in duration and length.  The measured statistics for interstep interval and 

step length are in better agreement with those measured for stepped leaders using photodiode 

arrays, and also in better agreement with those measured optically and through electric field 

waveforms for dart-stepped leaders in both natural and triggered lightning discharges [e.g., 
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Schonland, 1956; Krider, 1977; Orville and Idone, 1982, 1984, Davis, 1999].  It is likely that 

differences in measurement techniques are at least in part responsible for the shorter step lengths 

measured in comparison to past studies of negative stepped leaders.  From examination of 

previously obtained streak photographs, the author believes that step length could have been 

overestimated by measuring not only the length of the newly-formed section of leader channel, 

but the superposition of the newly-formed section of the leader channel and the luminosity wave 

traveling back up the existing leader channel after the step formation, the upward propagating 

luminosity wave often exhibiting luminosity comparable to that of the leader tip for some tens of 

meters up the existing channel.  Finally, the measured stepped leader propagation speeds in this 

study, assuming a range of 1 km, are in good agreement with those of Schonland et al. [1935] 

and Schonland [1956], on the upper boundary of those measured by Berger [1967], and on the 

lower boundary of those measured by Chen et al. [1999].  Including the maximum and minimum 

range corrections as listed in Table 5-2, the values for stepped leader speed remain within or very 

close to the statistical ranges calculated from past studies.   

 The good agreement between the spatial measurements of space stems/leaders compared 

to those measured in association with dart-stepped leaders in triggered lightning and of the 

stepped leader propagation speeds in comparison with previous optical studies of stepped leaders 

suggest that the estimate of 1 km range is reasonable.  It should also be noted that prior optical 

studies of leader propagation utilized such techniques as thunder ranging, cloud-base height 

estimation, and approximations for return stroke speed to estimate the distance between a given 

leader channel and an optical measurement.  The inherent errors in these lightning location 

techniques likely contribute to the relatively wide range of values for step length and two-

dimensional stepped leader propagation speed given in Table 5-1.   
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   Wang et al. [1999a] used the ALPS photodiode system to measure the total lengths of 

the upward propagating waves following the step formation, in this case the bottom 400 m of a 

dart-stepped leader preceding a rocket-triggered lightning return stroke, to be from several tens 

of meters to more than 200 m and the velocities of the upward propagating waves to be from 1.9 

x 10
7
 to 1.0 x 10

8
 m/s with an average value of about 6.7 x 10

7
 m/s.   The disparity between the 

measured average velocity (a minimum possible value) of about 10
7
 m/s in this study and that of 

Wang et al. [1999] is likely mostly due to the necessary assumption that, for the video data 

acquired, the observed propagation occurred for the full 3.33 µs frames. 
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Table 5-1.  Previous optically-obtained stepped leader statistics 

 Interstep 

Interval (µs) 

Step Length 

(m) 

Leader Speed 

(x 10
5
 m/s) 

Schonland et al. [1935] 10 - 200 40 - 100 3.8 

Schonland [1956] 37 - 124 10 - 200 0.8 - 8 

Berger [1967] 29 - 47 3 - 17 0.9 - 4.4 

Orville and Idone [1982] - - 5.9 - 15 

Chen et al. [1999] (Aus) 5 - 50 7.9 - 20 4.9 - 11 

Chen et al. [1999] (China) 18 - 21 8.5 4.9 - 5.8 

Krider [1974] 17-32 - - 

Lu et al. [2008] 0.2 - 15.7 - 15 
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Figure 5-1.  Two frames of a dart-stepped leader preceding the eighth return stroke of flash UF 

08-18 on September 17, 2008.  Each frame is shown in both true value and pixel-

inverted forms to better show the low luminosity features of the leader.  A space stem 

with length of about 2 m is evident in the frame immediately prior to the return 

stroke.  The space stem is separated from the above leader tip by about 4 m.  Adapted 

from Biagi et al. [2009].   
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Figure 5-2.  Ten consecutive frames (~42 µs) of a dart-stepped leader preceding the fifth return 

stroke of a triggered lightning discharge (flash UF 09-25 on June 29, 2009).  Space 

stems and/or space leaders are visible in seven of the frames.  Adapted from Biagi et 

al. [2010].   
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Figure 5-3.  A full-frame time-integrated image of the flash and identification of all branching 

structure.  The notation "P-X" refers to primary branches and the notation "S-X" 

refers to secondary branches, where "X" is an integer.  There were three primary 

branches and five secondary branches analyzed.  Photo courtesy of the author. 
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Table 5-2.  Measured stepped leader statistics assuming a range of 1 km.  Given in parentheses 

are range corrections for a maximum range of 2 km and a minimum range of 700 m.     

Branches
a
 

Number 

of Steps 

Avg. Interstep 

Interval (µs) 

Avg. Step 

Length (m) 

Avg. Leader Speed 

(x 10
5
 m/s) 

P-1 28 13.7 
4.8 

(+ 4.8 / -1.4) 

4.4 
(+4.4 / -1.3) 

P-2 21 14.9 
5.2 

(+5.2 / -1.6) 

4.6 
(+4.6 / -1.4) 

P-3 15 15.1 
5.1 

(+5.1 / -1.5) 

4.5 
(+4.5 / -1.4) 

S-1 5 21.3 
6.0 

(+6.0 / -1.8) 

2.7 
(+2.7 / -.8) 

S-2 6 23.9 
7.1 

(+7.1 / -2.1) 
- 

S-3 2 40.0 
6.0 

(+6.0 / -1.8) 
- 

S-4 3 12.2 
5.8 

(+5.8 / -1.7) 

6.2 
(+6.2 / -1.9) 

S-5 2 26.7 
5.4 

(+5.4 / -1.6) 
- 

a 
"P-X" represents a primary branch and "S-X" represents a secondary branch 
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Figure 5-4.  A five-step sequential artist sketch of the step formation process inferred from the 

3.3 µs frame data.  Time progresses from left to right and a total of 50 m of leader 

channel are drawn.   
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Figure 5-5.  First example of space stem/leaders of a natural negative stepped leader step.  Five consecutive 3.33 µs frames are shown 

(about 16.7 µs total).  The frames span 70 m in altitude are 32 m horizontally, assuming a range of 1 km.  Time progresses 

from left to right.  Photos courtesy of the author. 
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Figure 5-6.  Second example of space stem/leaders of a natural negative stepped leader step.  Five consecutive 3.33 µs frames are 

shown (about 16.7 µs total).  The frames span 70 m in altitude are 32 m horizontally, assuming a range of 1 km.  Time 

progresses from left to right.  Photos courtesy of the author. 
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Table 5-3.  Measured space stem/leader statistics assuming a range of 1 km.  Given in 

parentheses are range corrections for a maximum range of 2 km and a minimum 

range of 700 m. 

a 
The ending point in space of the leader step and the top of the subsequent space stem/leader 

occurred in the same pixel but after the leader step luminosity became undetectable.   

 

 

 

 

 

 

 

 

 

 

 

 

Space Stem/Leader 

Number 
Length (m) 

Distance from Previous Leader Channel 

Tip (m) 

1   3.0     (+3.0 / -0.9) 3.2     (+3.2 / -0.9) 

2   5.0     (+5.0 / -1.5) 1.0     (+1.0 / -0.3) 

3   3.2     (+3.2 / -1.0) 2.2     (+2.2 / -0.7) 

4   3.0     (+3.0 / -0.9) 3.0     (+3.0 / -0.9) 

5   4.2     (+4.2 / -1.2) 0.0
a
   (+0.0 / -0.0)

 

6   4.2     (+4.2 / -1.2) 2.0     (+2.0 / -0.6) 

7   3.2     (+3.2 / -1.0) 3.2     (+3.2 / -0.9) 

8   2.4     (+2.4 / -0.7) 3.2     (+3.2 / -0.9) 

9   3.2     (+3.2 / -1.0) 3.6     (+3.6 / -1.1) 

10   3.2     (+3.2 / -1.0) 2.2     (+2.2 / -0.7) 

11   5.0     (+5.0 / -1.5) 2.0     (+2.0 / -0.6) 

12   5.1     (+5.1 / -1.5) 1.4     (+1.4 / -0.4) 

13   4.6     (+4.6 / -1.4) 1.4     (+1.4 / -0.4) 

14   5.5     (+5.5 / -1.6) 0.0
a
   (+0.0 / -0.0) 

15   4.6     (+4.6 / -1.4) 1.4     (+1.4 / -0.4) 

16   3.0     (+3.0 / -0.9) 3.0     (+3.0 / -0.9) 

Averages   3.9     (+3.9 / -1.2) 2.1     (+2.1 / -0.6) 

Biagi et al. [2010] 1 - 4 1 - 10 
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Figure 5-7.   Images of space stems.  A) space stem #1, and B) space stem #2.  Five consecutive 

3.33 µs frames are shown (about 16.7 µs total).  The frames span 70 m in altitude are 

32 m horizontally, assuming a range of 1 km.  Time progresses from left to right.  

Photos courtesy of the author. 
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Figure 5-8.  Images of space stems.  A) space stem #3, and B) space stem #4. Five consecutive 

3.33 µs frames are shown (about 16.7 µs total).  The frames span 70 m in altitude are 

32 m horizontally, assuming a range of 1 km.  Time progresses from left to right.  

Photos courtesy of the author. 
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Figure 5-9.  Images of space stems.  A) space stem #5, and B) space stem #6.  Five consecutive 

3.33 µs frames are shown (about 16.7 µs total).  The frames span 70 m in altitude are 

32 m horizontally, assuming a range of 1 km.  Time progresses from left to right.  

Photos courtesy of the author. 
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Figure 5-10.  Images of space stems.  A) space stem #7, and B) space stem #8.  Five consecutive 

3.33 µs frames are shown (about 16.7 µs total).  The frames span 70 m in altitude are 

32 m horizontally, assuming a range of 1 km.  Time progresses from left to right.  

Photos courtesy of the author. 
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Figure 5-11.  Images of space stems.  A) space stem #9, and B) space stem #10.  Five 

consecutive 3.33 µs frames are shown (about 16.7 µs total).  The frames span 70 m in 

altitude are 32 m horizontally, assuming a range of 1 km.  Time progresses from left 

to right.  Photos courtesy of the author. 
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Figure 5-12.  Images of space stems.  A) space stem #11, and B) space stem #15.  Five 

consecutive 3.33 µs frames are shown (about 16.7 µs total).  The frames span 70 m in 

altitude are 32 m horizontally, assuming a range of 1 km.  Time progresses from left 

to right.  Photos courtesy of the author. 
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Figure 5-13.  Space stem #16.  Five consecutive 3.33 µs frames are shown (about 16.7 µs total).  

The frames span 70 m in altitude are 32 m horizontally, assuming a range of 1 km.  

Time progresses from left to right.  Photos courtesy of the author. 
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CHAPTER 6 

"CHAOTIC" DART LEADERS IN TRIGGERED AND NATURAL LIGHTNING 

This chapter presents the first published observations of "chaotic" dart leaders preceding 

triggered lightning return strokes, and the first close-range (< 1 km) observations of "chaotic" 

dart leaders preceding natural lightning subsequent strokes.  The data presented include electric 

field derivative (dE/dt) and energetic radiation waveforms in addition to high-speed photographs.  

The chapter begins with an in-depth literature review of "chaotic" leader processes associated 

with natural lightning, followed by a brief description of the experimental setup.  The "chaotic" 

dart leader process is then compared to the more well-understood dart and dart-stepped leader 

processes that occur in association with triggered and natural lightning return strokes, and to 

previous accounts of "chaotic" dart leaders (or similar phenomena) preceding natural lightning 

subsequent return strokes.   Detailed results and discussions are presented for two of the four 

"chaotic" dart leaders associated with triggered lightning return strokes recorded during summer 

2010.  Finally, waveforms are presented and discussed for two "chaotic" dart leaders that 

occurred in the same natural lightning flash during summer 2011.  Some of the results for 

triggered lighting "chaotic" dart leaders have been published in Hill et al. [2012].   

6.1 Literature Review 

 The electromagnetic emissions of descending negatively-charged dart leaders and dart-

stepped leaders preceding subsequent return strokes in natural and triggered lightning have been 

well studied [e.g., Schonland et al.,1935; Krider et al., 1977; Orville and Idone, 1982; Guo and 

Krider, 1985; Jordan et al., 1992; Wang et al., 1999]. References in the literature to the "chaotic" 

leader process are relatively few [e.g., Weidman, 1982; Bailey et al., 1988; Willett et al., 1990; 

Rakov and Uman, 1990; Davis, 1999; Gomes et al., 2004; Makela et al., 2007; Lan et al., 2011] .  

Further, the term "chaotic" leader is not well defined but has, in general, has been used to refer to 
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a relatively continuous sequence of irregular electric field pulses occurring within the roughly 2 

ms preceding a subsequent return stroke in natural lightning.  These pulses are different from the 

more-well-documented dart-stepped leader pulses.  In his Ph.D dissertation, Weidman [1982, p. 

77] was the first to use the term "chaotic" to differentiate the newly-identified leader process 

from the dart or dart-stepped leader process.  Weidman [1982] in his Figure 3.17b and 3.17c 

shows two leader electric field derivative (dE/dt) waveforms demonstrating an irregular 

sequence of pulses in the final 22 µs prior to the return stroke that are clearly different from the 

dart-stepped leader record in his Figure 3.17a.  The causative discharges occurred mostly over 

salt water at distances of 10 to 60 km from the measuring station located on Anna Maria Island 

near the southern entrance to Tampa Bay, Florida.  Bailey et al. [1988] reported on four events 

termed "chaotic subsequent strokes" with similar rapidly-varying irregular pulses immediately 

prior to the onset of the return stroke in the dE/dt waveforms.  The discharges occurred over salt 

water at distances from 15 to 45 km from the measuring station located at the Kennedy Space 

Center in Florida.  They also found that "chaotic subsequent strokes" produced larger positive 

and negative peak dE/dt (return stroke) signatures than those preceded by normal dart leaders or 

dart-stepped leaders.  Willett et al. [1990] recorded 15 events classified as "chaotic" leaders from 

three storms at ranges less than 35 km using the equipment described in Bailey et al. [1988].  In 

their Figure 1, they give a "chaotic" leader dE/dt waveform showing an irregular pulse sequence 

similar to those reported by Weidman [1982] and by Bailey et al. [1988].  The pulse sequence 

extends backwards in time to at least 60 µs before the return stroke.  Rakov and Uman [1990] 

analyzed 15 subsequent return strokes with preceding "chaotic" leader signatures in 76 close, 

over land, negative cloud-to-ground lightning discharges containing a total of 270 subsequent 

return strokes.  The data were recorded near Tampa, Florida.  Similar to the results of Bailey et 
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al. [1988], they reported that the "chaotic" leaders are more likely to precede the larger peak-

electric-field return strokes in a given flash.  They suggest that the irregular pulse signature of 

the "chaotic" leader could be associated with an unknown stepping process of a dart leader that 

had previously moved continuously downward along the pre-conditioned channel, and also 

propose that the "chaotic" leader process might be related to the electromagnetic interaction 

between the simultaneously propagating downward-moving, negatively-charged leader channel 

and the upward-moving, positively-charged connecting leader channel.   Perhaps the most 

thorough analysis of the "chaotic" leader process is found in the Ph.D dissertation of Davis 

[1999].  A total of 12 "chaotic" leaders were recorded in 16 negative cloud-to-ground lightning 

discharges at the Kennedy Space Center, Florida.  Time-of-arrival (TOA) techniques were 

employed to locate dE/dt sources in three dimensions from a five station network of flat plate 

antennas covering an area of 15 km x 15 km (this network was previously discussed in Chapter 

4).  The average leader speeds for two "chaotic" leader events were calculated to be 3.2 x 10
7
 m/s 

and 5.0 x 10
7 
m/s, speeds higher than those typically associated with dart-stepped leaders and in 

better agreement with the speeds of dart leaders.  For two "chaotic" leader events, the median 

interpulse intervals were determined to be 0.9 µs and 1.45 µs respectively for a threshold 4.4% 

above the background noise level.  A total of eight "chaotic" leader waveforms are shown, with 

durations varying from a few tens of microseconds to about 180 µs.  Of particular interest is the 

bottom dE/dt trace in Davis [1999, p.111].  What appears as a typical dart-stepped leader for the 

first 870 µs of the record (accounting for a 30 µs dead time between each recording) transitions 

into a "chaotic" leader in at least the final 180 µs before the return stroke.  Gomes et al. [2004] 

recorded Chaotic Pulse Trains (CPT) in 95 of the 169 lightning discharges they recorded in 

Sweden, Denmark, and Sri Lanka.  The authors chose to use the term "Chaotic Pulse Train" as 
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opposed to "chaotic" leader or "chaotic subsequent stroke" because in several cases they 

observed irregular sequences of pulse activity independent of subsequent return strokes.  The 

causative storms were 10 to 150 km distant.  It was reported that "Chaotic Pulse Trains" 

immediately preceding subsequent return strokes had pulse widths generally from 2 to 4 µs 

(measured as short as 400 ns), interpulse intervals from 2 to 20 µs, and mode value duration of 

400 to 500 µs.   Makela et al. [2007] also performed an analysis of "chaotic" leaders in Sri Lanka 

using both a wideband (upper frequency limit of about 12 MHz) flat plate electric field antenna 

and a vertical antenna tuned to a resonant frequency of 10.44 MHz with bandwidth of 2.02 MHz.  

They analyzed 34 lightning flashes containing 74 subsequent return strokes, over 30% of which 

appeared to be preceded by "chaotic" leaders.  The discharges were estimated to occur at 

distances from 1 to 7 km from the measuring station.  They reported that the "chaotic" 

component during the leader phase had average duration of about 300 µs but rarely exceeded 500 

µs.  Using the narrowband HF data, they also found that the HF intensity of individual peaks of 

the "chaotic" component present during the leader phase preceding a subsequent return stroke 

can approach the intensity level recorded from the actual return stroke, in stark contrast to the 

typically weak emission from both dart and dart-stepped leaders.  Lan et al. [2011] analyzed 210 

return strokes in 74 negative cloud-to-ground flashes in China.  They reported that 48% of the 

subsequent return strokes in the study were preceded by a chaotic component (referred to as 

CPT) with average duration of 472 µs.  The widths of individual CPT pulses were found to range 

from 0.5 to 8 µs.  From two-station interferometer measurements, the propagation velocities of 

the downward leaders associated with CPT were found to be about 2.0 x  10
7
 m/s.  

 Here, two classes of previously un-published electric field derivative and energetic 

radiation waveforms are presented, 1) the first "chaotic" dart leader waveforms associated with 
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triggered lightning return strokes, 2) the first close-range (< 1 km) "chaotic" dart leader 

waveforms associated with natural lightning subsequent strokes.  Recall that triggered lightning 

return strokes are similar to natural lightning subsequent strokes.  In the previous studies of 

"chaotic" leaders preceding natural subsequent return strokes, no detailed analysis has been 

performed of the characteristics of the sub-microsecond irregular field variations.  Of four 

observed triggered lightning "chaotic" dart leaders, the sub-microsecond field variations of two 

"chaotic" dart leaders within 6 µs of the triggered lightning return stroke and within about 200 m 

of ground are examined in detail, establishing new terminology to describe the slower 

background field changes of the order of hundreds of nanoseconds and the faster field variations 

of the order of tens of nanoseconds superimposed on the slower background field changes.  A 

similar analysis is performed for two "chaotic" dart leaders that preceded the third and fourth 

return strokes of a natural lightning flash.  Measured statistics are provided for the pulse width of 

the slower background field changes, and pulse width and amplitude for the faster superimposed 

field variations.  Finally, the term "chaotic" dart leader is adopted instead of previously used 

terms because the overall characteristics of the leader process closely resemble those of a typical 

dart leader with superimposed irregular sequences of pulses in the electric field derivative 

signature observed in at least the bottom 200 m of the leader channel.  Some of the new data 

presented here are also found in Hill et al. [2012].   

 Measurements from ground-based energetic radiation detectors have shown that roughly 

80% of dart and dart-stepped leaders preceding rocket triggered lightning return strokes emit 

detectable energetic radiation (primarily x-rays and gamma rays) when they are within several 

hundred meters of ground, that is, within a few hundred microseconds of the subsequent return 

stroke initiation [e.g., Dwyer et al., 2003, 2004, 2011; Saleh et al., 2009].  Howard et al. [2008] 
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used TOA technique to show that the high-frequency electric field sources emitted from a 

descending negatively-charged dart-stepped leader preceding a rocket triggered lightning return 

stroke were both in close spatial proximity (less than 50 m) and temporal relation (0.1 to 1.3 µs 

preceding) to the corresponding x-ray sources.  In this chapter, the first measurements of 

energetic radiation specifically associated with "chaotic" dart leader processes are presented and 

compared to the emissions radiated by typical dart and dart-stepped leaders preceding rocket-

triggered lightning return strokes.   

 Finally, high-speed video images are provided of two triggered lightning "chaotic" dart 

leaders within 140 m of the ground and compared to the optical characteristics of those recorded 

for dart and dart-stepped leaders.   

6.2 Experimental Description and Data Processing Techniques 

 The electric field, energetic radiation (x-rays and gamma rays), and high-speed 

photographic measurements described in this chapter were obtained during the summers of 2010 

and 2011 at the ICLRT.  As discussed in Section 2.11, lightning was artificially initiated 

(triggered) by launching a 1 m fiberglass rocket carrying a 700 m spool of 32 AWG kevlar-

coated copper wire toward a region of high negative charge concentration produced by an 

overhead or nearby thunderstorm.  The end of the wire spool was connected to the grounded 

rocket launcher.  A detailed description of the triggered lightning process was given in Section 

1.5.  Triggered lightning return strokes discussed in this chater were triggered to the Tower 

Launcher (Section 2.11.1) and to the Field (Ground) Launcher (Section 2.11.2).  Refer to Figure 

2-1 for the spatial locations of both launching facilities.  In both launching configurations, 

current was measured just below the strike object, the rocket launcher in the Tower Launcher 

configuration and the intercepting rod in the Field Launcher configuration, with a non-inductive 

T&M Research R-7000-10 current viewing resistor (CVR) having a bandwidth from DC to 8 
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MHz.   The implementation of the current measuring systems during summer 2010 was 

discussed in detail in Section 2.12.2, and shown graphically in Figures 2-21 and 2-22. 

  Electric field derivative (dE/dt) waveforms were recorded at ten distances from the 

lightning channel base ranging from 37 m to 443 m with flat plate antennas of area 0.155 m
2
.  

The -3 dB bandwidth of the antenna response is about 40 MHz (determined by the antenna 

capacitance and the load impedance), but the received signals are bandwidth limited to 20 MHz 

by the fiber-optic data transmission system and the anti-aliasing filter at the digital storage 

oscilloscope (DSO) input.  A thorough description of the dE/dt antennas used at the ICLRT was 

given in Section 2.13.  The ten dE/dt antennas comprise a small-area (around 0.25 km
2
) time-of-

arrival (TOA) network, similar to that described in Howard et al. [2008, 2010], capable of 

locating high-frequency electric field sources in three dimensions with high spatial and temporal 

resolution when the sources are within about 500 m of the ground.  The dE/dt TOA network was 

described in detail in Chapter 3.  Sources are located spatially and temporally by using the signal 

arrival times at each available station (imposing a N ≥ 5 threshold), derived from measurement 

of the peak dE/dt with 4 ns accuracy, the sampling resolution of the system, as input to a non-

linear least squares Marquardt algorithm similar to that described in Thomas et al. [2004] and 

Koshak et al. [2004].  Actual signal arrival times are calculated by removing the artificial 

propagation delays introduced by BNC and fiber-optic cable runs from each sensor to the DSO 

inputs.  The propagation delays are measured with an accuracy greater than the sampling resolution 

of the system.  The removal of artificial time delays, the signal arrival time selection process, and the 

TOA solution algorithm were described in detail in Sections 3.3, 3.5, and 3.8.   

 Energetic radiation measurements were co-located within 10 m of each dE/dt sensor.  

Two lanthanum bromide (LaBr3) and eight 1 m
2
  plastic scintillation devices were employed.  

The LaBr3 detectors were each mounted to a photomultiplier tube (PMT).  Two PMTs were 
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mated to opposite sides of each plastic scintillator.  The LaBr3 detectors were calibrated using a 

662 keV Cs-137 gamma ray source.  A plot of the LaBr3 detector single-photon response to the 

calibration source in given in Figure 6-1.  The typical amplitude response of the sensor to the 

calibration source is 152 mV and the typical full pulse width is 184 ns.  A thorough discussion of 

the design, implementation, and operation of the LaBr3 and plastic energetic radiation detectors 

at the ICLRT was given in Section 2.14.  As noted in Section 3.2, the spatial positions of all 

dE/dt sensors and energetic radiation detectors were measured to an accuracy of 1 cm to the 

center of the sensor using a Differential Global Positioning System (DGPS) for the lateral 

coordinate measurements and a closed level loop for the altitude coordinate measurements.  State 

plane coordinate measurements were based on the Florida North NAD83 data.  The coordinates 

were converted to a local coordinate system with origin at the far southwest corner of the ICLRT 

(Section 3.2).  In this chapter, all altitude measurements are referenced to the local coordinate 

system origin.  The spatial locations of all dE/dt and energetic radiation measurements included 

in the TOA network were given in Table 3-1 and are shown graphically in Figure 2-36 (2010 

configuration). 

 Video images of the triggered lightning discharges were acquired from a distance of 430 

m (Tower Launcher) using a Photron SA1.1 high-speed camera (Section 2.9) operated at a frame 

rate of 300 kfps.  A 20 mm Nikon lens was mounted to the camera and was set to an aperture of 

F/4.  This configuration provided a spatial resolution of 0.43 m/pixel and a total vertical field of 

view of 138 m.  The camera was configured to record a pixel region measuring 320 x 32 (vertical 

x horizontal) with 12-bit grayscale amplitude resolution.   

 During summer 2010, with the exception of one LaBr3 detector, all dE/dt and energetic 

radiation measurements were transmitted to the Launch Control trailer via Opticomm MMV-
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120C FM fiber-optic links with nominal bandwidth of DC-30 MHz (Section 2.3).  The output 

from the LaBr3 detector at Station 25 was transmitted directly to the DSO input over 

approximately 20 m of double-shield coaxial cable to achieve higher bandwidth and signal-to-

noise ratio.  The coaxial cable was enclosed in braided wire for additional electromagnetic 

shielding.  All signals were digitized at a sampling rate of 250 MS/s by LeCroy Waverunner 44 

Xi DSOs with 8-bit amplitude resolution (Section 2.4.3) .  The Waverunner 44 Xi DSOs were 

operated in segmented memory mode and were capable of recording 10 segments, each of 5 ms 

length.  The segments for all DSOs were configured to record with 50% pre-trigger (Section 

2.4.3).  As noted in Section 2.7, the data acquisition system and high-speed camera were 

triggered to begin recording when the current measured at the lightning channel base exceeded a 

threshold of about 6 kA.   

 During summer 2011, the outputs of the 10 dE/dt sensors were recorded in parallel with 

the ICLRT DSO network by the HBM Genesis digitization system described in Section 2.5.  The 

output of each dE/dt sensor was digitized in the field at 100 MS/s and the digital data were 

transmitted to the HBM GEN16t transient recorder in the Office Trailer over single-mode fiber.  

Waveform data surrounding each return stroke were recorded in 20 ms segments with 50% pre-

trigger.   

6.3 Background and Overall Characteristics of "Chaotic" Dart Leaders 

 To describe the "chaotic" dart leader process appropriately, it was necessary to develop 

criteria to differentiate "chaotic" dart leaders from the more common dart leaders and dart-

stepped leaders that also precede triggered lightning return strokes.  In Figure 6-2, dE/dt and 

associated energetic radiation waveforms corresponding to the three classifications of leader 

types are shown on a 14 µs time scale.  The vertical scales of all three dE/dt measurements have 

been truncated to better show the lower amplitude field changes occurring during the leader 
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phases.  The peak dE/dt measured in association with each subsequent return stroke is given for 

reference.  The three dE/dt waveforms were measured 177 m from the triggered lightning 

channel base (Station 7) and the three corresponding energetic radiation waveforms were 

recorded with a LaBr3 detector 45 m from the lightning channel base (Station 25).   A typical 

dart leader dE/dt waveform is shown at the top Figure 6-2 of Panel A.  The dart leader waveform 

is characterized by subtle, relative slow (of the order of several hundred nanoseconds) variations 

in the electric field within the roughly 5 µs preceding the subsequent return stroke.  The 

energetic radiation measured in association with the same dart leader is shown at the bottom of 

Panel A.  A short burst (about 2 µs in duration) of relatively weak energetic radiation was 

recorded immediately prior to the onset of the return stroke.  There were no additional deviations 

from the system noise with the exception of several weak signals detected about 4 µs prior to the 

return stroke.  At the top of Panel B in Figure 6-2, a dE/dt waveform is shown of a typical dart-

stepped leader preceding a triggered lightning return stroke.  The dart-stepped leader is 

characterized by pronounced pulses corresponding to individual leader steps occurring at 

intervals of 1 to 2 µs.  The energetic radiation waveform measured from the same dart-stepped 

leader is shown at the bottom of Panel B.  Here, discrete bursts of energetic radiation were 

measured in association with most leader step pulses presented at the top of Panel B.  Note that 

the pulses of energetic radiation are not exactly time aligned with the above dE/dt leader step 

pulses because the dE/dt measurement co-located with the LaBr3 sensor saturated during this 

event.  The output of a different antenna is plotted, which introduces propagation path-length 

differences.  Finally, at the top of Panel C in Figure 6-2, a dE/dt waveform is shown from a 

"chaotic" dart leader.  The "chaotic" dart leader demonstrates the same subtle electric field 

variations within the 5 µs preceding the return stroke as does the typical dart leader shown at the 
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top of Panel A.  In addition, however, superimposed on the slower electric field variations is a 

relatively continuous series of very narrow (of the order of tens of nanoseconds) pulses, 

frequently with amplitudes comparable to the pulses recorded in association with dart-stepped 

leader dE/dt steps shown at the top of Panel B.  At the bottom of Panel C, the energetic radiation 

measured from the "chaotic" dart leader is shown.  A relatively continuous burst of energetic 

radiation was recorded beginning at about t = -8.0 µs and continuing to the return stroke.  The 

"pile up" characteristic shown is a result of energetic photons arriving at the detector at shorter 

intervals than the single photon response pulse-width (shown in Figure 6-1 to be about 184 ns) 

and is not necessarily indicative of the detection of more energetic photons.        

 From the dE/dt and energetic radiation waveforms presented in Figure 6-2, it is clear that 

the electromagnetic emission of the "chaotic" dart leader is distinctly different than that of 

typical dart and dart-stepped leaders.  "Chaotic" dart leaders exhibit large, high-frequency 

irregular variations in the electric field immediately prior to the return stroke that are not 

observed from typical dart leaders.  The characteristics of these pulses are also generally 

dissimilar from dart-stepped leader pulses and occur nearly continuously as opposed to 

discretely.  In some cases, the distinction between "chaotic" dart leaders and dart leaders is less 

obvious.  Some dart leaders exhibit very pronounced slower background field changes within 10 

µs of the return stroke similar to "chaotic" dart leaders, but do not exhibit a significant series of 

superimposed high-frequency pulses.  As suggested by Bailey and Willett [1989] and Lan et al. 

[2011], there may be a continuum of characteristics between the observed electric field emissions 

of "chaotic" dart leaders and ordinary dart leaders, in part influenced by the system noise level, 

system sensitivity and frequency response, and measurement location.  A more clearly defined 

metric than the characteristics of the dE/dt used previously for differentiating between the 
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"chaotic" dart leader and dart leader processes is apparently the intense emission of energetic 

radiation by the "choatic" dart leader.  As shown in Figure 6-2, the energetic radiation emitted 

from the "chaotic" dart leader is more continuous and longer in duration than the typical 

emission from dart leaders and is also dissimilar from the discrete bursts of energetic radiation 

emitted in association with dart-stepped leader steps.   

6.4 Data and Analysis 

 A total of four "chaotic" dart leaders were observed between June and August of 2010 in 

association with triggered lightning return strokes.  General information for each "chaotic" dart 

leader is shown in Table 6-1 (these events are also tabulated in Table 4-3).  Shot designations are 

given in the form "UF 10-XX" where "XX" denotes the shot number of the calendar year.  The 

first event recorded was triggered to the Field (Ground) Launcher while the remaining three 

events were triggered to the Tower Launcher.  The first three "chaotic" dart leaders preceded the 

first return stroke following the initial stage process (Section 1.5).  The final event preceded the 

third return stroke in a flash that had nine return strokes.  The peak return stroke currents 

measured at the channel-base for these events ranged from 17.1 to 43.1 kA, all larger than typical 

triggered lightning return stroke peak currents of 10 to 15 kA [e.g., Rakov and Uman, 2003].   

The dE/dt and energetic radiation emissions of two "chaotic" dart leaders that occurred in 

triggered lightning flashes UF 10-13 and UF 10-24 are analyzed in detail in Sections 6.4.1 and 

6.4.2, respectively.  In Section 6.4.3, high-speed video images of two "chaotic" dart leaders 

triggered to the Tower Launcher are presented and analyzed.  A discussion of the observations 

and results presented for "chaotic" dart leaders associated with triggered lightning return strokes 

is given in Section 6.4.4.  In Section 6.4.5, dE/dt and energetic radiation waveforms are 

presented for two "chaotic" dart leaders that preceded the third and fourth return strokes of 

natural flash MSE 11-01 on July 7, 2011.  Finally, in Section 6.4.6, the observations and results 
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presented for the triggered lighting "chaotic" dart leaders are compared with those of the two 

natural lightning "chaotic" dart leaders.   

6.4.1 Triggered Lightning Flash UF 10-13 

 Flash UF 10-13 exhibited one return stroke and was triggered to the Field (Ground) 

Launcher at 20:09:37.357362 (UT) on June 21, 2010.  The measured peak return stroke current 

was 43.1 kA.  An 18 µs plot of the dE/dt waveform measured at Station 17, located 183 m from 

the lightning channel base, in shown in Figure 6-3A.  The pronounced "chaotic" emission is 

recorded beginning at about time t = -7.0 µs in the plot, about 6.0 µs prior to the onset of the 

return stroke.  There were a total of seven slowly varying field changes that are termed "bursts".  

The seven bursts ranged in width from 144 ns to 384 ns with an average of 261 ns.  Burst width 

measurement was to some extent subjective.  Superimposed on each burst was a series of narrow 

pulses.  Shown in Figure 6-3B is a 2 µs window of the waveform in Figure 6-3A bounded by the 

vertical dotted lines.  The amplitude scale in Figure 6-3B has been reduced to better show the 

fine structure of the waveform.  There are three bursts annotated in Figure 6-3B by vertical 

dotted lines, the third, fourth, and fifth bursts measured during the event.  Burst 3 had total width, 

as shown by the vertical lines, of 292 ns with a total of eight superimposed pulses, Burst 4 had 

total width of 264 ns with seven superimposed pulses, and Burst 5 had total width of 240 ns with 

six superimposed pulses.  For each of the three bursts, there are four individual pulses annotated 

that are numbered sequentially with increasing time.  Shown in Figure 6-3C is a second dE/dt 

waveform measured 143 m from the lightning channel base at Station 25, corresponding to the 

time region shown in Figure 6-3B.  The purpose of this plot is to show the correlation of the 

burst and pulse waveform features across multiple channels.  A similar aligning process is used 

for all ten dE/dt channels when TOA calculations are performed (Section 3.5).   
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 There were a total of 73 pulses analyzed for shape and amplitude.  Measurement criteria 

for burst width, pulse width, and pulse amplitude are illustrated in Figure 6-4.  Pulses ranged in 

full width from 12 to 68 ns and in amplitude above the burst level from 0.5 to 3.6 kV/m/µs (at a 

distance of 183 m).   The average full pulse width was 37 ns with standard deviation of 11 ns and 

the average pulse amplitude was 1.6 kV/m/µs with standard deviation of 0.5 kV/m/µs.  The full 

width of the pulses were measured as opposed to the full width at half maximum because the 

sampling frequency was typically insufficient to establish an accurate half maximum amplitude.  

Pulse amplitude was measured from the pulse peak to the lesser amplitude of the two pulse 

endpoints.  It is estimated that both the true pulse width and amplitude could differ from the 

somewhat subjectively measured values, width by 30 to 50% and amplitude by as much as a 

factor of two.  In addition, it is possible the pulses are in fact narrower than observed, but are 

bandwidth limited by the antenna and fiber-optic link.   

 The three-dimensional source locations (x, y, z) and associated location uncertainties (Δx, 

Δy, Δz), along with the emission times (t) for the 12 located pulses determined using the TOA 

technique described in Section 3.8 are given in Table 6-2.  Also provided in Table 6-2 are the 

calculated velocities between subsequent source locations (Δp/Δt).  Calculated velocities are 

given only for those cases in which successive pulses in the record were located.  Considering 

the typically straight and vertical geometry of a triggered lightning channel at low altitude, it is 

not surprising that the lateral (x, y) source location estimates for the located pulses in all three 

bursts fall within a plane of dimensions roughly 10 m square.  The estimated altitude source 

locations, however, tend to vary fairly significantly among the pulses within a given burst.  For 

Burst 3, the estimated altitude source locations for Pulses 1-3 decrease linearly.  In Burst 4, the 

estimated altitude source locations for each locatable pulse appear to "bounce" up and down for 
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each subsequent pulse, differing by as much as 33 m between adjacent pulses.  Interestingly, the 

calculated velocities between Pulse 1 and Pulse 2 and between Pulse 2 and Pulse 3 both exceed 

the speed of light.  The most likely explanation for this fact is that high-frequency emission is 

being radiated from multiple (perhaps many) points within a few tens of meters of the leader tip 

nearly simultaneously.  The four consecutive pulses located within Burst 5 also have altitude 

source location estimates that bounce up and down for each subsequent pulse, varying by up to 

15 m between adjacent pulses.  Once again, the calculated velocities between all three sets of 

subsequent pulses approach or exceed the speed of light.   

 There were a total of 73 pulses located within the 6 µs prior to the return stroke, ranging 

from a maximum altitude of about 211 m to a minimum altitude of about 32 m (or from 207 m to 

28 m above local ground level at the location of launcher).  The top of the intercepting rod at the 

Field (Ground) Launcher was located at an altitude of about 18 m with respect to the local 

coordinate system origin, or about 14 m above local ground level.  In Figure 6-5 three-

dimensional source locations for all located pulses are plotted.  The data points are color-coded 

in one microsecond intervals based on the emission time relative to the return stroke.  Two 

additional data points in a small black box at the bottom of the channel correspond to the source 

locations for the two fast transition peaks associated with the onset of the return stroke (two large 

pulses annotated in Figure 6-3A, peaking at approximately t = -1.0 µs and t = -0.5 µs 

respectively), both at altitudes of about 37 m, and likely associated with the junction point(s) of 

the downward and upward connecting leaders from the launch facility [e.g., Jerauld et al., 2007; 

Howard et al., 2010].  The spatial locations of the ten dE/dt sensors are also plotted in Figure 6-5 

for reference.  
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 The vertical velocity of the "chaotic" dart leader was estimated by fitting a line to a 

scatter plot of the altitude source locations versus emission time for the 73 pulses located prior to 

the return stroke.  The plot and corresponding line of best fit are shown in Figure 6-6.  The 

estimated vertical velocity was 3.3 x  10
7
 m/s with a correlation coefficient of 0.95. 

 In Figure 6-7A, a dE/dt waveform is plotted that was measured 183 m (Station 17) from 

the lightning channel base.  In addition, three channel base current waveforms are shown at 

different sensitivities in Figure 6-7B, C, and D.  The channel base current waveforms were 

obtained from three different measurements with sensitivities to record peak currents to about 

150 A for the Very-Low Current, about 6.7 kA for the Low Current, and about 55 kA for the 

High Current.  Cabling and fiber-optic time delays have been removed from all waveforms.  In 

addition, the propagation delay from the spatial location of the first fast transition pulse to the 

dE/dt sensor has also been removed from the waveform in Figure 6-7A.  Finally, the time delay 

to the current viewing resistor of the downward-moving return stroke current wave initiated at 

the spatial location of the fast transition pulse has been removed from the all current waveforms, 

assuming a current propagation velocity of 1.1 x 10
8
 m/s.  In Figure 6-7B, the channel base 

current begins to increase from the system noise level (current is assumed to be zero at this 

point) at about t = -7.2 µs.  This point is annotated by a dotted vertical line.  The current 

increases relatively slowly over the next 4 µs to a level of about 28 A, after which the current 

increases more rapidly over the next 1.4 µs.  At t = -1.8 µs, the onset of the return stroke occurs 

in the dE/dt record plotted above in Figure 6-7A.  The relatively slow and smooth current rise 

over the time span of about 5.4 µs likely indicates the initiation of an upward positive leader 

[e.g., Lalande et al., 1998].  The current at this time is annotated with a dotted vertical line and is 

at a level of about 1.4 kA, apparently the peak value of the upward leader current.  With the 
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assumption that the two fast transition pulses, which were located at an altitude of about 37 m, 

originate with the connections of the upward and downward leaders, the upward positive leader 

would have needed to propagate at an average velocity of about 3.7 x 10
6
 m/s to traverse the 20 

m distance between the top of the intercepting rod and the spatial location of the fast transition 

pulses.   

 The "chaotic" dart leader of UF 10-13 was an intense emitter of energetic radiation.  In 

Figure 6-8, an 18 µs record is plotted of the energetic radiation measured by a LaBr3 detector 

located 154 m (Station 25) from the lightning channel base.  A relatively continuous burst of 

energetic radiation pulses begins at about t = -12.5 µs in the plot, about 11 µs prior to the return 

stroke.  For the next 5 µs time period, ending at about t = -7.5 µs, the emission is often recorded 

with enough time between incident photons to allow the detector output to decay back near the 

zero level prior to the arrival of the next photon(s).  Many of the pulses recorded during this time 

period have widths of the order of 200 ns, suggesting, from Figure 6-1, that the detector recorded 

single photons.  A fit of the detector response to the apparently single photon events reveals that 

most of the detected photons have energies between several hundred keV to about 2 MeV.  The 

energies for five single photon events were calculated and are shown in Figure 6-8 beneath the 

vertical arrows.  With the assumption that the downward leader propagated with relatively 

constant velocity at low altitude, the velocity estimate calculated from the dE/dt TOA locations 

in Figure 6-5 can be used to estimate the height of the leader at the beginning of the continuous 

burst of energetic radiation at t = 12.5 µs.  This calculation yields an altitude of 395 m, about 184 

m higher in altitude than the highest located dE/dt pulse.  After about time  t = -7.5 µs in the plot, 

the detected photons arrive with interpulse intervals too short to allow the detector to decay prior 

to the arrival of the next photon.  This pronounced "pile up" effect extends through the time of 
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the return stroke, which is labeled and annotated in Figure 6-8 by a black dotted line.  The time 

of the return stroke was determined by aligning the waveform from the co-located dE/dt sensor 

with the LaBr3 detector waveform, accounting for signal transit delays over coaxial and fiber-

optic cables.  To understand why the single, higher energy photons were detected preceding the 

pile up of photons, the measured energies of which are undetermined, Monte Carlo simulations 

were performed by Dr. Joseph Dwyer of the Florida Institute of Technology [e.g., Hill et al. 

2012] starting with an initially spatially-localized region of energetic electrons at several heights 

above ground.  The results of the simulation show that for distant sources that occur a relatively 

long time before the return stroke, primarily the single, higher energy photons arrive at the 

detectors without appreciable Compton scattering, while for closer sources occurring just before 

the return stroke, many photons from the assumed source arrive at the detector closely spaced in 

time.  Interestingly, pulses of energetic radiation were detected for over a microsecond after the 

time of the return stroke.  It is generally thought that energetic radiation is only associated with 

the leader processes and most records do indeed show the radiation terminating at the start of the 

return stroke.      

6.4.2 Triggered Lightning Flash UF 10-24 

 Flash UF 10-24 with nine return strokes was triggered to the Tower Launcher on August 

13, 2010 at 19:44:35.013453 (UT).  The first two strokes of this flash had peak currents of 11.2 

kA and 10.2 kA respectively, and both were preceded by typical dart leaders.  The third stroke 

had a peak current of 28.3 kA and was preceded by a "chaotic" dart leader.  The fourth, sixth, 

and eighth strokes of the event were preceded by dart-stepped leaders, and the fifth, seventh, and 

ninth return strokes were preceded by normal dart leaders.  Of the four "chaotic" dart leaders 

recorded during summer 2010, this was the only one that did not precede the first return stroke.  
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Like the other three events, this "chaotic" dart leader preceded the stroke with the largest peak 

current of the flash.    

 In Figure 6-9A, a 12 µs dE/dt record is shown of the "chaotic" dart leader measured 179 

m (Station 8) from the lightning channel base.  The pronounced "chaotic" emission is recorded 

beginning at about t = -6.0 µs and continues through the time of the return stroke at about t = -0.3 

µs.  Similar to the event discussed in Section 6.4.1, the "chaotic" emission during this event can 

be generally characterized as relatively continuous series of narrow (tens of nanoseconds) pulses 

superimposed on slower (hundreds of nanoseconds) background field changes, which were 

termed "bursts".  There were a total of seven bursts recorded during this event.  Four bursts are 

annotated in Figure 6-9B, the third, fourth, fifth, and sixth bursts measured during this event.  

The temporal extent of each burst is marked by vertical dotted lines.  Burst 3 had total width of 

252 ns with ten superimposed pulses; Burst 4 had total width of 416 ns with 13 superimposed 

pulses; Burst 5 had total width of 456 ns with 15 superimposed pulses, and Burst 6 had total 

width of 224 with seven superimposed pulses.  For each burst, individual pulses are further 

annotated with integers increasing in time.  Shown in Figure 6-9CC is a second dE/dt waveform 

measured 177 m (Station 7) from the lightning channel base corresponding to the time region 

shown in Figure 6-9B.  Again, the purpose of this plot is to show the correlation of the burst and 

pulse waveform features for this event across multiple channels.   

 There were a total of 45 individual pulses analyzed for waveshape and amplitude.  These 

pulses ranged in width from 24 to 48 ns and in amplitude from 0.7 to 4.2 kV/m/µs (at a distance 

of 179 m).  The average pulse width was about 32 ns with standard deviation of about 6 ns and 

the average pulse amplitude was about 2.0 kV/m/µs with standard deviation of 0.7 kV/m/µs.  
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The three-dimensional source locations, associated location uncertainties, emission times, and 

calculated velocities between subsequent source locations for these pulses are given in Table 6-3.   

 Similar to event UF 10-13, the lateral source location estimates for all of the located 

pulses during the four bursts annotated in Figure 6-9A occur within a spatial region of about 10 

m square.  In Burst 3, three of the final four pulses of the burst were located.  The altitude 

coordinates of the three source locations covered a spatial region of about 6 m and tended to 

bounce up and down with increasing time over a time span of about 75 ns.  There were a total of 

13 pulses superimposed on Burst 4, all of which were located.  The first pulse of the burst 

occurred at an altitude of 110 m, followed over the next 191 ns by seven subsequent pulses all 

with altitude coordinates varying from 88 to 96 m.  There was no apparent spatial pattern to the 

source locations of these seven pulses.  The ninth pulse of the burst was located at an altitude of 

76 m followed by the tenth pulse at 103 m.  Interestingly, the emission time of the tenth pulse 

was calculated to be a fraction of a nanosecond prior to the ninth pulse, but occurred about 27 m 

higher in altitude.  The final three pulses of the burst fluctuated in altitude from about 75 to 82 m 

over a time span of about 65 ns and also tended to bounce up and down with increasing time.   

There were a total of eight located pulses in Burst 5.  The first three located pulses were 

consecutive at the beginning of the burst and decreased in altitude from 89 to 78 m over a time 

span of about 82 ns.  The next six pulses in the record increasing in time were not locatable.  The 

final five pulses in the record were located.  Pulses 4 through 6 decrease in altitude from 71 to 54 

m over a time period of about 94 ns.  Pulse 7 was emitted only 10 ns later in time than Pulse 6, 

but at an altitude of almost 72 m, a distance of about 18 m above Pulse 6.  The final pulse in the 

burst was located with similar altitude to Pulse 7.  There were four pulses successfully located 

within Burst 6.  The first two pronounced pulses in the burst were not locatable.  Pulse 1 was 
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located at an altitude of about 50 m.  Pulse 2 and Pulse 3 were separated in emission time by 

about 45 ns, but occurred within a meter of each other in altitude.  Pulse 4 was the final pulse in 

the burst and was located at an altitude of 34 m, separated in altitude from Pulse 3 by over 23 m 

and in emission time by 60 ns.  Similar to the results presented for event UF 10-13 in Section 

6.4.1, in the four bursts discussed in detail above, there were six cases in which the calculated 

velocities between subsequent source locations exceeded the speed of light and an additional 

four cases where the calculated velocities between subsequent source locations approached the 

speed of light 

 There were a total of 45 pulses located during this "chaotic" dart leader within the four 

microseconds prior to the return stroke.  In Figure 6-10 the three-dimensional source locations 

are plotted for all 45 located pulses.  The located pulses ranged in altitude from a maximum of 

about 185 m to a minimum of about 34 m referenced to the local coordinate system origin (or 

from 181 m to about 31 above local ground level at the location of the launcher).  The top of the 

rocket tubes on the Tower Launcher are at an altitude of about 20.6 m referenced to the origin of 

the local coordinate system, or about 14 m above local ground level, so the lowest source 

occurred about 13.4 m above the top of the rocket tubes.   The data points are color-coded based 

on the emission time relative to the return stroke in 500 ns intervals.   One additional data point 

is annotated by a small black box near the bottom of the channel corresponding to the source 

location of the fast transition peak (the large pulse annotated on Figure 6-9A peaking at 

approximately t = -0.2 µs), at an altitude of about 46 m. 

 The vertical velocity of this "chaotic" dart leader was estimated by fitting a line to a 

scatter plot of the altitude source locations versus emission time for the 45 pulses located prior to 
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the return stroke, as shown in Figure 6-11.  The estimated vertical velocity was 4.3 x  10
7
 m/s 

with a correlation coefficient of 0.94. 

 In Figure 6-12A, a dE/dt waveform is plotted that was measured 179 m (Station 8) from 

the lightning channel base in addition to three channel base current waveforms in Figure 6-12B, 

C, and D.  The channel base current waveforms were obtained with three different sensitivities, 

to currents of about 290 A for the Very-Low Current, about 6.3 kA for the Low Current, and 

about 51 kA for the High Current.  Cable and free-space propagation delays have been removed.  

In Figure 6-12B, the channel base current increases from the system noise level at about t = -6.1 

µs in the plot, annotated by the dotted vertical line.  Similar to the case presented for event UF 

10-13, the current increases slowly over the next 4 µs to a level of about 38 A, followed by a 

more rapid increase over the next approximately 1.2 µs to the time of the return stroke onset, 

again marked by a dotted vertical line.  The relatively slow and smooth increase in channel base 

current during the 5.16 µs prior to the return stroke likely indicates the initiation of an upward 

positive leader, a hypothesis supported by the correlated high-speed video data.  The current at 

the time of the return stroke onset is about 760 A, apparently the peak value of the upward leader 

current.  An upward leader with length of 11.5 m was imaged in a single 3.33 µs frame 

integration immediately prior to the return stroke.  The downward leader was also imaged in the 

same frame with the bottom of the streamer zone located about 28 m above the upward leader 

tip.   The high-speed video data for this event will be shown and discussed in detail in Section 

6.4.3.  The single fast-transition pulse for this event was located at an altitude of about 46 m 

(with respect to the local coordinate origin) and slightly south of the launcher, a total distance of 

about 30 m from the top of the rocket tubes on the Tower Launcher.  Given a duration of 5.16 µs, 

the upward positive leader would have needed to propagate at an average velocity of about 5.8 x 
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10
6 

m/s in order to traverse the distance between the rocket tubes and the spatial location of the 

fast transition pulse.   

 The "chaotic" dart leader of UF 10-24 was, like all of the "chaotic" dart leaders, an 

intense emitter of energetic radiation.  Shown in Figure 6-13 is a 12 µs record of the energetic 

radiation measured a distance of 45 m from the lightning channel base with a LaBr3 detector.  

This is the same detector used in the analysis of event UF 10-13 discussed in Section 6.4.1.  The 

beginning of the energetic radiation burst occurs at about t = -8.0 µs in the plot.  Over the next 

approximately 2.6 µs, a number of pulses are recorded with widths indicating the sensor was 

excited by single photons.  For three of these apparently single photon events, a fit of the 

detector response to the pulses of energetic radiation provides energies ranging from 329 to 649 

keV.  The three energetic radiation pulses analyzed are annotated in Figure 6-13 with vertical 

arrows.  From the leader velocity estimate calculated from the dE/dt TOA locations in Figure 6-

10, the extrapolated height of the leader at the beginning of the continuous burst of energetic 

radiation is at an altitude of about 350 m, about 165 m higher in altitude than the highest located 

dE/dt pulse.  After about t = -5.4 µs in the plot, the interpulse intervals from photons incident on 

the detector are insufficient to allow the sensor to decay.  A pronounced pile up effect ensues for 

the next 6 µs.  Similar to event UF 10-13, the energetic radiation appears to continue for about a 

microsecond after the return stroke, which is labeled and marked with a dotted vertical line in 

Figure 6-13.  The time of the return stroke is determined using the same method discussed in 

Section 6.4.1.   

6.4.3 High-Speed Video Images of Triggered Lightning "Chaotic" Dart Leaders 

 High-speed video images were obtained for three of the four "chaotic" dart leaders 

recorded during summer 2010, all except event UF 10-13 on June 21, 2010.  The three events 

were triggered to the Tower Launcher, a distance of 430 m from the camera location (Office 
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Trailer).  The video frame rate was 300 kfps, an exposure time of 3.33 µs.  In Figure 6-14A, 

three consecutive frames are plotted of the "chaotic" dart leader that preceded the first return 

stroke, peak current of 17.1 kA, of event UF 10-20, triggered on July 15, 2010.  In Figure 6-14B, 

eight consecutive frames are plotted of the dart leader preceding the fourth return stroke of the 

same event.  The fourth return stroke had peak current of 11.7 kA and occurred 122 ms after the 

first return stroke.  The purpose of this figure is to illustrate the differences in optical 

characteristics between a "chaotic" dart leader and a dart leader measured during the same 

triggered lightning discharge.  For both leaders shown, the images have been inverted, equally 

contrast enhanced, and the pixel gain (gamma) has been increased by a factor of two to better 

show the lower luminosity features of the leaders.  The altitude scales in Figure 6-14 are 

referenced to the local coordinate system origin.  There are three notable differences: 1) from the 

images shown, the velocity of the "chaotic" dart leader is estimated to be about 2.0 x 10
7
 m/s 

while the dart leader velocity is estimated to be about 6.6 x 10
6
 m/s, a factor of three difference, 

2) the apparent width of the channel and the apparent surrounding corona region of the "chaotic" 

dart leader are significantly larger than that of the dart leader, and 3) the length of the streamer 

zone at the tip of the "chaotic" dart leader is longer than that of the dart leader.  The beginning of 

the streamer zone are defined spatially as the pixel beneath the brightly illuminated leader tip 

(which typically saturates the sensor), where the pixel intensity falls below 75% of the saturation 

point.  Using this criterion, the streamer zones in Frames 2, 3, and 4 for the "chaotic" dart leader 

in Figure 6-14A are all 8 to 9 m in length, and the streamer zones in Frames 2-7 for the typical 

dart leader in Figure 6-14B are all 2 to 5 m in length.   In Frame 4 of Figure 6-14A, it is unclear 

whether the lower luminosity section of channel connecting the brightly illuminated leader tip to 

the top of the rocket tubes is an elongated streamer zone, an upward leader, or a combination of 
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both.  The frame integration ended immediately prior to the onset of the return stroke, which is 

shown fully saturating the sensor in Frame 5.   

 In Figure 6-15A, three consecutive frames are plotted of the "chaotic" dart leader 

preceding the third return stroke of event UF 10-24.  The peak current of the return stroke was 

28.3 kA.  The electric field derivative and energetic radiation emissions of this event were 

presented in Section 6.4.2.  As a result of the channel tilt to the north, only one frame of the 

leader phase was captured (Frame 2).  The images have been inverted, contrast enhanced, and the 

pixel gain (gamma) has been increased by a factor of two to better show the lower luminosity 

features of the leaders.  The altitude scales in Figure 6-15 are referenced to the local coordinate 

system origin.  The downward leader is imaged in Frame 2, in addition to an upward connecting 

leader.  The tips of both leaders and the top of the rocket tubes are annotated Figure 6-15A with 

arrows.  In Figure 6-15B, the subtraction of Frame 1 from Frame 2 is shown with a compressed 

altitude scale to better depict the downward and upward leaders.  The streamer zone of the 

downward leader was about 25 m in length and the upward connecting leader measured about 

11.5 m in length.  By increasing the pixel gain further, so as to see the details of the luminosity, it 

has been determined that the faint luminosity between the bottom of the downward leader 

streamer zone and the upward leader tip is clearly the structure of rocket exhaust smoke 

illuminated by the converging leader channels, not actual leader channel luminosity.  At the end 

of the frame integration period, the bottom of the downward leader streamer zone and the 

upward leader tip were separated by about 28 m.   

6.4.4 Discussion of Results for Triggered Lightning "Chaotic" Dart Leaders 

 The "chaotic" dart leader process exhibits characteristics that differ from those of a 

typical dart leader or a typical dart-stepped leader.  The four "chaotic" dart leaders recorded 

during summer 2010 all preceded return strokes with higher than average peak current, a finding 
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in agreement with the results of Bailey et al. [1988] and Rakov and Uman [1990] in which return 

stroke peak electric field was used as a proxy for peak current.  The features of the measured 

dE/dt waveforms of the order of tens of nanoseconds have not been previously documented.  

Further distinguishing "chaotic" dart leaders from other types of leaders, all four "chaotic" dart 

leaders followed periods of unusually long continuing current and unusually large charge 

transfer.  The "chaotic" dart leader recorded during event UF 10-13 on June 21, 2010 followed 

the Initial Continuous Current (ICC) resulting from the sustained upward positive leader that 

originated from the ascending triggering wire connecting to the cloud charge above.  In this case, 

the ICC had duration of 684 ms and transferred about 68 C of negative charge to ground.  The 

channel base current dropped to a level at or near zero for 100 ms between the end of the ICC 

and the first return stroke.  The "chaotic" dart leaders recorded during the two triggered lightning 

discharges on July 15, 2010 also immediately followed the ICC period after each respective wire 

launch.  The ICC for event UF 10-20 had duration of 652 ms, transferring about 87 C of negative 

charge to ground.  The channel base current dropped to a level at or near zero for 69 ms between 

the end of the ICC and the first return stroke.  The ICC for event UF 10-21 had duration of 402 

ms, transferring 42 C of negative charge to ground.  The channel base current dropped to a level 

at or near zero for 95 ms following the ICC.  Both the duration of the ICC periods and charge 

transfers for these three events were larger than the means reported by Wang et al. [1999c] (GM 

duration of 279 ms and GM charge transfer of 27 C) and by Miki et al. [2005] (GM duration of 

305 ms and GM charge transfer of 30.4 C) for triggered lightning discharges at the ICLRT.   

Interestingly, the channel base current dropped to a level at or near zero during the wire 

explosion (producing the ICV, see Sections 1.5 and 4.4) for all three of these events.  This is not 

always the case [e.g. Olsen et al., 2006].  Finally, the "chaotic" dart leader recorded during event 
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UF 10-24 on August 13, 2010 occurred after an inter-stroke continuing current of 135 ms 

duration following the second return stroke of the flash.  This inter-stroke continuing current 

transferred about 15 C of negative charge to ground.  The channel base current dropped to a level 

at or near zero for 45 ms at the end of the inter-stroke continuing current and before the initiation 

of the third return stroke.   

 The dE/dt signatures of the four "chaotic" dart leaders recorded during summer 2010 

shared some similar characteristics.  The slower, but sub-microsecond, background field changes 

termed "bursts" in Sections 6.4.1 and 6.4.2 were evident in all four "chaotic" dart leader dE/dt 

records.  However, the relatively continuous trains of pulses superimposed on the bursts were 

only clearly evident and easily locatable via TOA techniques for events UF 10-13 and UF 10-24, 

which were also the two events preceding the stronger peak current return strokes (43.1 kA and 

28.3 kA respectively).  The peaks of each burst and only a small number of pulses were locatable 

via TOA techniques for events UF 10-20 and UF 10-21, probably due to low system sensitivity, 

although the energetic radiation emission of both events was characteristic of a "chaotic" dart 

leader.  The fact that the estimated source locations of the pulses tend to bounce up and down in 

altitude over a distance of often 5 to 30 m as the leader descends, coupled with the straight line 

velocity between successive pulses often exceeding the speed of light, suggests that the leader is 

emitting pulses of high-frequency electric field radiation from multiple altitudes along the 

channel nearly simultaneously.  This view is perhaps supported by the longer streamer zones 

(measured up to 25 m in length) of the "chaotic" dart leaders than those of typical dart leaders 

and dart-stepped leaders, the latter typically displaying a more fan-shaped characteristic and 

often including such luminous features as space stems/leaders [e.g., Biagi et al., 2010].   
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 The trains of narrow dE/dt pulses recorded during the four "chaotic" dart leaders are 

generally dissimilar in both wave shape and interpulse interval from dart-stepped leader pulses.  

However, the energetic radiation (x-rays and gamma rays) recorded from all four "chaotic" dart 

leaders might be expected from a very rapid stepping process.  For the nearly continuous 

emission of energetic radiation to be supported, the electric field intensity at or near the tip of the 

"chaotic" dart leader must remain nearly continuously at a level similar to that which occurs 

every microsecond or so in the bottom hundreds of meters of the propagation of a dart-stepped 

leader, where energetic radiation appears to be only emitted in close time correlation with the 

formation of a new leader step.  If dE/dt sources are being emitted from multiple altitudes near 

the tip of the "chaotic" dart leader, it is reasonable that the source region for the energetic 

radiation detected in association with the descending leader is often some tens of meters in 

vertical extent at any instance in time, possibly resulting in the pronounced pile up of energetic 

photons within five microseconds of the subsequent return stroke that was observed for all four 

"chaotic" dart leader events.   

   For both events UF 10-13 and UF 10-24, there appear to have been upward positive 

leaders initiated about 5 µs prior to the return stroke   From correlated channel base current 

records and TOA locations of the fast transition pulses, which are assumed to correspond to the 

connection(s) of the upward and downward leaders, the upward leaders traversed distances of 

about 20 m at an average velocity of 3.7 x 10
6
 m/s and about 30 m at an average velocity of 5.8 x 

10
6
 m/s for events UF 10-13 and UF 10-24, respectively.  

 The findings of Weidman [1982], Willett et al. [1990], Davis [1999], Gomes et al. [2004], 

Makela et al. [2007], and Lan et al. [2011] suggest that the "chaotic" component of descending 

leaders preceding subsequent return strokes may have duration from several tens of 
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microseconds up to a half a millisecond.  For the four events discussed here, the "chaotic" 

component of the leader phase was only detected during the final 10 to 12 µs  prior to the return 

stroke fast transition pulses, and was only sufficiently above the system noise level for suitable 

analysis for the final 6 µs prior to the return stroke.  The short duration of the observed "chaotic" 

component compared to prior studies is likely a result of the relatively low system sensitivity.  

The dE/dt measurement sensitivities are configured to resolve both leader step and return stroke 

field changes from close distance (within 500 m) and low altitude.  The fact that significant 

pulses of energetic radiation were detected up to about 13 µs prior to the return stroke suggests 

that the leaders likely had "chaotic" components from higher altitude.  Energetic radiation 

measurements from higher altitude sources are restricted by a combination of atmospheric 

attenuation and system sensitivity.  

6.4.5 Natural Lightning Flash MSE 11-01 

 Natural flash MSE 11-01 terminated on the southwest quadrant of the ICLRT at 

19:37:34.794163 (UT) on July 7, 2011.  From calculated TOA locations of the final dart-stepped 

leader steps prior to the second return stroke, the ground strike point was about 50 m to the 

north-northwest of the dE/dt antenna at Station 11 (Table 3-1).   The flash had a total of four 

return strokes, all of which were reported by the NLDN (Table 4-1).  The second return stroke 

was preceded by a dart-stepped leader and the third and fourth return strokes were preceded by 

"chaotic" dart leaders, the first known "chaotic" dart leaders recorded at the ICLRT in 

association with natural lightning subsequent strokes.  The NLDN-reported peak current 

estimates for the third and fourth strokes were 20.6 kA and 22.8 kA, respectively.  The third and 

fourth strokes occurred 100 ms and 144 ms following the first return stroke.   

 A 44 µs plot of the dE/dt measured about 213 m (Station 9) from the lightning channel-

base prior to the third return stroke is shown in Figure 6-16A.  The waveform was recorded by 



 

 315 

the HBM digitization system (Section 2.5).  The initial rise of the return stroke dE/dt waveform 

occurs at t = 0.  The two fast transition peaks are labeled.  Note that the second fast transition 

peak is saturated (the peak amplitude of the second fast transition peak was about 13.2 kV/m/µs).  

A 4 µs window of the waveform plotted in Figure 6-16A, bounded by the vertical dotted lines is 

expanded in Figure 6-16B.  The "chaotic" emission was resolved on the HBM dE/dt waveform 

measured 213 m from the lightning channel-base for about 100 µs prior to the third return stroke 

(the final 40 µs of which are plotted in Figure 6-16A).  Within 10 µs of the third return stroke, 

the dE/dt record is characterized by repeated slowly-varying field changes (which were termed 

"bursts" in Sections 6.4.1 and 6.4.2 for "chaotic" dart leaders associated with triggered lightning 

return strokes) on which were superimposed higher-frequency pulses.  In Figure 6-16B, the 

temporal extent of five bursts are annotated with dotted vertical lines.  These five bursts ranged 

in full width from 672-813 ns, and contained as many as 10 superimposed pulses (Burst 5).  The 

pulses have typical widths from about 40-70 ns.  In Figure 6-17B, a 44 µs plot of the energetic 

radiation measured 206 m (Station 17) from the lightning-channel base prior to the third return 

stroke is shown (Figure 6-17A, shows the same dE/dt waveform plotted in Figure 6-16A).  The 

energetic radiation waveform was measured using a LaBr3 detector.  Single photons associated 

with the descending "chaotic" dart leader were recorded up to 45 µs prior to the return stroke, 

and the x-ray emission was recorded nearly continuously for about 18 µs prior to the return 

stroke.  It is worth noting that the closest plastic detector to the flash termination point (T11-F at 

Station 11) recorded nearly continuous x-ray emission for about 37 µs prior to the return stroke.  

In Figure 6-17B, the energies of four single-photon events have been calculated by fitting the 

pulses with the single-photon response of the LaBr3 detector to the Cs-137 662 keV calibration 

source (Figure 6-1).  The calculated single-photon energies ranged from about 736 keV to 1.76 
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MeV.  From Figure 6-17B, it is clear that many additional single x-ray photons were recorded 

with typical energies from about 200-600 keV.  The single-photon energies for x-ray pulses 

within about 3 µs of the return stroke cannot be calculated accurately due to the pulse pile-up 

characteristic discussed previously. 

 A similar analysis was performed for the "chaotic" dart leader preceding the fourth return 

stroke of natural flash MSE 11-01.  In Figure 6-18A, a 36 µs plot is shown of the HBM dE/dt 

waveform measured about 213 m (Station 9) from the lightning channel-base.  The dE/dt 

waveform for the "chaotic" dart leader preceding the fourth return exhibited a "burst" structure 

within about 10 µs of the return stroke very similar to that shown in Figure 6-16A, for the 

"chaotic" dart leader that initiated the third return stroke.  A 2.5 µs window of the dE/dt 

waveform bounded by the dotted vertical lines in Figure 6-18A, is expanded in Figure 6-18B.  

Five individual bursts are annotated in Figure 6-18B with full widths ranging from 280-512 ns.  

The bursts are somewhat narrower than those observed preceding the third return stroke.  Each 

burst exhibits superimposed pulses, though the pulses are generally both smaller in amplitude 

and slightly narrower (typically 30-50 ns) than those observed for the "chaotic" dart leader 

preceding the third return stroke.  The "chaotic" emission was observed in the dE/dt waveform 

measured 213 m from the lightning channel base for about 56 µs prior to the return stroke, about 

a factor of two shorter duration than the "chaotic" emission prior to the third return stroke.  A 36 

µs record of the energetic radiation measured in association with the "chaotic" dart leader 

preceding the fourth stroke is shown in Figure 6-19B.  The waveform was recorded using the 

same LaBr3 detector located about 206 m from the lightning channel-base.  Single x-ray photons 

were recorded up to about 33 µs prior to the return stroke, and the measured emission became 

nearly continuous about 17 µs prior to the return stroke.  The continuous emission was recorded 
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on the plastic detector at Station 11 (50 m from the lightning channel-base) for about 20 µs prior 

to the return stroke.  Single-photon energies were calculated for five x-ray photons using the 

method described previously for the "chaotic" dart leader preceding the third return stroke.  The 

x-ray photons had energies ranging from 391 keV to 1.26 MeV.  Similar to the previous event, 

from Figure 6-19B, it is clear that many x-ray photons were recorded with energies from about 

200-600 keV.   

6.4.6 Discussion of Results for Natural Lightning "Chaotic" Dart Leaders 

 The two "chaotic" dart leaders analyzed here associated with consecutive subsequent 

return strokes in a four-stroke natural lightning discharge share many dE/dt characteristics with 

the two "chaotic" dart leaders analyzed in Sections 6.4.1 and 6.4.2, both of which occurred 

preceding triggered lightning return strokes.  Within 10 µs of the return stroke, "bursts" with 

widths of the order of hundreds of nanoseconds were observed for "chaotic" dart leaders 

associated with both triggered and natural lightning return strokes, as were the superimposed 

"pulses" with widths of the order of tens of nanoseconds.  The burst widths for the "chaotic" dart 

leader preceding the third return stroke of natural flash MSE 11-01 (672-813 ns) were wider than 

those recorded for triggered flash UF 10-13 (184-384 ns), triggered flash UF 10-24 (200-456 ns), 

and the fourth stroke of flash MSE 11-01 (280-512 ns).  The pulse widths of the natural and 

triggered "chaotic" dart leaders were generally similar.  Though TOA locations have not yet been 

computed for the pulses observed in either of the two natural "chaotic" dart leaders, the 

similarities in the dE/dt waveform characteristics compared to the triggered "chaotic" dart 

leaders suggests that the radiation mechanisms (and hence the observed tendency of successive 

pulses to "bounce" up and down in altitude discussed in Section 6.4.4) are likely quite similar.  

The durations of the "chaotic" emission observed for the two natural "chaotic" dart leaders in 

flash MSE 11-01 were considerably longer than those observed for the triggered events, and in 
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much better agreement with statistics reported by Weidman [1982], Willett et al. [1990], Davis 

[1999], Gomes et al. [2004], Makela et al. [2007], and Lan et al. [2011] for natural "chaotic" 

leader events.  This result is not surprising considering the system sensitivity of the HBM dE/dt 

network is a factor of four greater than the ICLRT DSO dE/dt network, and as previously stated, 

the degree of the "chaotic" component observed in association with descending leaders, is, to 

some extent, a function of the measuring system gain and its noise level.   

 The energetic radiation waveforms measured in association with the two natural "chaotic" 

dart leaders shared manycharacteristics with those recorded for the triggered lightning events.  

Single x-ray photons were recorded up to 45 µs prior to the return stroke for the natural "chaotic" 

dart leader preceding the third stroke of flash MSE 11-01, about a factor of three longer time 

interval than the observed x-ray photons recorded in association with the "chaotic" dart leader 

preceding the first return stroke of triggered flash UF 10-13.  The pulse pile-up characteristic 

observed within about 8 µs of the return strokes for events UF 10-13 and UF 10-24 (Figure 6-8 

and Figure 6-13) was evident for the natural "chaotic" dart leaders, but the durations were shorter 

(about 3 µs).  The energies of the x-ray photons measured for the natural "chaotic" dart leaders 

(maximum of about 1.76 MeV) were within the range measured for the triggered lightning 

events.  A more complete measure of the energy of single photons could be obtained for the 

natural "chaotic" dart leader events considering more single-photons were recorded prior to the 

detector experiencing pulse pile-up.  Finally, x-ray photons were recorded for 1-2 µs following 

the initiation of the return stroke for both natural "chaotic" dart leaders, a result in agreement 

with the observation for the two triggered lightning "chaotic" dart leaders of events UF 10-13 

and UF 10-24.   
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Figure 6-1.  LaBr3/PMT detector response to a CS-137 662 keV source. 
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Figure 6-2.  Electric field derivative (dE/dt) and LaBr3 energetic radiation records of A) Dart Leader, B) Dart-Stepped Leader, and C) 

"Chaotic" Dart Leader preceding rocket-triggered lightning return strokes.  
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Table 6-1.  General information on the four "chaotic" dart leaders recorded between June and 

August 2010. 

Date 
Shot 

Number 
GPS Time (UT) 

Stroke 

Order 

Peak Current 

(kA) 

Launching 

Configuration 

062110 UF 10-13 20:09:37.357362 1 43.1 Field Launcher 

071510 UF 10-20 17:28:25.235689 1 17.1 Tower Launcher 

071510 UF 10-21 17:35:06.232322 1 22.2 Tower Launcher 

081310 UF 10-24 19:44:35.214196 3 28.3 Tower Launcher 
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Figure 6-3.  "Chaotic" dart leader dE/dt waveforms.  A) an 18 µs dE/dt record of the "chaotic" dart leader on June 21, 2010, measured 

183 m from the lightning channel base.  B) a 2 µs section of the waveform in Figure 6-3A with three bursts annotated 

along with sequentially numbered TOA located pulses in each respective burst.  C) a 2 µs dE/dt waveform measured 143 m 

from the lightning channel base corresponding to the same time window as Figure 6-3B.   
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Figure 6-4.  Measurement criteria for burst width, pulse width, and pulse amplitude. 
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Table 6-2.  Calculated three-dimensional TOA locations, emission times, velocities between 

successive located pulses, and associated errors for individual pulses occurring during 

three bursts for event UF 10-13 on June 21, 2010, derived from measurement of the 

peak dE/dt with 4 ns accuracy.   

 Pulse # X (m) Y (m) Z (m) T (µs) 
|ΔP/ ΔT| 

(10
8 

m/s) 
ΔX (m) ΔY (m) ΔZ (m) 

Burst 

#3 

1 301.3 447.3 111.0 -4.057 - 0.25 0.63 1.35 

2 301.2 447.9 96.3 -3.895 1.87 0.16 0.23 0.49 

3 307.0 456.4 87.5 -3.823 2.82 0.01 0.02 0.06 

4 308.3 447.3 88.7 -3.790 - 1.84 2.19 5.24 

Burst 

#4 

1 299.2 454.7 95.0 -3.391 - 0.04 0.09 0.20 

2 298.5 447.5 61.7 -3.289 7.64 0.01 0.03 0.11 

3 298.5 453.6 80.5 -3.263 1.53 0.01 0.01 0.02 

4 302.0 449.1 69.6 -3.182 - 0.02 0.04 0.19 

Burst 

#5 

1 302.9 450.1 65.6 -3.022 15.40 0.70 0.71 2.91 

2 301.6 453.0 79.4 -3.013 2.95 0.02 0.02 0.09 

3 300.2 451.6 63.8 -2.960 4.28 0.03 0.04 0.30 

4 299.7 451.2 74.2 -2.936 - 0.04 0.07 0.11 
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Figure 6-5.  TOA source locations for 75 pulses located during the "chaotic" dart leader on June 21, 2010.  Points are color coded 

based on calculated emission time relative to the return stroke.  The locations of the 10 dE/dt sensors are shown.   
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Figure 6-6.  Best fit estimate for vertical velocity of the "chaotic" dart leader on June 21, 2010 using TOA source locations. 
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Figure 6-7.  "Chaotic" dart leader dE/dt and channel-base current waveforms.  A) a dE/dt waveform measured 183 m from the 

lightning channel base, B) RS Very-Low current waveform, C) RS-Low current waveform, and D) RS-High current 

waveform.  The time of the initial current rise from zero and the time of the return stroke onset with corresponding current 

amplitude are labeled with dotted vertical lines.  The duration of the upward positive leader is measured to be 5.4 µs.   
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Figure 6-8.  LaBr3 energetic radiation record for the "chaotic" dart leader on June 21, 2010 measured a distance of 154 m from the 

lightning channel base.  The time of the return stroke and the arrival time of the first located dE/dt pulse are marked by 

dotted vertical lines.  Five detected single photon events are labeled with their respective energies. 
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Figure 6-9.  "Chaotic" dart leader dE/dt waveforms.  A) a 12 µs dE/dt record of the "chaotic" dart leader on August 13, 2010, 

measured 179 m from the lightning channel base.  B) a 1.75 µs section of the waveform in Figure 6-9A with four bursts 

annotated along with sequentially numbered TOA located pulses in each respective burst.  C) a 1.75 µs dE/dt waveform 

measured 177 m from the lightning channel base corresponding to the same time window as Figure 6-9B.   
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Table 6-3.  Calculated three-dimensional TOA locations, emission times, velocities between 

successive located pulses, and associated errors for individual pulses occurring during 

four bursts for event UF 10-24 on August 13, 2010, derived from measurement of the 

peak dE/dt with 4 ns accuracy. 

 Pulse # X (m) Y (m) Z (m) T (µs) 
|ΔP/ ΔT| 

(10
8 

m/s) 
ΔX (m) ΔY (m) ΔZ (m) 

Burst 

#3 

1 445.3 419.5 106.1 -2.733 1.31 0.01 0.02 0.06 

2 445.7 421.7 100.6 -2.687 - 0.01 0.01 0.02 

3 449.9 422.9 103.6 -2.658 3.91 0.43 0.35 1.28 

Burst 

#4 

1 453.3 424.9 110.4 -2.638 3.38 0.84 0.30 1.17 

2 440.9 424.6 86.6 -2.559 5.17 0.02 0.02 0.08 

3 445.4 417.7 96.9 -2.533 0.91 0.12 0.13 0.38 

4 444.1 417.6 92.7 -2.486 1.30 0.10 0.11 0.32 

5 446.9 419.2 93.0 -2.461 1.08 0.40 0.55 1.76 

6 445.4 419.2 88.9 -2.421 0.28 0.18 0.31 0.92 

7 444.6 419.6 88.9 -2.391 1.71 0.18 0.25 0.81 

8 446.1 420.6 92.4 -2.368 3.45 0.02 0.04 0.11 

9 443.7 419.6 76.6 -2.321 1845 0.09 0.10 0.93 

10 445.7 418.4 103.8 -2.322 - 0.47 0.86 2.34 

11 442.5 418.8 75.6 -2.265 2.60 0.12 0.13 1.25 

12 444.5 419.3 82.5 -2.237 1.43 0.05 0.07 0.23 

13 444.4 416.7 77.8 -2.199 2.67 0.02 0.03 0.13 

Burst 

#5 

1 443.4 419.8 89.1 -2.155 - 0.17 0.18 1.55 

2 443.7 419.6 79.0 -2.104 0.42 0.64 0.69 2.94 

3 443.7 418.3 78.6 -2.073 - 0.37 0.49 1.85 

4 442.3 419.3 71.1 -1.865 1.06 0.47 0.28 2.55 

5 443.1 416.7 66.4 -1.814 2.82 1.49 1.83 8.53 

6 443.1 417.7 54.3 -1.771 19.0 0.03 0.03 0.28 

7 444.4 417.5 71.9 -1.762 0.71 0.37 0.42 1.44 

8 444.5 419.2 70.1 -1.727 - 0.28 0.31 1.20 

Burst 

#6 

1 444.4 416.5 49.8 -1.602 2.80 0.06 0.10 0.44 

2 443.3 416.5 56.4 -1.578 - 0.17 0.20 1.07 

3 446.4 418.9 57.4 -1.533 - 1.10 1.19 5.40 

4 444.0 415.0 34.6 -1.473 - 0.03 0.04 0.31 
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Figure 6-10.  TOA source location estimates for 45 pulses located during the "chaotic" dart leader on August 13, 2010.  Points are 

color coded based on calculated emission time relative to the return stroke.  The locations of the 10 dE/dt sensors are 

shown.   
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Figure 6-11.  Best fit estimate for vertical velocity of the "chaotic" dart leader on August 13, 2010 using TOA source locations. 
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Figure 6-12. "Chaotic" dart leader dE/dt and channel-base current waveforms.  A) a dE/dt waveform measured 179 m from the 

lightning channel base, B) II Very-Low current waveform, C) II-Low current waveform, and D) II-High current waveform.  

The time of the initial current rise from zero and the time of the return stroke onset with corresponding current amplitude 

are labeled with dotted vertical lines.  The duration of the upward positive leader is measured to be 5.16 µs.   
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Figure 6-13.  LaBr3 energetic radiation record for the "chaotic" dart leader on August 13, 2010 measured a distance of 45 m from the 

lightning channel base.  The time of the return stroke and the arrival time of the first located dE/dt pulse are marked by 

dotted vertical lines.  Three detected single photon events are labeled with their respective energies. 
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Figure 6-14.  Comparison of high-speed video images recorded during A) a "chaotic" dart leader, and B) a typical dart leader during 

the same triggered lightning discharge, event UF 10-20 on July 15, 2010.  Each frame corresponds to a 3.33 µs exposure 

time.  Altitudes are given with respect to the local coordinate system origin.  Photos courtesy of the author. 
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Figure 6-15.  High-speed video images of  event UF 10-24 on August 13, 2010.  A) three 

consecutive 3.33 µs frames.  The downward leader enters the field of view in Frame 

2.  An upward connecting leader is also seen in Frame 2.  The attachment process and 

return stroke occur during Frame 3.  B) the subtraction of Frame 1 from Frame 2 is 

shown with a compressed altitude scale.   The lengths of the downward leader's 

streamer zone and upward leader are annotated.  Altitudes are given with respect to 

the local coordinate system origin.  Photos courtesy of the author. 
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Figure 6-16.  Natural "chaotic" dart leader dE/dt waveforms.  A) a 44 µs dE/dt waveform of the "chaotic" dart leader preceding the 

third return stroke of flash MSE 11-01 on July 7, 2011.  B) a 4 µs window of the waveform in Panel A with five bursts 

annotated. 
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Figure 6-17.  Natural "chaotic" dart leader dE/dt and x-ray waveforms.  A) a 44 µs dE/dt waveform of the "chaotic" dart leader 

preceding the third return stroke of flash MSE 11-01 on July 7, 2011.  B) a 44 µs waveform of the associated energetic 

radiation (x-rays) measured by a LaBr3 detector.  Single-photon energies are annotated for four x-ray pulses.   
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Figure 6-18.  Natural "chaotic" dart leader dE/dt waveforms.  A) a 36 µs dE/dt waveform of the "chaotic" dart leader preceding the 

fourth return stroke of flash MSE 11-01 on July 7, 2011.  B) a 2.5 µs window of the waveform in Panel A with five bursts 

annotated. 
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Figure 6-19.  Natural "chaotic" dart leader dE/dt and x-ray waveforms.  A) a 36 µs dE/dt waveform of the "chaotic" dart leader 

preceding the fourth return stroke of flash MSE 11-01 on July 7, 2011.  B) a 36 µs waveform of the associated energetic 

radiation measured by a LaBr3 detector.  Single-photon energies are annotated for five x-ray pulses.  



 

 341 

CHAPTER 7 

LIGHTNING MAPPING ARRAY OBSERVATIONS OF THE INITIAL STAGE OF 

TRIGGERED LIGHTNING DISCHARGES 

The geometrical and electrical characteristics of the initial stage (IS) processes of nine 

triggered lightning flashes that occurred during summer 2011 are analyzed in this chapter using a 

combination of data from a local Lightning Mapping Array (LMA), channel-base current 

measurements, and when available, dual-polarization radar images from the C-band SMART 

radar.  The chapter begins with a  review of the triggered lightning discharge with emphasis on 

the processes, that, together, compose the IS.  A brief description of the experimental setup 

follows.   Detailed analyses are presented for the initial stages of four triggered lightning 

discharges, 1) flash UF 11-24, 2) flash UF 11-25, 3) flash UF 11-26, and 4) flash UF 11-32.  The 

first three analyzed flashes were triggered on August 5, 2011 and the final analyzed flash was 

triggered on August 18, 2011.  Plots of the LMA source locations and measured geometrical and 

electrical statistics are given for all nine triggered lightning flashes including the initial height of 

the IS branches, the current at ground when IS branches are initiated, and the three dimensional 

propagation speed and overall length of the initial UPL channel and IS branches.  Some of the 

data analyzed in this chapter were presented in Hill et al. [2012].  The LMA network was 

installed prior to summer 2011 by University of Florida graduate student John Pilkey and 

University of Alabama-Hunstville researcher Jeff Bailey.  Dr. Douglas Jordan of the University 

of Florida provided invaluable assistance in locating LMA sites and processing the LMA source 

locations.  The LMA network was maintained during summer 2011 by John Pilkey.   

7.1 Background and Experimental Setup 

 The process of triggering lightning using the rocket-and-wire technique begins with the 

launching of a small rocket trailing a grounded triggering wire typically in the presence of 

negative cloud charge over the triggering site.  In Florida, rockets are launched when the quasi-
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static electric field measured at ground (Section 2.6) surpasses a typical threshold of about -5 

kV/m (atmospheric electricity sign convention- electric field vector pointing upward towards the 

negative charge overhead).  As the rocket ascends, electrical breakdown called precursor current 

pulses (or just "precursors") occurs at the wire tip [e.g., Lalande et al., 1998; Willett et al., 1999; 

Biagi et al., 2009, 2012].  The precursors are essentially small sparks at or near the top of the 

wire that fail to evolve into an upward propagating leader channel.  When the wire top reaches a 

typical height of 200-400 m, an upward-propagating, positively-charged-leader (UPL) is 

launched from the wire top and subsequently propagates towards the negative cloud charge.   

The triggering wire typically explodes when the UPL reaches an altitude of about 2 km, often 10 

ms or so after its initiation.  The current measured at the triggered lightning channel base rises to 

a typical amplitude of about 100 A as the UPL ascends, often dropping sharply to a level at or 

near zero during the triggering wire explosion, and then resumes to a background level of about 

100 A that persists for typically several hundred milliseconds.  This long-duration current, which 

can have super-imposed current pulses with amplitudes of the order of a kilo-ampere, is referred 

to as the initial continuous current (ICC).  The precursor current pulses, the UPL, and the ICC 

together comprise the initial stage (IS) of the triggered lightning discharge.  The transition 

between the UPL and ICC is not well-defined.  Often, after the cessation of the IS, dart 

leader/return stroke sequences follow the path of the IS channel between the negative cloud 

charge and ground.  These dart leader/return stroke sequences are very similar to subsequent 

strokes in natural lightning.  Example waveforms of the IS process were provided in Section 1.5.  

Measured statistics for various parameters of the ICC and subsequent return strokes were 

presented in Chapter 4 for triggered lightning discharges at the ICLRT between 2009-2011.  

Such triggered lightning discharges lower negative charge during the IS as well as during the 
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period after the IS when dart leader/return stroke sequences may occur.  The negative charge 

lowered to ground likely originates in the primary negative charge region of the cloud located at 

an altitude above the 0° C level, the 0° C level being at 4-5 km in north central Florida [e.g., 

Harris et al., 2000; Hansen et al., 2010], with a lower and upper bound for the primary negative 

charge region of roughly 6 km and 8 km corresponding to temperatures of -10°C and -20°C, 

respectively [e.g., Krehbiel, 1986; Gremillion et al., 1999].  The same primary negative charge 

region is also the source for natural negative lightning to ground.   

In Florida at sea level, the IS and the other processes that later illuminate the IS's path 

generally appear on photographs and to the human eye as a single channel below the cloud base 

[e.g., Biagi et al., 2009].  In contrast, photographs of triggered lightning in New Mexico at 

Langmuir Laboratory at about 3000 m altitude [e.g., Idone et al., 1984; Winn et al., 2012] and St. 

Privat d'Allier in France at about 1000 m altitude [e.g., Fieux et al., 1978; Hubert and Mouget, 

1981] typically show an extensively branched UPL.   These visual differences have long been a 

subject of discussion among researchers.   Cloud bases in New Mexico in summer are typically 4-

4.5 km above sea level, but only 1-1.5 km above the level of Langmuir Laboratory, while typical 

cloud bases in Florida in summer are about 1 km (+/- 500 m) above sea level.  The atmospheric 

pressure, and likely the temperature and relative humidity, are all generally higher in Florida near 

sea level than at the higher-altitude triggering sites noted above; and pressure, temperature, and 

humidity may well influence the height and degree of IS branching.   

In this chapter, the channel shape and branch characteristics of the IS processes in nine 

lightning flashes that were triggered during summer 2011 at the ICLRT are analyzed.  The IS 

channels are mapped in three-dimensions via the TOA locations of positive polarity VHF sources 

associated with the leader tip breakdown obtained from a local seven-station Lightning Mapping 
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Array (LMA) [e.g., Rison et al., 1999; Krehbiel et al., 2000; Thomas et al., 2004].  As discussed 

in Section 2.15, each LMA station records the time of the peak VHF power (66-72 MHz) 

received in consecutive 80 µs windows.  The time windows are synchronized at the different 

geographic locations via integrated GPS receivers.  The station locations of the seven LMA 

stations (both absolute and relative to the ICLRT coordinate origin) were given in Table 2-2 and 

were shown graphically in Figure 2-32.  The three-dimensional source locations and emission 

times are calculated using the non-linear least squares optimization technique described in 

Section 3.8.  Unless otherwise stated, for all LMA data shown in this chapter, source locations 

are plotted only to the time of the end of the IS period, this time being determined from the 

correlated channel-base current measurements.  All LMA plots including lateral coordinates have 

positive axis labels corresponding to increasing distance in the northerly and easterly directions.  

Finally, the axes of all LMA plots are formatted with equal aspect ratios so the true geometry and 

scale of the discharges in either two or three dimensions are accurately depicted.  

 In Table 7-1, the working condition of the seven-station LMA network is given for each 

day during summer 2011 where triggered lightning data were collected (i.e., rockets were 

launched that resulted in at least a full IS process).  For the events discussed in this chapter on 

August 5, 2011 and August 18, 2011, six LMA stations were operational.  The Blast Wall LMA 

station was not operational due to a direct natural lightning strike (MSE 11-06) that struck the 

Blast Wall structure 5 m away from the LMA electronics enclosure, causing signal cabling 

damage.  LMA data used in the analyses presented in this chapter are thus for 5- or 6-station 

solutions with reduced chi-squared values less than 4, when corrected for the 30 ns actual timing 

errors of the network.    
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 For all triggered flashes discussed here, the current during the IS was measured at the 

lightning channel base with a  0.001 Ω T&M Research R-7000-10 CVR (Section 2.12.3) and 

digitized at 10 MS/s on Yokogawa DL750 DSOs (Section 2.4.5).  For the three triggered flashes 

on August 5, 2011 (UF 11-24, UF 11-25, and UF 11-26) vertical scan RHI images were obtained 

by the C-band dual-polarimetric SMART radar (Section 2.16), which was located 11.6 km to the 

south of the ICLRT at the Keystone Airpark.  For these three events, radar images were used to 

determine the hydrometeor content in the vicinity of the triggering site and to determine the 

altitude of the 0° C level.  Radar images were also obtained for two additional triggered flashes.  

These data are not analyzed as part of this dissertation, but will be in the future.  Finally, data 

were available from the S-band National Weather Service (NWS) Weather Surveillance Radar— 

1988 Doppler (WSR-88D) [e.g., Crum and Alberty, 1993] located near Jacksonville, FL, 68 km 

to the north-northeast of the ICLRT, to document the larger horizontal-scale structure of the 

cloud systems.  The center of the 0.5° elevation radar beam from the WSR-88D was at an 

altitude of about 900 m at the range of the ICLRT from the Jacksonville radar site. 

7.2 The Events of August 5, 2011 

At about 17:20 (UT), on August 5, 2011, convection initiated at 35-40 km to the southeast 

of ICLRT, well inland of the sea-breeze circulation that was located near the Florida east coast 

about 40 km farther away.  Within one hour the cloud system grew to form a north-south 

oriented quasi-linear convective band that was roughly 35 km in length.  In the deepest part of 

the cluster, radar echo tops from the S-band WSR-88D extended to ~14 km in altitude, consistent 

with the Jacksonville sounding taken at 12:00 (UT) on August 5.  The convective band 

propagated westward at a speed of 5.5 m/s, arriving just east of ICLRT at 19:00 (UT).  Shortly 

afterward, the central part of the system started to dissipate while new convective cells continued 

to form to the north-northeast and south-southwest of the ICLRT.  The new cells also exhibited 
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echo tops of about 14 km.  Three lightning flashes, designated UF 11-24, UF 11-25, and UF 11-

26, were triggered between 19:33:19 (UT) and 19:49:58 (UT).  Correlated observations of the 

LMA source locations, measured channel-base currents, and SMART radar RHI images of the IS 

processes of UF 11-24, UF 11-25, and UF 11-26 will be discussed in detail in the following 

sections.  Still photographs of the three triggered lightning discharges are shown in Figure 7-1.  

The photographs were taken from IS2 (view looking due south towards the SMART radar) and 

are each five-second time-exposures.     

7.2.1 Flash UF 11-24 

 Flash UF 11-24 was triggered at 19:33:19 (UT) on August 5, 2011 with quasi-static 

electric field at ground of about -5.5 kV/m.  The flash contained a full IS process and one 

subsequent return stroke with peak current of 32.8 kA, the largest peak current recorded during 

summer 2011.  The ICC had duration of 425 ms, transferring 46 C of negative charge to ground.  

A three-dimensional view of the LMA source locations during the IS period of flash UF 11-24 is 

shown in Figure 7-2.  Four projection views of the  LMA source locations for flash UF 11-24 are 

shown in Figure 7-3.  In both Figure 7-2 and Figure 7-3, the source locations are identically color-

coded in 100 ms bins according to the respective keys at right.  The 0° C level is annotated in all 

plots including LMA source altitude coordinates.  The LMA located a significant number of 

precursor current pulses (evident at bottom left in Figure 7-3 in the altitude versus time 

projection) during the ascent of the triggering wire within 400 ms of the initiation of the sustained 

UPL.  The UPL initiated at about 0.95 s in Figure 7-3 and is clearly differentiated from the 

preceding precursor pulses by the abrupt change in propagation speed.  The triggering wire 

exploded about 4.6 ms after the initiation of the sustained UPL when the UPL was at an altitude 

of about 1.3 km.  The UPL propagated generally vertically to an altitude of about 4.7 km with no 

detected upward branching (Figure 7-2), then turned 90 degrees to the north and propagated 
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generally horizontally for about 6 km.  Here, the UPL channel branched with one channel 

propagating to the northeast and the other to the west.  Not accounting for channel tortuosity, the 

northeast IS channel progressed for about 5 km, branching once more, at an average altitude of 

about 4.7 km.  The western IS channel also branched once more over a propagation distance of 

about 4 km as it ascended to an altitude of about 6.7 km (Figure 7-3A), after which the LMA 

sources became more diffuse as the IS channel exhibited significant horizontal branching to the 

north and west (Figure 7-3D). The two primary regions of positive electrical breakdown from the 

northeast and western IS branches were eventually separated by as much as 14 km laterally and 

by about 2 km in altitude.  The initial UPL channel prior to channel branching had a total length, 

including channel tortuosity, of about 12.6 km, the longest observed un-branched IS channel 

during the 2011 experiment by more than a factor of three.  

 In Figure 7-4, a three-dimensional view of the IS is shown on a spatial scale designed to 

emphasize the IS branching geometry.  Only sources corresponding to clearly-defined IS 

channels are plotted.  Sources corresponding to precursor current pulses and sources not 

obviously associated with the extension of IS channels plotted in Figures 7-2 and 7-3 are 

omitted.  The initial UPL and the four IS branches are labeled in Figure 7-4 by increasing 

initiation time.  The sources are color coded in 50 ms time windows according to the key in 

Figure 7-4.   Estimates for the lengths and average propagation speeds of the initial UPL and all 

IS branches were calculated by averaging the emission times and three-dimensional spatial 

locations of the LMA points over time periods of 1-4 ms.  The raw data indicate that VHF 

sources are often emitted from spatial locations well behind the probable tip of the propagating 

IS channel.  As a result, the absolute time progression of the LMA source points cannot be used 

as a proxy for accurately calculating the length and average speed of the propagating channel.  
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The averaged points are overlaid with the raw data points to insure the channel geometry is not 

altered significantly and if necessary, the averaging time windows are adjusted accordingly.  It is 

estimated that the errors in the calculations for overall branch length and average speed are less 

than 25%.   

 As stated previously, the initial UPL of flash UF 11-24 (shown in pink, gray, and red in 

Figure 7-4) traversed a distance of about 12.6 km with average speed of about 8.4 x 10
4 

m/s.  The 

two western IS channels (Branch 1 and Branch 3 in Figure 7-4) propagated for total distances of 

5.2 km and 6.2 km at average speeds of 1.7 x 10
4 
m/s and 1.9 x 10

4 
m/s, respectively.  The 

northeast IS channels (Branch 2 and Branch 4 in Figure 7-3) propagated for total distances of 6.5 

km and 7.2 km at speeds of 2.1 x 10
4 
m/s and 3.3 x 10

4 
m/s, respectively.   

 In Figure 7-5, the altitude projection of the LMA source locations is overlaid on a 910 ms 

record of the channel-base current.  The channel-base current is plotted only to the end of the IS 

period.  In this case, the mid-level sensitivity current measurement (II-Low) was plotted because 

the most sensitive measurement (II Very-Low) saturated on the 2.4 kA ICC pulse that occurs at 

about 490 ms in Figure 7-5.  The initiation times of the four IS branches are annotated on the 

channel-base current waveform with red diamonds.  The branches initiated at current amplitudes 

ranging from 90-125 A and all occurred following the initiation current variation (ICV) 

associated with the explosion of the triggering wire.  The ICV occurred 4.7 ms after the initiation 

of the sustained UPL.  The IS branch initiation current amplitudes were determined from the II 

Very-Low current waveform (not shown) with increased vertical resolution.   

 SMART radar RHI scans collected at the time of flash UF 11-24 are shown in Figure 7-6.  

An equivalent radar reflectivity factor (dBZ) image is plotted in Figure 7-6A and differential radar 

reflectivity factor image (ZDR) is plotted in Figure 7-6A.  The northing projection (Figure 7-3B) of 
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the LMA sources are overlaid on each radar image.  LMA sources located within the radar sweep 

plane are colored black and sources to the west of the sweep plane are colored in dark green.  The 

0° C level is clearly visible at the tops of the high-reflectivity rain-shafts to the north-northeast 

and south-southwest of the ICLRT.  From the dBZ image of Figure 7-6A, the rocket was launched 

with light precipitation at ground level (also see Figure 7-1A).  The IS propagated upward 

between the rain-shafts with little deviation from the vertical until it reached an altitude around 

the 0° C level.  The IS then turned and followed the general contour of the 0° C level for about 6 

km prior to exhibiting the branching structure described previously.  The northeast IS branch 

propagated for several kilometers along the tops of the rain-shafts to the north-northeast of the 

ICLRT while the western IS branch propagated towards a separate cell outside the plane of the 

RHI scan.   

 The distribution of LMA source altitude coordinates for the IS of flash UF 11-24 is shown 

in Figure 7-7.  The distribution includes 909 sources and the histogram is smoothed with bin 

width of 30 points.  The large peak at altitudes less than 1 km is due to the precursor current 

pulses and the initial UPL points.  The peak between 4-5 km is due to the horizontally 

propagating UPL following the 90-degree northerly turn when the discharge reached the altitude 

of the 0° C level (Figure 7-3B).  The peak between 5-6 km is due to the breakdown region 

initiated by the northeast IS branches, and the higher altitude peak between 6-7 km is due to the 

breakdown region initiated by the western IS branches (Figure 7-3A).   

7.2.2 Flash UF 11-25 

 Flash UF 11-25 was triggered at 19:43:30 (UT) on August 5, 2011.  The flash occurred 

about ten minutes following UF 11-24.  The quasi-static electric field measured at ground at the 

time of the rocket launch was -4.6 kV/m.  Flash UF 11-25 contained a full IS process and one 

subsequent return stroke with peak current of 12.1 kA.  The ICC had duration of 404 ms and 
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transferred 28 C of negative charge to ground.  A three-dimensional plot of the LMA source 

locations obtained during flash UF 11-25 is shown in Figure 7-8 and four projections views of the 

LMA sources are shown in Figure 7-9.  The 0° C level is annotated in all plots including LMA 

source altitude coordinates.  The LMA sources span four seconds and are color-coded according 

to the color-key at right in 400 ms bins.   Flash UF 11-25 exhibited a large number of precursor 

current pulses during the wire ascent (Figure 7-9C).  The LMA recorded source locations for 

more than 50 precursor current pulses in a time of about 3 s.  The HBM dE/dt digitization system 

(Section 2.5) also recorded waveforms for 33 of the precursor pulses located by the LMA.  The 

source locations of common events with the two TOA systems are used to evaluate the source 

location accuracy of the LMA system for low-altitude sources (treating the TOA locations 

obtained from the HBM dE/dt network as ground truth).  The sustained UPL initiated at about 

19:43:34.377 (UT), or about 3.6 s in the altitude versus time projection of Figure 7-9C, and is 

again distinguished from the preceding precursor pulses by the abrupt change in propagation 

speed.  

 In Figure 7-10, the three-dimensional geometrical structure of the IS is shown on reduced 

spatial scale to better show the upward IS branching.  The LMA sources in Figure 7-10 are plotted 

with the same criteria specified for the three-dimensional plot of the IS branching of Flash UF 11-

24 given in Figure 7-4.  Flash UF 11-25 was the first event triggered at the ICLRT where more 

extensive upward branching of the IS was observed via the LMA source locations. The initial 

UPL ascended to an altitude of about 750 m at an average speed of 7.9 x 10
4 
m/s.  Branch 1 

(Figure 7-10) initiated at 750 m altitude and propagated upward and in a southeasterly direction 

for about 1.3 km at an average speed of 7.9 x 10
4 
m/s, eventually stopping at an altitude of about 2 

km.  Branch 2 initiated nearly simultaneously with Branch 1 at an altitude of about 750 m and 
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propagated in a northerly and upward direction for about 3.3 km at a speed of 7.7 x 10
4 
m/s.  

Branch 3 split from Branch 2 about 4 ms after the initiation of initiation of Branch 2.  Branch 3 

traveled at an average speed of 7.0 x 10
4 
m/s in an upward and slightly southwesterly direction for 

about 1.7 km before apparently halting at an altitude of about 2.3 km.   Branch 4 similarly split 

from Branch 2 at an altitude of about 2.3 km (25 ms after the initiation of Branch 2) and 

subsequent propagated for about 700 m to the northwest at an average speed of 3.5 x 10
4 
m/s 

before stopping an altitude of 2.5 km.  Branch 2 finally split into Branch 5 and Branch 6 at an 

altitude of about 2.6 km.  Branch 5 traveled to the east-northeast for about 900 m at a speed of 2.8 

x 10
4 
m/s and Branch 6 traveled to the north-northeast for about 1.9 km at a speed of 4.3 x 10

4 

m/s.  Branch 5 and Branch 6 initiated extensive horizontally-oriented branching that eventually 

led to the widespread area of positive breakdown evident in the easting, northing, and plan 

projections of Figure 7-9 located between 3-6 km altitude.   

 The altitude projection of the LMA source locations (Figure 7-9C) is overlaid on a 590 ms 

waveform of the measured channel-base current in Figure 7-11.  The current waveform plotted is 

from the II Very-Low measurement (unlike the ICC of flash UF 11-24, there were no large ICC 

pulses that saturated the vertical scale of the measurement).  The initiation times of the six IS 

branches described above are annotated on the current waveform with red diamonds.  Branches 1-

3 initiated within 7 ms of the beginning of the sustained UPL.  There was no clearly-defined ICV 

in the channel-base current waveform, but given the average time duration between the UPL and 

the ICV of 7.5 ms (measured for 37 triggered flash at the ICLRT between 2009-2011, see Table 

4-8), it is likely at least Branch 1 and Branch 2 occurred prior to the wire explosion.  Branch 1 and 

Branch 2 both initiated within 3 ms of the beginning of the UPL.  The six IS branches initiated 

with channel-base current amplitudes ranging from 12-60 A.   



 

 352 

 SMART radar RHI scans at the time of flash UF 11-25 are shown in Figure 7-12 (dBZ 

image in Figure 7-12A and ZDR image in Figure 7-12B).  The northing projection of the LMA 

source locations (Figure 7-9B) is overlaid on both radar images with the same source-coloring 

convention described for flash UF 11-24 (Figure 7-6).  In the dBZ image of Figure 7-12A, the 

reflectivity in both the rain-shafts to the north-northeast and south-southwest of the ICLRT 

decreased from the time of flash UF 11-24.  In addition, the reflectivity immediately over the 

launching facility had ceased and there were clear sky conditions to the east (Figure 7-1B).  The 

initial UPL and  Branches 1-3 propagated upward through relatively clear air.  Branch 1 and 

Branch 3 both halted slightly above 2 km altitude in an area of light precipitation.  Branch 2, 

Branch 5, and Branch 6 propagated in northerly directions generally within the plane of radar RHI 

scan, producing the high-density area of LMA sources between 3-4 km altitude that extends from 

about 14-19 km in Figure 7-12A (about 2.4-7.4 km from the launching facility).  The IS branches 

appear to have propagated towards and into an area of higher reflectivity centered at about 18 km 

from the radar (5.4 km from the launching facility) and about 3 km in altitude.  The LMA sources 

from the IS then extended upward to around the 0° C level at about 4.7 km, where the discharge 

propagated in a northerly direction for about 10 km along the top of the high-reflectivity region in 

a similar manner to flash UF 11-24.  Extensive IS branching also occurred to the west out of the 

plane of the radar RHI scan (LMA sources shown in dark green in Figure 7-12A).  The western IS 

branches occurred at altitudes from 3-7 km (Figure 7-9A).  The higher-altitude sources between 5-

7 km propagated into the same region where the western IS branches of flash UF 11-24 produced 

significant positive-polarity electrical breakdown.  Interestingly, the lower altitude western LMA 

sources between 3-4 km appear to have been associated with a natural negative cloud-to-ground 
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discharge that occurred during the IS process of flash UF 11-25.  The natural flash likely 

terminated 5-7 km to the northwest of the launching facility (Figure 7-9A).   

 In Figure 7-13, the distribution of LMA source altitudes during the IS of flash UF 11-25 is 

shown.  The histogram includes a total 1036 sources plotted with bin width of 30 sources.  The 

features of the histogram of flash UF 11-25 are somewhat more complicated than that of flash UF 

11-24 due to more extensive electrical breakdown that occurred at different altitudes.  The large 

collection of sources below 2 km are from the initial UPL, Branch 1, Branch 3, and the initial 

portion of Branch 2.  The peaks around 3 km altitude are mostly due to the initial IS branches 

(Branch 2, Branch 5, and Branch 6) that traveled to the north within the plane of the SMART 

radar RHI scan.  There is also some contribution to the histogram peaks around 3 km from the 

western IS branches that occurred later in the IS process than initiated the natural cloud-to-ground 

discharge 5-7 km northwest of the launching facility.  The dominant histogram peaks between 5-6 

km are from the IS branches that propagated along and above the  0° C level following the initial 

progression in the 3 km altitude range.   

 As discussed above, a large number of precursor current pulses were measured on the 

ascending triggering wire for flash UF 11-25, in part due to the relatively long duration between 

the rocket launch and the initiation of the sustained UPL (about 4.4 s).  The 33 precursor pulses 

located by both the LMA and the HBM dE/dt TOA network are used to evaluate the accuracy of 

the LMA system for low-altitude sources, treating the dE/dt TOA source locations as ground 

truth.  For flash UF 11-25, the closest LMA station to the launching facility was the Blanding site, 

located 2771 m east-southeast of the launcher (Table 2-2 and Figure 2-32).  In Figure 7-14, the 

easting (longitudinal) coordinates of the dE/dt (blue circles) and LMA (red squares) source 

locations for the 33 common pulses are plotted as a function of increasing emission time.  In 



 

 354 

addition, the differences between the easting coordinates of the LMA sources and the dE/dt 

sources are plotted (black diamonds).  In general, the LMA overestimated the easting coordinate 

of the precursor pulses by less than 25 m, with a gradually decreasing error with increasing height 

of the triggering wire.  The easting source locations of the two TOA systems agreed to within 5 m 

for seven pulses.  A similar plot is shown in Figure 7-15 for the northing (latitudinal) coordinates 

of the dE/dt and LMA sources.  The LMA tended to overestimate the northing coordinate of the 

precursor sources by less than 20 m when the triggering wire was less than 350 m in altitude, 

though for 11 pulses, the locations of the two system agreed to within 5 m.   From 350 m to 450 m 

in altitude, the LMA tended to underestimate the precursor source location by less than 15 m, but 

similarly for 7 pulses, the locations of the two systems agreed to within 5 m.  The  accuracies of 

the LMA easting and northing source coordinates were not strong functions of altitude, as 

expected [e.g., Thomas et al., 2004].  In Figure 7-16, a plot is shown of the LMA and dE/dt source 

altitudes for the 33 precursor pulses versus increasing emission time.  The differences between the 

LMA and dE/dt source altitudes are also plotted.  For source altitudes (determined by dE/dt TOA 

locations) from 160 m to 360 m, the LMA overestimated the altitude location of the source by an 

average of about 81 m.  For source altitudes between 375 m and 455 m, the LMA overestimated 

the altitude location of the source by an average of only 34 m.    

7.2.3 Flash UF 11-26 

 Triggered lightning discharges in Florida normally transport only negative charge to 

ground through the IS process and any subsequent leader/return stroke sequences.  Flashes UF 

11-24 and UF 11-25 discussed above are examples of normal polarity triggered lightning 

discharges.  Occasionally, triggered lightning current measured at the channel-base, which, as 

noted above, usually exhibits a polarity consistent with the lowering of negative cloud charge, 

undergoes a polarity reversal in its usual current and lowers positive charge.  Positive charge 
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regions are reported to be present in typical thunderstorms both below and above the primary 

negative charge region, that is, above about 8 km and below about 6 km [e.g., Marshall and 

Rust, 1991; Bringi et al., 1997].  Yoshida et al. [2012] described a flash triggered at the ICLRT 

in 2009 (flash UF 09-30) in which the IS first lowered negative charge, then positive charge.  

Yoshida et al. [2012] used a two-dimensional VHF interferometer to infer the activity of a series 

of in-cloud leaders that were not initially connected to the IS channel but that subsequently led to 

the connection of an "upper level positive charge region" with the IS channel to ground.  Jerauld 

et al. [2004] presented data for a two-stroke triggered flash in Florida whose first stroke lowered 

the expected negative charge following a negative IS while the second stroke unexpectedly 

lowered positive charge.  The location of the charge source for the positive stroke could not be 

determined.   

 Here, data are presented for flash UF 11-26, a triggered discharge that first lowered 

negative charge to ground via the initial portion of the IS, and then induced a more or less 

natural-appearing bi-level intracloud discharge via an upward-propagating negatively-charged 

leader between the inferred main negative cloud-charge region and the primary positive charge 

region above it.  Typical natural intracloud lightning flashes have previously been studied with 

LMA systems [e.g., Thomas et al., 2001; Behnke et al., 2005] and with two-dimensional 

interferometric systems [e.g., Shao and Krehbiel, 1996].  For triggered flash UF 11-26, some of 

the charge from the positive charge region of the cloud flowed to ground through the path of the 

previously negative-charge-lowering IS, causing a current polarity reversal of about 57 ms 

duration to be observed at ground.  The coordinated data presented in this section: LMA source 

locations, SMART radar data, and electrical current at the channel base, provide convincing 

evidence that the process of triggering lightning with a grounded wire can directly induce a 
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typical normal polarity, bi-level intracloud discharge between the primary negative and upper 

positive cloud charge regions, as well providing information on the physics of both the triggering 

process and the resultant lightning discharges.   

 Flash UF 11-26 was triggered at 19:49:58 (UT) on August 5, 2011  with a quasi-static 

electric field at ground of -5.6 kV/m.  The discharge was triggered about 7 minutes after flash 

UF 11-25.  At the time of the rocket launch, the low-level reflectivity observed over the ICLRT 

by the Jacksonville WSR-88D had decreased to about 30 dBZ.  From the still image shown in 

Figure 7-1C, the conditions at ground level had continued to clear following flash UF 11-25.  UF 

11-26 was composed of an IS process followed by an intracloud discharge.  There were no return 

strokes to ground in the flash.  A three-dimensional plot of the LMA source locations for flash 

UF 11-26 is shown in Figure 7-17.  In Figure 7-18, four projections of the LMA source locations 

obtained during UF 11-26 are shown.  The 0° C level is annotated in all plots of Figure 7-18 that 

include LMA source altitude coordinates.  Figures 7-17 and 7-18 both show a 1 s time period 

with points color-coded according to the keys at right in 100 ms bins.  The LMA detected only 

four precursor current pulses during the wire ascent, though many precursors were measured on 

the ascending triggering wire.  A plot of the LMA source locations showing the branching 

structure of the IS process is given in Figure 7-19.  The points are plotted with the same criteria 

specified for flashes UF 11-24 and UF 11-25 (Figures 7-4 and 7-10).  In Figure 7-19 (and in 

Figure 7-18A), the UPL is seen to propagate upward for about 2.5 ms before diverging to the 

west at an altitude of about 580 m (Branch 1).  About 2.6 ms after the UPL turned to the west, an 

IS branch (Branch 2) initiated at an altitude of about 710 m and propagated towards the east.  

The triggering wire exploded when the IS branches reached about 750 m in altitude, about 5.2 

ms following the initiation of the sustained UPL.  The two IS channels then propagated generally 
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upward, eventually becoming separated laterally by about 2 km, at an altitude of about 4.5 km, 

before turning horizontal.   Branch 1 traversed a total distance of about 2.8 km at an average 

speed of 1.8 x 10
5
 m/s and Branch 2 propagated for about 4.1 km at an average speed of 4.7 x 

10
4
 m/s.   

 In Figure 7-20, a 600 ms waveform of the measured channel-base current and the altitude 

projection of the LMA source locations (Figure 7-18C) are plotted.  Recall that a positive current 

corresponds to negative charge transported to ground and vice versa.  The current waveform 

shows the final 120 ms of the rocket ascent and the full 433 ms duration of the ICC process.  

About 114 ms after the initiation of the UPL, the channel-base current, which had exhibited a 

polarity indicative of negative charge transport to ground, decreased sharply towards zero and 

subsequently changed polarity in a time span of about 2 ms.  The time of the current polarity 

reversal is annotated in Figure 7-20 with a vertical line and the baseline current level is shown 

with a dotted horizontal line.  The current waveform was plotted using the II-Low measurement 

considering the ICC background current level was above the saturation point of the II Very-Low 

measurement and the ICC contained many super-imposed pulses with amplitudes greater than 1 

kA.  About 7 ms prior to the change in current polarity, an upward-negative leader, characteristic 

of typical naturally-occurring bi-level intracloud discharges, initiated at an altitude of about 5.6 

km.  The negative leader propagated from an altitude of 5.6 km to about 9.3 km in a time of 11 

ms (LMA sources shown in red color in Figure 7-20 and confirmed as negative polarity by their 

relatively high source power).  The upward-negative leader source powers recorded by the LMA 

ranged from 4 - 16 dBW, generally 1 to 2 orders of magnitude stronger than the preceding 

positive VHF sources recorded during the IS.  The upward-negative leader initiated about 3.5 km 

to the southwest of the launching facility and traversed a total distance of about 4.5 km with an 
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average speed of about 4.1 x 10
5
 m/s.  Without accounting for channel tortuosity, the leader 

propagated at an angle from the vertical of about 18 degrees at an azimuth of about 109 degrees 

(southeast).  The leader initiated widespread negative breakdown within the inferred upper 

positive charge region for about 270 ms following its propagation.  The negative breakdown 

covered a lateral area of about 20 x 23 km and ranged in altitude from about 8 km to about 10 

km.  Positive breakdown at an altitude near 5 km, eventually covering a lateral area of about 18 x 

25 km, occurred simultaneously with the higher altitude negative breakdown,.  Individual 

intracloud channels were poorly resolved at both altitude ranges, particularly within 5 km of the 

triggering site, likely a result of the presence of many simultaneous channels and the 80 µs 

acquisition window per LMA source location (e.g., compare the branch detail of the intracloud 

channels in Figure 7-3 for flash UF 11-24 with the lack of branch detail in the case of flash UF 

11-26).   

 A 35 ms segment of the channel-base current waveform plotted in Figure 7-20 is shown 

in Figure 7-21 (the time-scale of Figure 7-21 corresponds to 110-145 ms in Figure 7-20) with the 

altitude projection of the LMA source locations overlaid.  The waveform shows the final 6.5 ms 

of the rocket-ascent and the first 28.5 ms of the ICC (prior to the current polarity reversal).  The 

times of the two IS branches are annotated on the current waveform with red diamonds.  The IS 

branches initiated with channel-base current amplitudes of 9 A and 43 A, respectively.  These 

current values were measured using the II Very-Low current waveform (not shown).  Flash UF 

11-26 exhibited a clear ICV (Type II event from Section 4-3), which, as stated previously, 

occurred about 5.2 ms following the initiation of the sustained UPL.   

 In Figure 7-22, a 75 ms plot of the current polarity reversal is shown.  The time-scale of 

Figure 7-22 corresponds to 225-300 ms in Figure 7-20.  About 4.8 ms prior to the initial drop in 
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magnitude of the channel-base current between 230-231 ms in Figure 7-22, a bipolar dE/dt pulse 

(~115 V/m/µs peak-to-peak) was recorded by all 10 dE/dt sensors on the HBM dE/dt network.  

The initial polarity of the pulse is indicative of the upward movement of negative charge.  The 

pulse corresponds in time to the first LMA source location of the upward-negative-leader.  A 1 

µs window surrounding the pulse is shown in the inset of Figure 7-22 and the arrow shows where 

in time the pulse occurred relative to the channel-base current waveform.  The TOA location of 

the pulse from the HBM dE/dt network was within 290 m of the LMA source location (about 

280 m laterally and about 20 m in altitude).  Given that the source was well outside the boundary 

of the dE/dt TOA network, the lateral location errors of the dE/dt TOA system are expected to be 

of the order of 100 m and the altitude location error of the order of 200 m.  It is also worth noting 

that the initial LMA source location of the upward-negative-leader occurred coincident with a 

small rise in the measured channel-base current (immediately following the location of the arrow 

in Figure 7-22.  No additional HBM dE/dt pulses clearly corresponding to the ascending LMA 

sources of the upward-negative leader were resolved.  About 2.3 ms following the current 

polarity reversal, the current magnitude fell sharply to a level of about -3.2 kA.  The current 

waveform during the full 56.8 ms duration of the polarity reversal is characterized by a 

continuous series of wide (~ 0.5-3 ms) pulses with amplitudes from several hundred amperes to 

several kilo-amperes.  The pulses are generally similar to negative ICC pulses [e.g., Wang et al., 

1999c; Miki et al., 2005] but, in this case, appear to be superimposed on an opposite-polarity 

background current that gradually tends back towards zero.  The implication is that both positive 

and negative charge sources were simultaneously available to the channel to ground.  About 19 C 

of positive charge were transferred to ground during the current polarity reversal while the 

negative portion of the ICC transferred 120 C of charge to ground.  The progression of the 
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intracloud negative breakdown, as indicated by the LMA source locations, does not appear to be 

significantly altered when, after 56.8 ms of reverse current flow, the channel-base current 

reverted back to a polarity indicative of negative charge transport to ground.  

  In Figure 7-23A a 300 ms record of the electric field is plotted corresponding to the time 

region from 100-400 ms of Figure 7-20.  The channel-base current is plotted in Figure 7-23B for 

reference.  The electric field was measured with an inverted antenna (Section 2.19) at Station 12 

with sensitivity of about 197 kV/m/V.  The antenna has a decay time constant of 8 s.  The more 

sensitive electric field antennas all saturated the dynamic range of the fiber-optic transmitters at 

the beginning of the UPL and did not recover from saturation quickly enough to view the current 

polarity reversal.  In order to better resolve lower-amplitude field changes contaminated by the 

system noise, the electric field waveform was first filtered with a 1000-point moving average 

filter.  The most interesting characteristic of the electric field waveform is the pronounced hump 

that rises from the system noise level about 5 ms prior to the current polarity reversal.  The peak 

of the electric field hump occurred about 7.2 ms later, near the time of the next to last LMA 

source corresponding to the upward-negative-leader at an altitude of about 8.3 km.  The electric 

field change could have started earlier in the waveform, closer to the time of the initiation of the 

upward-negative-leader, and be simply unresolved due to lack of system sensitivity.  Yoshida et 

al. [2012] show a very similar electric field waveform feature in their Figure 8F immediately 

prior to the current polarity reversal of flash UF 09-30.   

 SMART radar RHI scans at the time of flash UF 11-26 are shown in Figure 7-24 (dBZ 

image in Figure 7-24A and ZDR image in Figure 7-24B).  The northing projection of the LMA 

source locations (Figure 7-18B) during flash UF 11-26 is overlaid on each radar image.  The 

precipitation at the ground surface was observed to have ended prior to the rocket launch that 
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triggered flash UF 11-26 (also see Figure 7-1C).  An analysis of the RHI scans taken with the 

SMART radar performed by Dr. Michael Biggerstaff and Mr. Pat Hyland of the University of 

Oklahoma shows that the rocket and subsequent UPL rose through a tilted descending 

reflectively packet (DRP) that was 2 km wide, on average, in the plane of the RHI and extended 

at least 1 km in the east-west direction, as determined by the five-degree azimuthal RHI sector 

scan centered on the ICLRT.  At the time of the rocket launch, the north-south width of the DRP 

base was 600 m over the ICLRT and was found at an altitude of 500 m.  A few hundred meters 

farther east, however, the DRP had already reached the surface.  The DRP formation may have 

been associated with remnants of the convective cell in the central part of the storm system but 

appeared as localized coalescence of raindrops just below the 0° C level.  The vertical extent of 

the DRP increased as larger drops fell faster than smaller drops, which led to an appreciable size-

sorting signature in the differential radar reflectivity (ZDR).  Indeed, the lower portion of DRP 

had areas where ZDR values exceeded 2 dB while the upper portion had ZDR values closer to 1 

dB.  Given the low reflectivity and high ZDR values in the base of the DRP, it is likely that this 

region had low concentrations (less than one drop per cubic meter of air) of medium-to-large 

sized raindrops.  When the IS channel turned horizontal near 4.5 km altitude, it propagated for 

some kilometers across the top of the DRP, and along the radar-determined 0° C level (Figure 7-

18).  Thus, the path of the initial UPL and the subsequent channel development were closely 

associated with precipitation boundaries.     

 The majority of the LMA sources during the current polarity reversal at ground were 

located in a layer between 8-10 km in altitude and were associated with precipitation near the 

cores of dissipating convective cells to the north and southwest of the ICLRT.  SMART radar 

reflectivity indicates that the anvil of the cloud system was inhomogeneous, with regions of 
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reflectivity approaching 35 dBZ in the 8-10 km layer (Figure 7-24A).  The LMA sources during 

the charge reversal suggest the negative breakdown occurred near the top of these enhanced 

reflectivity regions.  One of the enhanced reflectivity regions, observed between 5-8 km range 

and 8-9.5 km in altitude at 19:50 (UT), had ZDR values that were negative on average.  The 

surrounding regions, with lower radar reflectivity, had ZDR values closer to 0.  Negative ZDR aloft 

is often associated with ice crystals that become vertically aligned by strong vertical electric 

fields [e.g., Hendry and McCormick, 1976].  It is noteworthy that projection of LMA sources 

onto the plane of the RHI showed that the majority of the initial few LMA sources during the 

charge reversal fell within this region of mean negative ZDR.  While the narrow section sampled 

by the radar during this time did not include the dissipating cell to the southwest of the ICLRT 

where the initial few LMA sources occurred, adjacent RHIs suggest this region did extend 

westward. 

 Aspects of the cloud charge structure during flash UF 11-26 can be inferred from the 

altitude distribution of LMA source locations.  Figure 7-25 shows a histogram (bin width of 30 

source points) of the LMA source altitudes for 667 sources.  The bimodal distribution of source 

altitudes together with the corresponding source powers measured by the LMA indicates a region 

of predominantly positive electrical breakdown spanning an altitude from about 4-5.5 km and a 

region of predominantly negative breakdown spanning in altitude from about 7.5-10.5 km.  The 

electric fields are highest on the outer boundaries of the charge region so the exact relation 

between the LMA breakdown location and the charge sources before the intracloud discharge is 

not completely determinate.  The unknown is how far and how thoroughly the discharge 

penetrates the charge region.  The vertical structure of the electrical breakdown suggests that the 

upward negative leader, which propagated from 5.6 to 9.3 km in altitude, connected the expected 
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top of the negative charge region to the lower part of the upper positive charge region.  In the 

process, a path was developed for some positive charge to flow through the IS channel to ground.   

7.3 Flash UF 11-32 (August 18, 2011) 

 Flash UF 11-32 was triggered at 20:37:29 (UT) on August 18, 2011 when the quasi-static 

electric field at ground was about -6.4 kV/m.  The flash was the first of four triggered lightning 

events on August 18, 2011 (UF 11-32 through UF 11-35).  Flash UF 11-32 had a full initial stage 

process followed by two subsequent return strokes with peak currents of 14.5 kA and 19.8 kA, 

respectively.  The IS process of flash UF 11-32 had several unique features, 1) the total duration 

of the ICC period was 945 ms, the longest ICC observed between 2009-2011 by more than 200 

ms; 2) the ICC charge transfer was 225 C, also the largest observed from 2009-2011 by a margin 

of about 32 C; 3) the channel-base current dropped to zero during the wire explosion (Type I 

ICV) for a time of 950 µs, the second longest zero-current interval during the ICV period 

recorded from 2009-2011; and 4) two attempted reconnection pulses (ARPs) were recorded 

during the ICV period with amplitudes of 102 A and 119 A followed by a successful 

reconnection pulse (RP) with amplitude of 511 A.   In Figure 7-26, a three-dimensional plot is 

shown of the LMA source locations during the IS of flash UF 11-32, and in Figure 7-27, four 

projections views of the LMA source locations are shown.  In both Figure 7-26 and 7-27, the 

sources span 2 s and are color-coded according to the key at right in 200 ms bins.  During the 

triggering wire ascent and before its destruction, the LMA recorded source locations for 12 

precursor pulses.  These sources are annotated in the altitude versus time projection of Figure 7-

27C and occurred over a time period of about 650 ms prior to the initiation of the sustained UPL.  

The UPL is annotated in Figure 7-27C, primarily in orange color and, like the previous flashes, is 

distinguishable from the preceding precursor pulses by the abrupt change in propagation speed.  
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The triggering wire vaporized when the IS was at an altitude of about 2 km, about 19 ms after the 

initiation of the sustained UPL.   

 The IS of flash UF 11-32, like that of flash UF 11-25 discussed in Section 7.2.2, 

exhibited more extensive low-altitude upward branching than did most flashes recorded by the 

LMA during summer 2011.  In Figure 7-28, a three-dimensional view of the IS of flash UF 11-

32 is shown on a spatial scale designed to emphasize the upward branching geometry.  LMA 

sources for the IS branches are plotted with the same criteria used for the previously analyzed 

flashes.  There are a total of six clearly defined IS branches labeled in Figure 7-28 by increasing 

initiation time.  The sources are color coded in 20 ms time windows according to the key at right.   

The initial UPL (shown in bright green in Figure 7-28) propagated upward and generally 

southward for about 630 m at an average speed of about 9.5 x 10
4
 m/s before branching into two 

distinct IS branches at altitudes of about 880 m (Branch 1) and 870 m (Branch 2) respectively.  

The two initial IS branches are also clearly visible in Figure 7-27 at top right, Branch 1 on the 

right and Branch 2 on the left.  Branch 1 propagated generally upward for a distance of about 3.6 

km at an average speed of about 9.4 x 10
4
 m/s before splitting into Branch 3 and Branch 4.  

Likewise, Branch 2 moved generally upward and southward for about 14.7 km at an average 

speed of about 1.2 x 10
5
 m/s, eventually splitting into Branch 5 and Branch 6.  Branch 3 split 

from Branch 1 at an altitude of about 3.2 km and propagated in an upward and easterly direction 

for a distance of about 2.1 km at an average speed of about 5.6 x 10
4
 m/s.  Branch 4 initiated at 

an altitude of about 3.1 km and propagated in a northeasterly direction for about 500 m at an 

average speed of about 3.5 x 10
4
 m/s.  Finally, Branch 5 split from Branch 2 at an altitude of 

about 4.9 km and propagated in a southerly direction for 810 m at an average speed of 2.8 x 10
4
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m/s, and Branch 6 initiated at an altitude of 4.8 km and propagated for 770 m in a southwesterly 

direction at an average speed of 2.0 x 10
4
 m/s. 

 In Figure 7-29, 200 ms of the LMA source altitudes are plotted with the measured 

channel-base current waveform (II-Low).   LMA sources corresponding to three precursor 

current pulses are shown between 10-40 ms in the plot.  The sustained UPL is initiated at about 

67 ms.  The times of the six IS branches are annotated on the current waveform by red diamonds.  

These branches were initiated with corresponding channel-base current amplitudes ranging from 

11 A (Branch 1) to 156 A (Branch 5).  LMA sources enclosed in the black box at about 86 ms 

correspond to the time of the explosion of the triggering wire and subsequent reconnection 

processes discussed above.  A final observation from Figure 7-29 is that Branch 1, while having 

a slightly slower average propagation speed than Branch 2, propagated with higher speed over its 

first roughly 8 ms.  This speed difference is evident in the LMA altitude sources in Figure 7-29 

as the upward splitting of the black data points immediately following in time the red diamond 

indicating the initiation of Branch 2.   

 The distribution of LMA altitude sources for the IS of flash UF 11-32 is shown in Figure 

7-30.  The histogram is plotted for 974 sources with bin width of 30 sources.  The collection of 

histogram peaks below 4 km are due to the lower-altitude upward IS branches described above.  

The dominant histogram peak at about 4 km is due to the dense area of electrical breakdown that 

developed to the north and west of the launching facility following the progression of the clearly-

defined IS branches.  This area of electrical breakdown is clearly visible in Figure 7-27 primarily 

in the dark pink and black-colored LMA points.  The higher-altitude histogram peaks in Figure 

7-30 between 4.5-7 km are a result of the more diffuse electrical breakdown that propagated to 
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the northwest, southwest, and southeast from the launching facility.  These LMA sources are 

shown in Figure 7-27 primarily in dark blue color.   

 Interestingly, the rocket launch of flash UF 11-32 occurred during the final stage of a 

classical bi-level intracloud discharge located southeast of the ICLRT.  Four projection views of 

the LMA source locations during the intracloud discharge and the full extent of flash UF 11-32 

(including the subsequent return strokes) are shown in Figure 7-31.  The plots span 5 s in time 

and the points are color-code according to the key at right in 500 ms bins.  Note the coloring of 

the LMA points associated with flash UF 11-32 is not the same as for Figures 7-26 and 7-27 due 

to different binning.  The intracloud flash initiated about 25 km east and 10 km south of the 

launching facility.  The LMA points associated with the initiation of the intracloud flash are 

shown in bright green.  Note that the source altitudes and ranges shown for the intracloud flash 

are likely both overestimated by several kilometers (reference Thomas et al. [2004] for a 

thorough discussion on the LMA altitude and range uncertainties for sources well outside the 

LMA network boundaries).   The intracloud flash developed for about a time period of about 650 

ms, through the time of the rocket launch just prior to 1 s in Figure 7-31C.  An animation of the 

LMA sources shows that the intracloud discharge halted abruptly as the rocket reached altitude.  

The LMA sources during the latter stage of the IS period (shown in dark blue in Figure 7-27) that 

propagated to the southeast from the launch facility continued to travel to the southeast after the 

cessation of the IS current at ground.  As shown in the plan view of Figure 7-31D, the 

southeastern horizontal branches of flash UF 11-32 eventually propagated towards and possible 

into the region where the intracloud discharge had terminated 3 s earlier, at an altitude between 

5-6 km.     
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7.4 LMA Observations of Additional 2011 Triggered Flashes 

In addition to the four triggered lightning flashes discussed in detail in the previous 

sections, LMA data were obtained for an additional five flashes, each containing a full IS process 

and subsequent return strokes.  The LMA data for these remaining flashes will not be discussed 

in detail in this chapter, though the data are shown for completeness.  Statistical channel-base 

current parameters for these flashes can be found in Table 4-4.  In order of increasing shot 

number, both a three-dimensional plot of the LMA source locations and a plot of the four 

projection views of the LMA sources are given for each flash in accordance with the following 

list: 

1) Flash UF 11-11 (062311), Figures 7-32 and 7-33 

2) Flash UF 11-28 (081211), Figures 7-34 and 7-35 

3) Flash UF 11-33 (081811), Figures 7-36 and 7-37 

4) Flash UF 11-34 (081811), Figures 7-38 and 7-39 

5) Flash UF 11-35 (081811), Figures 7-40 and 7-41 

7.5 Discussion of 2011 Triggered Lightning LMA Observations 

 Parameters of the measured channel-base current during the full duration of the 

UPL/ICC, geometrical characteristics of the initial UPL prior to channel branching, and 

geometrical characteristics of all IS channel branches are given in Table 7-2 for the nine 

triggered lightning flashes presented in the preceding sections.  Some of the measured channel-

base current parameters in Table 7-2 were listed previously in Table 4-4, but are given here again 

for reference.  The LMA source altitude distributions for all nine triggered lightning flashes 

during summer 2011 are shown in Figure 7-42.  The distributions are only plotted for LMA 

sources extending to 8 km in altitude.  The panels of Figure 7-42 corresponding to flashes UF 

11-24, UF 11-25, and UF 11-32 are identical to those shown in Figures 7-7. 7-13, and 7-30.  The 
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panel in Figure 7-42 corresponding to flash UF 11-26 does not show the higher altitude sources 

associated with the negative breakdown region of the triggered bi-level intracloud discharge 

(Section 7.3).  The LMA source altitude distributions for the nine triggered flashes shown in 

Figure 7-42 are combined and plotted in Figure 7-43.  The peak of the cumulative LMA source 

altitude distribution for the nine events occurs between about 4-5.5 km.   

 Branching of the IS was observed via the LMA in eight of the nine triggered lightning 

events (the exception being flash UF 11-11 on June 23, 2011), occurring from altitudes as low as 

580 m (flash UF 11-26), but more typically from altitudes of about 700 m to 5 km.  Due to the 

low cloud bases, 1 km (+/- 500 m) during typical Florida thunderstorms, and the fact that the 

array of cameras at the ICLRT typically views only about 450 m above the launching facility, IS 

branches are rarely viewed by eye or optically imaged.  On the basis of work done to date, there 

is no definitive answer to why there is an apparent difference in branching characteristics 

between IS's at the ICLRT and those occurring at higher-altitude triggering sites (e.g., Langmuir 

Lab in New Mexico and St. Privat d'Allier in France).    

 For the nine triggered flashes in summer 2011, the time of each IS branch obtained from 

the LMA source locations was correlated with the measured channel-base current to determine 

the current amplitude when upward IS branching occurred (Table 7-2) and, more importantly, if 

the initiation of the IS branch caused a notable change in the current at ground.  Unexpectedly, 

no significant change in the measured current at ground was observed concurrent with the 

initiation of IS branches.  There is likely +/- 1-4 ms of error in the relation of the LMA branching 

times with the channel-base current due to the averaging method discussed in Section 7.2.1, 

though accounting for the errors does not appear to significantly alter the above observation.     
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 For two triggered lightning flashes at the ICLRT in 2009, Yoshida et al. [2010] used a 

two-station interferometer to map two IS's from altitudes of 1.1 to 2.4 km and 1.5 to 3.7 km, with 

three-dimensional velocities of 2.2 x 10
6
 m/s and 3.3 x 10

6
 m/s, respectively.  The average three-

dimensional speed calculated for the initial UPL channels before any branching occurs (Table 7-

2) for the nine triggered flashes in summer 2011 was about 8.7 x 10
4
 m/s, more than an order of 

magnitude slower than those calculated by Yoshida et al. [2010], and in much better agreement 

with the two-dimensional UPL speeds of 5.6 x 10
4
 m/s given by Biagi et al.[2009] for the first 

100 m of propagation of a UPL at the ICLRT, and of 1.0 x 10
5
 m/s given by Jiang et al. [2011] 

for an UPL in China propagating between 130-730 m above ground.   

  Yoshida et al. [2010] reported that the highest source altitudes of the two recorded IS's 

were below the typical 0° C level in Florida storms of 4-5 km.  Yoshida et al. [2010] suggest that 

the cloud charge structure was atypical of a Florida convective thunderstorm and that there may 

have been a negative charge layer between 2-4 km, similar to that reported by Stolzenburg et al. 

[2002] for mesoscale convective systems.  The distributions of LMA altitude sources shown in 

Figure 7-42 for the nine triggered flashes in summer 2011, with typical peaks between 3-6 km, 

suggest that the two events discussed in Yoshida et al. [2010] may, in fact, have been typical for 

triggered lightning in Florida thunderstorms.  In contrast to the results of Yoshida et al. [2010], 

who reported no sources following the clearly-defined IS channel, the LMA-located sources 

following the end of the clearly-defined IS channels generally propagated horizontally and 

outward from the ending point of the IS channels at altitudes near the 0° C level of 4-5 km.  In 

the cases of flashes UF 11-24 and UF 11-25, the horizontally-propagating IS channels clearly 

followed the contour of the 0° C level for many kilometers along the tops of high-reflectivity 

rain-shafts to the northeast of the ICLRT (reference SMART radar images in Figures 7-6 and 7-
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12).  The fact that the IS channels turn horizontal in the 3-6 km range indicates a preferred path 

for propagation either because of high electric fields there or perhaps because of the 

characteristics of the particular hydrometeors present in that range, near the 0° C level, allow for 

a lowered breakdown electric field.   

   Current polarity reversals during the ICC periods of triggered lightning flashes (e.g., flash 

UF 11-26) at the ICLRT have been rarely observed, having occurred in only 2 out of a total of 51 

(~ 4%) events from 2008-2011.  The first case occurred in 2009 and is documented in Yoshida et 

al. [2012].  The current polarity reversal measured at ground in Yoshida et al. [2012] was shorter 

in duration (39 ms vs. 56.8 ms for flash UF 11-26) but transferred more positive charge (29 C vs. 

19 C for UF 11-26) and exhibited a higher magnitude peak current during the reversal period (-

5.5 kA vs. -3.2 kA for UF 11-26).  Yoshida et al. [2012] used a broadband interferometer to infer 

the presence of a connecting leader between the main negative and upper positive charge regions 

that initiated 7.6 ms prior to the observed current polarity reversal, but they do not provide 

geometrical characteristics of the leader.   Unlike UF 11-26, which had no subsequent return 

strokes, the event discussed in Yoshida et al. [2012] had one subsequent return stroke with peak 

current of 29.6 kA following a 140 ms zero-current interval at the cessation of the IS.  The time 

duration (11 ms) and average 3-D speed (4.1 x 10
5
 m/s) of the upward negative leader recorded 

by the LMA for flash UF 11-26 are in good agreement with statistics reported by Shao et al. 

[1996], who used a narrowband interferometer to determine upward negative leader durations of 

10-20 ms and propagation speeds of 1.5 to 3 x 10
5
 m/s for bi-level intracloud flashes in central 

Florida, and with statistics reported by Behnke et al. [2005], who used LMA sources to calculate 

the median initial upward negative leader speed to be 1.6 x 10
5
 m/s for 24 intracloud flashes in 

New Mexico and Kansas.  The upward negative leader in this Florida study appeared to have 
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initiated at an altitude of about 5.6 km, several kilometers lower than those reported by Shao et 

al. [1996] and Behnke et al. [2005] for naturally occurring bi-level intracloud discharges, both 

studies reporting initial altitudes of about 7-8 km.   

 Although one could argue that the horizontally-propagating, positively-charged IS 

channels that propagate along the contour of the 0° C level would deposit positive charge or  

neutralize negative charge in the lower part of the main part of the negative charge region, 

thereby reducing the electric field in the cloud and the probability that a negatively charged 

leader (such as the one observed during the ICC of flash UF 11-26) would initiate, in the case of 

flash UF 11-26, the propagating IS channels and their charge deposition appear to have provided 

suitable conditions at an altitude of 5.6 km for the initiation of an upward-negative-leader that 

started a more or less natural bi-level intracloud discharge.   

 Finally, Yoshida et al. [2010], based on two triggered lightning events with abnormally 

large ICC pulses, suggest that positive VHF sources, which have traditionally been thought to 

have insufficient power to be routinely recorded by VHF imaging systems [e.g., Shao et al., 

1996], can be recorded "if the current is sufficiently high (> 1 kA) and/or is impulsive".  The 

LMA at the ICLRT resolved positive VHF sources from precursor current pulses during the 

triggering wire ascent with current amplitudes as small as 10 A, with the closest LMA station at 

about 2.7 km.   
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Table 7-1.  A list of working LMA stations on each day during summer 2011 where triggered lightning data were collected (flashes 

with at least a full IS process).  Checkmarks denote proper operation.   

a
Flash MSE 11-06 on July 31, 2011 struck the Blast Wall on the northeast corner of the ICLRT, damaging the LMA signal cabling.  

The Blast Wall LMA station was operational for the first five onsite natural lightning discharges on July 31, 2011.  

 

 

 

 

 

 

 

 

 

 

Date Blast Wall Golf Dupont_S Dupont_N FDOT Warehouse Blanding Comments 

062311        Bad phase on Dupont_N 

062611        Bad phase on Dupont_N & Warehouse 

070711        Bad phase on Dupont_N & Warehouse 

071011        Bad phase on Dupont_N & Warehouse 

073111        Blast Wall stopped working
a
 

080511        Blast Wall not operational 

081211        Blast wall not operational 

081311        Blast Wall not operational 

081811        Blast Wall not operational 
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Figure 7-1.  Still photographs of A) flashes UF 11-24, B) UF 11-25, and C) UF 11-26 on August 

5, 2011.  The photographs were taken from IS2 and the view is looking due south.  

Photos courtesy of the author. 
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Figure 7-2.  Three-dimensional plot of the LMA source locations for flash UF 11-24 on August 5, 2011.  Sources span 1 s beginning 

at 19:33:19.400 (UT) and are color-coded according to the key at right, each color corresponding to a 100 ms time window.  

The location of the launching facility is annotated.  
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Figure 7-3.  Four projection views of the LMA source locations for flash UF 11-24 on August 5, 2011.  A) an easting versus altitude 

plot (view looking due north), B) a northing versus altitude plot (view looking due west), C) an altitude versus time plot, 

and D) an easting versus northing plot (plan view, launching facility annotated by large red circle).  The sources span 1 s in 

time beginning at 19:33:19.400 (UT) and are color coded according to the key at bottom right, each color corresponding to 

a 100 ms time window.  The altitude of the 0° C level is annotated.   
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Figure 7-4.  Three-dimensional view of the LMA source locations beginning at 19:33:19.900 (UT) associated with the initial UPL and 

subsequent IS branches of flash UF 11-24 on August 5, 2011.  Sources correlated in time with precursor current pulses and 

diffuse sources not obviously corresponding to extensions of previous IS branches have been removed.  Branches are 

labeled in order of increasing initiation time. The sources span 500 ms and are color coded in time according to the key at 

right in 50 ms time windows.  The launching facility is labeled. 
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Figure 7-5.  LMA source altitude locations (black points) for flash UF 11-24 on August 5, 2011 overlaid on a 910 ms window of the 

measured channel-base current (II-Low measurement).  The final 485 ms of the wire ascent and the full 425 ms duration of 

the UPL/ICC are shown.  Sources are annotated corresponding to precursor current pulses.  Red diamonds superimposed 

on the current waveform indicate the times of the four IS branches shown in Figure 7-4.   
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Figure 7-6.  RHI scans taken by the SMART radar at the time of flash UF 11-24 on August 5, 

2011.  A) dBZ image with northing projection of LMA source locations overlaid.  B) 

ZDR image with northing projection of LMA source locations overlaid.  LMA sources 

within the plane of the RHI scan are colored black and sources outside the plane are 

colored dark green.  Images are courtesy of Dr. Michael Biggerstaff and Mr. Pat 

Hyland of the University of Oklahoma.  
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Figure 7-7.  Histogram (bin size equal to 30 sources) of the altitude distribution of LMA sources of flash UF 11-24 on August 5, 2011.   
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Figure 7-8.  Three-dimensional plot of the LMA source locations for flash UF 11-25 on August 5, 2011.  Sources span 4 s beginning 

at 19:43:30.777 (UT) and are color-coded according to the key at right, each color corresponding to a 400 ms time window.  

The location of the launching facility is annotated.  
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Figure 7-9.  Four projection views of the LMA source locations for flash UF 11-25 on August 5, 2011.  A) an easting versus altitude 

plot (view looking due north), B) a northing versus altitude plot (view looking due west), C) an altitude versus time plot, 

and D) an easting versus northing plot (plan view, launching facility annotated by large red circle).   The sources span 4 s 

in time beginning at 19:43:30.377 (UT) and are color coded according to the key at bottom right, each color corresponding 

to a 400 ms time window.  The altitude of the 0° C level is annotated.   
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Figure 7-10.  Three-dimensional view of the LMA source locations beginning at 19:43:34.377 (UT) associated with the initial UPL 

and subsequent IS branches of flash UF 11-25 on August 5, 2011.  Sources correlated in time with precursor current pulses 

and diffuse sources not obviously corresponding to extensions of previous IS branches have been removed.  Branches are 

labeled in order of increasing initiation time.  LMA sources span 120 ms and are color coded in time according to the key 

at right in 12 ms time windows.  The launching facility is labeled. 
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Figure 7-11.  LMA source altitude locations (black points) for flash UF 11-25 on August 5, 2011 overlaid on a 590 ms window of the 

measured channel-base current (II Very-Low measurement).  The final 186 ms of the wire ascent and the full 404 ms 

duration of the UPL/ICC are shown.  Sources are annotated corresponding to precursor current pulses.  Red diamonds 

superimposed on the current waveform indicate the times of the six IS branches shown in Figure 7-10.   
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Figure 7-12.  RHI scans taken by the SMART radar at the time of flash UF 11-25 on August 5, 

2011.  A) dBZ image with northing projection of LMA source locations overlaid.  B) 

ZDR image with northing projection of LMA source locations overlaid.  LMA sources 

within the plane of the RHI scan are colored black and sources outside the plane are 

colored dark green.  Images are courtesy of Dr. Michael Biggerstaff and Mr. Pat 

Hyland of the University of Oklahoma.  
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Figure 7-13.  Histogram (bin size equal to 30 sources) of the altitude distribution of LMA sources of flash UF 11-25 on August 5, 

2011.
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Figure 7-14.  LMA (red squares) and HBM dE/dt TOA (blue circles) easting coordinates (longitudinal) for 33 commonly-located 

precursor current pulses during the wire ascent of flash UF 11-25 on August 5, 2011.  The plot spans 4 s and time increases 

from left to right.  The black diamonds represent the difference between the LMA and dE/dt easting coordinates.    
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Figure 7-15.  LMA (red squares) and HBM dE/dt TOA (blue circles) northing coordinates (latitudinal) for 33 commonly-located 

precursor current pulses during the wire ascent of flash UF 11-25 on August 5, 2011.  The plot spans 4 s and time increases 

from left to right.  The black diamonds represent the difference between the LMA and dE/dt northing coordinates.    
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Figure 7-16.  LMA (red squares) and HBM dE/dt TOA (blue circles) altitude coordinates for 33 commonly-located precursor current 

pulses during the wire ascent of flash UF 11-25 on August 5, 2011.  The plot spans 4 s and time increases from left to right.  

The black diamonds represent the difference between the LMA and dE/dt altitude coordinates.    
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Figure 7-17.  Three-dimensional plot of the LMA source locations for flash UF 11-26 on August 5, 2011.  Sources span 1 s beginning 

at 19:49:58 (UT) and are color-coded according to the key at right, each color corresponding to a 100 ms time window.  

The location of the launching facility is annotated.  
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Figure 7-18.  Four projection views of the LMA source locations for flash UF 11-26 on August 5, 2011.  A) an easting versus altitude 

plot (view looking due north), B) a northing versus altitude plot (view looking due west), C) an altitude versus time plot, 

and D) an easting versus northing plot (plan view, launching facility annotated by large red circle).   The sources span 1 s 

in time beginning at 19:49:58 (UT) and are color coded according to the key at bottom right, each color corresponding to a 

100 ms time window.  The altitude of the 0° C level is annotated.   
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Figure 7-19.  Three-dimensional view of the LMA source locations beginning at 19:49:58.507 (UT) associated with the initial UPL 

and subsequent IS branches of flash UF 11-26 on August 5, 2011.  Sources correlated in time with precursor current pulses 

and diffuse sources not obviously corresponding to extensions of previous IS branches have been removed.  Branches are 

labeled in order of increasing initiation time. The LMA sources span 100 ms and are color coded in time according to the 

key at right in 10 ms time windows.  The launching facility is labeled. 
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Figure 7-20.  LMA source altitude locations (black points) of flash UF 11-26 overlaid on a 600 ms waveform of the measured 

channel-base current (II-Low measurement).  The final 120 ms of the wire ascent and full 433 ms of the UPL/ICC are 

shown.  The time of the current polarity reversal measured at ground is annotated by a dotted vertical line.  LMA sources 

corresponding to the upward-negative-leader between the inferred main negative charge region and the lower portion of the 

upper positive charge region are shown in red color.  The baseline current level is marked with a dotted horizontal line for 

reference.   
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Figure 7-21.  A 35 ms window of the channel-base current waveform (II-Low measurement) shown in Figure 7-20 from 110-145 ms.  

Red diamonds superimposed on the current waveform indicate the times of the two IS branches of flash UF 11-26 shown in 

Figure 7-19.  The ICV (Type II) is annotated.   
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Figure 7-22.  A 75 ms window of the channel-base current waveform (II-Low measurement) shown in Figure 7-20 from 225-300 ms 

during the current polarity reversal of flash UF 11-26.  The inset shows a 1 µs window around a dE/dt pulse corresponding 

to the initial LMA source of the upward-negative-leader.  The arrow indicates the time of the dE/dt pulse relative to the 

current waveform.  The current baseline level is annotated with a dotted horizontal line for reference.  
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Figure 7-23.  Electric field and channel-base current waveforms of flash UF 11-25.  A) a 300 ms waveform of the electric field 

measured by the inverted electric field antenna at Station 12, and B) a 300 ms waveform the channel-base current (II-Low 

measurement), including the polarity reversal.  The time-scale corresponds to times from 100-400 ms in Figure 7-20.  The 

time of the current polarity reversal is annotated with a dotted vertical lines.  Note the prominent hump in the electric field 

that begins about 5 ms prior to the current polarity reversal.   



 

 396 

 
 

Figure 7-24.  RHI scans taken by the SMART radar at the time of flash UF 11-26 on August 5, 

2011.  A) dBZ image with northing projection of LMA source locations overlaid.  B) 

ZDR image with northing projection of LMA source locations overlaid.  LMA sources 

within the plane of the RHI scan are colored black and sources outside the plane are 

colored dark green.  Images are courtesy of Dr. Michael Biggerstaff and Mr. Pat 

Hyland of the University of Oklahoma.  
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Figure 7-25.  Histogram (bin size equal to 30 sources) of the altitude distribution of LMA sources of flash UF 11-26 on August 5, 

2011.
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Figure 7-26.  Three-dimensional plot of the LMA source locations for flash UF 11-32 on August 18, 2011.  Sources span 2 s 

beginning at 20:37:28.800 (UT) and are color-coded according to the key at right, each color corresponding to a 200 ms 

time window.  The location of the launching facility is annotated.  
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Figure 7-27.  Four projection views of the LMA source locations for flash UF 11-32 on August 18, 2011.  A) an easting versus altitude 

plot (view looking due north), B) a northing versus altitude plot (view looking due west), C) an altitude versus time plot, 

and D) an easting versus northing plot (plan view, launching facility annotated by large red circle).   The sources span 2 s 

in time beginning at 20:37:28.800 (UT) and are color coded according to the key at bottom right, each color corresponding 

to a 200 ms time window.  
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Figure 7-28.  Three-dimensional view of the LMA source locations beginning at 20:37:29.870 

(UT) associated with the initial UPL and subsequent IS branches of flash UF 11-32 

on August 18, 2011.  Sources correlated in time with precursor current pulses and 

diffuse sources not obviously corresponding to extensions of previous IS branches 

have been removed.  Branches are labeled in order of increasing initiation time. The 

LMA sources span 200 ms and are color coded in time according to the key at right in 

20 ms time windows.  The launching facility is labeled.
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Figure 7-29.  LMA source altitude locations (black points) for flash UF 11-32 on August 18, 2011 overlaid on a 200 ms window of the 

measured channel-base current.  The final 67 ms of the wire ascent and initial 133 ms of the UPL/ICC (total duration of 

945 ms) are shown.  Sources are annotated corresponding to precursor current pulses and to the reconnection processes 

following the explosion of the triggering wire.  Red diamonds superimposed on the current waveform indicate the times of 

the six IS branches shown in Figure 7-28.   
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Figure 7-30.  Histogram (bin size equal to 30 sources) of the altitude distribution of LMA sources of flash UF 11-32 on August 18, 

2011.
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Figure 7-31.  Four projection views of the LMA source locations for flash UF 11-32 on August 18, 2011.  A) an easting versus altitude 

plot (view looking due north), B) a northing versus altitude plot (view looking due west), C) an altitude versus time plot, 

and D) an easting versus northing plot (plan view, launching facility annotated by large red circle).  The sources span 5 s in 

time beginning at 20:37:27 (UT) and are color coded according to the key at bottom right, each color corresponding to a 

500 ms time window.  The time region shown includes the intracloud discharge that occurred simultaneously with the 

rocket launch in addition to the full duration of flash UF 11-32 (including subsequent return strokes).   
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Figure 7-32.  Three-dimensional plot of the LMA source locations for flash UF 11-11 on June 23, 2011.  Sources span 2 s beginning at 

19:06:25.795 (UT) and are color-coded according to the key at right, each color corresponding to a 200 ms time window.  

The location of the launching facility is annotated. 
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Figure 7-33.  Four projection views of the LMA source locations for flash UF 11-11 on June 23, 2011.  A) an easting versus altitude 

plot (view looking due north), B) a northing versus altitude plot (view looking due west), C) an altitude versus time plot, 

and D) an easting versus northing plot (plan view, launching facility annotated by large red circle).  The sources span 2 s in 

time beginning at 19:06:25.795 (UT) and are color coded according to the key at bottom right, each color corresponding to 

a 200 ms time window.   
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Figure 7-34.  Three-dimensional plot of the LMA source locations for flash UF 11-28 on August 12, 2011.  Sources span 2 s 

beginning at 23:39:19.204 (UT) and are color-coded according to the key at right, each color corresponding to a 200 ms 

time window.  The location of the launching facility is annotated. 
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Figure 7-35.  Four projection views of the LMA source locations for flash UF 11-28 on August 12, 2011.  A) an easting versus altitude 

plot (view looking due north), B) a northing versus altitude plot (view looking due west), C) an altitude versus time plot, 

and D) an easting versus northing plot (plan view, launching facility annotated by large red circle).  The sources span 2 s in 

time beginning at 19:06:25.795 (UT) and are color coded according to the key at bottom right, each color corresponding to 

a 200 ms time window. 
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Figure 7-36.  Three-dimensional plot of the LMA source locations for flash UF 11-33 on August 18, 2011.  Sources span 2 s 

beginning at 20:45:11.507 (UT) and are color-coded according to the key at right, each color corresponding to a 200 ms 

time window.  The location of the launching facility is annotated. 
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Figure 7-37.  Four projection views of the LMA source locations for flash UF 11-33 on August 18, 2011.  A) an easting versus altitude 

plot (view looking due north), B) a northing versus altitude plot (view looking due west), C) an altitude versus time plot, 

and D) an easting versus northing plot (plan view, launching facility annotated by large red circle).  The sources span 2 s in 

time beginning at 20:45:11.507 (UT) and are color coded according to the key at bottom right, each color corresponding to 

a 200 ms time window.  LMA sources associated with the intracloud discharge that occurred 10 km to the southeast of the 

ICLRT during the wire ascent are annotated.   
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Figure 7-38.  Three-dimensional plot of the LMA source locations for flash UF 11-34 on August 18, 2011.  Sources span 1 s 

beginning at 20:51:41.070 (UT) and are color-coded according to the key at right, each color corresponding to a 100 ms 

time window.  The location of the launching facility is annotated. 
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Figure 7-39.  Four projection views of the LMA source locations for flash UF 11-34 on August 18, 2011.  A) an easting versus altitude 

plot (view looking due north), B) a northing versus altitude plot (view looking due west), C) an altitude versus time plot, 

and D) an easting versus northing plot (plan view, launching facility annotated by large red circle).  The sources span 1 s in 

time beginning at 20:51:41.070 (UT) and are color coded according to the key at bottom right, each color corresponding to 

a 100 ms time window.   
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Figure 7-40.  Three-dimensional plot of the LMA source locations for flash UF 11-35 on August 18, 2011.  Sources span 1 s 

beginning at 20:58.10.637 (UT) and are color-coded according to the key at right, each color corresponding to a 100 ms 

time window.  The location of the launching facility is annotated. 
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Figure 7-41.  Four projection views of the LMA source locations for flash UF 11-35 on August 18, 2011.  A) an easting versus altitude 

plot (view looking due north), B) a northing versus altitude plot (view looking due west), C) an altitude versus time plot, 

and D) an easting versus northing plot (plan view, launching facility annotated by large red circle).  The sources span 1 s in 

time beginning at 20:58:10.637 (UT) and are color coded according to the key at bottom right, each color corresponding to 

a 100 ms time window.     
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Table 7-2.  At left, measured channel-base current parameters for the duration of the UPL/ICC.  At middle, three-dimensional UPL 

length from the first detected LMA source of the UPL to the first branch location.  At right, three-dimensional IS channel 

branching statistics.   

a
 Negative charge transport to ground only, although this discharge exhibited a current polarity reversal of 57 ms during the ICC. 

b
 Prior to branching, the initial UPL of  flash UF 11-24 propagated vertically for about 5 km, then turned horizontal and propagated 

eastward for over 6 km. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Total UPL/ICC Current Parameters 
Initial UPL Length & Avg. Speed 

Prior to Channel Branching 
IS Branch Geometry & Correlated Current 

Date Shot 
Charge 

Transfer (C) 

Duration 

(ms) 

Avg. 

Current (A) 
Length (km) 

Avg. Speed 

(10
4
 m/s) 

# of IS 

Branches 

Initiation 

Altitudes (km) 

Lengths 

(km) 

Avg. Speeds 

(10
4
 m/s) 

Initiation 

Currents (A) 

062311 UF 11-11 22 345 63 3.7 13.5 0 - - - - 

080511 UF 11-24 46 425 107 12.6
b 

 
8.4 4 5.2 - 5.4 5.2 - 7.2 1.7 - 3.3 90 - 125 

080511 UF 11-25 28 404 70 0.15 7.9 6 0.75 - 2.7 1.2 - 2.4 2.8 - 7.9 12 - 60 

080511 UF 11-26 120
a 

 
433 328

a 

 
0.07 3.8 2 0.58 - 0.71 2.8 - 4.1 4.7 - 18 9 -  43 

081211 UF 11-28 136 694 196 2.5 9.3 3 2.1 - 2.4 0.81 - 3.1 4.0 - 9.3 29 - 42 

081811 UF 11-32 225 945 236 0.63 9.5 6 0.87 - 4.9 0.51 - 14.7 2.0 - 11.9 11 - 156 

081811 UF 11-33 110 630 219 0.81 7.5 6 1.1 - 5.0 0.82 - 11.3 4.0 - 7.5 24 - 183 

081811 UF 11-34 120 567 211 5.0 11.8 3 4.4 - 4.7 5.0 - 13.7 2.0 - 14.8 193 - 203 

081811 UF 11-35 128 726 176 3.7 6.6 2 4.0 - 4.3 2.1 - 3.1 3.5 - 5.9 104 -169 
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Figure 7-42.  Histograms (bin size equal to 30 sources) of the altitude distributions of LMA sources for nine triggered lightning flashes 

during summer 2011.  A) UF 11-11, B) UF 11-24, C) UF 11-25, D) UF 11-26, E) UF 11-28, F) UF 11-32, G) UF 11-33, H) 

UF 11-34, and I) UF 11-35.  Source altitudes below 8 km are plotted.  The histograms are derived from sources extending 

only from the time of the rocket launch through the end of the IS period as determined by the current terminating at 

ground.  The peaks of the histograms are indicative of the altitude region where the IS transitioned from vertical to more 

horizontal propagation, often along the contour of the 0° C level.   
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Figure 7-43.  Cumulative LMA source altitude distribution for the nine triggered lightning flashes.   
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CHAPTER 8 

PROPAGATION CHARACTERISTICS AND ATTACHMENT PROCESSES OF DART-

STEPPED LEADERS IN TRIGGERED AND NATURAL LIGHNTING VIA DE/DT AND X-

RAY TOA MEASUREMENTS 

In this chapter, the following data and analyses are presented, 1) dE/dt and energetic 

radiation (x-ray) waveforms of four dart-stepped leaders associated with triggered lightning 

return strokes recorded at the ICLRT during summer 2011, 2) dE/dt and energetic radiation (x-

ray) waveforms associated with a dart-stepped leader preceding the second return stroke of a 

natural lightning flash that terminated within the ICLRT measurement network during summer 

2011, 3) dE/dt TOA measurements with emphasis on the time period within 20 µs of the return 

stroke and the attachment process to the intercepting wire ring (four triggered lightning dart-

stepped leader events) or to ground (one natural lightning dart-stepped leader event), 4) x-ray 

TOA measurements of two triggered lightning dart-stepped leaders and one natural lightning 

dart-stepped leader with spatial and temporal comparison to the corresponding dE/dt TOA 

measurements of the causative leader-stepping processes, 5) analysis of the correlated channel-

base current and dE/dt TOA measurements for four dart-stepped leader events associated with 

triggered lightning return strokes and the implications on the mechanisms of the attachment 

process, 6) timing comparison of the measured dE/dt and the numerical derivative of the 

channel-base current (dI/dt) and the implications on the mechanisms of the attachment process.  

In Section 8.1, a discussion and literature review are presented of the characteristics of dart-

stepped leaders in both triggered and natural lightning.  A similar discussion and literature 

review of the lightning attachment process follows.  The data and analyses listed above are 

presented for each triggered lightning dart-stepped leader event in chronological order in 

Sections 8.2.1 through 8.2.4.  Similar data and analysis are presented in Section 8.2.5 for the 
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natural lightning dart-stepped leader.  The results of the analyses are discussed in Section 8.3 and 

compared with prior studies.   

8.1 Background and Literature Review 

 Dart-stepped leaders occur preceding both natural subsequent return strokes and triggered 

lightning return strokes.  Compared to stepped leaders preceding natural first strokes, dart-

stepped leaders propagate about an order of magnitude faster, and usually have shorter step 

lengths and interstep intervals.  Dart-stepped leaders propagate along the same general path as a 

previously-conditioned channel.  In the case of natural negative cloud-to-ground lightning, this 

path to ground consists of the remnants of the channel following the stepped leader preceding the 

first stroke, and at times, one or more subsequent leader/return strokes sequences.  In triggered 

lightning discharges, dart-stepped leaders follow the general path to ground of the conditioned 

channel established by the IS process.  In natural lightning, dart-stepped leaders occur prior to 

the second return stroke over five times more frequently than all higher-order strokes combined 

[e.g., Rakov and Uman, 2003].  Analogous to this observation for natural second strokes, in 

Chapter 5, it was shown that triggered lightning dart-stepped leaders recorded at the ICLRT 

between 2009-2011 occurred preceding the first return stroke following the IS process in 6 out of 

19 cases (32%).  Dart-stepped leaders may initiate in the cloud as dart leaders, and upon 

encountering a more poorly-conditioned channel, transition to a stepped-manner of propagation.   

 The salient characteristics of dart-stepped leaders satisfy the ideal set of criteria for 

examining both the leader-step formation process and the attachment process to ground.  Unlike 

stepped leaders, dart-stepped leaders typically propagate in a single channel to ground without 

branching.  As a result, the dE/dt waveforms recorded for dart-stepped leaders are, in comparison 

to stepped leaders, relatively easy to interpret due to the lack of superposition of pulses from 

simultaneously-propagating, multiply-branching leader channels.  Likewise, the energetic 
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radiation (x-ray) bursts associated with discrete dart-stepped leader steps are also easy to 

identify.  Individual dart-stepped leader steps are typically clearly defined, providing a reliable 

measure of interstep interval.  In addition, dart-stepped leader step waveforms observed at 

multiple dE/dt stations are cross-correlated and aligned with very minimal ambiguity for 

processing using the TOA technique described in Chapter 3.  Low-altitude TOA measurements 

of dart-stepped leaders are highly accurate for triggered lightning events where the leader 

descends centrally within the network of sensors.  For the measurements discussed in this 

chapter, a dE/dt antenna was placed within 27 m of the triggered lightning channel.  Though the 

dart-stepped leader step formation process is likely not a direct proxy for the formation of leader 

steps in virgin air, the mechanisms have been shown to  share significant similarities with both 

long negative laboratory sparks [e.g., Biagi et al., 2010] and stepped-leader steps [e.g., Hill et al., 

2011].   In the case of triggered lightning dart-stepped leaders, the current measured at ground in 

response to the descending leader provides significant insight to the sequence of events that 

occur during the attachment process, particularly when coupled with TOA measurements of 

dE/dt pulses likely radiated from the leader tip.   Channel-base currents are also measured 

preceding typical dart-leaders in triggered lightning, though dart-leaders usually do not exhibit a 

pulse-structure that can be analyzed using the TOA technique. 

 Characteristics of natural and triggered lightning dart-stepped leaders have traditionally 

been measured using optical techniques (streak photography, photo-diode arrays, and more 

recently, high-speed digital photography).   Schonland et al. [1956] used a streak camera to 

calculate the average speeds of six natural dart-stepped leaders to range from 0.5 to 1.7 x 10
6
 m/s 

with typical step lengths of about 10 m and typical interstep intervals of about 10 µs.  Orville and 

Idone [1982] also used streak photography to record four natural dart-stepped leaders.  They 
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reported average overall propagation speeds from 2.1 to 4.6 x 10
6
 m/s, typical step lengths from 

10 to 20 m, and typical interstep intervals of the order of 4 to 10 µs.  From electric field records, 

Krider et al. [1977] found that dart-stepped leaders have interstep intervals of 6.5 µs and 7.8 µs 

within 200 µs of the return stroke in Florida and Arizona, respectively.  Davis [1999] used dE/dt 

TOA measurements to estimate the speeds of seven natural dart-stepped leaders to be 3.5 x 10
6
 

m/s within 1 km of the ground.  Davis [1999] also reported average dart-stepped leader interstep 

intervals to be 4.1 µs near ground.   

 The statistics for dart-stepped leader propagation speed, step length, and interstep 

intervals for dart-stepped leaders preceding triggered lightning return strokes are in good 

agreement with those statistics reported above for natural dart-stepped leaders.  Wang et al. 

[1999] used the ALPS photodiode system to measure the speed of a dart-stepped leader 

preceding a triggered lightning return stroke to increase from 2 x 10
6
 m/s to 8 x 10

6
 m/s as the 

leader descended from 200 m to 40 m in altitude.  Biagi et al. [2010] used video frames recorded 

with a Photron SA1.1 high-speed camera to measure the speed of a dart-stepped leader preceding 

a triggered lightning flash at the ICLRT (flash UF 09-25 on June 29, 2009) to be between 2.7 x 

10
6
 m/s and 3.1 x 10

6
 m/s.  Images of the dart-stepped leader photographed by Biagi et al. [2010] 

were shown in Figure 5-2.  Howard et al. [2010] estimated the speed of a dart-stepped leader 

preceding a triggered lightning return stroke at the ICLRT (flash UF 07-07 on July 31, 2007) to 

be 4.8 x 10
6
 m/s using dE/dt TOA source locations.  Finally, Idone and Orville [1984] used 

streak photographic techniques to estimate the steps lengths and interstep intervals of two dart-

stepped leaders in triggered lightning discharges in New Mexico to be from 5 to 10 m and 2 to 8 

µs, respectively.   
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 The electric and magnetic field waveforms and their derivatives of natural first and 

subsequent strokes have been studied at distances of typically several tens of kilometers with the 

signal propagation path primarily over seawater to minimize propagation effects (attenuation of 

higher-frequency signal components) of the radiation field from signal propagation over poorly-

conducting ground.  Such measurements have been described by Weidman and Krider [1978], 

Cooray and Lundquist [1982], and Murray et al. [2005].  Similar electric and magnetic field 

measurements of natural first strokes were reported by Jerauld et al. [2008] for 18 natural 

lightning discharges that terminated within or near the ICLRT measurement network.  The 

measurements described in Jerauld et al. [2008] were recorded within 1 km of the discharges 

and the signal propagation paths were entirely over land.  The above measurements, relatively 

independent of range, demonstrated a common sequence of waveform characteristics within 10 

µs of the return stroke.  This sequence of processes has been generally characterized as the 

“slow-front” and “fast-transition”.  Weidman and Krider [1978], who measured electric field 

waveforms over some tens of kilometers of seawater, noted that the electric field demonstrated a 

gradual rise prior to the return stroke with typical durations of 1-8 µs (mean of about 4 µs) 

followed by a fast rise to peak with duration of 200 ns or less.  The gradual rise (the slow-front) 

typically reached a value 40-50% of the electric field peak due to the following return stroke.  

Weidman and Krider [1978] reported similar electric field measurements of the slow-front and 

fast-transition sequence for subsequent strokes initiated by dart and dart-stepped leaders.  For 

strokes initiated by dart leaders, they found that the slow-front had shorter duration (typically 

600-900 ns) and rose to an average value of about 20% of the return stroke electric field peak.  

Strokes preceded by dart-stepped leaders were found to exhibit typical slow-front durations of 

about 2.1 µs (between slow-front durations observed for stepped leaders and dart leaders) with 
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peak amplitude ratios comparable to first strokes.  The fast-transition amplitudes for first and 

subsequent strokes were found to be similar.  Similar slow-front and fast-transition sequences 

have also been observed in the measured current waveforms of direct lightning strikes to tall 

towers [e.g., Berger et al., 1975; Eriksson, 1978; Visacro et al., 2004].   

 In this study, the attachment process is considered to begin following the final dart-

stepped leader step, and includes all interactions between the streamer zones of downward and 

upward propagating leaders in addition to the major subsequent connections that result in 

significant current flow.  Efforts to model the return stroke and later portion of the attachment 

process (several microseconds prior to the return stroke) have traditionally used transmission-

line (TL) models that relate a distribution of current elements along a typically-vertical 

conducting channel (the lightning channel) to the radiated electric and magnetic fields observed 

at an observation point on the ground surface.  The original single-wave TL model was proposed 

by Uman and McLain [1969].  The single-wave TL model predicts the radiated electromagnetic 

fields by injecting a propagating current wave into the bottom of a channel with the assumption 

that the current wave propagates upward without attenuation or distortion.  The electromagnetic 

fields are calculated assuming propagation over perfectly conducting ground.  The source of the 

current waveform can be a measured channel-base current or a numerically-generated waveform 

representative of a lightning current waveform.  Rakov and Dulzon [1987] later introduced an 

adaptation of single-wave TL model with a linearly-decaying current as a function of altitude.  

Nucci et al. [1988] introduced a second adaptation of the single-wave TL model with an 

exponentially decreasing current as a function of altitude.  The single-wave TL model can be 

easily modified to express the predicted electric and magnetic fields in terms of the line-charge 

density of each longitudinal current element (instead of the current itself) by the continuity 



 

423 

 

equation [e.g., Thottappillil et al., 1997].  A unique feature of the single-wave TL model is that it 

predicts that the distant radiation field components of the electric and magnetic fields [e.g., 

Uman et al., 1975], assuming propagation over perfectly conducting ground (no attenuation of 

high-frequency signal components), have the same shape as the current waveform with 

appropriate amplitude scaling factors.   

 The physical mechanism that radiates the observed slow-front process in natural first and 

subsequent strokes has long been a topic of discussion among researchers.  An original 

hypothesis proposed by Berger and Vogelsanger [1969] suggested that the slow-front for 

lightning discharges to tall towers was a result of an upward connecting positive discharge 

initiated in response to the downward negative leader.  Their hypothesis was derived from the 

observation that natural positive lightning strikes to tall towers often demonstrated long duration, 

gradually-rising current that was correlated in time with optical observations of long upward 

leaders.  In testing the suggestion of Berger and Vogelsanger [1969], Weidman and Krider 

[1978] utilized a single-wave (TL) model to show that a single upward connecting leader could 

not accurately reproduce the slow-front amplitude in relation to the subsequent field peak.  As 

input to the TL model, they used a current wave with both exponentially-increasing amplitude 

and velocity as a function of altitude (both functions having the same time constant).  The 

rationalization for the current wave characteristics was derived from the observation reported by 

Wagner [1960] that upward streamers in long laboratory sparks demonstrated increasing velocity 

with time.  With reasonable upward leader lengths (constrained to 30 m) and final current 

amplitudes (constrained to 10 kA), Weidman and Krider [1978] calculated electric fields that 

were similar in wave shape to the measured quantities, but with peaks that were typically much 

smaller than the measured 5-7 V/m field peaks (normalized to 100 km).  As a physically 
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plausible alternative, they hypothesize that the slow-front could be the result of multiple 

simultaneously-propagating upward leaders.  Additional attempts to model the slow-front 

process have been conducted by Thottappillil and Uman  [1993] and Cooray et al. [2004].   

The attachment process of triggered lightning return strokes at the ICLRT have been 

previously studied by Jerauld et al. [2007] and Howard et al. [2010].  Jerauld et al. [2007], 

based on the unsuccessful results of previous researchers to model the slow-front with a single-

wave TL model, extended the approach to utilize a two-wave TL model in which the current 

wave injection point is elevated above ground.  Jerauld et al. [2007] used a triggered lightning 

channel-base current waveform as input to the model.  The current waveform was recorded 

during the third return stroke of a triggered flash that demonstrated a slow-front and fast-

transition sequence similar to those observed in association with natural first strokes.  Electric 

and magnetic field waveforms were recorded for the event at distances from the termination 

point of 15 m and 30 m.  Jerauld et al. [2007] describe the slow-front as being radiated by a pair 

of microsecond time-scale current waves initiated from the elevated junction point that propagate 

simultaneously away from the junction point as the downward-propagating, negatively-charged 

stepped leader and the upward-propagating, positively-charged leader meet.  The bi-directional 

current waves each have amplitude of the order of some tens of kilo-amperes.  Jerauld et al. 

[2007] describe the fast transition as being radiated by the same bi-directional current wave that 

establishes the full connection between the stepped leader and the upward connecting leader.  

The measured dE/dt and dB/dt waveforms at 15 m and 30 m were well-reproduced using a 

downward propagating wave speed of 1.55 x 10
8
 m/s and an upward propagating wave speed of 

0.95 x 10
8
 m/s.  From video records that showed multiple loops in the channel above the strike 

object, the junction point was determined to be at an altitude of 6.5 m.  The results obtained by 
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Jerauld et al. [2007] can also be extended to subsequent strokes, which as stated previously, 

exhibit slow-front durations that are shorter than those radiated by first strokes (difference of 

about a factor of five) and smaller slow-front peak amplitude ratios that those radiated by first 

strokes (difference of about a factor of two).  Considering the sources of the slow front are the 

charges on the descending negative and ascending positive leaders, and that typical subsequent 

leaders have about a factor of five lower line charge density than do stepped leaders, it is not 

surprising that subsequent strokes demonstrate shorter duration slow-fronts with smaller peak 

amplitude ratios.  Subsequent strokes are associated with shorter upward connecting leader than 

first strokes as a result of the lower charge density and faster propagation speed of the 

descending leader.   

Howard et al. [2010] extended the work of Jerauld et al. [2007] by analyzing the 

attachment process through the use of dE/dt TOA source locations.  The locations were obtained 

from the original 8-station TOA network at the ICLRT that was constructed at the beginning of 

summer 2006 by Dr. Joseph Howard and the author.  Howard et al. [2010] analyzed the leader 

and post-leader phases of three stepped leaders preceding natural first strokes and one dart-

stepped leader preceding a triggered lightning return stroke.  For both stepped leaders and the 

triggered lightning dart-stepped leader, Howard et al. [2010] identified pulse characteristics 

within several microseconds of the return stroke that were different than the preceding leader-

step pulses.  A sequence of pulses termed a “leader burst” occurred prior to the beginning of the 

slow front period in the dE/dt waveforms.  The TOA locations of the leader burst pulses typically 

descended rapidly (and in at least one case, traversed a large horizontal distance), often at speeds 

more than order of magnitude faster than the average propagation speed of the preceding leader.  

In all events analyzed, Howard et al. [2010] also found that the leader burst was a very strong 
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emitter of energetic radiation (x-rays).  Pulses resembling the leader burst have previously been 

documented by Murray et al. [2005] and Jerauld et al. [2007] immediately preceding the 

beginning of the slow-front, though no physical explanation or mechanism is provided in either 

study.  For distant electric field waveforms, Murray et al. [2005] found that about 57% (75 out of 

131 events) exhibited a leader burst in the interval extending from 4-9 µs prior to the fast-

transition pulse associated with the return stroke.  Murray et al. [2005] also identified many 

pulses in the interval from 1-4 µs of the dominant dE/dt pulse associated with the return stroke 

that could be related to the leader burst process.  Wang et al. [2001] also documented a low-

altitude (about 35 m above ground) pulse of light measured with the ALPS photodiode array that 

occurred less than 2 µs prior to the onset of the slow front in a negative cloud-to-ground 

discharge that terminated about 2 km from the measuring station.  The electric field pulse 

radiated by the optically-observed feature was also recorded and had risetime of about 0.5 µs.  At 

the time the pulse of light was recorded, the upward connecting leader had already extended to 

an altitude of 88 m at an average speed of 1.7 x 10
6
 m/s.  The electric field pulse characteristics, 

the timing of the pulse relative to the initiation of the slow front, and the low altitude of the 

source suggest that the observed pulse may have been associated with a leader burst process.  

Hence, the leader burst may emit a distinct optical signature and may also occur following the 

initiation of the upward connecting leader.   

Pulses super-imposed on the slow-front of the dE/dt waveforms were also analyzed by 

Howard et al. [2010] using the TOA technique.  Slow-front pulses have also been previously 

documented by Murray et al. [2005] and Jerauld at al. [2007].  Though no physical explanation 

is given for the slow-front pulses, Jerauld et al. [2007] did note that the radiation fields of the 

slow-front pulses were similar in wave-shape yet smaller in amplitude compared to the 
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subsequent fast-transition pulses, and that the mechanisms may, in fact, be quite similar.  Murray 

et al. [2005] also found that the distant radiation fields of slow-front pulses in their Type B and 

Type C events demonstrated strong resemblance to the subsequent fast transition pulses 

associated with the return stroke. The analysis of Howard et al. [2010] did not refute these prior 

observations.  Howard et al. [2010] found that the TOA locations of the slow-front pulses 

occurred at very low altitude and in the same spatial proximity as the TOA location of the fast 

transition pulse, suggesting that the slow-front pulses may be involved in the interaction between 

the upward and downward leaders (the mechanism by which the slow front is radiated according 

to the modeling results of Jerauld et al. [2007]) prior to the full connection being established.  

Howard et al. [2010] suggests that there may be no physical difference between the slow-front 

and fast transition pulses, and that the defining characteristic is simply emission time.  This view 

is perhaps supported by an observation reported by Howard et al. [2010] for a slow-front pulse 

preceding a rocket-triggered lightning return stroke that occurred when the channel-base current 

had already risen to a level of 20 kA.  Such a high current value is uncharacteristic of an upward 

connecting leader current, and indicates that a connection between the descending dart-stepped 

leader and upward connecting leader already existed.   

Howard et al. [2008] also reported the first TOA locations of energetic radiation (x-rays) 

associated with both leader stepping processes and post-leader processes.  Howard et al. [2008] 

located seven individual x-ray events, three from natural flash MSE 06-04 on June 2, 2006 and 

four from triggered flash UF 07-07 on July 31, 2007.  The x-rays were measured using a network 

of eight NaI scintillation detectors (un-shielded with lead) that were co-located with the eight flat 

plate dE/dt antennas.  While the x-ray TOA locations were typically poorly determined (large 

covariance estimates of the spatial parameters) in comparison to the TOA locations of the dE/dt 
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leader pulse associated with the causative step formation, Howard et al. [2008] determined that 

the x-rays were emitted within 50 m of the dE/dt source location.  In all but one case, the x-ray 

location was below the location of the related dE/dt pulse.  Howard et al. [2008] also reported 

that the x-ray emission time followed the emission time of the dE/dt source by times ranging 

from 0.1 to 1.3 µs.  By integrating the dE/dt waveform of the leader step pulse and aligning the 

pulse with the x-ray measurement at the same station, Howard et al. [2008] found that the x-rays 

were being emitted coincident with the electrostatic field change following the dominant step 

pulse.  From the analysis of the step formation process presented in Chapter 5 of this dissertation 

and given by Biagi et al. [2010], the electrostatic field change following the dominant step pulse 

is likely associated with the movement of charge after the large transient current pulse that 

establishes the connection between the previous leader channel and the space stems/leaders that 

form within the streamer zone ahead of the previous leader tip.  The close proximity of the dE/dt 

and x-ray sources also provides evidence that the leader tip is likely responsible for producing 

the necessary conditions that allow for the propagation of runaway electrons that generate x-ray 

photons through the bremmstrahlung mechanism, and that the runway electrons traverse 

relatively short path-lengths.  The spatial and temporal relationship of the dE/dt and x-ray 

sources for stepped leader steps preceding a natural first stroke and dart-stepped leader steps 

preceding a triggered lightning stroke were also similar, indicating that the underlying physics of 

the two discharge processes are likely similar.  

In this chapter, additional information is reported on the sequence of electrical 

breakdowns that compose the attachment process.  The analyses primarily focus on the dE/dt and 

x-ray emissions of four dart-stepped leaders preceding triggered lightning return strokes.  Similar 

measurements are reported for one natural lightning dart-stepped leader event.  Leader and post-
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leader processes evident in the dE/dt data are analyzed using the TOA technique and compared 

to those discussed in Howard et al. [2010].  The present study also incorporates sensitive (sub-

ampere resolution) channel-base current measurements during the attachment phase.  Such 

sensitive channel-base current measurements were not available in past studies.  The dE/dt and 

channel-base current measurements were digitized on the HBM digitization system.  As a result, 

there is no timing ambiguity when comparing the measurements directly.  Recall that the dE/dt 

measurements recorded on the HBM digitization system are digitized with an additional six bits 

of resolution compared to past measurements on the ICLRT DSO network and are essentially 

free of digitization noise.  The dE/dt measurements are also configured with sensitivity a factor 

of four greater than the measurements used by Howard et al. [2008] and Howard et al. [2010], 

providing considerably greater resolution of the smaller-amplitude field changes during the 

leader and post-leader phase.  The only tradeoff of the HBM digitization system is that the fast 

transition pulses for triggered lightning dart-stepped leader events typically saturate most dE/dt 

sensors in the network, rendering the computation of the TOA location of the fast transition pulse 

impossible.  At times, the fast transition pulse can be located with the dE/dt measurements 

digitized on the ICLRT DSO network, which is configured with system sensitivity a factor of 

two less than the HBM digitization system.  Finally, the timing of the peak of the dE/dt fast 

transition, obtained from an insensitive dE/dt measurement that is not part of the TOA network, 

is compared with the peak of the numerical derivative of the high-level channel base current 

(dI/dt).  This measurement provides insight to the possible extent and speed of the upward 

connecting leader. 
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8.2 Analysis of Triggered and Natural Lightning Dart-Stepped Leaders 

In the following sections, four dart-stepped leaders that preceded triggered lightning return 

strokes and one dart-stepped that preceded a natural lightning return stroke during summer 2011 

are analyzed in detail.  The events are discussed in the following order: 1) in Section 8.2.1, the 

tenth stroke of flash UF 11-15 on July 7, 2011, 2) in Section 8.2.2, the first stroke of flash UF 

11-25 on August 5, 2011, 3) in Section 8.2.3, the second stroke of flash UF 11-32 on August 18, 

2011, 4) in Section 8.2.4, the second stroke of flash UF 11-34 on August 18, 2011, and 5) in 

Section 8.2.5, the dart-stepped leader preceding the second stroke of natural flash MSE 11-01 on 

July 7, 2011. 

8.2.1 Tenth Return Stroke of Flash UF 11-15 

Flash UF 11-15 was triggered on July 7, 2011 at 19:02:19.528147 (UT).  The flash was 

triggered with quasi-static electric field at ground of about -4.8 kV/m and had a total of 11 return 

strokes.  The tenth stroke, with peak current of 10.2 kA, was recorded at 19:02:20.044338 (UT) 

and was preceded by a dart-stepped leader.  The tenth stroke occurred following a 22.4 ms inter-

stroke interval.  A total of 49 dE/dt pulses were located using the TOA technique described in 

Chapter 3.  The located pulses occurred within 200 m of the ground and within 80 µs of the 

return stroke.  The sustained UPL initiated when the triggering wire ascended to an altitude of 

224 m, therefore, all TOA-located pulses occurred while the dart-stepped leader propagated 

within the height of the exploded triggering wire.  A three-dimensional plot of the TOA-located 

dE/dt pulses for this dart-stepped leader event is shown in Figure 8-1A.  The view is looking in a 

northeasterly direction.  The location of the launcher and intercepting wire ring are annotated and 

the points are color-coded according to the key in 8 µs time windows.  In Figure 8-1B, the 

altitude versus time projection of the dE/dt source locations is plotted.  A regression line is fitted 

to the points and is indicative of the average downward leader speed.  The average speed of this 
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dart-stepped leader was 2.2 x 10
6
 m/s with a correlation coefficient of 0.97.  The intercepting 

wire ring is located at an altitude of about 8.5 m with respect to the local coordinate system 

origin, or about 5.5 m with respect to local ground level.  A 26 µs dE/dt waveform recorded at 

Station 3, located 138.3 m from the Field (Ground) Launcher is plotted in Figure 8-2.  Note the 

dE/dt waveform is plotted on a truncated amplitude scale to better show the dart-stepped leader 

pulses.  The measurement saturates at an amplitude of about 8 kV/m/µs.  The propagation delay 

has been removed from the dE/dt waveform, assuming the return stroke initiated at an altitude of 

10 m directly above the launcher.  dE/dt pulses that were located via the TOA technique are 

annotated with arrows and numbered with increasing time.  The three-dimensional spatial 

locations of the annotated pulses (X, Y, Z), the associated spatial uncertainties (ΔX, ΔY, ΔZ), 

and the emission times (T) of the sources relative to the return stroke are provided in Table 8-1.  

For reference, the lateral location of the Field (Ground) Launcher in the ICLRT local coordinate 

system is at position (X,Y) = (308.1 m, 450.9 m).  The final column of Table 8-1 provides a 

designator for each located pulse.  In the designator column, "LS" refers to a dart-stepped leader 

step pulse, "LB" refers to a leader burst pulse, "SF" refers to a slow-front pulse, and "FT" refers 

to a fast-transition pulse.   

In Figure 8-3A, a 36 µs dE/dt waveform measured at Station 3, a distance of 138.3 m from 

the Field (Ground) Launcher, is plotted versus the II Very-Low channel-base current 

measurement.  For reference in the following discussion, note that the II Very-Low channel-base 

current waveform is also shown in Figure 8-2 (dashed green trace).  The dE/dt waveform 

between -30 µs and -2 µs in Figure 8-3A is characterized by bi-polar dart-stepped leader step 

pulses that occur at time intervals of about 1-3 µs (Pulses 1-11 in Table 8-1).  Significant 

positive deviations in the measured channel-base current are evident beginning at about -15 µs 
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immediately following a leader step with three located pulses (Pulses 2-4 in Table 8-1).  The 

pulses were located at altitudes of 59.5-61.1 m.  These positive deviations in the current are 

consistent with the upward movement of positive charge through the current measurement 

(shunt).  The current returns to a level at or near zero (within the resolution of the measurement) 

following the leader step at -15 µs.  The subsequent leader step at about -13 µs (Pulse 5), located 

at an altitude of 61 m, produces a similar positive deviation in the channel-base current, though 

following the step pulse, the current does not decay completely to zero.  The leader steps 

between -10 µs and -6 µs produce pulses in the channel-base current with amplitudes from about 

10-20 A super-imposed on a background current flow of 1-2 A.  Pulse 7 and Pulse 8 during this 

time interval were radiated from altitudes of 45.9 m and 41.7 m, respectively. The leader step 

pulses between -6 µs and -2 µs produce similar positive pulses in the channel-base current, and 

the background current level continues to slowly rise to a level of about 20 A following the large 

step pulse at -2 µs.  The large step pulse at -2 µs appears to be associated with the final 

downward leader step, and occurs at an altitude of 34.1 m.  The characteristics of Pulses 12-14 

are similar to those classified by Howard et al. [2010] as the leader burst.  These three pulses 

were located at altitudes of 24.2 m, 20.5 m, and 27.2 m and were emitted in the time span of 

about 630 ns.  Interestingly, the three leader burst pulses, which occurred at similar altitudes, 

were separated laterally by as much as 11 m (Pulse 13 and Pulse 14).  Considering each leader 

burst pulse is associated with a significant rise in the channel-base current, which begins at an 

amplitude of about 18 A at the time of Pulse 12 and rises to a level of about 60 A following 

Pulse 14, it is perhaps reasonable that the leader burst pulses are associated with the initial 

connections of the streamer zones of the downward negative and upward positive leaders, a 

process termed the "break-through" phase by Rakov and Uman [2003].  The dE/dt waveform 
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shown in Figures 8-2 and 8-3 does not exhibit a pronounced slow-front following the leader 

burst, though there does appears to a be a slight rise in the background level coincident with 

Pulse 15.  Pulses 15-18 are classified as slow-front pulses in Table 8-1 based on their very low 

source location altitudes, their temporal proximity to the following fast-transition, and the 

coincident increase of the channel-base current, findings consistent with Howard et al. [2010] for 

a dart-stepped leader preceding a triggered lightning stroke.  Pulse 15 was located at an altitude 

of 12.6 m and Pulses 17-18 were located in the same spatial location at an altitude of 13.6 m.  

These pulses were radiated from positions only 4-5 m above the intercepting wire ring.  In Figure 

8-3B, a 10 µs window of the dE/dt waveform plotted in Figure 8-3A (propagation time removed 

as stated previously) is compared with the II-High channel-base current measurement.  

Following Pulse 15, the channel-base current rose from an amplitude of 60 A to about 440 A at 

the beginning of the fast-transition in the time period of about 1 µs.  The beginning of the fast-

transition is annotated in Figure 8-3B with a dotted vertical line.   

The channel-base current in Figure 8-3A exhibited steady flow for about 14.4 µs prior to 

the beginning of the fast-transition with super-imposed pulses coincident with each dE/dt leader 

step pulse with amplitudes of the order of 10-20 A.  A logical question is whether the steady 

current flow and super-imposed current pulses are associated with a propagating upward 

connecting leader or leaders, and if so, what are the properties of the discharge(s) (length, 

duration, speed, etc.).   To help answer this question, an analysis was performed of the timing 

relationship between the peak of the dE/dt fast transition pulse and the associated derivative of 

the current (dI/dt) measured at ground.  Based on the two-wave model of the attachment process 

proposed by Jerauld et al. [2007], in which current waves propagate bi-directionally away from 

a junction point above the ground surface, one would expect the peak dI/dt measured at ground 
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to lag the peak dE/dt radiated from the junction point by the distance from junction point to the 

current measurement divided by the propagation speed of the downward current wave.  As 

previously stated, Jerauld et al. [2007] modeled the attachment process using a downward 

current wave propagation speed of 1.55 x 10
8
 m/s.  In Figure 8-4, a dE/dt waveform measured 

109.9 m from the Field (Ground) Launcher is plotted against the numerical derivative of the II-

High channel-base current waveform.  The amplitudes of each waveform have been normalized 

to their maximum values to enable easy timing comparison of the respective peaks.  The dE/dt 

waveform was obtained from an independent sensor provided by Dr. Carlos Mata and is 

configured with less sensitivity than the dE/dt antennas that comprise the TOA network in order 

to resolve the fast-transition peak.  The dE/dt waveform is shifted to account for propagation 

delay from an assumed junction altitude of 10 m.  The numerical dI/dt was calculated using a 

current waveform that was bandwidth-limited to 8 MHz by the 1 m current shunt.  At the 

beginning of summer 2012, triggered lightning return stroke dI/dt waveforms were directly 

measured with sensor bandwidth of 25 MHz (the bandwidth of the dE/dt measurements used in 

this chapter) and were compared with the numerical dI/dt waveforms derived from the shunt 

measurement.   It was found that the lower bandwidth of the numerical dI/dt introduced an 

average of 30 ns worth of time lag in the peak dI/dt compared to the directly measured dI/dt.  

Another timing consideration when comparing the dE/dt and dI/dt measurements is the 

attenuation effect on the high-frequency radiation components of the propagating dE/dt 

waveform from the relatively poor soil conductivity at the ICLRT, which is about 2.5 x 10
-4

 S/m 

according to Rakov et al. [1998].  To test the severity of the propagation effects, dE/dt 

waveforms from multiple return strokes during summer 2011 were compared from stations at 

distances of 109.9 m and 391.1 m from the Field (Ground) Launcher.  The waveforms from both 



 

435 

 

sensors were shifted to account for propagation delay assuming a junction point height of 10 m.  

It was found that the peak dE/dt of the fast-transition pulse from the station at 109.9 m lead the 

corresponding peak dE/dt measured at 391.1 m by a maximum value of 30 ns, and was often in 

agreement to within 10-20 ns.  The small variations in the observed time lag are likely due to 

varying degrees of high-frequency content (and corresponding attenuation) among the different 

events.  Considering the relatively small timing uncertainty introduced by propagation effects 

over a ground-path-length of about 280 m, propagation effects will not be accounted for in the 

timing comparison of the dE/dt and dI/dt measurements with the dE/dt measurement recorded for 

all triggered lightning events at 109.9 m from the Field (Ground) Launcher.  In Figure 8-4, the 

dE/dt (red trace) leads the numerical dI/dt (blue trace) by seven sample points (70 ns) for the first 

fast transition peak and five sample points (50 ns) for the second fast transition peak.  Taking 

into account the 30 ns time lag in the numerical dI/dt from the bandwidth limitation discussed 

above, the dE/dt leads the dI/dt by 40 ns for the first peak and 20 ns for the second peak.  The 

time lag between the dE/dt and dI/dt measurements establishes an upper bound on the distance 

between the initiation altitude of the return stroke (the junction point between the upward and 

downward leaders) and the current measuring device.  For this event and all subsequent cases 

presented in this chapter, the propagation path length from the intercepting wire ring to the 

current measuring device is assumed to be 6 m.  The current wave is assumed to propagate at the 

speed of light over this distance and at a speed of 1.55 x 10
8
 m/s [e.g., Jerauld, 2007] in the air 

above the intercepting wire ring.  Using the stated constraints and the maximum time lag 

between the dE/dt and dI/dt peaks for this event of 40 ns, the junction point could have been, at 

most, 3.1 m above the intercepting wire ring.  From the discussion above, if there are errors in 

the timing comparison of the directly measured dE/dt and numerical dI/dt due to bandwidth 
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differences and/or propagation effects, they are expected to be less than 30 ns and would result in 

an increased time difference between the dE/dt and dI/dt peaks.  A worse-cast scenario of 30 ns 

error would increase the altitude of the junction point by 4.7 m.  As previously stated, the lowest-

altitude slow-front pulses (Pulses 15 and 17-18 in Figure 8-2) were located 4-5 m above the wire 

intercepting ring, and were associated with significant increases in the measured channel-base 

current.  Based on these measurements, it is reasonable to assume that an upward connecting 

leader propagated to an altitude of 3.1 m above the intercepting wire ring, reaching a peak 

current of about 440 A (Figure 8-3B), before it connected with the downward-propagating dart-

stepped leader.  Based on an upward leader propagation duration of 14.4 µs and a final length of 

3.1 m, the upward connecting leader would have propagated at an average speed of about 2.15 x 

10
5
 m/s.   

 At this point in the analysis, it is interesting to consider the slow-front and fast-transition 

features of the electric field record obtained by numerically integrating the dE/dt waveform 

measured 109.9 m from the lightning channel base.  A 26 µs record of the electric field is shown 

in Figure 8-5A.  The corresponding dE/dt record is shown in Figure 8-5B on a vertical scale 

designed to show the full extent of the fast-transition peaks.  While the dE/dt records shown in 

Figures 8-2 and 8-3 did not show prominent slow-fronts, the electric field record shown in Figure 

8-5A demonstrates a gradual rise beginning about 4 µs prior to the fast-transition.  A horizontal 

red line is plotted for reference in Figure 8-5A to better show the rising portion of the electric 

field waveform.  Interestingly, the slow-front appears to begin at almost exactly the same time 

the channel-base current began to rise significantly, which was also coincident with the final 

downward leader-step (dE/dt Pulse 11 in Table 8-1, which was radiated from an altitude of 34.1 

m).  The duration of the slow-front in this case is about a factor of two longer than the typical 
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duration observed by Weidman and Krider [1978] for dart-stepped leaders preceding natural 

subsequent strokes.   

High-speed video frames of the descending dart-stepped leader preceding the tenth stroke 

of flash UF 11-15 are shown in Figure 8-6.  The video frames were acquired by the Photron 

SA1.1 high-speed camera at a frame rate of 300 kfps (3.33 µs frame integration).  The camera 

was located 300 m from the Field (Ground) Launcher and viewed an altitude of 141 m (at the 

location of the launcher) relative to the local coordinate system origin.  The camera was 

equipped with a 14 mm fixed focal-length lens set to an aperture of F/4.  In order to better 

resolve lower-amplitude optical processes, the gamma has been increased in post-processing for 

all images by a factor of two.  A total of 18 frames (60 µs)  are shown with the leader entering 

the field of view in Frame 1 and the return stroke occurring in Frame 18.  Between Frame 1 and 

Frame 16 (50 µs), the dart-stepped leader traversed a total distance of about 110 m, giving an 

average propagation speed of 2.2 x 10
6
 m/s, an identical value with the TOA-calculated vertical 

leader speed of 2.2 x 10
6
 m/s.  There were no clearly evident space stems/leaders imaged below 

the propagating dart-stepped leader tip in the recorded high-speed video frames, though Frame 4 

and Frame 6 each contain luminous segments of the order of 1 m in length that may be separated 

slightly from the primary leader tip.  If these short luminous segments are indeed space 

stems/leaders, they are not as well-defined as those shown by Biagi et al. [2010] for a triggered 

lightning dart-stepped leader.  There is no detectable luminosity above the intercepting wire in 

the five frames (16.7 µs) prior to the return stroke indicative of a propagating upward leader 

(recall that the upward leader is inferred to have duration of 14.4 µs), though in Frame 17, there 

is a narrow luminous structure immediately above the intercepting wire ring that appears 

different from the leader tips in previous frames.  It is also worth noting that the leader 
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propagation speed between Frame 16 and Frame 17 increased relative to the average speed in the 

prior 50 µs.  Due to the 3.3 µs frame integration time, it is unclear if Frame 17 contains the initial 

portion of the return stroke in addition to the final downward movement of the dart-stepped 

leader, a scenario that would give the appearance of increased downward leader speed.  The 

increased optical blooming effect of the channel below 30 m in Frame 17 might indicate that the 

initial portion of the return stroke was indeed captured in the frame interval.   

In Figure 8-7, dE/dt (Figure 8-7A) and x-ray (Figure 8-7B) waveforms measured during 

the leader and attachment phase of the tenth stroke of flash UF 11-15 are shown on a 60 µs time 

scale.  The measurements were approximately co-located at Station 3, with the dE/dt antenna and 

plastic scintillator located 138.3 m and 142.1 m from the Field (Ground) Launcher, respectively.  

This particular dart-stepped leader was a weak emitter of x-rays.  A small number of x-ray 

photons were recorded associated with leader-steps corresponding to Pulse 5 (Figure 8-2 and 

Table 8-1), Pulse 8, and Pulse 11 (the final leader step pulse).  A final small burst of x-rays 

appears to be associated with Pulses 16-17, which were classified as slow-front pulses.  

Interestingly, there were no x-rays detected in association with the leader burst pulses, a 

contrasting observation to that of Howard et al. [2010], who found the leader burst process to be 

the most prolific emitter of x-rays during the leader and attachment phases.  None of the x-ray 

bursts were observed on a sufficient number of detectors for TOA calculations to be performed.  

The lack of observed x-rays associated with leader-step and post-leader processes for this event 

is likely due to a combination of the low return stroke peak current (10.2 kA), which is indicative 

of comparatively low charge volume per unit length on the lower part of the descending leader, 

and also the relatively high attenuation of x-rays in air (about a 100 m e-folding distance).  

Lower-energy x-rays may have been emitted at altitude from locations near the descending 
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leader tip, but experienced sufficient atmospheric attenuation to be undetected by sensors on the 

ground.   

8.2.2 First Return Stroke of Flash UF 11-25 

Flash UF 11-25 was the second of three triggered lightning discharges that occurred on 

August 5, 2011.  Detailed LMA observations of the IS process of flash UF 11-25 were presented 

in Section 7.2.2.  The one return stroke of flash UF 11-25 occurred at 19:43:31.4899735 (UT) 

and had peak current of 12.1 kA.  The flash was triggered with quasi-static electric field at 

ground of -4.6 kV/m.  The return stroke followed a zero-current duration of about 91 ms after the 

cessation of the ICC.  A total of 182 dE/dt sources were TOA-located during the final 400 µs of 

the dart-stepped leader preceding the return stroke.  The highest source occurred at an altitude of 

318 m, which was about 132 m below the height of the triggering wire that exploded at an 

altitude of 450 m.  A three-dimensional plot of the dE/dt TOA source locations for the dart-

stepped leader is shown in Figure 8-8A.  The plotted sources are color-coded according to the 

key in 40 µs time windows.  In Figure 8-8B, the downward leader speed was estimated by fitting 

a regression line to a plot of the altitude versus time projection of the dE/dt TOA source 

locations.  The average downward leader speed was 6.9 x 10
6
 m/s with a correlation coefficient 

of 0.99.   

In Figure 8-9, a 34 µs plot is shown of the dE/dt waveform measured during the dart-

stepped leader of flash UF 11-25.  The dE/dt waveform was measured at Station 3.  The 

propagation delay has been removed from the dE/dt waveform assuming the return stroke 

initiated at an altitude of 10 m.  The dE/dt waveform is plotted on a truncated amplitude scale to 

better show the fine pulse structure prior to the return stroke.  dE/dt pulses that were located via 

the TOA technique are annotated and numbered sequentially with increasing time.  The three-

dimensional spatial locations, emission times, three-dimensional location uncertainties, and pulse 
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designations for each labeled pulse in Figure 8-9 are provided in Table 8-2.  The pulse 

designations follow the same convention stated previously in Section 8.2.1.  The dart-stepped 

leader preceding the single return stroke of flash UF 11-25 exhibited different characteristics 

than the other triggered lightning dart-stepped leaders recorded during summer 2011:  1) the 

interstep intervals of the dart-stepped leader of flash UF 11-25 ranged from typical values of 

about 4-10 µs, in good agreement with values reported by Orville and Idone [1982] and Krider 

[1977] for natural lightning dart-stepped leaders, whereas interstep intervals for the additional 

triggered lightning dart-stepped leaders in this study are of the order of 1-3 µs, and 2) the 

estimated propagation speed of the dart-stepped leader preceding flash UF 11-25 was at least 

68% faster than the remaining dart-stepped leaders recorded during this study, and also faster, in 

general, than previously-reported speeds in the literature for both triggered and natural lightning 

dart-stepped leaders.  The physical basis of these observed propagation differences is 

undetermined, though one might infer from the measurements that the channel-conditioning 

following the IS process was unique in some regard.   

A 50 µs plot of the dE/dt (blue trace) measured at Station 3 is shown in Figure 8-10A 

versus the II Very-Low channel-base current (green trace).  The dE/dt waveform has been shifted 

identically to the waveform in Figure 8-9.  Note that the same channel-base current waveform is 

plotted in Figure 8-9 with a dashed green line.  The first significant current pulse in Figure 8-10A 

occurs following the leader step at 0 µs.  The channel-base current returns to the zero level 

following the pulse.  About 10 µs later, a second current pulse was recorded in association with 

the next dart-stepped leader step.  The current pulse had amplitude of about 12 A.  TOA 

locations were obtained for six dE/dt pulses during the leader step at 10 µs.  The first pulse 

(Pulse 1) occurred at an altitude of 57.7 m.  The dominant step pulse (Pulse 5) was radiated from 
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an altitude of 46 m, and the final pulse (Pulse 6) was located at an altitude of 41.9 m.  Following 

the leader step pulse, the channel-base current does not fall to zero, but instead flows steadily at a 

level of 1-3 A for about the next 7 µs.  The beginning of the steady current flow is annotated in 

the top panel of Figure 8-10 with a dotted vertical line.  Pulse 7 occurs at about 13.5 µs and is 

located at 45.8 m in altitude, similar to the prior dominant step pulse.  Pulse 7 did not produce a 

significant deviation in the low-amplitude background channel-base current, and hence, may not 

be associated with significant downward movement of negative charge.  The next dart-stepped 

leader step occurs at about 18 µs and is associated with a 10 A current pulse.  Pulse 8 and Pulse 

10 were located at altitudes of 30.4 m and 34.1 m, respectively.  Pulse 9 was located at 45.9 m, 

again at approximately the same altitude as the dominant step pulse (Pulse 5) from the leader 

step at 10 µs.  The physical significance of this observation is unclear.  Following the current 

pulse at 18 µs, the channel-base current flowed at a level of about 5 A until the next leader step 

at about 20.5 µs.  Four dE/dt pulses were located associated with this step with altitudes ranging 

from 32.7 m (Pulse 12) to 28.8 m (Pulse 14).  The step at 20.5 µs produced a pulse in the 

channel-base current with peak amplitude of about 30 A.  Following the large current pulse, the 

current resumed to a steady amplitude of about 7 A.  The final downward leader step occurred at 

about 26.5 µs.  The two dE/dt pulses associated with the final step (Pulses 15 and 16) were 

radiated from altitudes of 27.4 m and 27.3 m, respectively, and produced a current pulse with 

amplitude of about 28 A.  A relatively steady current of about 18 A flowed following the final 

leader-step pulse.  Pulse 17 was emitted about 1.3 µs after Pulse 16, and was located at a similar 

altitude of 29 m.  Pulse 17 appears to produce a sharp pulse in the channel-base current with 

amplitude of about 30 A, but does not result in an elevation of the background current level.  A 

very pronounced leader burst begins at about 28.5 µs.  The leader burst consists of four large 
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dE/dt pulses (Pulse 18-21) radiated in a time span of about 1.35 µs.  The leader burst pulses were 

radiated from within a lateral area less than 3 m
2 

and occur at altitudes ranging from 27.4 m 

(Pulse 19) to 21.4 m (Pulse 21).  Each leader burst pulse is associated with a significant rise in 

the channel-base current.  The leader burst effectively elevated the background current level 

from 18 A to about 120 A.  The final leader burst pulse (Pulse 21) produced a fast current pulse 

with peak amplitude of about 150 A.  Unlike the dart-stepped leader preceding the tenth stroke of 

flash UF 11-15 (Section 8.2.1), the dE/dt waveform of this dart-stepped leader exhibits a very 

pronounced slow-front which begins about 1.3 µs following the final leader burst pulse.  TOA 

locations were obtained for a total of eight slow-front pulses (Pulses 22-29).  Interestingly, these 

eight pulses increase in altitude nearly monotonically from altitudes of 14.3 m (Pulse 22) to 56.8 

m (Pulse 29).  The dE/dt waveform in Figure 8-10A is plotted on a 24 µs time scale in the Figure 

8-10B versus the II-High channel-base current.  The channel base current is observed to rise 

from 120 A immediately prior to Pulse 22 to about 2190 A at the time of the initial rise of the 

fast-transition pulse, which occurs 100 ns following the peak of Pulse 29.  The time of the initial 

rise of the dE/dt fast-transition pulse and the corresponding current level are annotated in Figure 

8-10B with a dotted vertical line.   

In Figure 8-9, the steady current was observed to flow for 24 µs prior to the initial rise of 

the fast-transition.  Similar to the case of flash UF 11-15 presented in Section 8.2.1, the timing 

relationship of the measured dE/dt and numerical dI/dt can be used to obtain a upper bound for 

the initiation height of the return stroke, and hence, the maximum length of an upward 

connecting leader.  A 3 µs record of the measured dE/dt (red trace) and numerical dI/dt (blue 

trace) are plotted in Figure 8-11.  For the two fast-transition peaks, the dE/dt leads the dI/dt by 70 

ns and 50 ns, respectively, accounting for the 30 ns negative time shift in the dI/dt discussed 
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above in Section 8.2.1.  With the constraints stated in Section 8.2.1 (downward current wave 

propagation speed in air of 1.55 x 10
8 
m/s from the junction height, and speed of light 

propagation in the 6 m distance between the intercepting wire and the current measuring device), 

and assuming a maximum current wave propagation time difference between the junction point 

and the current measuring device of 70 ns, the height of the junction point could be, at most, 7.8 

m.  With the assumption that the upward leader initiated when the steady current began flowing, 

the upward leader would have propagated for 24 µs at an average speed of 3.25 x 10
5
 m/s, 

reaching a final altitude of 7.8 m above the intercepting wire and a maximum peak current of 

2190 A.  The first three slow-front pulses (Pulses 18-20) were located at altitudes of 14.3-17.3 m, 

or 5.8-8.8 m above the altitude of the intercepting wire.  The calculated upward leader length of 

7.8 m covers the range of the first three slow-front pulses.    

 A 20 µs dE/dt waveform measured 109.9 m from the lightning channel-base is plotted in 

Figure 8-12B.  The time integral of the dE/dt waveform is plotted in Figure 8-12A.  In the 

numerically-integrated dE/dt waveform, the slow-front is observed to begin about 4.6 µs prior to 

the field change associated with the first fast transition peak, a value about a factor of 2.2 longer 

than reported by Weidman and Krider [1978].  Unlike the case of the dart-stepped leader 

presented in Section 8.2.1 (flash UF 11-15), the start of the slow-front does not correspond to the 

time of the final downward leader step.  In this case, the start of the flow-front coincides nearly 

exactly in time with the first pulse of the leader burst (Pulse 18), which was located at an altitude 

of 27.4 m.  Perhaps not by coincidence, the first pulse of the leader burst is associated with the 

first large increase in the steady current flow observed at ground (recall that the final downward 

leader step of flash UF 11-15 discussed above produced the first large increase in steady current 

flow prior to the leader burst).  The leader burst pulses in flash UF 11-25 increased the 
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background current level to 120 A, a factor of two larger than the current increase due to the 

leader burst pulses in flash UF 11-15.  Similarly, the slow-front pulses in flash UF 11-25 

produced large-scale increases in the channel-base current.  The current at the time of the initial 

rise of the fast-transition was a factor of five larger than the same current observed in flash UF 

11-15.  These combined observations suggest that the leader burst pulses, which were located at 

altitudes of 21.9-27.4 m (13.4-18.9 m above the intercepting wire), were likely associated with 

the initial interactions of the streamer zones of the downward and upward leaders, and the initial 

three slow-front pulses corresponded to more thorough connections of the two leaders.  The 

physical significance of the final five slow-front pulses (Pulses 25-29), which propagated from 

altitudes of 33.8-56.8 m, is not clear.  The source altitudes of these pulses are above the leader 

burst pulses and eventually reach altitudes comparable to the first leader step pulse shown in 

Figure 8-9, which occurred over 24 µs prior to the return stroke.  Unfortunately, there were no 

high-speed video observations of this event with which to compare the prior observations.   

The x-ray emissions of the dart-stepped leader preceding the single return stroke of flash 

UF 11-25 were extremely weak.  None of the eight plastic detectors recorded any x-ray photons 

associated with the descending leader.  The LaBr3 detector located 20 m from the lightning 

channel base recorded two single photons associated with the final two leader steps (Pulse 13 

and Pulse 16 in Figure 8-9 and Table 8-2).  No x-ray were observed in time correlation with the 

leader burst or slow-front pulses.   

8.2.3 Second Stroke of Flash UF 11-32 

Flash UF 11-32 was the first of four triggered lightning discharges on August 18, 2011.  

The flash had two return strokes following the IS period, with peak currents of 14.5 kA and 19.8 

kA, respectively.  The flash was triggered with quasi-static electric field at ground of -6.4 kV/m.   

The second return stroke, which is the topic of this section, occurred at 20:37:31.078047 (UT) 
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and was preceded by a dart-stepped leader.  It is worth noting that the IS of flash UF 11-32 was 

unique among the triggered lightning events discussed in this dissertation from 2009-2011.  The 

ICC had total duration of 945 ms, transferring 225 C of negative charge to ground.  Both the ICC 

duration and charge transfer were the largest values recorded for any triggered lightning event 

from 2009-2011.  Detailed LMA observations of the IS of flash UF 11-32 were discussed in 

Section 7.3.  A total of 44 dE/dt pulses were TOA-located in the final 60 µs of the dart-stepped 

leader preceding the second return stroke from altitudes as high as 234 m.  The triggering wire 

exploded at an altitude of about 280 m, therefore, all TOA-located dE/dt sources occur within the 

triggering wire height.  A three-dimensional plot of the dE/dt source locations for this dart-

stepped leader are shown in Figure 8-13A.  The points are color-code according to the key in 6 

µs windows.  Source locations of x-ray pulses are plotted as black diamonds.  Similar to the 

previously analyzed events, the average leader speed was obtained by fitting a regression line to 

the altitude versus time projection of the dE/dt source locations (shown in Figure 8-13B).  The 

average downward leader speed was 4.0 x 10
6
 m/s with a correlation coefficient of 0.96.   

An 18 µs dE/dt waveform of the dart-stepped leader preceding the second stroke of flash 

UF 11-32 is plotted in Figure 8-14.  The waveform was recorded at Station 3.  Propagation delay 

has been removed from the dE/dt waveform according to the method previously described.  A 

total of 14 dE/dt pulses are annotated in Figure 8-14 with pulse numbers increasing sequentially 

with time.  The three-dimensional spatial locations, emission times, location uncertainties, and 

pulse designations (same convention used in previous sections) are given for the 14 pulses in 

Table 8-3.  In Figure 8-15A, a 26 µs dE/dt waveform from Station 3 is plotted versus the II Very-

Low channel-base current.  The propagation delay of the dE/dt waveform has also been removed 

in an identical manner as the waveform in Figure 8-14 to align the waveform with the measured 
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current.  For the following discussion, note that the current waveform plotted in Figure 8-15A is 

also shown for reference in Figure 8-14 with a dashed green line.  The first considerable 

deviation of the channel-base current from the zero-level occurs at about -10.8 µs.  This current 

pulse is associated closely in time with Pulse 1 and Pulse 2 (Figure 8-14 and Table 8-3).  Pulses 

1 and 2 were located at altitudes of 115.7 m and 77.5 m, respectively.  The current does not fall 

to zero following Pulse 2.  The calculated velocity between Pulses 1 and 2 is nearly twice the 

speed of light, indicating that Pulse 2, which is a classic bipolar dart-stepped leader step pulse, 

may have been the only pulse associated with the formation of the new leader step.  The fact that 

Pulse 3, which occurs at about 9 µs in Figure 8-14, is also located at higher-altitude (89.9 m) 

than the previous step pulse, and also does not appear to alter the steadily-flowing current, 

suggests that Pulse 1 and Pulse 3 (which share similar waveform characteristics) may be 

physically related to a separate process.  Pulses 4 and 5 occur between -8 µs and -7 µs and are 

located at altitudes of 78.2 m and 75.5 m.  The pulses are radiated from nearly the same altitude 

as the previous leader step (Pulse 2), though they are separated laterally by 6-8 m from Pulse 2.  

Pulse 4 and Pulse 5 also produce a negligible change in the measured channel-base current, 

signifying that they may not be associated with the downward propagation of the leader channel.  

The channel-base current remains relatively constant at a level of 1-3 A between Pulse 2 and the 

next dominant leader step pulse (Pulse 6), which occurs at -6 µs.  Pulse 6 is located at an altitude 

of 50.1 m and produces a measured current pulse of about 11 A.  The background current level 

increases slightly following Pulse 6 to a level of 3-5 A.  Pulses 7 and 8 occur between -4.4 µs 

and -3.6 µs at altitudes of 57.4 m and 46.3 m, respectively.  Both pulses appear to produce 

relatively small impulsive changes in the channel-base current, which elevates to a steady level 

of about 7 A following Pulse 8.  The final clear leader step pulse (Pulse 9) occurs at about -2 µs 
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and was emitted from an altitude of 40.9 m.  There is a 21 A current pulse associated with Pulse 

9, after which the background current level decreases to an amplitude of about 10 A.  Pulse 10 

and Pulse 11, which occur between -1 µs and 0 µs are difficult to classify.  The pulses together 

appear like a more-or-less normal dart-stepped leader step, though the temporal proximity to the 

beginning of the fast transition (less than 2 µs) and the fact that Pulse 10 and 11 produce the first 

significant increase in the background level of the channel-base current (50 A following Pulse 

11), might suggest, based on the analysis of the two previous events, that Pulses 10 and 11 are 

actually associated with a leader burst process.  Pulses 10 and 11 were located at altitudes of 43.0 

m and 38.0 m, respectively.  The slow-front of the dE/dt waveform appears to begin about 500 ns 

following the peak of Pulse 11.  The first slow-front pulse (Pulse 12) is the lowest located source 

at an altitude of 22.8 m (14.3 m above the intercepting wire).  As expected from the analysis of 

the previous two events, the first slow-front pulse is associated with a large increase in the 

channel-base current (90 A following Pulse 12).  Interestingly, the subsequent slow-front pulses 

(Pulse 13 and Pulse 14) were both located at an altitude of 53.4 m, over 30 m higher in altitude 

that the first slow-front pulse.  This rapid increase in altitude of the slow-front pulses following 

the initial pulse(s) was also observed in flash UF 11-25 (Section 8.2.2).  There were several 

additional small slow-front pulses prior to the initial rise of the fast-transition that were not 

resolved on a sufficient number of stations to be TOA-located.  In Figure 8-15B, the II-High 

channel-base current is plotted against a 10 µs window of the dE/dt waveform shown in the top 

panel.  The current rises to a level of nearly 300 A following Pulse 14, before increasing further 

over the next 670 ns to an amplitude of 1990 A at the beginning of the fast-transition.   

The channel-base current flowed steadily beginning about 12.7 µs prior to the initial rise of 

the fast-transition pulse.  The upward leader is assumed to propagated for the entire 12.7 µs the 
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current deviated steadily from zero.  The measured dE/dt (red trace) and numerical dI/dt (blue 

trace) are plotted in Figure 8-16 and are again compared to determine the maximum altitude of 

the junction point between the upward and downward leaders.  In this case, the peaks of the fast-

transition pulses are separated by only 40 ns.  By applying the same geometrical and downward 

current wave speed constraints discussed in the previous sections, the junction of the upward and 

downward leaders could have occurred no more than 3.1 m above the top of the intercepting 

wire.  Considering the length of the upward leader and the duration of its propagation (12.7 µs), 

the leader would have propagated at an average speed of 2.4 x 10
5
 m/s.  The lowest dE/dt source 

location for this event was 14.3 m above the intercepting wire, over 11 m above the maximum 

allowable altitude of the junction point.  It is possible that the observed separation of the lowest 

dE/dt source location and the altitude of the junction point are also influenced by timing error in 

the comparison of the dE/dt and dI/dt peaks (which, as stated in Section 8.2.1 could account for 

the junction height being under-estimated by as much as 4.7 m) and/or a faster downward current 

wave speed than the value of 1.55 x 10
8
 m/s.   Unfortunately, correlated high-speed video 

images, which may have helped explain the altitude difference in the in the calculated length of 

the upward connecting leader and the lowest dE/dt source, were not acquired of the attachment 

region of flash UF 11-32.   

A 12 µs record of the dE/dt and numerically-integrated dE/dt measured 190.9 m from the 

lightning channel base are shown in Figure 8-17B and Figure 8-17A, respectively.  The duration 

of the slow-front for the second stroke of flash UF 11-32 was about 640 ns, considerably shorter 

than the slow-fronts observed for the two previously analyzed events.  The slow-front in the 

electric field record begins about 200 ns following the peak of Pulse 14, the final located dE/dt 

pulse of this event, and well after the first pronounced rise in the channel-base current due to the 



 

449 

 

apparent leader burst (Pulse 11).  The duration of the slow-front of this particular dart-stepped 

leader is in much better agreement with the statistics reported by Weidman and Krider [1978] for 

natural subsequent strokes preceded by dart leaders.   

The dart-stepped leader preceding the second stroke of flash UF 11-32 was the first 

triggered lightning dart-stepped leader in summer 2011 that emitted significant x-rays.  In Figure 

8-18B, a 30 µs plot of the x-ray emission recorded at Station 3 is plotted against the waveform 

from the co-located dE/dt antenna (Figure 8-18A).  Note that the time-scale in Figure 8-18 does 

not correspond to the time scales plotted in the previous figures of this section.  In Figure 8-18, 

the data point that corresponds to the initial rise of the dE/dt fast-transition is set to 0 µs.  This is 

done to facilitate the alignment of the dE/dt waveforms recorded on the HBM digitization system 

with the x-ray waveforms recorded on the ICLRT DSO network.  Within 25 µs of the start of the 

fast-transition, there were at least a dozen x-ray bursts associated with leader and post-leader 

processes.  X-rays associated with two dart-stepped leader steps and the leader burst were 

recorded on a sufficient number of stations for TOA calculations to be performed.  In Figure 8-

18A, the dE/dt leader step pulses with corresponding TOA-located x-ray pulses are annotated 

with sequentially increasing integers.  The three-dimensional spatial locations (X, Y, Z) , 

location uncertainties (ΔX, ΔY, ΔZ), and emission times (T) of the dE/dt pulses and x-ray pulses 

are given in Table 8-4 for each of the three cases.  Additional statistics included in Table 8-4 for 

each case are the total distance from the dE/dt source to the x-ray source (ΔR), the relative 

difference in position between the dE/dt and x-ray source for each of the three individual spatial 

coordinates (Δx, Δy, Δz), and the relative emission time difference between the dE/dt and x-ray 

source (Δt).  The first TOA-located x-ray pulse occurred in conjunction with the dart-stepped 

leader step at about -16 µs in Figure 8-18A.  The dE/dt pulse was located at a 111.9 m in altitude 
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while the corresponding x-ray source was located at 85.7 m in altitude.  The x-ray source 

occurred a total distance of 26.8 m from the dE/dt source.  The x-ray source was emitted 26.2 m 

below, 0.9 to the west, and 5.7 m north of the dE/dt source. The x-ray source was emitted 90 ns 

following the dE/dt peak.  The spatial location uncertainties of the x-ray source were very large 

in comparison to the uncertainties of the dE/dt source location.  The second x-ray location was 

associated with the final downward leader step at about -4 µs (Pulse 9 in Figure 8-14 and Table 

8-3).  In this case, the dE/dt and x-ray sources occurred at altitudes of 40.9 m and 24.9 m, 

respectively.  The sources were separated by 17.4 m, with the x-ray source occurring 16 m 

below, 6.8 m west, and 1.5 m north of the dE/dt source.  Similar to the first case, the spatial 

location uncertainties of the x-ray source are large compares to those of the dE/dt source.  The 

emission time of the x-ray source was only 20 ns following the dE/dt source.  The final TOA-

located x-ray source occurred in conjunction with the first leader burst pulse (Pulse 10 in Figure 

8-14 and Table 8-3).  The dE/dt and x-ray sources were radiated from altitudes of 43.0 m and 

23.6 m, respectively, with a total separation of 23.9 m.  The source occurred at exactly the same 

easting (longitudinal) location, though the x-ray source occurred 13.9 north of and 19.4 m below 

the dE/dt source.  In this case, the spatial coordinates of the dE/dt and x-ray sources were both 

well-determined.  The emission time of the x-ray source followed the dE/dt source by 340 ns.  

For the three located x-rays sources, the average total separation from the dE/dt source was 22.7 

m.  The sources were separated in the easting (longitudinal) direction by an average of 2.6, in the 

northing (latitudinal) direction by an average of -7.0 m, and in altitude by an average of 20.5 m.  

Clearly, the vertical displacement of the dE/dt and x-ray sources comprises the majority of the 

total separation.  The x-rays sources lagged the dE/dt sources in time by an average of 150 ns 

(GM of 85 ns).  To better illustrate the spatial proximity of the x-ray sources to the propagating 
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leader channel, in Figure 8-19, three projection views (altitude versus easting, altitude versus 

northing, and altitude versus time) are plotted of the dE/dt and x-ray source locations for this 

dart-stepped leader event.  The dE/dt sources are plotted with the same color-convention as 

previously used in Figure 8-13.  X-ray sources are plotted as black diamonds.   

8.2.4 Fourth Stroke of Flash UF 11-35 

The final triggered lightning dart-stepped leader analyzed in this chapter occurred 

preceding the fourth return stroke of flash UF 11-35 on August 18, 2011.  Flash UF 11-35 was 

the fourth and final triggered lightning discharge of August 18, and was triggered with quasi-

static electric field at ground of -7.0 kV/m.  The flash contained a total of seven return strokes, 

with the current of the fourth stroke reaching a peak of 27.4 kA.  The fourth stroke had the 

largest peak current of any stroke initiated by a dart-stepped leader during summer 2011.  The 

fourth stroke occurred at 20:58:11.958275 (UT).  This event had several unique characteristics: 

1) dE/dt TOA source locations were obtained for sources exceeding 720 m in altitude, over a 

factor of two higher than any other triggered lightning event during summer 2011, 2) dE/dt 

sources were obtained at altitudes over 500 m above the top of the triggering wire, allowing the 

comparison of the leader propagation characteristics in the presence of different channel-

conditioning, and 3) copious x-rays were detected at ground level in association with the 

propagating dart-stepped leader for nearly 170 µs prior to the return stroke.  In Figure 8-20A, a 

three-dimensional view is shown of the 148 dE/dt source locations for the dart-stepped leader 

preceding the fourth stroke of flash UF 11-35.  The dE/dt sources are color-coded according to 

the key at right in 24 µs windows.  TOA-located x-ray sources are shown as black diamonds 

(independent of emission time) in the three-dimensional view of Figure 8-20A.  The dart-stepped 

leader channel above the top of the triggering wire followed the path of the UPL, as expected.  

The leader descended in a east-southeasterly direction before turning generally vertical at an 
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altitude of about 240 m (the hot pink points in Figure 8-20A).  The top of the triggering wire was 

located at an altitude of 202 m.  This level is annotated in the altitude versus time projection of 

the dE/dt source locations shown in Figure 8-20B.  Separate regression lines were fitted to the 

dE/dt source altitude coordinates for points above (blue line) and below (black line) the top of 

the triggering wire.  The average speed of the dart-stepped leader above the height of the 

triggering wire was 2.8 x 10
6
 m/s with a correlation coefficient of 0.91, and the average leader 

speed below the height of the triggering wire was 4.8 x 10
6
 m/s with a correlation coefficient of 

0.95.  The leader appears to have accelerated by a factor of about 71% upon entering the path to 

ground left behind by the exploded triggering wire.  This is not unexpected considering the likely 

higher values of conductivity and temperature of the plasma channel near the location of the 

exploded copper triggering wire versus the atmosphere above the triggering wire.   

An 18 µs dE/dt waveform of the dart-stepped leader measured at Station 3 is plotted in 

Figure 8-21.  The propagation delay has been removed from the dE/dt waveform as described in 

the previous sections.  In Figure 8-21, there are 26 TOA-located dE/dt pulses labeled with 

sequentially increasing integers.  The three-dimensional source locations, location uncertainties, 

emission times, and designations for the 26 pulses are given in Table 8-5.  In Figure 8-22A, a 30 

µs waveform of the dE/dt measured at Station 3 is plotted against the II Very-Low current.  

Figure 8-22B shows a 12 µs window of the dE/dt waveform plotted in Figure 8-22A versus the 

II-High channel-base current waveform.  The dE/dt waveform in Figure 8-22A exhibits very 

rapid stepping with leader step pulses occurring of the order of every 1 µs.  Small deviations in 

the channel-base current are observed coincident with leader step pulses as much as 25 µs prior 

to the return stroke, though the current does not flow steadily until the leader step pulse at about -

11.7 µs in Figure 8-22A.  The current maintains a typical amplitude of 1-2 A with some small 
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super-imposed fluctuations for the next 6.5 µs.  Pulse 2 in Figure 8-21 produces an 11 A current 

pulse and subsequently, the first notable increase in the background level of the channel-base 

current.  Pulse 2 was located at an altitude of 88 m (Table 8-5).  Following Pulse 2, the current 

flows with a typical amplitude between 5-10 A.  Between Pulse 3 and Pulse 7 (time span of 

about 2 µs), the leader descends from 86 m to 76.5 m in altitude, though Pulses 3-7 do not 

produce significant variations in the channel-base current.  The large leader step pulse at -2 µs 

(Pulse 8) is located at an altitude of 69.0 m and is associated with a 14 A current pulse.  The 

current elevates to a level of about 12 A following Pulse 8.  Pulses 9-14 have similar pulse 

characteristics to the leader burst pulses observed in previous events, though they do not produce 

large increases in the channel-base current.  Pulses 9-14 descend from an altitude of 74.8 m to 

45.5 m in a time span of 810 ns, giving an average downward propagation speed of 3.5 x 10
7
 

m/s.  This rapid descent of the leader burst dE/dt sources is characteristic of the events analyzed 

in Howard et al. [2010] and is unlike the leader burst characteristics of the previous events in this 

study analyzed in Sections 8.2.1-8.2.3.  Following Pulse 14, which was located at 45.5 m in 

altitude, the channel-base current rose to a level of about 32 A before gradually declining to a 

level of 20 A over the next 1.2 µs.  Pulse 15 and Pulse 16 occur during the period of the current 

decline and do not appear to alter the current flow.  Pulse 15 was radiated from an altitude of 28 

m, well below the final leader burst pulse.  The physical significance of Pulse 15 is not clear.  

Pulse 16 was radiated from the same location as Pulse 18, which occurred 200 ns later.  Pulse 17 

and Pulse 18 were emitted from altitudes of 44.3 m and 51.1 m, respectively, and are associated 

with a sharp increase in the channel-base current to a level of about 67 A.  Pulse 19 follows Pulse 

18 by about 890 ns and is likewise associated with a large current pulse (90 A) and an elevation 

of the background current level to about 78 A.  Pulse 19 was located at an altitude of 34.1 m.  
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Pulses 17-18 and Pulse 19 have the appearance of consecutive typical dart-stepped leader steps, 

though their close temporal proximity to the fast-transition and their association with a large 

channel-base current increases indicate that they, along with the previous leader burst pulses, 

may be involved in the initial interactions of the streamer zones of downward and upward 

leaders.  The fact that this dart-stepped leader was associated with a high peak-current return 

stroke might suggest the presence of longer-than-normal streamer zones, such as the case of the 

"chaotic" dart leader discussed in Section 6.4.2, which exhibited a downward leader streamer 

zone length of 25 m, and a return stroke peak current (28.3 kA) similar to this event.  Dart-

stepped leaders that carry more negative charge at their tips may inherently exhibit more 

complex interactions in the attachment process to the strike object.  Considering Pulses 16-19 are 

of an undetermined nature, they are not given a classification in Table 8-5.  Following Pulse 19, 

there is an observed slow-front in the dE/dt waveform.  Pulses 20-26 are therefore classified as 

slow-front pulses in Table 8-5, and occur over a time span of about 1.7 µs.  Like all slow-front 

pulses discussed in the previous sections, Pulses 20-26 are associated with rapid increases in the 

channel-base current, from 78 A at the time of Pulse 20 to about 1070 A at the time of Pulse 26.  

As shown in Figure 8-22B, the current further elevated to a level of 1360 A at the time of the 

initial rise of the fast-transition.  The dE/dt source locations of the slow-front pulses are very 

difficult to interpret.  The sources essentially "bounce" in altitude over several tens of meters 

from as high as 47.1 m (Pulse 20 and Pulse 22) to as low as 18.2 m (Pulse 25).  This type of 

behavior has not been observed in the previously analyzed events where the slow front pulses 

either occurred at low altitude immediately above the intercepting wire  (dart-stepped leader of 

flash UF 11-15) or began at low-altitude and ascended rapidly (dart-stepped leaders of flashes 

UF 11-25 and UF 11-32).  For more energetic leaders, perhaps the bi-directional current waves 
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that Jerauld et al. [2007] associated with the radiation of the slow-front can also produce 

impulsive field variations that are radiated nearly simultaneously from different sections of the 

channel above and below the junction height, giving rise to dE/dt sources that appear to fluctuate 

in altitude.   

In Figure 8-21, the channel-base current was observed to deviate steadily from zero about 

17 µs prior to the initial rise of the fast-transition.  The timing relationship of the peaks of fast-

transition peaks of the measured dE/dt and numerical dI/dt are compared in Figure 8-23 to 

determine the maximum altitude of the junction point of the downward and upward leaders.  For 

the two fast-transition peaks, the numerical dI/dt lagged the dE/dt by 60 ns and 20 ns, 

respectively.  With the maximum time difference of 60 ns, and assuming the same stated 

geometrical and leader speed constraints of the previous analyses, the junction height could have 

been, at most, 6.2 m above the intercepting wire ring.  With the assumption that the upward 

connecting leader propagated for the full 17 µs time duration of the observed steady current 

flow, the upward leader would have propagated at an average speed of about 3.6 x 10
5
 m/s 

between the intercepting wire ring and the junction height of 6.2 m.  While no high-speed video 

images were obtained of the attachment process of this event, a still image (Figure 8-23) taken 

from Launch Control does show two clear unconnected upward leaders from the intercepting 

wire ring.  The leftmost upward leader is the longer of the two and has total length of about 1 m.  

According to Rakov and Uman [2003], the presence of an unconnected upward leader from the 

strike object indicates that the upward leader that successfully connected to the downward 

propagating leader was longer than the unconnected upward leader.   

A 16 µs plot of the measured dE/dt in shown in Figure 8-24B and the numerically-

integrated dE/dt is shown in Figure 8-24A.  The observed slow-front in the numerical electric 
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field waveform began at about -4.3 µs, coincident in time with Pulse 22 (Figure 8-21 and Table 

8-5), the largest amplitude slow-front pulse.  Pulse 22 was located at an altitude of 47.1 m.  The 

slow-front had total duration of 1.7 µs.  Similar to the dart-stepped leader of flash UF 11-32 

discussed in Section 8.2.3, the slow-front duration for this event is in better agreement with the 

statistics reported by Weidman and Krider [1978] for dart leaders than for dart-stepped leaders.   

 The dart-stepped leader preceding the fourth stroke of flash UF 11-35 was the most 

prolific emitter of x-rays of any triggered lightning dart-stepped leader recorded at the ICLRT for 

the 2009-2011 dataset.  As stated previously, pronounced x-ray bursts were recorded as much as 

170 µs prior to the return stroke, when the dart-stepped leader was at an altitude of about 550 m.  

In Figure 8-25, 110 µs waveforms of the dE/dt (Figure 8-25A) and x-ray (Figure 8-25B) 

emission recorded during the dart-stepped leader are shown.  This time window does not show 

the full extent of the x-ray emission, but does include all TOA-located x-ray pulses, which 

occurred within about 84 µs of the return stroke.  The dE/dt waveform in Figure 8-25A clearly 

shows the dramatic difference in the propagation characteristics of the dart-stepped leader above 

and below the height of the triggering wire.  Above the triggering wire, dart-stepped leader steps 

occurred with interstep intervals of the order of 4-6 µs.  There was a "quiet" period where no 

leader step pulses were emitted for a time of about 8 µs following the last leader step above the 

top of the triggering wire.  The final leader step above the triggering wire is located at about 40 

µs in Figure 8-25A.  Below the height of the triggering wire, leader step pulses were recorded 

about every 1 µs, and as discussed at the beginning of this section, the downward leader 

propagation speed increased by about 71%.  There were a total of 13 x-ray sources located 

during the descent of the dart-stepped leader.  Four sources were associated with leader steps 

above the height of the triggering wire and nine sources were associated with steps below the 
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height of the triggering wire.  The dE/dt pulses associated with the 13 x-ray sources are 

annotated in Figure 8-25A with increasing integers.  The three-dimensional source locations, 

location uncertainties, and emission times of the dE/dt and x-rays sources for each of the 13 

cases are listed in Table 8-6.  The total total distance from the dE/dt source to the x-ray source, 

the relative differences between the three spatial coordinates of the dE/dt and x-ray sources, and 

the emission time difference between the dE/dt and x-ray sources are also provided.  For eight of 

the 13 cases, the x-ray source is potentially associated with at least two different dE/dt pulses, 

and for two cases, with as many as four different dE/dt pulses.  For completeness, the 

aforementioned TOA parameters are given in Table 8-6 for all of the dE/dt pulses that could 

have been associated with the x-ray emission.  X-ray sources were located associated with leader 

steps that occurred from altitudes of 336 m (Case 1) to 69 m (Case 12).   The final located x-ray 

source (Case 13) was emitted by the leader burst process.  For the 13 cases (taking into account 

all possible dE/dt pulses that could have been associated with the x-ray emission) the dE/dt 

sources were separated from the x-rays sources by an absolute average total distance of 29 m 

(GM of 26.4 m).  The sources were separated in the easting (longitudinal) direction by an 

absolute average of 11.7 m (GM of 6.9 m) and mean of 4.8 m, in the northing (latitudinal) 

direction by an absolute average of 11.2 m (GM of 8.7 m) and mean of -6.9 m, and in altitude by 

an absolute average of 19.3 m (GM of 13.6 m) and mean of 18.2 m.  While there appears to be 

no systematic trend in the sign of the lateral position differences (i.e., the x-ray sources are 

distributed around the leader channel without bias for a particular direction), the x-ray sources 

occurred below the dE/dt sources in 11 of the 13 cases (85%).  In Case 8, the x-ray source was 

emitted 6.2 m above the dE/dt source, though the altitude uncertainty in the TOA calculation for 

the x-ray source was more than 16 m.  For one additional case (Case 12), the altitude uncertainty 
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in the x-ray source location is larger than the separation of the dE/dt and x-ray sources for all 

possible associated dE/dt sources.  The average time difference between the dE/dt and x-ray 

sources was 290 ns (GM of 170 ns), with a range from 20 ns to 2.16 µs.  The results of this study 

are in good agreement with the findings of Howard et al. [2010], who reported that x-rays were 

emitted within 50 m of the dE/dt source and occurred from 0.1 µs to 1.3 µs after the dE/dt source 

emission time.   

In Figure 8-26, three projections views (altitude versus easting, altitude versus northing, 

and altitude versus time) are plotted of the dE/dt and x-ray source locations for the dart-stepped 

leader preceding the fourth stroke of flash UF 11-35.  Recall that the top of the triggering wire 

occurred at an altitude of 202 m.  The dE/dt sources are plotted with the same color-convention 

used in the three-dimensional plot of Figure 8-20A and the x-ray sources are plotted as black 

diamonds.  The plots clearly show the time and spatial correlation of the x-ray sources with the 

descending leader channel.  Further, the random lateral distribution of the x-ray sources is 

evident from the easting and northing projections of Figure 8-26.   

8.2.5 Second Stroke of Flash MSE 11-01 

Natural flash MSE 11-01 terminated on the southwest quadrant of the ICLRT at 

19:37:34.737534 (UT) on July 7, 2011.  The flash contained a total of four return strokes.  The 

second stroke, which struck ground at 19:37:34.794163 (UT), was preceded by a dart-stepped 

leader.  The NLDN-reported peak current of the second stroke was 22.1 kA.  A total of 180 dE/dt 

source locations were determined during the leader and post-leader phase of the second return 

stroke.  A three-dimensional plot of the dE/dt source locations is shown in Figure 8-28A.  The 

view is looking approximately north-northeast.  The dE/dt sources are color-coded according to 

the key at right in 21 µs time windows.  The x-ray source locations are shown as black 

diamonds.  The location of the Field (Ground) Launcher is shown for reference.  Sources are 
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plotted within 210 µs of the return stroke and 500 m of the ground.  Within 500 m of ground, the 

leader propagated from east to west at approximately a 22 degree angle from the vertical and 

with very little deviation in the north-south plane.  In Figure 8-28B, the altitude versus time 

projection of the dE/dt source locations is plotted.  A regression line is fitted to the points to 

obtain an estimate for the average downward leader speed.  The average leader speed was 1.9 x 

10
6
 m/s with a correlation coefficient of 0.98.  In Figure 8-29, the easting versus altitude 

projection of the dE/dt source locations is overlaid on a still photograph of the flash MSE 11-01.  

The discharge struck approximately 395 m southwest of the camera location in IS2, which 

borders the road on the northern boundary of the ICLRT.  The photograph is a six second time 

exposure recorded at a focal length of 10 mm.  The dE/dt sources follow the discharge very well 

to about 275 m in altitude where the points begin to diverge.  The separation of the dE/dt sources 

from the lightning channel in the photograph at higher altitude is due to two factors, 1) the 

optical distortion at the edges of the frame due to the "fisheye" effect of a wide focal-length lens 

that is angled upward, and 2) the camera view angle is not looking exactly due south, and hence, 

the easting projection of the dE/dt sources is not an exact mapping into the plane of the image at 

the distance of the discharge.   

 In Figure 8-30, a 35 µs dE/dt waveform is shown of the dart-stepped leader preceding the 

second stroke of flash MSE 11-01.  The waveform was measured at Station 3, a distance of about 

345 m from the strike point.  A total of 31 dE/dt pulses are annotated with increasing integers.  

The three-dimensional TOA locations, location uncertainties, and emission times of the 31 pulses 

are given in Table 8-7.  Considering there is no available channel-base current with which to 

compare the dE/dt TOA locations as there were for the previous analyses of triggered lightning 

dart-stepped leaders, the classifications of the pulses in the following discussion are based 
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primarily on pulse shape and temporal proximity to the return stroke.  The initial leader dart-

stepped leader step in Figure 8-30 at about 68 µs has three TOA-located pulses (Pulses 1-3).  The 

three pulses were located in close spatial proximity and the dominant step pulse (Pulse 3) was 

located at an altitude of 78 m.  There was no impulsive leader activity for about 3.5 µs following 

Pulse 3.  Pulse 4 occurred about 15 m lower than Pulse 3 and was radiated from a point about 12 

m to the west.  Pulse 5 occurred at almost exactly the same spatial location as Pulse 3.  Pulse 6 

and Pulse 7 appears to be associated with the final downward leader step.  Pulse 6 occurs at an 

altitude of 59.6 m and Pulse 7 was emitted about 560 ns later at an altitude of 47.2 m.  Pulse 7 

was also located about 6 m to the east and 8.5 m to the south of Pulse 6.  Following Pulse 7, the 

characteristics of the dE/dt pulses do not strongly resemble typical dart-stepped leader steps.  

Indeed, the next located pulse (Pulse 8) is radiated from an altitude of only 25.3 m.  Without 

high-speed video evidence or measured current, it is impossible to state definitively the physical 

significance of Pulse 8, though one might infer that it could be due to a stepping mechanism in 

an unconnected upward positive leader from a grounded object  The area where the flash 

terminated is populated with pine trees that have heights comparable to the emission altitude of 

Pulse 8.   Pulses 9-15 appears very similar to the leader burst pulses recorded in association with 

triggered lightning dart-stepped leaders discussed in the previous sections.  The pulses do not 

demonstrate significant vertical propagation, covering an altitude range from 59.4 m to 47.2 m in 

the time span of about 2.75 µs.  The general motion of the sources is slightly to the east.  Pulse 

16, which at casual glance could easily be classified as part of the previous pulse group, occurs at 

an altitude of 27.4 m.  Pulse 16 occurs about 6 m to the east and about 2 m above the location of 

Pulse 8.  One possible reason is that the increase in the electric field due to the burst of pulses 

(Pulse 9-15) immediately prior to Pulse 16 prompted the further extension of an existing upward 
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leader channel that began with Pulse 8.  Following Pulse 16, the next three source locations 

(Pulses 17-19) occur at higher altitude from 43.6 m to 58.8 m.  Pulse 17-19 are radiated from a 

very similar lateral areas as the pulse group that contained Pulses 9-15.  Pulses 20 is radiated 

about 460 ns following Pulse 19, but from an altitude of only 23.3 m.  Pulse 19 and Pulse 20 are 

separated by a total distance of about 36 m, giving a calculated straight-line propagation speed 

between the sources of greater than 7.7 x 10
7
 m/s, an unreasonably high propagation speed for a 

dart-stepped leader.  The fact that Pulse 21, which is emitted 180 ns after Pulse 20, also occurs at 

an altitude of only 23.9 m provides further evidence that the dE/dt pulses within about 15 µs of 

the return stroke in Figure 8-30 are a superposition of two (or possibly more if multiple upward 

propagating leaders are present) independent leader processes.  A reasonably pronounced slow-

front is observed in the dE/dt waveform following Pulse 21.  Not surprisingly, Pulses 22-30 all 

occur at low altitude (below 32.5 m).  The large collection of sources between 19.7 m and 30 m 

in a time span of about 6 µs may indicate the presence of multiple upward-connecting discharges 

with varying levels of connectivity to the streamers below the dart-stepped leader tip.  From the 

observations of triggered lightning slow-front pulses and the correlated channel-base current, one 

might infer that the large dE/dt pulses at about 89 µs (Pulse 26 and Pulse 27) are likely 

associated with major connections between the upward and downward leaders.  A close 

examination of the lateral coordinates of the slow-front pulses reveals that the sources are 

grouped to some extent, though without photographic evidence, an attempt to explain the 

geometry of the connection region would be quite speculative.  The first fast-transition pulse was 

located for this event at an altitude of 36.2 m and in the same lateral region as the final two slow-

front pulses.   
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The 35 µs dE/dt waveform plotted in Figure 8-30 is numerically-integrated and plotted in 

Figure 8-31A.  The original dE/dt waveform is shown in Figure 8-31B for reference.  The 

electric field waveform exhibits a very pronounced slow-front in comparison to the triggered 

lightning events previously analyzed.  The slow-front has duration of about 6.9 µs, a factor of 

about 3.3 longer than the typical duration reported by Weidman and Krider [1978] for natural 

dart-stepped leaders.  The slow-front initiates coincident with Pulse 19 (Figure 8-30 and Table 8-

7), which was located at an altitude of 58.8 m, but also occurred immediately prior to Pulse 20 

and Pulse 21, both of which were radiated from altitudes of about 24 m.   

Like the dart-stepped leader preceding the fourth stroke of triggered lightning flash UF 11-

35 (Section 8.2.4), the dart-stepped leader that initiated the second stroke of MSE 11-01 

produced a large flux of x-rays measured at ground.  Bursts of x-rays associated with dart-

stepped leader steps were recorded more than 250 µs prior to the return stroke, indicating, from 

Figure 8-28, that the source altitudes were likely above 500 m.  In Figure 8-32B, a 275 µs 

waveform is shown of the x-ray emission recorded at Station 3, located about 345 m from the 

ground strike point.  The corresponding dE/dt waveform measured at the same station is shown 

in Figure 8-32A for reference.  A total of 14 x-ray sources were TOA-located during the descent 

of the dart-stepped leader.  The dE/dt pulses that correspond to the TOA-located x-rays sources 

are annotated in Figure 8-32A with increasing integers.  The located x-ray sources occurred 

between 225 µs and 40 µs prior to the return stroke.  Though x-ray photons were recorded in 

association with the leader burst pulses and with the largest slow-front pulses, these events could 

not be TOA-located.  A discussion of the issues involved with determining the source locations 

of low-altitude x-ray sources is provided in Section 8.3.  The source locations, location 

uncertainties, and emission times of the 14 x-rays sources and the related dE/dt sources are given 
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in Table 8-8.  Similar to the data provided in the previous sections, Table 8-8 also includes 

statistics for the differences in the TOA-determined spatial coordinates and emission times of the 

dE/dt and x-ray sources.  For this event, it was found that the dE/dt and x-ray sources for the 14 

cases were separated by an average total distance of 39.2 m (GM of 35.5 m).   The dE/dt and x-

ray sources were separated by an absolute average in the easting (longitudinal) direction of 17.2 

m (GM of 12.5 m) and mean of 6.7 m, an absolute average in the northing (latitudinal) direction 

of 7.7 m (GM of 4.4 m) and mean of -0.2 m, and an absolute average in altitude of 29.2 m (GM 

of 19.6 m) and mean of 28.4 m.  From Table 8-8, it is clear that the signs of the easting and 

northing differences between the dE/dt and x-ray source locations are not systematic.  The cause 

of the factor of two larger absolute difference in the easting source coordinates of the dE/dt and 

x-rays sources versus the northing coordinates is undetermined.  Based on the fact that the 

absolute averages of the easting and northing coordinate differences were nearly identical for the 

fourth stroke of triggered lightning flash UF 11-35, which exhibited a generally vertical channel 

below the height of the triggering wire, it is possible that the tilted channel-geometry of the dart-

stepped leader preceding the second stroke of flash MSE 11-01 in some way impacted the spatial 

emission pattern of the x-rays.  Data from additional natural lightning events with significant x-

ray emission are needed to test this hypothesis.  The altitude coordinates of the x-rays occurred 

below the associated dE/dt source altitude in 12 of the 14 cases (86%).  In the two cases where 

the x-ray source was emitted above the location of the dE/dt source (Case 7 and Case 13), the 

total separation of the dE/dt and x-ray sources was dominated by the lateral coordinates, 

indicating that the leader may have been propagating more horizontally, in turn producing 

streamers that may have propagated in outward directions instead of downward.   In all 14 cases, 
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the x-ray source was emitted following the dE/dt source(s).  The average timing difference 

between the peak of the dE/dt pulse and the x-ray emission was 280 ns (GM of 150 ns).   

Three projection views of the dE/dt and x-ray source locations of the dart-stepped leader 

associated with the second stroke of flash MSE 11-01 are shown in Figure 8-33.  From the 

altitude versus easting and altitude versus northing projections shown in Figure 8-33, it is clear 

that the x-ray sources follow the general propagation path of the leader channel and are not 

systematically biased towards a particular direction.  As discussed above, there is more spread in 

the x-ray sources in the easting directions, though that spread appears to be random about the 

channel geometry.   

8.3 Discussion of Results 

Measured parameters of the four triggered lightning dart-stepped leaders discussed in 

Section 8.2.1-8.2.4 are given in Table 8-9.  Table 8-9 also include similar parameters for three 

additional triggered lightning dart-stepped leader events recorded during summer 2011 that were 

not discussed in the above sections (second stroke of flash UF 11-34 on August 18, 2011, and the 

sixth and seventh strokes of flash UF 11-35 on August 18, 2011).  A subset of the statistics not 

pertaining to measured channel-base current are also provided for natural flash MSE 11-01.  

Tabulated statistics include the peak current of the subsequent return stroke, the number of 

calculated dE/dt and x-ray TOA source locations, the estimated average downward dart-stepped 

leader speed, the measured duration of the steady current flow (in this case, a direct proxy for the 

duration of the upward connecting leader), the calculated altitude of the junction point between 

the downward and upward leaders, the calculated average vertical speed of the upward 

connecting leader, the estimated peak current of the upward connecting leader, and measured 

duration of the slow-front.    
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The average downward leader speed of the seven triggered lightning dart-stepped leaders 

below the final height of the triggering wire was about 3.5 x 10
6 

m/s (GM of 3.2 x 10
6 
m/s), a 

speed in good agreement with values reported by Wang et al. [1999], Howard et al. [2010], and 

Biagi et al. [2010] for triggered lightning dart-stepped leaders.  Estimated speeds ranged from 

2.0 to 6.9 x 10
6
 m/s.  The estimated leader speed of the natural lightning dart-stepped leader was 

1.9 x 10
6
 m/s, also in good agreement with the optical measurements of natural dart-stepped 

leader speed reported by Schonland [1956] and Orville and Idone [1982].  The average duration 

of the measured steady current flow prior to the initial rise of the fast-transition for the seven 

triggered lightning dart-stepped leaders was 14.1 µs (GM of 13.3 µs) with a range from 8.7-24 

µs.  In this study, the upward connecting leader is assumed to have the same duration as the 

measured steady current flow.  The altitudes of the junction heights between the upward and 

downward leaders, calculated from the timing difference between the fast-transition peaks of the 

dE/dt and numerical dI/dt waveforms, were found to occupy a narrow range from 0.0-7.8 m with 

an average altitude of 3.6 m above the height of the intercepting wire.  The calculated upward 

connecting leader lengths are somewhat shorter than those reported by Idone [1990], who used 

photographic measurements to estimate an upward boundary for upward connecting leader 

lengths of 10-20 m for triggered lightning subsequent strokes.  The upward leader lengths in this 

study are in better agreement with observations reported by Wang [1999], who used the ALPS 

optical imaging system to infer the existence of two upward connecting leader preceding 

triggered lightning return strokes with lengths of 7-11 m and 4-7 m, respectively.  From 2009-

2011, there has been frequent discussion of why upward connecting leaders are rarely imaged in 

the Photron high-speed video records of the attachment region.  The fact that the upward 

connecting leaders appear to only extend to an average length of 3.6 m, which corresponds to a 
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pixel region with height of only 8 pixels at the location of the Field (Ground) Launcher assuming 

a focal length of 14 mm, might help to explain this observation.  Further, the average upward 

leader duration of 14.1 µs occupies four frame integrations at a frame rate of 300 kfps (3.33 µs 

exposure), meaning the upward connecting leader typically propagates less than 1 m per frame 

integration.  It is also not impossible that the upward connecting leaders are relatively dim in 

comparison to the downward propagating dart-stepped leader channel, particularly when viewed 

at a distance of 300 m.  The short upward connecting leaders should be better resolved with the 

Cordin 550 high-speed camera that presently operates from the Optical Building, a distance of 

200 m from the Field (Ground) Launcher, especially considering the improvement in spatial 

resolution gained from the 1 mega-pixel sensor of the Cordin camera.   

The speeds of the upward connecting leaders were calculated from the duration of the 

steady current flow and the junction height.  The average upward connected leader speed for the 

six triggered lightning dart-stepped events that exhibited junction heights above the intercepting 

wire ring was 2.6 x 10
5
 m/s (GM of 2.5 x 10

5 
m/s).  This average speed is in good agreement 

with the optical measurements of the speeds of upward connecting leaders reported by Yokoyama 

et al. [1990] for six discharges to an 80 m telecommunications tower in Japan.  Yokoyama et al. 

[1990] used the ALPS optical imaging system to measured upward connecting leader speeds 

ranging from 0.8 to 2.7 x 10
5
 m/s.  The estimated upward connecting leader speeds in this study 

are also in fairly good agreement with measurements of UPL propagation speeds from the top of 

the ascending wire in triggered lightning experiments.  From high-speed video measurements, 

Biagi et al. [2010] reported a two-dimensional upward propagation speed of 5.6 x 10
4
 m/s for the 

first 100 m of propagation of an UPL at the ICLRT, and Jiang et al. [2011] reported a two-

dimensional speed of 1.0 x 10
5
 m/s for an UPL in China propagating between 130-730 m above 
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ground.  The maximum upward connecting leader currents in this study, inferred from the 

amplitude of the channel-base current at the time of the initial rise of the fast-transition pulses, 

ranged from 270-2190 A, with an average amplitude of 1 kA (GM of 730 A).  Upward leader 

currents have traditionally been thought to be of the order of 100 A.   

Finally, the slow-front durations for the seven triggered lightning dart-stepped leaders 

measured from the numerically-integrated dE/dt waveform at a distance of 109.9 m from the 

lightning channel base were found to range from about 600 ns to 4.6 µs with an average duration 

of 2.2 µs (GM of 1.7 µs).  The average slow-front duration is in excellent agreement with the 

value of 2.1 µs reported by Weidman and Krider [1978] for natural lightning dart-stepped 

leaders, and equal to the value of 2.2 µs reported by Jerauld et al. [2007] for a triggered 

lightning dart-stepped leader at the ICLRT.  The measured slow-front duration for the dart-

stepped leader of natural flash MSE 11-01 was 6.9 µs, about a factor of 3.3 longer than the 

average duration reported by Weidman and Krider [1978] for natural dart-stepped leaders.     

The TOA locations of dE/dt pulses within 20 µs of the return stroke for the four triggered 

lightning dart-stepped leaders analyzed in Sections 8.2.1-8.2.4, together with the time-aligned, 

low-level channel base current provided insight to the sequence of electrical breakdown 

processes that occur prior to the fast-transition pulse(s).  A leader burst process, similar to those 

reported by Murray et al. [2005], Jerauld et al. [2007], and Howard et al. [2010], was observed 

in each of the four triggered lightning events.  In the four events, the initial leader burst pulse 

occurred from 2.3-6.6 µs prior to the return stroke (average of 4.1 µs), and initiated at altitudes 

ranging from 24.2-74.8 m (average of 42.4 m).  Recall that Murray et al. [2005] reported leader 

burst pulses occurring from 1-9 µs preceding the return stroke.  In this study, each leader burst 

was composed of 2-7 individual dE/dt pulses.  The leader burst pulses were found to occur below 
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the spatial position of the final preceding leader step, a finding in agreement with Howard et al. 

[2010].  In contrast to the results of Howard et al. [2010], who reported that the leader burst was 

typically characterized by rapid downward (and in one case, horizontal) propagation, three of the 

four leader bursts analyzed in this study occurred within a relatively small source volume with 

minimal altitude fluctuation.  The lone exception was the leader burst associated with the fourth 

stroke of flash UF 11-35, which exhibited a downward propagation speed of 3.5 x 10
7
 m/s during 

a time span of 810 ns.  The natural dart-stepped leader of flash MSE 11-01 also exhibited a 

group of pulses that shared some characteristics with the leader bursts observed in the triggered 

lightning events.  The initial pulse occurred about 13.5 µs prior to the return stroke at an altitude 

of 59.4 m.  The seven pulses included in the leader burst of flash MSE 11-01 were also confined 

to a small source volume and did not exhibit rapid downward propagation.  The leader burst 

pulses in three of the four triggered lightning events were associated with significant increases in 

the measured channel-base current.  The leader burst of flash UF 11-15 elevated the background 

current amplitude from 18 A to 60 A; the leader burst of flash UF 11-25 resulted in the 

background current amplitude increasing from 18 A to 120 A; and the leader burst of flash UF 

11-32 elevated the background current amplitude from 10 A to 50 A.  The exception to this trend 

was the dart-stepped leader preceding the fourth stroke of flash UF 11-35, which produced a 

comparatively small rise in the background current level from 12 A to 20 A.  Considering that 

the leader burst pulses typically correspond to the initial large increase in the background level of 

the channel-base current, it is likely, as discussed previously, that they are associated with the 

initial interaction of the streamer zones of the downward and upward leaders.  Howard et al. 

[2010] speculated that the leader burst may be a result of simultaneous activity involving the 

downward and upward leaders, but the authors did not have sensitive channel-base current 
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measurements to validate the hypothesis.  The results presented here suggest their reasoning is 

valid.  It is also interesting to compare the observations of the leader burst in this study to the 

case presented by Wang et al. [2001], who observed a pronounced electric field pulse 

immediately prior to the slow-front of a negative cloud-to-ground discharge that was correlated 

in time with a pulse of light viewed by the ALPS optical imaging system.  At the time of the 

electric field pulse, the upward leader had already initiated.  This scenario is analogous to the 

cases presented here in which the channel-base current is observed to flow (and hence, an 

upward connecting leader is assumed to be propagating), in each case, for 10-20 µs prior to the 

time of the initial leader burst pulse.   

 Pulses super-imposed on the slow-front were observed in each of the four triggered 

lightning dart-stepped leaders, with each event containing from 3-8 TOA-located slow-front 

pulses.  The slow-front pulses of these four events exhibited three distinctly different types of 

positional behavior.  The four slow-front pulses of the dart-stepped leader of flash UF 11-15 

were all located at low altitude (below 20 m), and three of the four slow-front pulses were 

located very near the altitude of the calculated junction point.  In contrast, the eight slow-front 

pulses of the dart-stepped leader preceding the first stroke of flash UF-25 began at low altitude 

(about 14 m), and then ascended rapidly to an altitude of about 57 m in the time span of about 

1.2 µs.  The initial three slow-front pulse were within the altitude range of the calculated junction 

height.  Similarly, the three slow-front pulses of the dart-stepped leader associated with the 

second stroke of flash UF 11-32 ascended rapidly from 22 m to about 53 m in the time span of 

about 830 ns.  The lowest slow-front pulse was about 11 m above the calculated height of the 

junction point.  Finally, the eight TOA-located slow-front pulses of the dart-stepped leader 

preceding the fourth stroke of flash UF 11-35 were observed to fluctuate rapidly in altitude over 
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several tens of meters from altitudes of about 18-47 m.  Regardless of the spatial positioning of 

the slow-front pulses, they are, without exception, associated with large and rapid increases in 

the measured channel-base current.  In each case, the slow-front pulses were associated with 

increases in the channel-base current to near the maximum upward leader current (Table 8-9).  

Based on this observation, it is likely the slow-front pulses correspond to significant connections 

between the downward and upward propagating leader channels.  Howard et al. [2010], based on 

a video image of a triggered lightning dart-stepped leader that demonstrated a pronounced loop 

above the strike object in addition to several unconnected upward leaders, suggested that the 

slow-front pulses each corresponded to individual connections.  The correlated dE/dt and 

channel-base current observations reported in this chapter support that line of reasoning.  It is 

worth noting that the complexity of the dE/dt pulse structure during the slow-front period 

appears to be positively correlated to the peak current of the subsequent return stroke.  Leaders 

that transport more charge (and hence produce higher return stroke peak currents) likely exhibit 

longer and more wide-spread streamer zones, and may also induce an increased number of 

upward connecting leaders from the strike object.  Indeed, the dart-stepped leader preceding the 

fourth stroke of flash UF 11-35, with return stroke peak current of 27.4 kA, exhibited a very 

complex pulse structure during the slow-front period.  As shown in the still image of Figure 8-

24, flash UF 11-35 also exhibited multiple unconnected upward leaders.  The triggered flash 

analyzed by Howard et al. [2010], which, as noted above, exhibited multiple unconnected 

upward leaders, also had return stroke peak current of 45 kA.  The slow-front period of the dart-

stepped leader preceding the second stroke of natural flash MSE 11-01 also exhibited a very 

complex pulse structure, with nine slow-front pulses located below 32.5 m in altitude.  As 

discussed in Section 8.2.5, the large collection of low altitude sources, which show evidence of 
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being grouped spatially in at least three regions, are likely associated with the interaction of 

multiple upward-connecting discharges with the streamer zone of the downward-propagating 

dart-stepped leader.  The fast-transition pulse for the second stroke of flash MSE 11-01 was 

located at about 36 m altitude (above the locations of the slow front pulses, but in a similar 

lateral location).   

 The source locations of x-rays associated with dart-stepped leader steps, and in two cases, 

the leader burst pulses, were determined for two triggered lightning dart-stepped leaders (second 

stroke of flash UF 11-32 and fourth stroke of flash UF 11-35) and one natural lightning dart-

stepped leader (second stroke of flash MSE 11-01).  The dart-stepped leaders that were 

associated with lower peak return stroke currents did not produce sufficient x-ray emissions for 

source locations to be calculated.  A total of 30 x-ray source locations were determined in the 

three events.  For the two triggered lightning dart-stepped leaders recorded in flash UF 11-32 and 

flash UF 11-35, the average total separations between the dE/dt and x-ray sources were 22.7 m 

and 29 m, respectively.  For the dart-stepped leader of natural flash MSE 11-01, the average total 

separation between the dE/dt and x-ray sources was 39.2 m, a value 16.5 m and 10.2 m larger 

than the displacement of the two sources for the triggered lightning events.  The larger total 

displacement between the dE/dt and x-ray sources for the natural dart-stepped leader implies that 

the streamers in front of the propagating leader tip, where the x-rays are thought to be produced, 

are likely longer.  The electric field magnitude at the tip of the leader is probably larger for the 

natural dart-stepped leader event, which likely extends the high-field region necessary for 

electrons to run-away and emit x-rays.  For seven x-ray source locations associated with a natural 

stepped leader and a triggered lightning dart-stepped leader, Howard et al. [2008] reported that 

the x-ray sources were emitted within 50 m of the related dE/dt source.  The results presented 
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here fit within the upper boundary reported by Howard et al. [2008], though in this study, more 

x-ray source locations have been computed and the total separation between the two sources has 

been better quantified.  Howard et al. [2008] also reported a systematic trend for the x-ray source 

to be displaced in the east direction from the related dE/dt source and that the easterly 

displacement often dominated the total separation.  In this study, the dE/dt and x-rays sources 

were separated in the easting direction by means of 2.6 m, 4.8 m, and 6.9 m for the three events 

(UF 11-32, UF 11-35, and MSE 11-01).  Likewise, the sources were separated in the northing 

direction for the three events by means of -7.0 m, -6.9 m, and -0.2 m.  Finally, the sources were 

separated in the altitude direction for the three events by means of 20.5 m, 18.2 m, and 28.4 m.  

Obviously, in the present study, the altitude displacement dominates the total separation, 

accounting for 90.3%, 63%, and 72% of the total separation of the dE/dt and x-ray sources.  The 

relatively-random distributions of x-rays sources about the lightning channel for each event were 

shown graphically in the two-dimensional projections views of the dE/dt and x-ray source 

locations in Figures 8-19, 8-27, and 8-33.   

 For the three events in this study where x-ray sources were determined, the x-rays were 

emitted following the related dE/dt pulse peaks in all 30 cases.  The emission times of the dE/dt 

pulse peaks led the x-ray sources by an average of 150 ns (GM of 85 ns) for the second stroke of 

flash UF 11-32, by an average of 290 ns (GM of 170 ns) for the fourth stroke of flash UF 11-35, 

and by an average of 280 ns (GM of 150 ns) for the second stroke of flash MSE 11-01.  X-ray 

sources in flash UF 11-32 were emitted from 20 ns to 340 ns following the dE/dt pulse peak.  In 

flash UF 11-35, x-rays were emitted from 20 ns to 2.16 s after the dE/dt pulse peak.  Finally, in 

flash MSE 11-01, x-rays were emitted from 10 ns to 1.76 s following the dE/dt pulse peak.  

Spatial and temporal parameters of the x-ray source locations for the three flashes (UF 11-32, UF 
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11-35, and MSE 11-01) are provided in Table 8-10.  About 57% (17 cases) of the x-ray source 

locations were potentially associated with 2-4 dE/dt pulses, while the remaining 13 cases were 

associated with a single dE/dt pulse.  For the x-ray sources that were associated with multiple 

dE/dt pulses, there is not a clear method to determine which dE/dt pulse was exactly associated 

with the emission of the x-ray.  The relative emission times of all possible associated dE/dt 

pulses with respect to the x-ray sources are included in the averages stated above.  For the 13 

cases with only a single dE/dt pulse, the emission times of the x-rays followed the dE/dt sources 

by 20 ns to 340 ns, with an average time separation of about 120 ns.  Howard et al. [2008] found 

that the x-ray sources were emitted from 100 ns to 1.3 s following the dE/dt sources, which is 

within the range of values reported in this study.  The fact that the x-ray sources always follow 

the dE/dt sources for a common event suggests that the generally downward movement of 

negative charge following the large current pulses associated with the formation of a leader step 

is likely associated with the propagation of streamers from the ending point in space of the step, 

and hence, the necessary electric field conditions for x-rays to be generated.  As noted by 

Howard et al. [2008], the x-rays are emitted coincident with the electrostatic field change 

following the step formation that results from the aforementioned charge movement.   

 Of the 30 total x-ray source locations, 28 x-rays were located in association with dart-

stepped leader steps and two x-rays were located in association with leader burst processes.  X-

rays were detected in time correlation with the slow-front pulses of all three flashes, but the x-ray 

sources could not be determined.  In Figure 8-34, the distribution of x-ray source location 

altitudes is shown in histogram format for the 30 cases.  The source altitudes are binned in 20 m 

increments.  Calculated x-ray source altitudes ranged from 24 m to 395 m, with an average 

source altitude of 181 m (GM of 143 m) and standard deviation of 114 m.  Twenty of the 30 x-
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ray sources (~66.7%) were located at altitudes between 60-280 m.  Four x-ray sources (~13.3%) 

were located below 60 m, and six x-ray sources (20%) were located above 300 m.  Many x-ray 

bursts were detected, but not successfully located when the dart-stepped was above 300 m 

(flashes UF 11-35 and MSE 11-01) and below 60 m (all events).  For x-ray sources radiated from 

high-altitudes (greater than 300 m), the propagation path lengths between the source and all ten 

TOA stations are obviously large, and hence, the x-ray attenuation over the path length is 

significant (recall that x-rays have an e-folding distance in the lower atmosphere of about 100 

m).  Lower-energy x-rays emitted during the step formation process are likely attenuated or 

scattered prior to reaching the ground-based array of detectors.  As a result, x-ray source 

locations for leader steps at high-altitude can only be determined for steps that produce large 

fluxes of high-energy x-rays, which arrive at a sufficient number of ground-based scintillators 

with adequate energy to be detected.  Though the measurements reported by Saleh et al. [2009] 

indicate that the x-ray emission is more-or-less isotropic from leader stepping processes, at 

times, high altitude leader steps produce x-rays that are only detected strongly at a small subset 

of stations (indicating large, high-energy x-ray fluxes emitted by the source) with negligible 

detection of x-ray photons at nearby sensors.  This observation indicates there may be some 

degree of a beaming phenomena present, which could be related to the geometry of the 

propagating leader channel.  The process of locating x-ray sources radiated when the leader 

channel is at low altitude (below 60 m) is more problematic than the high altitude case discussed 

above.  At low altitudes, the path lengths between the source and the array of detectors can be 

similar to the high altitude case for detectors that are located on the fringe of the network.  The x-

rays that arrive at detectors located at large radial distances from the low-altitude source 

experience similar atmospheric attenuation to the high altitude case described above.  In contrast 
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to the high-altitude case, some of the path lengths between the source and the detectors, 

particularly for sources located centrally within the network, are very short (potentially only a 

few tens of meters).  As a result, the emitted x-rays experience comparatively little atmospheric 

attenuation before arriving at the close detectors.  This scenario introduces a major problem for 

accurately selecting the arrival times of x-rays at stations located different radial distances from 

the source.  The closer stations often detect lower-energy x-rays that are emitted earlier in the 

step-formation process while the distant stations often fail to detect these earlier-emitted, lower-

energy x-rays due to atmospheric attenuation.  When the dominant x-ray burst is emitted 

following the step formation, both the close and distant detectors record the signal.  

Unfortunately, it is nearly impossible to accurately distinguish the arrival time of the dominant x-

ray burst on the close detectors considering they have already been excited by lower-energy 

photons.  Recall that the x-ray signal arrival times at each station are determined from the initial 

deflection from the system noise.  The pulse structure is not well-correlated across the sensor 

array following the initial deflection, and hence, later points on the waveform cannot be used as 

measured arrival times.  When the relative arrival times of the dE/dt and x-ray sources are 

examined at the same station for the low altitude case described above, the time differences 

between the sources are often much shorter in duration at the closer stations than for the more 

distant stations, effectively providing signal arrival times across the network that are not radiated 

from the same source.  Not surprisingly, the TOA solution algorithm for such a scenario 

produces an unreasonable output.  In order for the solution algorithm to produce a reasonable 

output, the selected arrival times at a sufficient number of stations must correspond to the same 

source, which for this study, appears to occur most frequently when the leader channel is 

between 60-280 m.   
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Figure 8-1.  dE/dt TOA locations of the dart-stepped leader preceding the tenth return stroke of triggered flash UF 11-15 on July 7, 

2011.  A) a three-dimensional plot of the dE/dt TOA source locations.  The sources span 80 µs and are color-coded 

according to the key at far right in 8 µs windows.  Sources within 200 m of ground are plotted.  The location of the Field 

(Ground) Launcher is annotated.  B) the altitude projection of the dE/dt TOA source locations is plotted versus source 

emission time.  A regression line is fitted to the points to obtain an estimate for the leader velocity.  The altitude of the 

intercepting wire is annotated.   
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Figure 8-2.  A 26 µs plot of the dE/dt measured at Station 3 in association with the dart-stepped leader preceding the tenth stroke of 

flash UF 11-15.  TOA-located dE/dt pulses during the leader and post-leader phases are annotated with increasing integers.  

The II Very-Low channel base current is plotted in the background for reference.  
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Table 8-1.  dE/dt TOA source locations within 20 µs of the return stroke for the dart-stepped 

leader preceding the tenth return stroke of flash UF 11-15 on July 7, 2011.  The pulse 

numbers correspond to the labeled pulses in Figure 8-2.  The three-dimensional 

spatial coordinates (X, Y, Z), emission time (T), and associated spatial uncertainties 

(ΔX, ΔY, ΔZ) are given for each located dE/dt pulse.   

Pulse X (m) Y (m) Z (m) T (µs) ΔX (m) ΔY (m) ΔZ (m) Designator 

1 308.4 447.3 56.9 -19.63 0.1 0.2 1.4 LS 

2 309.3 453.2 59.5 -16.96 0.1 0.1 0.1 LS 

3 309.3 453.2 59.5 -16.90 0.1 0.1 0.1 LS 

4 305.2 451.7 61.1 -16.88 0.1 0.1 0.2 LS 

5 303.8 452.8 60.9 -14.11 0.3 0.5 3.1 LS 

6 305.8 455.1 64.4 -13.41 0.2 0.3 1.3 LS 

7 307.3 451.8 45.9 -11.46 0.1 0.1 0.2 LS 

8 305.6 457.9 41.7 -10.20 0.1 0.2 0.4 LS 

9 300.0 455.9 48.8 -6.18 0.1 0.1 0.4 LS 

10 302.3 455.6 41.5 -5.78 0.1 0.1 0.1 LS 

11 303.2 453.1 34.1 -3.90 0.4 0.5 4.2 LS 

12 310.6 449.8 24.2 -2.31 0.6 0.5 1.0 LB 

13 303.8 456.3 20.5 -1.84 0.1 0.1 0.7 LB 

14 313.1 450.5 27.2 -1.68 0.1 0.1 0.1 LB 

15 306.6 453.0 12.6 -1.18 0.6 0.6 4.0 SF 

16 316.7 446.9 19.8 -0.60 9.5 6.8 12.1 SF 

17 300.3 454.3 13.6 -0.45 0.4 0.1 0.9 SF 

18 300.3 454.3 13.6 -0.21 0.4 0.1 0.9 SF 
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Figure 8-3.  dE/dt and channel-base current waveforms of the dart-stepped leader preceding the tenth stroke of flash UF 11-15 on July 

7, 2011.  A) a 36 µs dE/dt waveform measured at Station 3 plotted versus the II-Very Low channel base current.  The 

beginning of the steady current flow is annotated.  B) a 10 µs window of the dE/dt waveform in Figure 8-3A plotted versus 

the II-High channel-base current.  The peak upward leader current is annotated.   
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Figure 8-4.  A 3 µs plot of the measured dE/dt at NASA Station 1 plotted against the numerical dI/dt for the tenth stroke of flash UF 

11-15.   
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Figure 8-5.  dE/dt and electric field waveforms of the dart-stepped leader preceding the tenth stroke of flash UF 11-15 on July 7, 2011.  

A) a 26 µs electric field waveform of the tenth stroke of flash UF 11-15 obtained by numerically-integrating the dE/dt 

waveform measured at NASA Station 1, and B) the 26 µs dE/dt waveform measured at NASA Station 1.  The beginning of 

the flow-front, the duration of the slow-front, and the locations of the fast-transition field changes are annotated.   
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Figure 8-6.  A sequence of 18 Photron high-speed video frames (60 µs total) of the dart-stepped leader preceding the tenth stroke of 

flash UF 11-15.  The altitude of the intercepting wire ring is annotated.  The frames span 138 m in altitude and about 14 m 

in horizontal extent.  Photos courtesy of the author. 
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Figure 8-7.  dE/dt and x-ray waveforms of the dart-stepped leader preceding the tenth stroke of flash UF 11-15 on July 7, 2011.  A) a 

60 µs dE/dt record measured at Station 3, and B) a corresponding 60 µs record of the x-ray emission recorded by the plastic 

scintillator at Station 3.  There were no located x-ray sources for this triggered lightning event.  
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Figure 8-8.  dE/dt TOA locations of the dart-stepped leader preceding the first stroke of triggered flash UF 11-25 on August 5, 2011.  

A) a three-dimensional plot of the dE/dt TOA source locations.  The sources span 400 µs and are color-coded according to 

the key at far right in 40 µs windows.  Sources within 325 m of ground are plotted.  The location of the Field (Ground) 

Launcher is annotated.  B) the altitude projection of the dE/dt TOA source locations is plotted versus source emission time.  

A regression line is fitted to the points to obtain an estimate for the leader velocity.  The altitude of the intercepting wire is 

annotated.  
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Figure 8-9.  A 34 µs plot of the dE/dt measured at Station 3 in association with the dart-stepped leader preceding the first stroke of 

flash UF 11-25.  TOA-located dE/dt pulses during the leader and post-leader phases are annotated with increasing integers.  

The II Very-Low channel base current is plotted in the background for reference.
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Table 8-2.  dE/dt TOA source locations within 25 µs of the return stroke for the dart-stepped 

leader preceding the tenth return stroke of flash UF 11-25 on August 5, 2011.  The 

pulse numbers correspond to the labeled pulses in Figure 8-9.  The three-dimensional 

spatial coordinates (X, Y, Z), emission time (T), and associated spatial uncertainties 

(ΔX, ΔY, ΔZ) are given for each located dE/dt pulse. 

Pulse X (m) Y (m) Z (m) T (µs) ΔX (m) ΔY (m) ΔZ (m) Designator 

1 304.1 459.3 57.7 -24.43 0.02 0.04 0.06 LS 

2 307.2 451.7 46.0 -24.18 0.01 0.01 0.01 LS 

3 307.2 451.7 46.0 -23.99 0.01 0.01 0.02 LS 

4 304.6 461.6 46.9 -23.94 0.03 0.06 0.07 LS 

5 307.2 451.7 46.0 -23.73 0.01 0.01 0.01 ? 

6 305.6 458.1 41.9 -23.58 0.01 0.02 0.07 LS 

7 307.2 451.7 45.8 -20.53 0.03 0.03 0.19 LS 

8 305.7 451.5 30.4 -16.45 0.01 0.03 0.12 LS 

9 307.2 451.7 45.9 -16.24 0.02 0.02 0.06 ? 

10 304.2 454.4 34.1 -16.10 0.01 0.01 0.02 LS 

11 305.7 451.5 30.4 -13.97 0.01 0.03 0.12 LS 

12 304.7 452.3 32.7 -13.74 0.04 0.05 0.10 LS 

13 306.9 451.1 31.9 -13.57 0.47 0.36 0.86 LS 

14 303.2 452.4 28.8 -12.60 0.28 0.41 0.89 LS 

15 305.9 450.8 27.4 -7.91 0.01 0.01 0.02 LS 

16 306.1 454.9 27.3 -7.31 0.09 0.18 0.32 LS 

17 303.2 452.3 29.0 -5.96 0.16 0.16 0.45 LS 

18 305.9 450.8 27.4 -4.70 0.01 0.02 0.02 LB 

19 305.5 451.1 27.0 -4.34 0.04 0.04 0.05 LB 

20 304.5 451.9 21.9 -3.82 0.01 0.01 0.03 LB 

21  304.2 454.0 23.2 -3.35 0.04 0.07 0.12 LB 

22 301.3 453.9 14.3 -1.75 0.24 0.23 0.65 SF 

23 304.9 454.7 17.3 -1.22 0.01 0.02 0.05 SF 

24 304.3 454.0 16.1 -0.96 0.15 0.25 9.38 SF 

25 303.1 452.6 33.8 -0.90 0.12 0.21 0.35 SF 

26 303.2 452.8 33.7 -0.87 0.03 0.04 0.07 SF 

27 306.9 451.3 36.6 -0.84 0.15 0.12 0.26 SF 

28 307.2 451.7 45.8 -0.58 0.03 0.03 0.19 SF 

29 308.0 460.0 56.8 -0.54 1.03 1.48 6.27 SF 
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Figure 8-10.  dE/dt and channel-base current waveforms of the dart-stepped leader preceding the first stroke of flash UF 11-25.  A) a 

50 µs dE/dt waveform measured at Station 3 plotted versus the II-Very Low channel base current.  The beginning of the 

steady current flow is annotated.  B) a 24 µs window of the dE/dt waveform shown in Figure 8-10A plotted versus the II-

High channel-base current.  The peak upward leader current is annotated.   
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Figure 8-11.  A 3 µs plot of the measured dE/dt at NASA Station 1 plotted against the numerical dI/dt for the first stroke of flash UF 

11-25. 
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Figure 8-12.  dE/dt and electric field waveforms of the dart-stepped leader preceding the first stroke of flash UF 11-25 on August 5, 

2011.  A) a 20 µs electric field waveform obtained by numerically-integrating the dE/dt waveform measured at NASA 

Station 1.  B) a 20 µs dE/dt waveform measured at NASA Station 1.  The beginning of the flow-front, the duration of the 

slow-front, and the locations of the fast-transition field changes are annotated.   
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Figure 8-13.  dE/dt TOA locations of the dart-stepped leader preceding the second stroke of triggered flash UF 11-32 on August 18, 

2011.  A) a three-dimensional plot of the dE/dt TOA source locations.  The sources span 60 µs and are color-coded 

according to the key at far right in 6 µs windows.  Sources within 240 m of ground are plotted.  Locations of x-ray sources 

are shown as red diamonds in the three-dimensional plot at the left.  The location of the Field (Ground) Launcher is 

annotated.  B) the altitude projection of the dE/dt TOA source locations is plotted versus source emission time.  A 

regression line is fitted to the points to obtain an estimate for the leader velocity.  The altitude of the intercepting wire is 

annotated.  



 

491 

 

 
 

Figure 8-14.  An 18 µs plot of the dE/dt measured at Station 3 in association with the dart-stepped leader preceding the second stroke 

of flash UF 11-32.  TOA-located dE/dt pulses during the leader and post-leader phases are annotated with increasing 

integers.  The II Very-Low channel base current is plotted in the background for reference.
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Table 8-3.  dE/dt TOA source locations within 14 µs of the return stroke for the dart-stepped 

leader preceding the tenth return stroke of flash UF 11-32 on August 18, 2011.  The 

pulse numbers correspond to the labeled pulses in Figure 8-14.  The three-

dimensional spatial coordinates (X, Y, Z), emission time (T), and associated spatial 

uncertainties (ΔX, ΔY, ΔZ) are given for each located dE/dt pulse. 

Pulse X (m) Y (m) Z (m) T (µs) ΔX (m) ΔY (m) ΔZ (m) Designator 

1 296.9 442.6 115.7 -13.05 0.04 0.06 0.20 ? 

2 300.1 443.8 77.5 -12.56 0.07 0.07 0.36 LS 

3 295.1 444.9 89.9 -11.20 0.32 0.37 0.96 ? 

4 291.2 441.8 78.2 -10.25 0.03 0.06 0.14 LS 

5 294.7 444.7 75.5 -9.68 0.02 0.02 0.06 LS 

6 293.0 447.8 50.1 -8.30 0.07 0.08 0.36 LS 

7 294.0 446.5 57.4 -6.51 0.13 0.20 0.77 LS 

8 294.6 442.8 46.3 -5.97 0.07 0.14 0.51 LS 

9 297.4 444.5 40.9 -4.11 0.14 0.29 1.47 LS 

10 296.1 445.2 43.0 -2.87 0.30 0.26 1.62 LB 

11 299.0 443.5 38.0 -2.41 0.01 0.01 0.01 LB 

12 299.3 448.4 22.8 -1.61 0.58 0.83 2.22 SF 

13 300.5 453.7 53.4 -1.30 0.05 0.09 0.43 SF 

14 300.5 453.7 53.4 -0.78 0.05 0.09 0.43 SF 
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Figure 8-15.  dE/dt and channel-base current waveforms of the dart-stepped leader preceding the second stroke of flash UF 11-32.  A) 

a 26 µs dE/dt waveform measured at Station 3 plotted versus the II-Very Low channel base curren. The beginning of the 

steady current flow is annotated.  B) a 10 µs window of the dE/dt waveform shown in Figure 8-15A plotted versus the II-

High channel-base current.  The peak upward leader current is annotated.   
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Figure 8-16.  A 3 µs plot of the measured dE/dt at NASA Station 1 plotted against the numerical dI/dt for the second stroke of flash 

UF 11-32. 
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Figure 8-17.  dE/dt and electric field waveforms of the dart-stepped leader preceding the second stroke of flash UF 11-32.  A) a 12 µs 

electric field waveform obtained by numerically-integrating the dE/dt waveform measured at NASA Station 1.  B) a 12 µs 

dE/dt waveform measured at NASA Station 1.  The beginning of the flow-front, the duration of the slow-front, and the 

locations of the fast-transition field changes are annotated.   
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Figure 8-18.  dE/dt and x-ray waveforms of the dart-stepped leader preceding the second stroke of flash UF 11-32.  A) a 30 µs dE/dt 

record measured at Station 3.  The dE/dt pulses associated with the three located x-ray sources for the dart-stepped leader 

are annotated with increasing integers.  B) a corresponding 30 µs record of the x-ray emission recorded by the plastic 

scintillator at Station 3.  
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Table 8-4.  dE/dt and X-ray TOA source locations for the dart-stepped leader preceding the 

second return stroke of flash UF 11-32 on August 18, 2011.  The case numbers 

correspond to the labeled pulses in the top panel of Figure 8-18.  The three-

dimensional spatial coordinates (X, Y, Z), emission time (T), and associated spatial 

uncertainties (ΔX, ΔY, ΔZ) are given for each located dE/dt and X-ray pulse.  In 

addition, for each case, the total distance from the dE/dt pulse to the X-ray pulse 

(ΔR), the individual spatial coordinate differences from the dE/dt pulse to the X-ray 

pulse (Δx, Δy, Δz), and the difference in emission time between the dE/dt and X-ray 

pulse (Δt) are given.   

Case Pulse X 

(m) 

Y 

 (m) 

Z 

(m) 

T 

 (µs) 

ΔX 

(m) 

ΔY 

(m) 

ΔZ 

(m) 

ΔR 

(m) 

Δx  

(m) 

Δy  

(m) 

Δz 

(m) 

Δt 

(µs) 
1 dE/dt 1 292.3 449.8 111.9 -15.72 0.05 0.10 0.26 26.8 0.9 -5.7 26.2 0.09 

 X-ray 291.4 455.5 85.7 -15.63 17.16 13.61 29.69      

2 dE/dt 1 297.4 444.5 40.9 -4.11 0.08 0.13 1.26 17.4 6.8 -1.5 16.0 0.02 

 X-ray 290.6 446.0 24.9 -4.09 7.55 12.20 25.22      

3 dE/dt 1 296.1 445.2 43.0 -2.87 0.30 0.26 1.62 23.9 0.0 -13.9 19.4 0.34 

 X-ray 296.1 459.1 23.6 -2.53 0.43 0.75 1.83      
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Figure 8-19.  Three projection views of the dE/dt and x-ray source locations for the dart-stepped leader preceding the second stroke of 

flash UF 11-32.  A) the altitude versus easting projection, B) the altitude versus northing projection, and C) the altitude 

versus time projection.  dE/dt sources are color-coded according to the key at right in 6 µs windows.  X-ray sources are 

plotted as black diamonds independent of emission time.  The altitude of the intercepting wire is annotated. 
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Figure 8-20.  dE/dt TOA locations of the dart-stepped leader preceding the fourth stroke of triggered flash UF 11-35 on August 18, 

2011.  A) a three-dimensional plot of the dE/dt TOA source locations.  The sources span 240 µs and are color-coded 

according to the key at far right in 24 µs windows.  Sources within 750 m of ground are plotted.  The location of the Field 

(Ground) Launcher is annotated.  Locations of x-ray sources are shown as black diamonds in the three-dimensional plot at 

left.  B) the altitude projection of the dE/dt TOA source locations is plotted versus source emission time.  Regression lines 

are fitted to the points to obtain estimates for the leader velocity above and below the altitude of the triggering wire.  The 

altitude of the intercepting wire is annotated.  
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Figure 8-21.  An 18 µs plot of the dE/dt measured at Station 3 in association with the dart-stepped leader preceding the tenth stroke of 

flash UF 11-35.  TOA-located dE/dt pulses during the leader and post-leader phases are annotated with increasing integers.  

The II Very-Low channel base current is plotted in the background for reference.
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Table 8-5.  dE/dt TOA source locations within 12 µs of the return stroke for the dart-stepped 

leader preceding the fourth return stroke of flash UF 11-35 on August 18, 2011.  The 

pulse numbers correspond to the labeled pulses in Figure 8-21.  The three-

dimensional spatial coordinates (X, Y, Z), emission time (T), and associated spatial 

uncertainties (ΔX, ΔY, ΔZ) are given for each located dE/dt pulse. 

Pulse X (m) Y (m) Z (m) T (µs) ΔX (m) ΔY (m) ΔZ (m) Designator 

1 300.0 461.6 100.3 -11.39 0.09 0.19 0.35 LS 

2 301.9 453.5 88.0 -10.93 0.14 0.17 0.29 LS 

3 297.6 459.7 86.0 -10.33 0.13 0.16 0.26 LS 

4 297.9 456.1 87.3 -10.21 0.00 0.00 0.02 LS 

5 307.2 452.2 72.6 -9.92 0.15 0.07 0.23 LS 

6 303.6 454.7 76.6 -9.19 0.19 0.17 0.59 LS 

7 301.4 454.0 76.5 -8.38 0.31 0.34 0.87 LS 

8 302.8 452.1 69.0 -7.24 0.64 0.53 1.61 LS 

9 312.1 459.1 74.8 -6.58 0.04 0.05 0.13 LB 

10 298.6 451.0 64.4 -6.46 0.23 0.46 1.16 LB 

11 300.7 455.0 60.8 -6.33 0.19 0.45 2.06 LB 

12 300.0 451.2 47.2 -6.20 0.04 0.09 0.52 LB 

13 300.0 451.2 47.2 -5.90 0.04 0.09 0.52 LB 

14 305.2 451.7 61.1 -5.84 0.04 0.05 0.09 LB 

15 304.1 449.8 45.5 -5.77 0.01 0.01 0.05 LB 

16 311.9 444.4 28.0 -5.38 0.08 0.05 0.17 ? 

17 300.1 455.8 51.1 -5.14 0.01 0.01 0.04 ? 

18 300.6 455.9 44.3 -4.43 0.00 0.01 0.05 ? 

19 300.1 455.8 51.1 -4.34 0.01 0.01 0.04 ? 

20 299.3 451.4 34.3 -3.45 0.82 1.12 13.69 SF 

21  311.8 454.4 47.1 -1.87 0.26 0.32 1.29 SF 

22 301.4 451.5 22.3 -1.83 0.00 0.00 0.02 SF 

23 311.8 454.4 47.1 -1.71 0.26 0.32 1.29 SF 

24 298.7 451.7 34.6 -1.14 0.18 0.17 1.89 SF 

25 299.5 451.5 30.2 -0.82 0.27 0.31 5.03 SF 

26 298.8 452.8 18.2 -0.33 0.05 0.06 0.92 SF 

27 306.4 450.9 28.3 -0.21 0.14 0.07 0.56 SF 
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Figure 8-22.  dE/dt and channel-base current waveforms of the dart-stepped leader preceding the fourth stroke of flash UF 11-35.  A) a 

30 µs dE/dt waveform measured at Station 3 plotted versus the II-Very Low channel base current.  The beginning of the 

steady current flow is annotated.  B) a 12 µs window of the dE/dt waveform shown in Figure 8-22A plotted versus the II-

High channel-base current.  The peak upward leader current is annotated.   
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Figure 8-23.  A 3 µs plot of the measured dE/dt at NASA Station 1 plotted against the numerical dI/dt for the tenth stroke of flash UF 

11-35. 
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Figure 8-24.  A still photograph of flash UF 11-35 taken from the Launch Control trailer.  Two unconnected upward streamers were 

recorded propagating from the intercepting wire ring.  The leftmost discharge (the longer of the two) has approximate 

length of 1 m.  Photo courtesy of the author. 
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Figure 8-25.  dE/dt and electric field waveforms of the dart-stepped leader preceding the fourth stroke of flash UF 11-35.  A) a 16 µs 

electric field waveform of the tenth stroke of flash UF 11-35 obtained by numerically-integrating the dE/dt waveform 

measured at NASA Station 1.  B) a 16 µs dE/dt waveform measured at NASA Station 1.  The beginning of the flow-front, 

the duration of the slow-front, and the locations of the fast-transition field changes are annotated.   
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Figure 8-26.  dE/dt and x-ray waveforms of the dart-stepped leader preceding the fourth stroke of flash UF 11-35.  A) a 90 µs dE/dt 

record measured at Station 3.  The dE/dt pulses associated with the 13 located x-ray sources for the dart-stepped leader are 

annotated in the top panel with increasing integers.  B) a corresponding 90 µs record of the x-ray emission recorded by the 

plastic scintillator at Station 3.   
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Table 8-6.  dE/dt and X-ray TOA source locations for the dart-stepped leader preceding the 

second return stroke of flash UF 11-35 on August 18, 2011.  The case numbers 

correspond to the labeled pulses in the top panel of Figure 8-26.  The three-

dimensional spatial coordinates (X, Y, Z), emission time (T), and associated spatial 

uncertainties (ΔX, ΔY, ΔZ) are given for each located dE/dt and X-ray pulse.  In 

addition, for each case, the total total distance from the dE/dt pulse to the X-ray pulse 

(ΔR), the individual spatial coordinate differences from the dE/dt pulse to the X-ray 

pulse (Δx, Δy, Δz), and the difference in emission time between the dE/dt and X-ray 

pulse (Δt) are given.   

Case Pulse X 

(m) 

Y 

(m) 

Z 

(m) 

T  

(µs) 

ΔX 

(m) 

ΔY 

(m) 

ΔZ 

(m) 

ΔR 

(m) 

Δx 

(m) 

Δy 

(m) 

Δz 

(m) 

Δt 

(µs) 
1 dE/dt 1 203.8 463.0 336.4 -83.52 0.38 0.37 1.18 17.7 -8.8 -10.1 11.6 0.16 

 dE/dt 2  208.6 465.7 333.5 -83.46 5.75 5.72 18.01 12.1 -4.0 -7.4 8.7 0.10 

 X-ray 212.6 473.1 324.8 -83.36 0.61 0.63 2.13      

2 dE/dt 1 228.1 457.2 314.6 -76.37 0.19 0.39 1.11 12.9 5.6 -3.1 11.2 0.06 

 X-ray 222.5 460.3 303.4 -76.31 0.03 0.05 0.13      

3 dE/dt 1  257.9 451.9 280.9 -67.30 4.42 5.15 17.68 38.2 -21.5 -29.7 10.6 0.18 

 X-ray 279.4 481.6 270.3 -67.12 1.75 2.54 4.73      

4 dE/dt 1 307.0 471.8 211.4 -40.14 0.01 0.01 0.02 52.9 4.9 7.8 52.1 2.16 

 dE/dt 2 309.0 470.2 216.8 -38.84 0.22 0.14 0.36 58.2 6.9 6.2 57.5 0.86 

 dE/dt 3 319.2 459.9 183.8 -38.28 0.03 0.04 0.06 30.2 17.1 -4.1 24.5 0.30 

 dE/dt 4 300.1 464.3 199.7 -38.15 0.01 0.01 0.01 40.5 -2.0 0.3 40.4 0.17 

 X-ray 302.1 464.0 159.3 -37.98 0.25 0.46 1.25      

5 dE/dt 1 299.3 461.8 174.2 -28.65 0.08 0.15 0.33 18.1 9.7 -6.3 13.9 0.13 

 dE/dt 2 310.6 462.2 161.5 -28.54 0.05 0.09 0.21 21.8 21.0 -5.9 1.2 0.02 

 X-ray 289.6 468.1 160.3 -28.52 0.92 2.07 4.97      

6 dE/dt 1 319.3 452.7 138.5 -24.58 0.04 0.05 0.08 40.6 35.5 -13.3 14.6 0.16 

 dE/dt 2 319.3 452.7 138.5 -24.48 0.04 0.05 0.08 40.6 35.5 -13.3 14.6 0.06 

 X-ray 283.8 466.0 123.9 -24.42 0.89 0.98 2.32      

7 dE/dt 1 300.1 459.8 140.0 -22.72 0.05 0.11 0.29 20.3 4.5 -8.8 17.7 0.23 

 dE/dt 2 313.9 457.6 124.2 -22.55 0.33 0.43 1.21 21.4 18.3 -11.0 1.9 0.06 

 X-ray 295.6 468.6 122.3 -22.49 0.71 0.50 1.09      

8 dE/dt 1 302.9 455.6 122.3 -20.55 0.13 0.17 0.47 12.0 7.1 7.4 -6.2 0.09 

 X-ray 295.8 448.2 128.5 -20.46 5.82 5.24 16.14      

9 dE/dt 1 309.4 454.8 110.4 -17.82 0.06 0.04 0.07 20.0 10.7 -16.4 -4.0 0.50 

 dE/dt 2 309.4 454.8 110.4 -17.55 0.06 0.04 0.07 20.0 10.7 -16.4 -4.0 0.23 

 X-ray 298.7 471.2 114.4 -17.32 0.74 0.69 1.77      

10 dE/dt 1 297.3 460.3 104.9 -14.95 0.31 0.43 1.82 37.6 -21.0 -14.8 27.4 0.27 

 dE/dt 2 299.3 462.2 101.4 -14.89 0.03 0.08 0.17 33.1 -19.0 -12.9 23.9 0.21 

 X-ray 318.3 475.1 77.5 -14.68 0.26 0.54 0.68      

11 dE/dt 1 301.9 453.5 88.0 -10.93 0.14 0.17 0.29 28.5 -9.8 -13.8 22.9 0.06 

 X-ray 311.7 467.3 65.1 -10.87 0.04 0.04 0.07      

12 dE/dt 1 302.8 452.1 69.0 -7.24 0.64 0.53 1.61 34.1 -0.3 32.0 11.7 0.04 

 X-ray 303.1 420.1 57.3 -7.20 10.60 10.99 20.73      

13 dE/dt 1 312.1 459.1 74.8 -6.58 0.04 0.05 0.13 41.1 13.7 -4.8 38.4 0.49 

 dE/dt 2 298.6 451.0 64.4 -6.46 0.23 0.46 1.16 30.8 0.2 -12.9 28.0 0.37 

 dE/dt 3 300.7 455.0 60.8 -6.33 0.19 0.45 2.06 26.1 2.3 -8.9 24.4 0.24 

 dE/dt 4 300.0 451.2 47.2 -6.20 0.04 0.09 0.52 16.7 1.6 -12.7 10.8 0.11 

 X-ray 298.4 463.9 36.4 -6.09 1.08 0.36 1.27      
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Figure 8-27.  Three projection views of the dE/dt and x-ray source locations for the dart-stepped leader preceding the fourth stroke of 

flash UF 11-35.  A) the altitude versus easting projection, B) the altitude versus northing projection, and C) the altitude 

versus time projection.  dE/dt sources are color-coded according to the key at right in 24 µs windows.  X-ray sources are 

plotted as black diamonds independent of emission time.  The altitude of the intercepting wire is annotated. 
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Figure 8-28.  dE/dt TOA locations of the dart-stepped leader preceding the second stroke of natural flash MSE 11-01 on July 7, 2011.  

A) a three-dimensional plot of the dE/dt TOA source locations.  The sources span 210 µs and are color-coded according to 

the key at far right in 21 µs windows.  Sources within 475 m of ground are plotted.  X-ray source locations are plotted in 

the three-dimensional view at left as black diamonds.  The location of the Field (Ground) Launcher is annotated.  B) the 

altitude projection of the dE/dt TOA source locations is plotted versus source emission time.  A regression line is fitted to 

the points to obtain an estimate for the leader speed.   
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Figure 8-29.  The easting versus altitude projection of the dE/dt source locations for the second stroke of flash MSE 11-01 overlaid on 

a still photograph taken from IS2, which is located on the northern boundary of the ICLRT.  The strike point is about 395 

m from the camera location.  The sources span 210 µs and are color-coded according to the key at right in 21 µs time 

windows.  The deviation of the dE/dt sources from the lightning channel above 275 m is explained in Section 8.2.5.  Photo 

courtesy of the author. 
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Figure 8-30.  A 35 µs plot of the dE/dt measured at Station 3 in association with the dart-stepped leader preceding the second stroke of 

natural flash MSE 11-01.  TOA-located dE/dt pulses during the leader and post-leader phases are annotated with increasing 

integers.  
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Table 8-7.  dE/dt TOA source locations within 23 µs of the return stroke for the dart-stepped 

leader preceding the second return stroke of natural flash MSE 11-01 on July 7, 2011.  

The pulse numbers correspond to the labeled pulses in Figure 8-29.  The three-

dimensional spatial coordinates (X, Y, Z), emission time (T), and associated spatial 

uncertainties (ΔX, ΔY, ΔZ) are given for each located dE/dt pulse. 

Pulse X (m) Y (m) Z (m) T (µs) ΔX (m) ΔY (m) ΔZ (m) Designator 

1 159.4 314.9 72.6 -22.56 0.06 0.06 0.20 LS 

2 157.0 309.6 78.0 -22.36 0.06 0.11 0.16 LS 

3 157.4 309.9 78.0 -21.95 0.01 0.00 0.02 LS 

4 145.5 310.4 62.9 -17.76 0.60 0.20 0.76 LS 

5 157.3 309.9 78.0 -17.43 0.02 0.01 0.03 LS 

6 154.1 311.2 59.5 -15.71 0.28 0.13 2.14 LS 

7 147.8 302.7 47.2 -15.15 0.07 0.11 0.27 LS 

8 155.2 310.6 25.3 -14.12 0.12 0.06 1.88 ? 

9 152.2 309.6 59.4 -13.48 0.07 0.03 0.70 LB 

10 152.2 309.6 59.4 -13.17 0.07 0.03 0.70 LB 

11 147.8 302.7 47.2 -12.69 0.07 0.11 0.27 LB 

12 150.7 307.9 49.6 -12.33 0.11 0.05 0.95 LB 

13 149.7 309.1 55.2 -11.57 0.34 0.19 0.48 LB 

14 141.7 314.5 52.8 -11.11 0.06 0.04 0.07 LB 

15 148.5 307.9 53.6 -10.74 0.14 0.07 0.25 LB 

16 149.5 310.1 27.4 -10.54 0.34 0.19 0.77 ? 

17 145.1 306.3 43.6 -8.55 0.07 0.04 0.14 ? 

18 148.4 302.9 50.2 -8.06 0.27 0.17 0.37 ? 

19 146.7 304.9 58.8 -7.09 0.00 0.00 0.04 ? 

20 147.0 307.5 23.3 -6.63 0.06 0.05 0.27 ? 

21  136.4 299.9 23.9 -6.45 0.18 0.06 0.54 ? 

22 142.9 306.1 21.7 -4.72 0.00 0.00 0.07 SF 

23 144.0 301.6 32.5 -4.10 0.15 0.09 0.41 SF 

24 142.9 306.1 21.7 -3.68 0.00 0.00 0.07 SF 

25 151.8 293.8 29.1 -3.44 0.14 0.07 0.11 SF 

26 144.0 301.6 24.6 -2.76 0.06 0.04 0.12 SF 

27 135.9 299.8 25.2 -2.57 0.38 0.23 3.45 SF 

28 132.8 302.1 21.1 -1.36 3.48 1.79 39.46 SF 

29 146.5 313.5 19.7 -0.59 0.27 0.14 7.24 SF 

30 147.0 309.4 23.1 -0.33 0.19 0.11 4.65 SF 

31 143.8 311.5 36.2 0.00 0.20 0.14 1.31 FT 
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Figure 8-31.  dE/dt and electric field waveforms of the dart-stepped leader preceding the second stroke of natural flash MSE 11-01.  

A) a 35 µs electric field waveform obtained by numerically-integrating the dE/dt waveform measured at Station 3.  B) a 35 

µs dE/dt waveform measured at Station 3.  The beginning of the flow-front, the duration of the slow-front, and the 

locations of the fast-transition field changes are annotated.   
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Figure 8-32.  dE/dt and x-ray waveforms of the dart-stepped leader preceding the second stroke of natural flash MSE 11-01.  A) a 275 

µs dE/dt record measured at Station 3.  The dE/dt pulses associated with the 14 located x-ray sources for this dart-stepped 

leader are annotated in the top panel with increasing integers.  B) a corresponding 275 µs record of the x-ray emission 

recorded by the plastic scintillator at Station 3.  
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Table 8-8.  dE/dt and x-ray TOA source locations (X, Y, Z), location uncertainties (ΔX, ΔY, 

ΔZ), emission times (T), and relative spatial and temporal coordinates (ΔR, Δx, Δy, 

Δz, ΔT) for the dart-stepped leader preceding the second return stroke of flash MSE 

11-01 on July 7, 2011.   

Case Pulse X 

(m) 

Y 

(m) 

Z 

(m) 

T  

(µs) 

ΔX 

(m) 

ΔY 

(m) 

ΔZ 

(m) 

ΔR 

(m) 

Δx 

(m) 

Δy 

(m) 

Δz 

(m) 

Δt 

(µs) 
1 dE/dt 1 296.1 329.2 446.1 -222.33 0.05 0.03 0.11 55.6 15.5 -10.6 52.3 0.12 

 X-ray  280.6 339.8 393.8 -222.21 6.24 6.16 30.29      

2 dE/dt 1 274.6 318.5 419.3 -201.18 0.13 0.10 0.58 38.0 27.4 -9.5 24.6 0.11 

 dE/dt 2 269.6 322.5 430.7 -201.16 0.02 0.02 0.07 42.8 22.4 -5.5 36.0 0.09 

 X-ray 247.2 328.0 394.7 -201.07 0.15 0.14 0.93      

3 dE/dt 1 262.2 319.0 405.2 -190.45 0.72 1.10 2.04 32.2 20.6 16.8 18.2 0.12 

 X-ray 241.6 302.2 387.0 -190.33 3.39 2.77 11.94      

4 dE/dt 1 253.9 312.2 405.0 -185.75 0.03 0.02 0.09 64.4 -15.1 -1.0 62.6 0.31 

 X-ray 269.0 313.2 342.4 -185.44 0.93 1.12 2.84      

5 dE/dt 1 248.3 301.2 319.1 -152.86 0.03 0.06 0.21 46.0 -4.1 -9.4 44.8 0.29 

 dE/dt 2 243.0 297.1 326.8 -152.83 0.14 0.14 0.89 55.0 -9.4 -13.5 52.5 0.26 

 dE/dt 3 253.2 299.8 318.0 -152.73 0.27 0.25 0.96 45.0 0.8 -10.8 43.7 0.16 

 dE/dt 4 253.5 303.0 330.5 -152.71 0.00 0.00 0.01 56.7 1.1 -7.6 56.2 0.14 

 X-ray 252.4 310.6 274.3 -152.57 0.34 0.29 1.77      

6 dE/dt 1 257.4 296.9 309.9 -146.32 0.03 0.08 0.08 70.1 18.2 -2.1 67.7 0.30 

 dE/dt 2 250.5 310.1 305.6 -146.22 0.15 0.12 0.31 65.3 11.3 11.1 63.4 0.20 

 dE/dt 3 247.0 288.7 297.0 -146.10 0.03 0.02 0.19 56.3 7.8 -10.3 54.8 0.08 

 X-ray 239.2 299.0 242.2 -146.02 0.39 0.33 1.13      

7 dE/dt 1 243.9 309.9 282.1 -124.34 0.98 0.56 1.27 47.3 45.8 2.4 11.5 0.07 

 dE/dt 2 240.4 278.2 264.9 -124.28 0.31 0.23 0.79 51.8 42.3 -29.3 -5.7 0.01 

 X-ray 198.1 307.5 270.6 -124.27 1.21 0.90 5.13      

8 dE/dt 1 218.7 306.8 253.8 -106.35 0.03 0.02 0.07 31.0 -5.9 9.1 29.0 0.40 

 dE/dt 2 235.2 306.0 245.4 -105.97 0.14 0.22 0.99 24.6 10.6 8.3 20.6 0.02 

 X-ray 224.6 297.7 224.8 -105.95 0.26 0.25 0.72      

9 dE/dt 1 206.8 316.4 224.7 -90.74 0.14 0.09 0.32 32.9 -12.6 16.6 25.5 0.13 

 X-ray  219.4 299.8 199.2 -90.61 0.96 0.59 2.29      

10 dE/dt 1 190.5 310.0 173.1 -75.53 0.04 0.04 0.11 19.3 16.6 0.1 9.9 0.77 

 dE/dt 2 190.5 310.0 173.1 -74.87 0.04 0.04 0.11 19.3 16.6 0.1 9.9 0.11 

 dE/dt 3 189.5 309.8 174.1 -74.82 0.10 0.07 0.34 19.0 15.6 -0.1 10.9 0.06 

 dE/dt 4 185.5 313.9 189.6 -74.80 0.01 0.01 0.02 29.1 11.6 4.0 26.4 0.04 

 X-ray 173.9 309.9 163.2 -74.76 1.69 0.95 2.84      

11 dE/dt 1 175.0 304.7 142.2 -57.72 0.12 0.05 0.45 25.9 -2.0 -9.0 24.2 0.05 

 X-ray  177.0 313.7 118.0 -57.67 0.15 0.11 0.39      

12 dE/dt 1 167.1 305.4 145.6 -53.34 0.04 0.03 0.15 41.6 33.3 8.2 23.5 1.22 

 dE/dt 2 176.8 309.3 124.2 -52.21 0.18 0.14 0.45 44.7 43.0 12.1 2.1 0.09 

 X-ray 133.8 297.2 122.1 -52.12 8.32 1.49 29.56      

13 dE/dt 1 172.3 302.6 130.9 -48.79 0.07 0.04 0.51 13.6 -13.1 2.2 -2.7 1.76 

 dE/dt 2 169.1 302.7 135.3 -47.29 0.01 0.01 0.06 16.5 -16.3 2.3 1.7 0.26 

 dE/dt 3 165.6 307.2 130.2 -47.15 0.01 0.01 0.01 21.2 -19.8 6.8 -3.4 0.12 

 X-ray 185.4 300.4 133.6 -47.03 4.19 3.05 20.51      

14 dE/dt 1 163.7 313.8 135.8 -41.23 0.06 0.04 0.12 43.4 -21.6 5.7 37.2 0.84 

 dE/dt 2 172.8 311.9 107.2 -40.66 0.01 0.01 0.02 15.6 -12.5 3.8 8.6 0.27 

 dE/dt 3 163.2 312.1 144.5 -40.49 0.07 0.04 0.23 51.1 -22.1 4.0 45.9 0.10 

 X-ray 185.3 308.1 98.6 -40.39 6.93 3.94 24.57      
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Figure 8-33.  Three projection views of the dE/dt and x-ray source locations for the dart-stepped leader preceding the second stroke of 

flash MSE 11-01.  A) the altitude versus easting projection, B) the altitude versus northing projection, and C) the altitude 

versus time projection.  dE/dt sources are color-coded according to the key at right in 21 µs windows.  X-ray sources are 

plotted as black diamonds independent of emission time.   
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Table 8-9.  Measured and calculated statistics of the seven triggered lightning dart-stepped leaders and one natural lightning dart-

stepped leader analyzed in this study. 

Flash Stroke 

Peak 

Current 

(kA) 

TOA 

Located 

Sources 

(dE/dt/X-ray) 

Downward 

Leader  

Speed 

(x 10
6
 m/s) 

Steady 

Current 

Interval 

(µs) 

Junction 

Altitude
 d
 

(m) 

Upward  

Leader 

Speed 

(x 10
5
 m/s) 

Upward 

Leader Peak 

Current 

(A) 

Slow-Front 

Duration 

(µs) 

UF 11-15 10 10.2 49/0 2.2 14.4 3.1 2.2 440 4.0 

UF 11-25 1 12.1 182/0 6.9 24 7.8 3.3 2190 4.6 

UF 11-32 2 19.8 44/3 4.0 12.7 3.1 2.4 1990 0.6 

UF 11-34 2 12.1 52/0 2.7 12.5 0.0 - 270 1.2 

UF 11-35 4 27.4 148/13 2.8
b
, 4.8

c
 17.0 6.2 2.1 1360 1.7 

UF 11-35 6 7.5 32/0 2.0 9.3 1.6 1.7 400 1.2 

UF 11-35 7 8.4 28/0 3.2 8.7 3.1 3.6 380  

MSE 11-01 2 22.1
a
 180/14 1.9 - - - - 6.9 

a NLDN-reported peak current 

b Downward leader speed above the height of the triggering wire 

c Downward leader speed below the height of the triggering wire 

d Altitude above intercepting wire 
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Table 8-10.  Measured statistics of the 30 x-ray source locations relative to the dE/dt sources 

Flash Stroke 

Peak 

Current 

(kA) 

TOA 

Located 

Sources 

(X-ray) 

Total Average 

dE/dt & X-ray 

 Separation 

(m) 

Average 

Easting 

Separation 

(m) 

Average 

Northing 

Separation 

(m) 

Average 

Altitude 

Separation 

(m) 

Average Time 

Separation 

(dE/dt - X-ray) (ns) 

UF 11-32 2 19.8 3 22.7 2.6 -7.0 20.5 150 ns (GM 85 ns) 

UF 11-35 4 27.4 13 29 4.8 -6.9 18.2 290 ns (GM 170 ns) 

MSE 11-01 2 22.1 14 39.2 6.9 -0.2 28.4 280 ns (GM 150 ns) 
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Figure 8-34.  Distribution of x-ray source altitudes for the 30 sources that were TOA-located in flashes UF 11-32, UF 11-35, and MSE 

11-01. 
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CHAPTER 9 

SUMMARY OF RESULTS AND RECOMMENDATIONS FOR FUTURE RESEARCH 

9.1 Summary of Experimental Results 

The measurement network at the ICLRT underwent significant modifications and upgrades 

from 2009 to 2011.  Many of these changes were described in detail in Chapter 2.  Primary to 

work presented in this dissertation, the eight-station TOA network described in Howard et al. 

[2008, 2010] was upgraded to include ten sensors, including at least one station within 45 m of 

the launching facility.  The addition of more sensors, and the re-location of rocket-launching 

operations from the Tower Launcher to the Field (Ground) Launcher, which is more centrally 

located within the TOA network, improved the low-altitude accuracy of the dE/dt TOA systems 

by a significant margin.  The addition of the parallel HBM dE/dt TOA network in 2011 provided 

an improvement in sensitivity over the ICLRT DSO dE/dt system by a factor of two, and also 

provided substantially better-quality waveforms (six additional bits of resolution and essentially 

no system noise) than those transmitted over the analog fiber-optic links and digitized on LeCroy 

DSOs.  The eight-station energetic radiation TOA network described in Howard et al. [2008, 

2010], which utilized NaI scintillation detectors with inherently long light-decay times, was also 

substantially upgraded.  Eight plastic scintillation detectors and two LaBr3 scintillation detectors 

were added at the locations of the ten dE/dt sensors.  Both the plastic and LaBr3 detectors have 

short light-decay times compared to the NaI detectors, and hence, mitigate much of the photon 

pile-up issues experienced with the slower NaI detectors.  The addition of high-speed cameras, 

particularly the Photron SA1.1, to the ICLRT measurement network provided a method to 

optically image leader processes at very high time-resolution.  These images, coupled with 

correlated measurements of the channel-base current and dE/dt, provide valuable insight to the 

physics and mechanisms of leader propagation and attachment.  Finally, the seven-station LMA 
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system installed prior to summer 2011 provided high-resolution three-dimensional mappings of 

the initial stages and subsequent leader/return stroke processes of triggered lightning events.  The 

coordinated source location data from the dE/dt TOA networks and the LMA provide a relatively 

complete picture of the lightning propagation path from within about 20 m of ground to more 

than 12 km altitude.  While not discussed in this dissertation, the LMA also recorded all natural 

lightning activity surrounding the ICLRT during summer 2011. 

 The three ICLRT TOA networks (the ICLRT DSO dE/dt and x-ray networks and the 

HBM dE/dt network) were described in detail in Chapter 3.  In 2009 and again in 2011, the 

locations of all TOA sensors were determined by a professional group of surveyors.  The quality 

of the surveyed locations, which are accurate to within about 1 cm, contribute to the quality of 

the TOA solutions described in this dissertation.  Detailed descriptions were also provided in 

Chapter 3 for determining cabling and fiber-optic delays between the outputs of each TOA 

sensor and the digitizer inputs.  The delays were measured with accuracy greater than the 

sampling resolution of the DSO digitization system (4 ns).  The determination of time delays 

through the photomultiplier tubes (PMT) mounted to the plastic scintillation detectors were also 

discussed.  PMT delays have not previously been accounted for in TOA measurements of 

energetic radiation at the ICLRT.  Detailed descriptions and illustrations were provided 

regarding the author's procedure for aligning both dE/dt and energetic radiation waveforms 

acquired at the ten TOA stations to select commonly-detected pulses, and then subsequently 

selecting the signal arrival times in a systematic and accurate manner.  The details of the TOA 

solution algorithm, which utilizes a non-linear least squares optimization technique based on the 

Levenburg-Marquardt algorithm, were discussed as was the metric used to determine the best 
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solution.  Finally, a discussion was provided of the TOA spatial location errors of the present 

network with comparison to the previous generation TOA network at the ICLRT.   

In Chapter 4, the procedures for cataloguing and documenting collected lightning data 

were outlined.  Information was provided on the preparation of documentation files pertaining to 

measurement amplitude calibration factors, waveform file names, and general characteristics of 

each recorded event.  Chapter 4 also presented tables including information on all natural and 

triggered lightning events recording fro 2009-2011.  For natural lightning events, parameters 

were provided including the NLDN-reported peak current, multiplicity, and ground strike 

location.  For triggered lightning events, parameters of the initial stage were provided including 

the total charge transfer, the average current amplitude, and the full duration of the UPL/ICC 

process.  The time duration between the initiation of the UPL and the ICV was reported for 

events where the ICV was clearly evident.  For each triggered flash, the peak return stroke 

current and multiplicity were provided.  A statistical analysis of the previously mentioned 

parameters for triggered lightning events between 2009-2011 was also given in Chapter 4 with 

data plotted graphically in histogram format for each individual year of study and for the entire 

dataset.  The geometric mean (GM) of the UPL/ICC durations for the 2009-2011 dataset was 387 

ms.  This value was 27% larger than the value of 305 ms reported by Miki et al. [2005] for 45 

flashes triggered at the ICLRT, and 39% larger than the value of 279 ms reported by Wang et al. 

[1999] for 37 flashes triggered at Fort McClellan and at the ICLRT.  UPL/ICC durations were 

recorded ranging from 160-945 ms.  Similarly, the GM value of the UPL/ICC charge transfer for 

the 2009-2011 dataset was 50 C, 64% larger than the 30.4 C value given my Miki et al. [2005] 

and 85% larger than the 27 C value given by Wang et al. [1999].  Charge transfers of the 

UPL/ICC process were measured ranging from 8-225 C.  The GM value of the average current 
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amplitude during the UPL/ICC for the 2009-2011 dataset was 130 A, also 31% higher than the 

value of 99.6 A reported by Miki et al. [2005] and 35% higher than the value of 96 A reported by 

Wang et al. [1999].   Average current amplitudes of the UPL/ICC process were measured 

ranging from 49-834 A.  Interestingly, the two events exhibiting abnormally large average 

current amplitudes during the UPL/ICC process (834 A for flash UF 09-30 and 328 A for flash 

UF 11-26) also exhibited current polarity reversals during the ICC.  Flash UF 11-26 was 

discussed in detail in Chapter 7 of this dissertation and flash UF 09-30 was described in Yoshida 

et al. [2012].    The GM time of the ICV relative to the initiation of the UPL for the 2009-2011 

dataset was 7.5 ms, a value in good agreement with the previous study of Wang et al. [1999], 

who reported a GM value of 8.6 ms for 22 flashes at Fort McClellan and the ICLRT.  Time 

durations between the UPL and the ICV were measured ranging from 2.1-69.4 ms.  Finally, the 

action integral (or specific energy) was also measured between the initiation of the UPL and the 

ICV for the 37 flashes where the ICV was clearly evident.  The GM action integral was 

calculated to be 119 A
2
s, a value in good agreement with the previous study of Wang et al. 

[1999], who reported a GM action integral of 110 A
2
s for 22 flashes at Fort McClellan and the 

ICLRT.   

 The GM value of triggered lightning return stroke peak currents for the 2009-2011 dataset 

was 10.9 kA for 156 total return strokes.  This value was found to agree well with past studies at 

the ICLRT and at the Kennedy Space Center in Florida, Fort McClellan in Alabama, and Saint 

Privat d'Allier in France.  Return stroke peak currents were measured ranging from 1.5-46.5 kA.  

GM return stroke peak currents for strokes preceded by 121 dart leaders, 18 dart-stepped leaders, 

and 17 "chaotic" dart leaders were 9.5 kA, 17.5 kA, and 1.7 kA, respectively.  The return stroke 

currents associated with dart-stepped leaders and "chaotic" dart leaders were 84% and 86% 
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higher, respectively, than those associated with dart leaders.  In addition, dart-stepped leaders 

were found to precede the first stroke following the IS in 32% of measured cases, while "chaotic" 

dart leaders were found to precede the first stroke in 47% of measured cases.  The previous two 

statistical parameters relating leader type to triggered lightning return stroke peak current and 

stroke order are not found elsewhere in the literature to the best of the author's knowledge.   For 

the 2009-2011 data, the GM flash multiplicity for triggered flashes was 3 return strokes.  Eight 

flashes (21% of the total number) had seven or more return strokes following the IS.   

In Chapter 5, high-speed video observations were presented of a natural lightning stepped 

leader (also discussed in Hill et al. [2011]) recording during summer 2010.  The leader was 

photographed at a frame rate of 300 kfps (an exposure time of 3.33 µs) and represented the 

fastest time-resolution images recorded of a natural lighting discharge to date.  Stepped leader 

parameters were measured from the video including step length, interstep interval, leader speed, 

and the characteristics of space stems/leaders for a total of three primary branches and five 

secondary branches.  Step lengths for the primary branches and secondary branches ranged from 

4.8-5.1 m and 5.4-7.1 m, respectively.  Interstep intervals for primary and secondary branches 

ranged from 13.7-15.1 µs and 12.2-40.0 µs, respectively.  Average two-dimensional leader 

propagation speeds for the three primary branches were from 4.4 to 4.6 x 10
5
 m/s, and for two 

secondary branches were 2.7 x 10
5
 m/s and 6.2 x 10

5
 m/s.   For 82 leader steps, it was found that 

the measured step lengths and interstep intervals were shorter than those reported in the literature 

from previous optical measurements employing the streak photography technique [e.g., 

Schonland et al. 1935; Schonland, 1956; Berger, 1967] and in better agreement with statistics 

measured for dart-stepped leader steps [e.g., Schonland, 1956; Krider, 1977; Orville and Idone, 

1982, 1984; Davis, 1999].  The leader step formation process was analyzed for the 82 individual 
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steps.  Sixteen instances of space stems/leaders were recorded preceding the formation of the 

leader step, the first examples of these optical phenomena recorded in association with stepped 

leader steps.  The lengths of the space stems/leaders (average of 3.9 m) and the separation of the 

space stems/leaders from the previous leader channel (average of 2.1 m) were found to agree 

well with statistics measured for similar optical phenomena associated with triggered lightning 

dart-stepped leaders at the ICLRT [e.g., Biagi et al., 2010].  For 28 leader steps, a luminosity 

wave was photographed propagating back up the existing leader channel following the step 

formation in either one, two, or three successive 3.33 µs frames at average speed of about 7.5 x 

10
6
 m/s, a new observation for stepped leader steps consistent with reports in the literature for 

optical (ALPS photodiode array) measurements of dart-stepped leader steps associated with 

triggered lightning return strokes reported by Wang et al. [1999].    

Chapter 6 presented observations of four "chaotic" dart leaders recorded preceding 

triggered lightning return strokes during summer 2010, two of which are analyzed in significant 

detail (flashes UF 10-13 and UF 10-24).  Some of these observations are also discussed in Hill et 

al. [2012a].  Prior to this study, there were no previous reports in the literature of "chaotic" dart 

leaders associated with triggered lightning return strokes.  The dE/dt signature of "chaotic" dart 

leaders within about 200 m of the ground and about 10 µs of the return stroke is found to exhibit 

large-amplitude high-frequency variations not recorded for typical dart leaders.  These pulses of 

radiation, with typical widths of several tens of nanoseconds, are superimposed on slower 

background field changes termed "bursts", which have typical widths of several hundred 

nanoseconds.  The TOA locations of the individual pulses were determined for two "chaotic" 

dart leaders.  The TOA locations of successive pulses were found to "bounce" up and down over 

vertical ranges of often several tens of meters.  Often, the calculated speeds between the 
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locations of successive pulses exceeded the speed of light, indicating that the pulses were likely 

being radiated nearly simultaneously from multiple (perhaps many) spatial locations near the tip 

of the descending leader.  High-speed video observations indicated that "chaotic" dart leaders 

often exhibit longer streamer-zones than do dart or dart-stepped leaders.  In one case (flash UF 

11-24), the downward "chaotic" dart leader with streamer-zone length of 25 m and an upward-

connecting leader with length of 11 m were imaged in the same frame.  "Chaotic" dart leaders 

preceding triggered strokes were found to emit nearly continuous pulses of energetic radiation up 

to about 13 µs prior to the return stroke, with some single-photon energies in excess of 2 MeV.  

In the "chaotic" dart leaders of flashes UF 11-13 and UF 11-24, the energetic radiation emission 

was observed to continue for about 1 µs following the return stroke, a result inconsistent with 

previous observations of energetic radiation emitted by dart and dart -stepped leaders.  Analyses 

were  also conducted for two natural "chaotic" dart leaders preceding the third and fourth return 

strokes of a flash recorded on July 7, 2011 (flash MSE 11-01).  The natural "chaotic" dart leaders 

exhibited the same high-frequency variations in the dE/dt signature as the triggered "chaotic" 

dart leaders, but for a significantly longer duration (up to 100 µs prior to the return stroke).  

Bursts of energetic radiation were observed for both natural "chaotic" dart leaders with emission 

recorded up to 45 µs prior to the return stroke, similar to the triggered "chaotic" dart leaders. 

Single-photon energies were measured up to about 1.76 MeV.  For both natural "chaotic" dart 

leaders, the energetic radiation was observed to continue for over 1 µs following the return 

stroke as was the case for the triggered "chaotic" dart leaders.   

In Chapter 7, observations of the initial stage processes of nine triggered lightning 

discharges during summer 2011 were analyzed using a combination of data from a seven-station 

LMA, channel-base currents, and vertical-scan RHI images taken with a C-band dual-
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polarimeteric SMART radar.  The initial stage processes for four triggered flashes (UF 11-24 

through UF 11-26 on August 5, 2011, and UF 11-32 on August 18, 2011) were analyzed and 

discussed in detail.  Statistical parameters of the initial UPL geometry, IS branch geometry, and 

correlated channel-base current were given for all nine triggered lightning flashes with 

accompanying LMA data.  The IS was found to not branch extensively in Florida triggered 

lightning compared to triggered flashes at higher-altitude sites in New Mexico and France.  IS 

branches were observed from altitudes as low as 580 m, but more typically occurred between 

about 700 m and 5 km.  The times of IS branches, determined from the LMA source locations, 

were correlated with the measured channel-base current.  Unexpectedly, the channel-base current 

was not found to change significantly at the time the IS branches occur.   IS branches initiated 

with channel-base current amplitudes ranging from 9-203 A.  For the nine triggered flashes, the 

IS was found to transition from vertical to horizontal propagation at typical altitudes between 3-6 

km, near the 0° C level of 4-5 km, and several kilometers below the expected center of the 

negative charge region in the cloud.  As indicated by the LMA source locations and time-

coincident vertical-scan radar images, IS branches often propagated horizontally for many 

kilometers along and above the general contour of the 0° C level.  For one triggered flash (UF 

11-25 on August 5, 2011) a natural cloud-to-ground discharge appears to have initiated in 

conjunction with the propagating IS channels.  The discharge occurred 5-7 km northwest of the 

launching facility.  A second triggered flash (UF 11-26) initiated a more-or-less naturally-

appearing bi-level intracloud discharge, causing a 57 ms current polarity reversal measured at 

ground during the ICC process.  LMA sources indicate that an upward negative leader initiated at 

about 5.6 km altitude and propagated upwards to about 9.3 km altitude, where widespread 

negative breakdown ensued from about 7.5-10.5 km altitude.  Widespread positive breakdown 
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associated with the IS occurred simultaneously at about 4-5.5  km altitude.  The upward negative 

leader propagated for a time duration of 11 ms at an average three-dimensional speed of 4.1 x 

10
5
 m/s.  Current polarity reversals during the ICC processes of triggered lightning discharges 

have been rarely observed at the ICLRT, having occurred in only 2 out of 51 events (~ 4%) from 

2008-2011.  For several flashes, LMA source locations were obtained for positive-polarity 

impulsive currents during the triggering wire ascent (precursor current pulses) with amplitudes 

less than 10 A, in contrast to expectations published in the literature of higher thresholds.   

In Chapter 8, analyses were performed of the propagation characteristics and attachment 

processes of triggered and natural lightning dart-stepped leaders using TOA source locations of 

dE/dt and x-ray pulses, channel-base currents, and photographic data.  Four triggered-lightning 

dart-stepped leaders were analyzed in detail.  In each case, the dE/dt and sensitive channel-base 

current (II Very-Low) waveforms were time-aligned and compared to determine the physical 

significance of the leader burst pulses and slow-front pulses that occurred, for each event, 

following the final dart-stepped leader step.  With the exception of the fourth stroke of flash UF 

11-35, the leader burst pulses were found to be emitted from relatively small source volumes at 

low altitude (from about 13-35 m above the intercepting wire ring), and were also found to 

coincide with the initial significant change in the background level of the measured channel-base 

current, suggesting they are perhaps related to the initial interactions between the streamer zones 

of the downward and upward-connecting leaders.  dE/dt pulses superimposed on the slow-front 

period prior to the fast-transition were found to occur at lower altitudes than the leader burst 

pulses, and were, in all cases, associated with large increases in the background level of the 

channel-base current to amplitudes near the maximum upward leader current.  For the seven 

triggered lightning dart-stepped leaders, the maximum upward leader currents ranged from about 
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270-2190 A.  Slow-front pulses are likely associated with significant connections of the 

downward and upward leaders given their low-altitude source locations and timing correlation 

with large increases in the channel-base current.  For each triggered lightning dart-stepped 

leader, the timing of the fast-transition peaks of the dE/dt and dI/dt waveforms were compared to 

establish an upper bound on the propagation time of the downward-moving current wave from 

the junction height of downward and upward leaders.  As expected, there was a time lag between 

dE/dt and dI/dt peaks of typically 20-70 ns.  Given the stated time lags, an assumed downward-

propagating current wave speed in air of 1.55 x 10
8
 m/s, and propagation at the speed of light 

within the 6 m path length from the intercepting wire ring to the current measurement device, the 

maximum junction heights were calculated to be no more than 8 m above the intercepting wire 

ring.  With the assumption that the junction height is the final length of the upward connecting 

leader, and taking the upward leader duration to be the time between the initial steady deviation 

from zero of the background channel-base current and the beginning of the fast transition (8.7-24 

µs), the upward leader speeds were calculated to range from 1.7 to 3.6 x 10
5
 m/s.  Though no 

channel-base current was measured for the natural lightning dart-stepped leader, the source 

altitudes and pulse characteristics of the leader burst and slow-front dE/dt pulses following the 

final leader step suggests the attachment process to ground was similar to the triggered lightning 

events.  A total of 30 x-ray source locations were determined for two triggered dart-stepped 

leaders and one natural dart-stepped leader.  For the triggered events, the x-ray sources were 

located within 30 m of the source locations of the corresponding dE/dt pulse peaks.  The x-ray 

sources were located within 40 m of the source locations of the dE/dt pulse peaks for the natural 

dart-stepped leader.  The total separation between in the dE/dt and x-ray sources was dominated 

by vertical displacement and the x-ray sources occurred beneath the dE/dt sources in 26 of the 30 
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cases.  The lateral distribution of the x-ray sources about the leader channel was found to be 

random.  The emission times of the x-ray sources were found to lag the emission times of the 

associated dE/dt pulse peaks in all 30 cases by averages of 150 ns (GM 85) ns for flash UF 11-

32, 290 ns (GM 170 ns) for flash UF 11-35, and 280 ns (GM 150 ns) for flash MSE 11-01.   

9.2 Recommendations for Future Research 

The author proposes the following topics and improvements for future study.  Many of 

these improvements have been implemented, or will likely be implemented during summer 2012 

or in future summers.  

 The network of ten fast energetic radiation detectors (eight plastic detectors and two 

LaBr3 detectors) should be digitized on the HBM digitization system in parallel with the 

ICLRT DSO system.  Many of the difficulties in performing TOA locations of energetic 

radiation pulses associated with leader stepping processes are related to the high-level of 

system noise with the analog fiber-optic transmission system, and the lack of bit-depth 

available on the LeCroy DSOs.  The HBM digitization system alleviates both issues.  In 

addition, having the ten dE/dt measurements and the ten energetic radiation 

measurements digitized on the same time base with synchronized sampling would 

remove any timing uncertainty related to the measurement system, especially considering 

the HBM digitization system automatically calculates and removes cabling-induced 

delays each time the system is armed.   

 

 During summer 2011, the Cordin 550 high-speed camera was operated with strictly the 

electrically-driven rotating mirror system, which permits the camera to operate at a 

maximum frame rate of about 800 kfps.  Based on the high-speed video data of triggered 

lightning dart-stepped leaders and one natural lightning stepped leader (Chapter 5), it is 

the author's opinion that the Cordin camera will need to operate at or near its maximum 

frame rate of 4 Mfps (250 ns frame integration) in order to begin to resolve the individual 

processes that form a single leader step, which is believed to form in about 1 µs.  During 

summer 2011, the Cordin high-speed camera always triggered on the first return stroke 

following the IS.  While the statistics shown in Chapter 4 indicate that dart-stepped 

leaders often occur preceding the first stroke following the IS, the author believes it is 

necessary to implement a trigger circuit that will differentiate between dart leaders and 

dart-stepped leaders, producing a trigger output only when a dart-stepped leader is 

detected.  The trigger circuit could utilize either a dE/dt signal input or possibly a 

photodiode input, coupled with the ICLRT master trigger signal to insure a return stroke 

current has been measured at the lightning channel base.    

 

 A multi-channel vertical photodiode array should be constructed to analyze the sub-

microsecond optical characteristics of the final few dart-stepped leader steps, the upward 
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connecting leader, and the attachment process for triggered lightning flashes.  Unlike 

prior optical experiments where the photodiodes were spaced to view a large vertical 

section of the triggered lightning channel, the diodes should be aimed through narrow 

slits to view only the bottom 50 m or so of the channel with very high spatial resolution.  

In order to resolve the lower-luminosity processes at the tips of lightning leaders and 

during the onset of the attachment phase, the system should be configured with increased 

sensitivity (using avalanche photodiodes) compared to prior photodiode systems.  The 

output of such a photodiode array could ideally be compared directly with images from 

the Cordin high-speed camera and dE/dt TOA locations from the HBM dE/dt system to 

yield a quite complete view of the leader step formation process and the subsequent 

attachment process.   

 

 The LMA system, which operated with 80 µs acquisition windows for the duration of 

summer 2011, should be converted to run in the 10 µs acquisition window mode.  The 

LMA system at Langmuir Lab in New Mexico presently operates in the 10 µs mode and 

produces considerably more clear VHF images of the branching structure of both the IS 

in triggered lightning discharges and of intracloud activity associated with natural 

lightning.  The 80 µs acquisition windows are a limiting factor when multiple branches 

are propagating simultaneously, particularly considering the small area of the LMA 

network at the ICLRT and the small number of stations.    

 

 Within the past year, there has been much discussion of flying small, instrumented 

aircraft over the ICLRT during storm conditions in an attempt to measure the electric 

field aloft prior to triggering lightning.  Perhaps these same instrumented aircraft, which 

are already equipped with GPS systems for tracking their positions, could also be 

instrumented with narrowband VHF radiation transmitters within the frequency band of 

the LMA system.  With proper permission from Camp Blanding Range Control, a VHF 

transmitter flown on a small plane in clear weather could provide a very good estimate of 

the three-dimensional errors of the ICLRT LMA system as a function of altitude and 

range from the network.  A similar test was conducted for the New Mexico LMA system 

with a VHF transmitter attached to a balloon.  The small plane offers the advantage of 

controlling the flight path in a systematic manner. 
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