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ABSTRACT 
This work utilized data from Lightning Mapping Array (LMA) networks and 

the National Lightning Detection Network (NLDN) to assess the relationship between 

lightning channel lengths and lightning current in cloud-to-ground (CG) lightning 

flashes.  The LMA data were used to map and measure the extent of the in-cloud, 

horizontal channel lengths and to estimate the vertical length (height above ground) 

from 149 CG lightning flashes.  Peak current values from the NLDN were used for 

direct comparison of peak current and lightning channel lengths, and to estimate an 

average current for each lightning flash as well as for each stroke within multiple 

stroke flashes.  Additionally, the horizontal channel lengths as measured from LMA 

data were used to examine the flash area, or footprint, of the in-cloud portion of CG 

flashes used in this study. 

The results of this work provided insights into long-observed differences 

between positive and negative CG flashes, often referred to as polarity asymmetry.  

Positive CG flashes are typically characterized by a single stroke to ground, whereas 

negative CGs have been observed to have multiple, discrete strokes to ground.  This 

study presented evidence in support of the theory that the primary factor contributing 

to polarity asymmetry is the physical differences associated with the development of 

the in-cloud portions of the lightning channel.  For positive CGs, negative leaders 

constitute the in-cloud portions of the lightning channel.  Negative leaders are 

characterized by higher currents, which are infused into the lightning channel to 

ground.  Positive leaders within the cloud associated with negative CGs are 

characterized by lower currents than negative leaders, leading to less current being 

injected into the channel to ground.  The overall effect is that the higher currents 

injected into positive CG lightning channels results in a stable channel to ground and 

most often a single stroke.  Conversely, the lower currents infused into negative CG 

lightning channels leads to less conductive, less stable lightning channels that may 

become cut off from the current source within the cloud resulting in multiple strokes. 
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CHAPTER I  

INTRODUCTION 
 

Motivation 
This research aims to quantify horizontal and vertical lightning channel lengths 

of cloud-to-ground (CG) lightning flashes and use this information along with values 

of peak current amplitude to test a theory inspired by the question, "Why do some 

lightning flashes have multiple strokes?” Recent advances using lightning mapping 

arrays (LMA) have allowed researchers to visualize the in-cloud portions of the 

lightning channel, revealing the horizontal extent of lightning.  Coleman et al. (2003) 

and Coleman et al. (2008) provide a theoretical framework for how and why this 

horizontal extension takes place, however there is little research documenting the 

physical lengths of lightning channels, in particular the in-cloud portions of lightning 

channels.  This thesis will present a methodology that yields vertical and horizontal 

length measurements of lightning channels from selected CG flashes. These 

measurements, in addition to information such as the polarity, peak current amplitude 

and time of each strike to ground provided by the National Lightning Detection 

Network (NLDN), will be used to characterize the total channel length of CG flashes, 

derive average current for each flash, and examine the relationship between lightning 

polarity and multiplicity.  

This work initially aimed to test a theory put forth by Heckman (1992), which 

attempted to explain why some lightning flashes have multiple, discrete stroke while 

other have only a single stroke.  A key component of Heckman's theory depended on 

the length of the primary lightning channel to ground, however Heckman did not have 

access to sufficient observational data of lightning channel lengths, so he was unable 

to thoroughly test his theory.  

This thesis will use data from LMA networks to measure the in-cloud branches 

of CG lightning flashes as well as the primary vertical channel to ground and explore 

the length characteristics of CG lightning flashes.  In addition to length measurements, 
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data obtained from the National Lightning Detection Network (NLDN) allows for 

investigation of possible correlations between lightning polarity and total channel 

length.  

Heckman (1992) put forth a type of instability criterion that predicted for some 

average current there is a critical channel length at which the channel becomes 

unstable and cutoff from the current source within the cloud.  Heckman theorized that 

as a lightning channel continued to extend within the cloud it would become resistive 

and prone to complete cutoff from the current source – charge reservoirs within the 

thunderstorm.  If the channel was not infused with sufficient charge, the current flow 

would cease, and the channel would be extinguished.  Negative CGs often have more 

than one discrete stroke to ground, whereas positive CGs are more likely to have a 

single stroke to ground.  In a summary paper on the role of polarity asymmetry, 

Williams (2006) built on Heckman’s (1992) work and posited that perhaps the reason 

negative CGs tend to have multiple strokes to ground is because they tend to have 

longer channel lengths that are prone to instability and current cutoff.  Conversely, 

Williams (2006) suggested the single stroke behavior of positive CGs may be 

attributable to shorter channel lengths, which favor a stable channel and therefore a 

single stroke.  

Heckman’s stability criterion depended primarily on two values: the average 

current flowing through the primary lightning channel to ground and the length of that 

channel. Lightning mapping array data provide a way to measure the in-cloud 

branches as well as sufficient information to estimate the length of the vertical channel 

to ground.  However, since only peak current is available from the NLDN, this work 

calculates values for average current from the peak current and time between strokes 

(also before the first stroke and after the final stroke). 

 Another area of research that may benefit from a better understanding of 

horizontal channel lengths is atmospheric chemistry.  In particular horizontal channel 

lengths may be used as a means of estimating the amount of nitrogen oxides (NOx) 

produced from a lightning flash.  Global estimates of NOx produced from lightning 
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are important to include in atmospheric and climate models for climate change 

research.   

 Wang et al. (1998) studied arc discharges in the laboratory in order to 

determine an appropriate scaling factor for global estimates of nitric oxide (NO) 

production.  Their findings indicated that NO produced per meter of channel length, as 

a function of peak current was the best scaling factor.  Koshak et al. (2010) built on 

the results from Wang et al. (1998) to estimate NOx produced as the number of moles 

per kilometer of lightning channel length from peak current values.  They found that 

CG lightning flashes produce significantly more NOx than IC flashes because CG 

flashes typically have higher peak currents. 

 One method used in this research to estimate the horizontal channel lengths – 

measuring a major and minor axis of the entire flash – can also be used to estimate the 

total horizontal area of a flash.  Currently there are various methods researchers use to 

estimate the total area of a lightning flash, however there is not an established 

correlation between the extent of the horizontal area and total channel length.  If there 

is an inherent correlation between the horizontal flash area and total lightning channel 

length, then perhaps the amount of NOx produced per unit length of lightning channel 

can be determined using existing methods for estimating total flash area.  
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CHAPTER II 

BACKGROUND 
 

Lightning Basics 
 The following is a brief introduction and overview of lightning terminology, 

abbreviations and discharge processes discussed in this work.  More detailed 

information on the instrumentation and data used to complete this research is provided 

in Chapters III & IV.  Rakov and Uman (2003) and MacGorman and Rust (1998) 

review and describe, in detail, additional aspects of lightning that go beyond the scope 

of this thesis which the interested reader may find helpful.  

Electrical Structure of a Thunderstorm 
 The most basic representation of the thunderstorm charge structure is shown in 

Fig. 2.1, and is referred to as a tripole (Williams 1989, Stolzenburg et al. 1998c).  A 

normal tripole consists of a main layer of negative charge located within the midlevels 

of the thunderstorm and is comprised of net negatively charged precipitation.  Below 

this main negative region is a layer of positively charged particles, though the 

magnitude of this charge region is significantly smaller than the main negative charge 

region.  The final layer of the tripole is the upper positive charge region, typically 

closer in magnitude to the main negative layer. The alternating layers of positive and 

negative charge are horizontally extensive (several tens of kilometers) relative to the 

depth or vertical extent of the charge (< 10 km) (Coleman et al. 2003, Coleman et al. 

2008).   
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Figure 2. 1 Schematic of an IC flash (red) and a negative CG flash (blue); dashed lines indicate the altitude 
at which flashes begin. Courtesy Dr. K.C. Wiens. 

 Figure 2.1 represents typical lightning flashes produced by a thunderstorm with 

normal tripole electric charge structure.  Intracloud (IC) flashes can occur between the 

main negative charge layer and the positive regions either above or below it.  Negative 

CG (-CG) flashes initiate where the electric field is strongest – between the main 

negative and lower positive charge regions, as indicated by the dashed lines in Fig. 

2.1.  Negative charge is transferred from the negative charge region to the ground via a 

portion of the lightning channel that extends to the ground from within the cloud.  

Therefore, the height above ground of the charge region can be interpreted as roughly 

the length of the vertical portion of the lightning channel. The main negative charge 

region in a normal tripole thunderstorm is normally located in the range from 5 to 7 

kilometers above ground (Rust et al. 2005).  For negative CG flashes originating from 

the main negative charge region in a normal tripole thunderstorm, the length of the 

vertical portion of the lightning channel is expected to be approximately 5 to 7 km. 

The in-cloud portions of the lightning channel are generally oriented 

horizontally as they extend and collect charge from within the charge reservoir.  
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Together, the vertical channel to ground and the in-cloud horizontal portions of the 

lightning channel represent the total length of the lightning channel. 

 Observations within the convective regions of thunderstorms indicate that the 

tripole model is a simplification of the actual distribution of charge (Stolzenburg et al. 

1998c).  One of the first comprehensive studies of the electrical structure of 

convective regions of thunderstorms is reported in Stolzenburg et al. (1998(a), (b) and 

(c)).  Based on results obtained from 49 electric field soundings through the 

convective regions of thunderstorms, the authors developed a schematic (Fig. 2.2) 

illustrating the charge structure observed in a typical, or normal thunderstorm.  The 

main updraft is characterized the familiar tripole structure with the addition of an 

upper negative layer of charge, sometimes called a screening layer (Stolzenburg et al. 

1998(c)).   

 

Figure 2. 2 Schematic of electrical structure of thunderstorms, from Stolzenburg et al. 1998(c). 

 The downdraft portion of the storm depicted in Fig. 2.2 (to the left of the 

updraft) contains several additional layers of charge within the precipitation core.  

Below the primary tripole dominant at the mid- to upper- levels is a negative layer 

associated with the 0°C isotherm (where frozen particles melt) and another positive 

region below that.  As depicted in Fig. 2.2, the electrical structure within a 
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thunderstorm can vary spatially as well as temporally.  This means that the source 

charge region for CGs of either polarity may change over the lifecycle of the storm.  

 However, sometimes the layers of charge are inverted – with a main positive 

charge layer and negative lower and upper layers, as depicted in Fig. 2.3 (Rust and 

MacGorman 2002).  These inverted-polarity storms are believed to produce many 

positive CGs (+CGs; MacGorman et al. 2005).  In such cases, a main positive charge 

layer is the source for +CGs (Rust et al. 2005).  The mechanisms responsible for the 

creation of the main positive charge region are still up for debate, although some 

researchers believe the rate at which hail and graupel grow may play a part 

(MacGorman et al. 2005).  Two of the storms used in this work produced primarily 

+CGs and were likely inverted polarity storms.   

 

Figure 2. 3 Schematic of a thunderstorm with an inverted tripole charge structure and a positive CG flash; 
the dashed line indicates the altitude at which the flash originates, courtesy Dr. K.C. Wiens. 

Types of Lightning Flashes 
 The entire lightning discharge, from beginning to end, is collectively termed a 

lightning “flash”.  Thunderstorms typically produce two primary types of lightning 

flashes: intracloud and cloud to ground flashes, depicted in the schematic shown in 

Figure 2.1.  An IC flash is contained within the thunderstorm cloud, several kilometers 
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above ground level.  A CG flash usually initiates within the thunderstorm cloud, but 

some portion of the lightning channel extends vertically downward toward the earth’s 

surface.  The electric field at the end of the downward extending channel tip (referred 

to as a leader) becomes so large that it induces an upward propagating channel (also 

known as a streamer) from either an object attached to the surface or the ground itself 

(Rakov and Uman 2003).  The result of this newly formed connection between two 

hot, gaseous channels of ionized air – one at cloud potential and the other at ground 

potential – is the release of 109 – 1010 J of energy and is commonly known as a return 

stroke (Heckman 1996, Rakov and Uman 2003).  

 Cloud to ground lightning is referred to as negative (-CG) when negative 

charge is transported from cloud to ground or positive (+CG) if the discharge 

neutralizes positive charge from within the cloud.  Any cloud-to-ground flash that has 

only a single, discrete return stroke is referred to as a single stroke flash.  If a CG flash 

is comprised of multiple, discrete strokes – each a separate return stroke – then it is 

said to be a multiple stroke or multi-stroke flash.  The following provides additional 

information regarding the characteristics and underlying physics of CG flashes. 

Bi-directional Breakdown 
 Most of the evidence provided by decades of lighting research indicates that 

the initial lightning discharge progresses as a bi-directional “tree” (Kasemir 1960, 

Kasemir 1983, Mazur et al. 1993).  At one end of the tree, positive breakdown 

advances positive charge toward regions of negative charge; at the other end, negative 

breakdown advances negative charge into regions of positive charge.  However, the 

two ends initiate and propagate under different conditions, indicating some underlying 

polarity asymmetry between positive and negative breakdown.  

 The positive end of the tree can more easily extend into regions of opposite 

charge (negative charge, full of ionized particles) since any available electrons will 

converge toward the positive end, making it easier for continued extension.  At the 

negative end, any mobile electrons are diverging into a region of weaker E-field 

making continued growth hard.  These conditions are reflected with measurements 
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that show the threshold fields required for initiation and extension of positive and 

negative streamers are 1-2 x105 V/m and 2-3 x 105 V/m, respectively (Williams 2006). 

Positive streamers can occur at lower electric fields than negative streamers. The result 

of this threshold disparity is that the positive end of the double-ended tree appears first 

and develops relatively continuously, whereas the negative end progresses in steps.   

As the bi-directional tree continues to extend, it heats up and eventually becomes fully 

ionized resulting in a thermalized leader, with a temperature of ~20,000 K (Rakov and 

Uman 2003).  Positive and negative leaders differ from streamers in that leaders are 

thermalized and generally self-propagating.  Positive leaders progress relatively 

smoothly whereas negative leaders progress in fitful and erratic steps, as depicted in 

Fig. 2.4 (Williams 2006).    

 The differences between positive and negative leaders extend to radiation 

emitted at very high frequencies (VHF).  As negative leaders develop in fits and starts, 

VHF radiation is emitted for each incremental step as the leader progresses.  Positive 

leaders produce markedly fewer VHF emissions as they develop due to the relatively 

smooth progression of a positive leader.  As a result, many more VHF point sources of 

radiation come from a negative leader progressing into a positive charge region than a 

positive leader into negative regions.   



Texas Tech University, Candace Wood, May 2018 

 
10 

              
Figure 2. 4 A long thin conductor in the presence of an electric field, Williams 2006. 

 

 
Figure 2. 5 Bidirectional breakdown of charge in an electric field, Williams 2006. 

Lightning Return Stroke 
The return stroke is a wave front that moves continuously without steps up the 

pre-ionized leader channel at speeds that can exceed 2x108 m/s near the base of the 

channel (Rakov and Uman 2003).  The wave front slows down with increasing height 

and is significantly reduced in speed after crossing a major branch.  In a negative 
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cloud to ground flash, the return stroke lowers to ground the charge that was 

temporarily deposited along all of the branches of the lightning channel.  The initial 

peak current measured at the ground is reached several microseconds after the 

connection process and is typically around 30 kA (Rakov and Uman 2003).  

Sometimes this initial impulsive component of the current is followed by a continuing 

current that is characterized by hundreds of amperes of current lasting several 

milliseconds.  As a result of the high currents associated with return stroke waves, the 

lightning channel heats to a peak temperature near 30,000 K and the channel pressure 

increases to 10 atm (Rakov and Uman 2003).  This leads to emission of broadband 

electromagnetic radiation, particularly in the visible frequency range, rapid channel 

expansion and a shockwave that is responsible for the sonic waves that we hear as 

thunder (Rakov and Uman 2003). Other frequencies of radiation reveal different 

characteristics of a lightning flash and have thus been investigated using increasingly 

sophisticated technologies, several of which will be discussed in Chapter 3. 

Dart Leaders 
Once all of the available and accessible charge has been lowered to the ground 

and all discharge processes cease, the lightning flash is over.  A single stroke flash is 

made of only one return stroke and may or may not have continuing current. However, 

even after the base of the channel has been cut-off from the current source the 

lightning flash may continue to produce subsequent discrete strokes until all available 

charge regions have been neutralized.  Subsequent strokes begin as dart leaders that 

progress smoothly, without steps down the previous return stroke channel at a typical 

speed of 107 m/s (Rakov and Uman 2003).  Some dart leaders follow exactly the 

previous path to ground, while others deviate from the previous path.  Dart leaders that 

divert away from the old path begin to move in a step-like pattern and eventually 

create a new termination point on the ground.  These are known as dart-stepped 

leaders.  Typically, subsequent return stroke peak currents measured at ground are less 

than those of the initial return stroke (usually between 10 and 15 kA). Continuing 

current can occur during a subsequent stroke and usually has a magnitude of tens to 

hundreds of amperes with durations lasting several hundreds of milliseconds.  Current 
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infusion into the channel lasting longer than 40 ms is often referred to as long 

continuing current (MacGorman and Rust 1998). 

Horizontal Lightning Propagation 
 Observations of VHF radio emissions from lightning flashes have revealed the 

horizontal extent of the in-cloud portion of the lightning channel can span several tens 

of kilometers. Although there is abundant evidence that many lightning flashes, in 

particular CG flashes, contain extensive horizontal branching within the thunderstorm 

(Krehbiel et al. 1979; MacGorman et al. 1981; Proctor, 1983), there has been limited 

research attempting to quantify the dimensions of the in-cloud portions of a CG flash. 

 The path a lightning flash follows has been shown by Coleman et al. (2003) to 

be significantly influenced by the location of electric potential wells.  The authors 

point out that "for horizontally extensive charge structures, it will be energetically 

favorable for positive polarity break down to propagate into and spread horizontally 

out in a potential minimum, and for negative polarity breakdown to develop into and 

follow a potential maximum.”  

 Negative breakdown into positive charge reservoirs is noisy and erratic.  As the 

leader progresses in fits and starts, it emits radiation at very high frequencies (VHF) – 

including the 60 – 66 MHz range (Coleman et al. 2003).  The strong signals received 

from negative breakdown lead to higher source densities where that breakdown is 

occurring, which gives researchers a better ‘picture’ of activity in this portion of the 

cloud.  Positive breakdown into negative charge regions is quieter and less erratic, so 

there are usually fewer sources from what is described as the negative source region, 

but it can be identified.  Particularly after each return stroke, when charge is delivered 

to ground, breakdown processes associated with attempts to tap additional charge 

within the negative charge region are picked up by the LMA receivers and help reveal 

a more complete picture of the electric structure of the storm. 

Channel Stability & Multiplicity 
 Heckman (1992) argued that lightning behaves like an electric arc across a 

capacitor.  The cloud acts as the current source, the ground as a conductor, and the 
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lightning channel characterized by capacitance and resistance.  Because electric arcs 

have a negative differential resistance across a range of currents, the voltage decreases 

as the current increases.  The arc will begin to cool and become unstable over time.  If 

some minimum stable current is not maintained, the channel may become cutoff from 

the current source completely.  When represented as an equivalent circuit, Heckman 

found that for some resistance, R, and capacitance, C, if RC <  τ, (the e-folding time of 

an electric arc in series with a voltage source) the channel will be stable; if RC >  τ, 

the channel will be unstable and prone to current cutoff (Heckman, 1992; Williams 

2006).   

 

Figure 2. 6 Stability diagram for the stability criteria developed from linear evaluation of the equivalent 
circuit described by Heckman (1992). 
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Figure 2. 7 Scatterplot from Williams (2006); open squares are unstable strokes and filled squares are stable 
strokes. 

 Heckman’s interpretation of the lightning channel as an electric arc between 

two parallel capacitors is likely an oversimplification which fails to account for the in-

cloud leader development.  The physical processes associated with the in-cloud 

leaders as they grow and tap into additional charge is expected to have significant 

impacts on the total flash process.  If sufficient current is infused into the lightning 

channel, the channel is likely to remain conductive and continued growth is 

anticipated.  However, if the leader development cannot supply sufficient current, the 

channel to ground is expected to become resistive and eventually become cut off from 

the source region. 

Williams (2006) suggested that if positive CG flashes originate closer to the 

ground (i.e., they have a shorter channel length due to origination from lower charge 

region), perhaps this is why they tend to have only a single stroke (shorter channel, 

less resistive).  Williams extended this thinking to negative CGs and suggested that 

longer vertical channel lengths may result from a negative charge region that is higher 

in altitude, and perhaps that is why negative CGs tended to have multiple strokes.   

 Williams (2006) combined Heckman’s (1992) work with lightning data 

reported in the literature (though the specific source of the data is not cited) to come 

up with Fig. 2.7, a scatter plot of average currents and channel lengths.  Open squares 

represent strokes with no continuing current, and filled squares represent flashes with 
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continuing current.  Some of the channel lengths shown on Fig. 2.7 are larger than 

what would be expected from just the primary channel to ground.  As previously 

discussed and depicted in Figs. 2.1 – 2.3, the height of source charge regions, and 

therefore the approximate length of the primary channel to ground is limited by the 

depth of the thunderstorm, generally no more than 10 – 12 kilometers above ground 

level.  Additionally, the main charge region from which most CGs originate is most 

often located between 5 to 7 kilometers above ground level.  Some of the channel 

lengths included in Fig. 2.7 are much greater than 10 kilometers, which implies the 

total channel length includes parts of the lightning channel beyond the primary 

channel to ground.  However, because the original source of the data was not 

specified, it is unclear as to how the channel lengths were measured.   

  According to Heckman’s (1992) theory, and subsequent investigation by 

Williams (2006), shorter channel lengths would tend to produce flashes with stable 

channels, a condition favorable for continuing current.  Conversely, discrete strokes 

without continuing current should tend to have longer channel lengths.  Williams 

(2006) pointed out for a negative charge reservoir at a higher altitude than the positive 

(lower) charge region, negative flashes would be prone to multiple, discrete strokes.  

He also stated that flashes that originate from a lower positive region that is closer to 

ground would be expected to have shorter channels to ground and therefore have a 

tendency to have a single stroke with continuing current.  Average current is needed in 

order to test Heckman’s (1992) hypothesis, since it is some minimum average current 

that is needed to sustain a channel of some given length. 

 One issue with Williams’ (2006) hypothesis is the proposed altitudes of charge 

regions.  Williams (2006) worked under the assumption that the positive charge region 

is at a lower altitude than the negative charge region.  While there is evidence that a 

lower positive charge region exists (Stolzenburg et al. 1998c), positive CGs have been 

shown to originate in main positive charge regions (5 – 7 km) and even from upper 

positive charge layers (8 – 10 km) (Rust et al. 2005).  This thesis includes positive 

CGs that initiated at altitudes ranging from 4 – 10 km; negative CGs also originated at 

altitudes in this range.  Williams (2006) contended that positive CGs are stable and 
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prone to continuing current because they originate at lower altitudes, and therefore 

exhibit shorter channel lengths.  However, this premise does not hold for positive CG 

flashes that begin in the main or upper charge layers.  Similarly, the argument that 

negative CGs originating from the main negative charge reservoir are more likely to 

become unstable due to longer channels lengths does not account for negative CGs 

that may originate in a lower negative charge region.  

Channel Length & NOx Production 
 Nitrogen oxides, NOx, are produced during lightning discharges.  Although the 

exact method of production and at what stage during the flash the NOx is produced are 

unknown, efforts by Wang et al. (1998) and Koshak et al. (2010) have been made to 

estimate the amount of NOx produced per unit length of lightning channel.  Since 

detailed measurements of the lightning channel were taken for this work, comparison 

with previous studies will test for consistency with the results of this work. 

Wang et al. (1998) examined arc discharges created in a laboratory to estimate 

the amount of NO produced per meter of channel length.  They find that NO produced 

per meter of discharge length as a function of peak current was a suitable scaling 

factor for global estimates of NO production.  The authors estimate the total amount of 

NO produced for various peak currents (Fig. 2.8).  Koshak et al. (2010) used an 

automated method to calculate the channel length of lightning flashes that occurred in 

a cylindrical area centered about the Alabama LMA.  The authors took the channel 

lengths and equations used by Wang et al. (1998) to estimate the moles of NOx 

produced per kilometer.  If a relationship between area and lightning channel length 

exists and can be demonstrated from this work, future studies may be able to more 

easily estimate the amount of NOx produced using existing methods. 
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Figure 2. 8 NO production normalized to 1 m spark length, as a function of maximum current in the spark, 
at 1 atm pressure, T = 20°C, from Wang et al. (1998). 

Hypotheses 
 The dataset used for this study is unique in that it allows for the exploration of 

multiple facets of lightning channel lengths.  First, the relationship between total 

lightning channel length and average current will be examined.  Heckman (1992) and 

Williams (2006) proposed that for some average current value there is a threshold 

length at which the channel becomes resistive and cutoff from the current source.  

Average current will be estimated from peak current values and compared to channel 

lengths in order to test this hypothesis.  A notable difference between Heckman’s 

approach and this work is how channel length is defined.  Heckman’s theory was 

based off of an analysis of the primary channel to ground, or the vertical channel 

connecting the source charge region to ground.  This work examines the total channel 

length as defined as the sum of the in-cloud branching and vertical channel to ground. 

Another aspect that will be investigated is if there is a relationship between the 

two polarities of CGs with respect to channel length.  Williams (2006) suggested that 

shorter channel lengths favor stable channels, some with continuing current, and 

longer channel lengths may lead to instability and current cutoff.  Furthermore, 

Williams indicated that if positive CGs originate in the lower positive charge region of 

a thunderstorm, these flashes would be characterized by shorter channel lengths and 
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single strokes, whereas negative CGs that begin in the midlevels of the cloud would be 

expected to have longer channel lengths and are therefore prone to current cutoff and 

subsequent strokes. 

 Approximately 75% of positive CGs exhibit long continuing current (>40 ms) 

after a return stroke, compared to only 30% of negative CGs (Saba et al. 2010).  

Lapierre et al. (2014) examined the relationship between positive leader growth and 

continuing current in negative CGs and found that the presence of continuing current 

did not affect the growth of the (in-cloud) positive leader.  However, when Lapierre et 

al. (2017) examined negative leader growth and continuing current in positive CGs, 

they found that there was an increase in (in-cloud) negative leader growth coincident 

with positive continuing current.  The authors of these two studies suggested that the 

differences between positive and negative leaders might account for the observed 

results.  In short, Lapierre et al. (2017) proposed that in positive CGs, the lightning 

channel remains conductive due to higher amounts of current injected into the 

lightning channel by negative leaders.  Conversely, they concluded that because 

positive leaders inject relatively low currents, this might lead to the lightning channel 

becoming nonconductive and prone to current cutoff in negative CGs.  Williams 

(2006) addressed this observed polarity asymmetry with regard to continuing current 

by suggesting the shorter channel lengths of positive CGs favor continuing current 

scenarios.  Lapierre et al. (2014; 2017) examined the polarity asymmetry of continuing 

current through investigation of the physical processes associated with in-cloud leader 

development while Williams (2006) looked at the total lightning channel and external 

factors (such as energy lost through conduction, turbulent convection and radiation) as 

the potential source of observed polarity asymmetry.  Though cooling (energy loss) of 

the lightning channel likely has some effect on stability, since the in-cloud leader 

processes are effectively feeding current to the channel, variations in these processes 

are expected to have a more significant influence on lightning channel behavior. 

Though this work does not include data on continuing current, it will 

investigate whether the differences in the physical characteristics of in-cloud leaders 

are observable when comparing the total channel length and average current values of 
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many flashes of each polarity.  This study will provide the data needed to test 

Heckman’s (1992) theory that for a given average current, there is a specific channel 

length at which the lightning channel becomes unstable, leading to subsequent strokes.  

It is expected that the results of this work will show that Williams’ (2006) explanation 

that observed polarity asymmetry is attributable to channel length, as determined by 

the source region’s height above ground, is overly simplistic and does not account for 

cloud to ground flashes of both polarities that originate at varying heights within a 

thunderstorm. 

 Lastly, lightning channel lengths could help researchers determine the amount 

of NOx produced during a lightning flash.  If there is an inherent correlation between 

total flash area and channel length, such a relationship could allow researchers to use 

existing methods to estimate channel length from total flash area, and thus NOx 

production.   
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CHAPTER III 

INSTRUMENTATION & DATA SELECTION 

Instrumentation 

National Lightning Detection Network (NLDN) 
The National Lightning Detection Network (NLDN) is a system of over 100 

sensors that detect electromagnetic (EM) radiation emitted by cloud-to-ground (and 

sometimes very strong IC) flashes (Fig. 3.1).  Cummins et al. (1998) and Cummins 

and Murphy (2009) detail the specifications and evolution of the NLDN.  The network 

uses magnetic direction finding and time-of-arrival (TOA) techniques to detect and 

locate the origin of radiation radiated by lightning flashes.  Sensors are spaced several 

hundred kilometers apart across North America and tuned to frequencies characteristic 

of return strokes from CG flashes – the very low frequency (VLF: 1 – 10 kHz) to low 

frequency (LF: 10s to 100s kHz) range.  Various validation studies indicate the flash 

detection efficiency (DE) for the NLDN ranges from 90% – 95% within the network 

(Cummins and Murphy 2009, Nag et al. 2011).  Jerauld et al. (2005) report a stroke 

DE of 60%, while Nag et al. (2011) observed a stroke DE of 76%.  Nag et al. (2011) 

point out that for the 19 strokes observed with a peak current of 20 kA or higher, the 

stroke DE was 100%, while it was just 61% for stroke with peak currents ranging from 

5 kA – 10 kA.  In the study performed by Jerauld et al. (2005), the authors found that 

all six strokes with peak currents less than 5 kA were missed by the NLDN.          

Information for each return stroke used in this study from the NLDN includes 

peak current amplitude (kA), flash polarity (+/-), the time each stroke occurred (to the 

microsecond) and the approximate location (latitude, longitude) where each stroke 

connected to ground, accurate to within 250 m (Cummins and Murphy 2009).  Peak 

current and the time of each stroke were combined with information obtained from the 

LMA to estimate an average current for each flash. 
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Figure 3. 1 Map of North America indicating the locations of NLDN sensors (squares and triangles) and the 
coverage area of the network (gray shading), Orville et al. (2011). 

There have been several upgrades to the NLDN system to improve detection 

efficiency and updates to software used to identify the location and polarity and 

estimate the peak current of individual discrete strokes. Cummins et al. (1998), Orville 

et al. (2002), and Cummins and Murphy (2009) explain these upgrades in detail.  

Validation studies summarized by Cummins and Murphy (2009) revealed that some 

flashes that were determined to be +CGs were in fact misidentified IC flashes.  Since 

2006, +CGs having a peak current < 15 kA are not included in the NLDN database 

(Orville et al. 2011).  All flashes used in this study that occurred before 2006 were 

filtered to meet this criterion. 

Lightning Mapping Array (LMA) 
 Rison et al. (1999) first described a Lightning Mapping Array (LMA) as a 

system of sensors that locates the source of individual radiation events associated with 

lightning breakdown processes in three dimensions and time.  These sources can be 

imaged in time and space and lightning structure can be inferred.  After conversion to 
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a Cartesian coordinate system, these data were used to measure the vertical and 

horizontal channel lengths for the CG flashes.     

Data from two LMA systems were used for this study.  The Severe 

Thunderstorm Electrification and Precipitation Study (STEPS) deployed a network of 

13 LMA receiving stations covering an area 60 – 80 km in diameter, as shown in Fig. 

3.2 (Lang et al. 2004).  The Oklahoma LMA network (Fig. 3.3) utilizes 11 LMA 

stations located to the southwest of Oklahoma City (MacGorman et al. 2008).  

Lightning mapping arrays can accurately map sources within 100 km of the stations, 

but an LMA can capture sources out to 200 km with decreased precision (Rison et al. 

(1999) and Thomas et al. (2004)).  Location accuracy within the network of sensors is 

6 – 12 m rms in the horizontal and 20 – 30 m rms in the vertical (Thomas et al. 2004).  

 

 

Figure 3. 2 LMA station loations (red dots) covering the STEPS 2000 study area, Rison et al. (1999) 
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Figure 3. 3 OK LMA sites (black plus signs).  The gold-shaded region represents the 100 km radius in which 
the LMA is highly accurate.  The purple shading marks 200 km radius, MacGorman et al. (2008). 

http://www.eol.ucar.edu/field_projects/field-projects/dc3/platforms-instruments 

 Each LMA station is tuned to the very high frequency (VHF) range (60 – 66 

MHz) in order to capture radiation sources emitted during the lightning process 

(Thomas et al. 2001).  When a radiation source is detected in space (x,y,z), each 

sensor records the time t of arrival of the event.  Based on the arrival time at each 

sensor, the location of each source can be determined by the time of arrival technique 

(Fig. 3.4).  The time and peak current magnitude is recorded every 80 – 100 µs, with a 

maximum of 10,000 – 12,500 sources per second (Rison et al. 1999).  The timing 

errors of the LMA system were found to be about 40 ns rms, as determined by 

comparison with balloon sounding data (Thomas et al. 2004).  Thomas et al. (2004) 

describe the use of reduced chi-square χn2 as a measure of goodness of fit in 

determining timing accuracy.  Comparison of the theoretical distribution of χn2 values 

with observed values reveals there is good agreement between the two, and thus 

indicates that the measurement errors are Gaussian distributed.  So, by restricting 

LMA sources to those with χν2 < 2, about 90% of valid data points are passed (and 

displayed), ensuring accurate sources are used for analysis. 



Texas Tech University, Candace Wood, May 2018 

 
24 

 
Figure 3. 4 Time of Arrival technique.  The time of arrival of a radiation event is measured at each LMA 
station; from this information the location and time of the event is determined, Thomas et al. 2004. 

 

Flash Criteria 
For this work, 149 flashes were identified and selected from four storm events, 

detailed below.  Each lightning flash contains thousands (sometimes tens of 

thousands) of individual VHF radio frequency sources, emitted as the lightning 

channel propagates.  These point sources can be displayed as color-coded dots that 

correspond to the location and chronological occurrence of each flash.  A suite of IDL 

programs developed by Dr. Kyle C. Wiens collectively known as ANGEL (Analysis 

of NEXRAD, GPS, EDOT, and LMA), combines and displays NLDN and LMA data 

into 10-minute segments that the user can then subdivide into individual lightning 

events.  This program was slightly modified and used in the analysis of the flashes 

selected for this study. 

A flash algorithm developed by Thomas (2004) was used to determine whether 

sources that occur very close in space and time belong to one flash or two separate 

flashes.  The algorithm stipulates that any gap in a group of sources not be more than 

N km and M ms apart; values used for this work were 3 km and 150 ms. Additionally, 

if a flash lasts longer than three seconds, the algorithm separates the sources where the 

source density is lowest. Only those flashes that were found to be completely 

independent of other IC and CG flashes were used for this work.  After using Thomas’ 

flash algorithm, visual inspection of each flash was performed.  The playback speed of 
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the flash was slowed down to 10 seconds or more in order to watch the progression of 

the flash (the LMA sources are color-coded according to time).  Flashes were expected 

to follow some typical flash progression, like that of a double-ended tree extending 

first into one layer of charge then often into a secondary, adjacent layer of charge after 

the first return stroke.  Any flash that had “phantom” branching (branches extending 

from some other source, not an existing channel) or channels that extended from 

peripheral portions of the flash area (not associated with the main structure) were not 

included in this study. An overlay of data from the NLDN provided the ground strike 

location and time for each event, as well as peak current and polarity.   

CG flashes that met the following criteria were included in the data set:  

• Entire flash must be within 100 km of the LMA array center 

• Must be completely isolated from other IC or CG flashes (as 

determined using the algorithm developed by Thomas (2004) and 

manual inspection) 

• Have sufficient number of sources to determine channel length for all 

interstroke intervals (typically > 500 total sources) 

• NLDN ground strike location and time was in alignment with 

progression of LMA data (e.g., did not occur during the initial 

bidirectional breakdown mapped by the LMA) 

• All sources must have a χν2 < 2  

• For +CG flashes, the first stroke must have a peak > 15kA 

Figure 3.5 shows a screenshot of the main display window of the ANGEL 

program.  The white box in the center of contains several cross sections and a map view 

of the LMA sources associated with a selected flash.  Point sources of radiation are 

plotted according to time (blue is earlier in time, red later) and location.  Portions of the 

displayed flash can be selected and examined more closely by filtering in time (the top 

portion of the white box) or location in space (bottom left of white box). The horizontal 

extent of the entire flash is easily observed from the top-down view (bottom left inset 

of the white center box).  The view in the bottom right portion of the white box is looking 
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along the north-south extent of the flash with the horizontal axis representing altitude 

above ground.  In the center right is a histogram of the altitude of the LMA sources for 

this flash.  The small black triangles represent the ground strikes to ground, located in 

time (top box) and space (lower boxes). 

 

 
Figure 3. 5 Screenshot of ANGEL main window showing the LMA sources for a multi-stroke negative CG 
flash that occurred on July 10, 2000. 

Storm Events 
 Data from the NLDN were chosen based on available LMA data collected 

during the Severe Thunderstorm Electrification and Precipitation Study (STEPS) 2000 

(Lang et al. 2004) campaign (Fig. 3.2) and from the University of Oklahoma 

Lightning Mapping Array (OK LMA) in 2005 (Fig 3.3) (MacGorman et al. 2008).  

Thunderstorm events that were active over the array were identified using WSR-88D 

Doppler radar imagery.  The time of thunderstorm passage was noted so CG flashes 
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could be retrieved during those periods.  The scarcity of +CG flashes made it 

necessary to choose two events (one from each location) that produced primarily +CG 

flashes. 

23 June 2000 
 At approximately 19:30 GMT on June 23 2000, storms initiated in eastern 

Colorado then propagated east/northeastward into northwestern Kansas, within the 

STEPS study region (Figs. 3.6a – d).  Warm, moist air and a surface trough provided 

favorable conditions for continued thunderstorm development.  Several reports of high 

wind and large hail resulted from the storm system as it progressed into a linear 

complex around 21:30 GMT (SPC 2014).  A total of 52 flashes were selected for 

study; these flashes occurred between 20:50 GMT and 22:40 GMT.  The number and 

average peak current value of each type of flash are listed in Table 3.1.  

Table 3.1 Number and type of CG flashes collected from the  STEPS study area on June 23, 2000. 

23 June 2000 
Number of 

Flashes 
Average Peak 
Current [kA] 

Single Positive 32 31.9 
Single Negative 6 -17.7 

Multi-stroke Neg. 10 -20.6 
Multi-stroke Pos. 4 32.5 

Total 52  
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10 July 2000 
 In the early morning hours of July 10 2000, overnight convection associated 

with a cold front moved into the northwestern corner of Kansas.  Figures 3.7a – d 

show the storm system weakened as it approached the STEPS study area around 09:00 

GMT and dissipated just after 10:00 GMT.  The system produced both negative and 

positive CG flashes, as detailed in Table 3.2.  A total of 30 CG flashes were chosen 

from this event for further investigation in this work.  

 

Figure 3. 6a NEXRAD Level-II radar data 
from Goodland, KS (KGLD) at 19:15:10 GMT. 
Storms initiate to the north and west the 
STEPS study area.   
   

Figure 3. 6b KGLD radar data at 21:15:51 
GMT shows increasing convection over the 
STEPS study area.     

Figure 3. 6c KGLD radar image from 21:30:48 
GMT showing a linear system of discrete 
thunderstorm cells developing.  
    

Figure 3. 6d Discrete thunderstorm cells begin 
to merge into a squall line as the most intense 
convection passes through the STEPS  
study area at 21:55:43 GMT.  
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Table 3.2 Number and type of CG flash selectd from the STEPS study area on July 10, 2000. 
10 July 2000 Number of 

Flashes 
Average Peak 
Current [kA] 

Single Positive 6 33.3 
Single Negative 7 -19.9 

Multi-stroke Neg. 16 -21.0 
Multi-stroke Pos. 1 37.2 

Total 30  
 
 

 

           
 

 
 

 

 

Figure 3.7a NEXRAD Level-II radar data from 
KGLD at 09:03:14 GMT on July 10, 2000.  
Convection approaches the STEPS study area 
from the northeast.  

Figure 3.7c KGLD radar at 09:43:07 GMT; 
light to moderate rainfall covers the 
northwestern portion of the STEPS study area. 
  

Figure 3.7d At 10:08:02 GMT, KGLD radar 
shows only moderate to light rainfall remains 
over the intersection of the CO-NE-KS state 
lines.  

Figure 3.7b KGLD radar at 09:23:10 GMT 
shows the storm system weakening as it crosses 
into extreme northeastern Kansas. 
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24 May 2005 
 At approximately 09:00 GMT on May 24, 2005, a surface low approached 

central Oklahoma from the west.  Convection initiated around 09:30 GMT to the 

northwest of Oklahoma City as the low and associated front encountered the warm, 

moist air of central Oklahoma.  The convection intensified as the system propagated 

over the OK LMA (Figs. 3.8a – d).  The storm system was a multi-cellular complex 

that remained relatively unorganized as it passed south of Oklahoma City. 

 The first CG flash selected from this event occurred around 09:50:00 GMT and 

the last around 11:50:00 GMT.  A total of 42 CG flashes, all negative polarity, were 

identified and used for this analysis (Table 3.3). 

Table 3.3 Number and type of CG flashes selected from the OK LMA on May 24, 2005. 

24 May 2005 
Number of 

Flashes 
Average Peak 
Current [kA] 

Single Positive -- -- 
Single Negative 22 -17.4 

Multi-stroke Neg. 20 -14.8 
Multi-stroke Pos. -- -- 

Total 42  
 

 

 
Figure 3.8a NEXRAD Level-II radar image from 
Oklahoma City (KTLX) at 09:51:000 GMT on 
May 24, 2005, showing convection approaching 
the OK LMA area from the northwest.   

Figure 3.8b KTLX radar image at 10:21:03 
GMT indicates continued thunderstorm 
development moving southeast into the 
Oklahoma City area.  
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04 June 2005 
 Around 12:00 GMT on June 4, 2005, a dry line extended from the Texas-

Oklahoma panhandles to the southwest through West Texas; there was also a mid 

level trough located just east of the southern Rockies at this time.  The trough 

enhanced mid level shear, and the dry line acted as a trigger for convection as these 

features progressed eastward into central Oklahoma where warm, moist air mass 

dominated.  The conditions were favorable for supercell development, and at 20:30 

GMT the Strom Prediction Center issued a Tornado Watch for western and central 

Oklahoma. 

 Convection initiated to the southwest of Norman, OK around 21:00 GMT (Fig. 

3.9a) and new thunderstorm development quickly expanded along I-44 (Figs. 3.9b & 

c).  By 23:00 GMT, widespread intense convection covered much of central 

Oklahoma (Fig. 3.9d), including the area covered by the OK LMA.  A total of 25 

flashes were selected from this event (Table 3.4); all occurred between 21:30 GMT 

and 22:30 GMT.  Five multi-stroke positive CGs were selected from this event, 

accounting for half of the total number of multi-stroke +CGs used in this study.        

 

 

Figure 3.8d The storm system passes through 
the OK LMA area to the southeast at 11:29:45 
GMT.    
   

Figure 3.8c KTLX radar shows moderate to 
strong storms moving across the region 
covered by the OK LMA at 10:51:07 GMT.  
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Table 3.4 Number and type of CG flashes selected from the OK LMA on June 4, 2005. 

04 June 2005 
Number of 

Flashes 
Average Peak 
Current [kA] 

Single Positive 9 65.8 
Single Negative 8 -10.6 

Multi-stroke Neg. 3 -9.4 
Multi-stroke Pos. 5 51.7 

Total 25  

 
 

 

 
 

 

Figure 3.9b At 21:30 GMT, convection increased to 
the southwest along I-44 and eastward toward 
Norman across the southern extent of the OK LMA 
network.      

Figure 3.9c KTLX radar image at 22:00 GMT shows 
a linear storm system developing along the I-44 
corridor.      

Figure 3.9d Widespread, intense convection covers 
the Oklahoma City area by 23:00 GMT.  
   

Figure 3.9a NEXRAD Level-II and III radar image 
showing convection initiation southwest of 
Oklahoma City at 21:00 GMT on June 4, 2005.  
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CHAPTER IV 

METHODOLOGY 

Channel Length 
Data collected from LMA technology can be used to measure both vertical and 

horizontal lightning channel lengths in specific flash, although such measurements 

come with several caveats.  The range of radio frequencies the LMA is tuned to are 

more often emitted by negative breakdown, therefore the data provides a limited 

picture of the entire flash.  As a result of this bias, more sources will be recorded from 

the development of negative leaders through positive charge than vice versa, 

producing more measureable details of horizontal channel extension within positive 

charge regions than in the negative charge regions.  Additionally, very few LMA 

sources come from vertical channels of return strokes, limiting the resolvable scale of 

features of the vertical lightning channel.  Separate methodologies were developed and 

used to determine the vertical and horizontal channel lengths of the 149 flashes used in 

this work. 

Vertical Channel Length 
 Various steps and kinks characterize the vertical channel to ground, however, 

for most flashes observed in this study such fine-scale features were not resolvable due 

to the lack of LMA sources detected during the return stroke.  As an alternative to 

directly measuring the vertical channel, the altitude above ground of the main charge 

region was used to approximate the length of the vertical channel.  Since most of 

charge transferred to ground originates from the main charge layer, a straight line 

drawn from the layer to ground provides a minimum length of the vertical channel.  

The additional bends, branches and channels that occur between the lowest charge 

region and ground are not included in this measure of vertical channel length which 

would likely be larger if such features in the vertical were resolvable from the 

available data.     

 The height of the main charge region was estimated using a modified version 

of Dr. Kyle Wiens’ program titled “estimate_lma_source_height”.  Given a subset of 
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LMA data (a single flash in this case), the program runs a statistical analysis and 

outputs the altitude of the histogram max, altitude of the very first source associated 

with that flash, and mean altitude of the first ten sources – all in kilometers above 

ground level.  In the example flash in Fig. 3.5, the altitude of the histogram max was 

6.95 km, the mean altitude of the first 10 sources was 5.22 km and the altitude of the 

very first source was 5.35 km. Visual inspection of the flash reveals a double-peaked 

histogram, with the secondary max at about 5.5 km.  The altitude of the histogram 

max, 6.95 km, is interpreted as the positive charge region, and the secondary max, 5.5 

km, as the negative charge region. Values for flash height were rounded to the nearest 

kilometer since that is the same resolution of the horizontal channel length 

measurements.  So, for the example flash in Fig. 3.5, the vertical channel length is 

interpreted to have originated in the negative charge region at an altitude of 5.5 km; 

rounded to the nearest kilometer, the vertical channel length used in subsequent 

analysis is 6 km.      

Horizontal Channel Length 
Measurements of the in-cloud horizontal lightning channels for each flash were 

made manually using a program written specifically for this task – 

“lma_measure_segments”.  The program allows the user to open a new window in 

ANGEL, which displays the color-coded LMA sources from the plan-view (east-west) 

box from the main window.  The latitude and longitude values are converted to 

Cartesian coordinates with units of kilometers.  The user defines a point by clicking 

the cursor; another click marks another point and a line is drawn between the two 

points.  Each time the user creates a new point, a line segment is drawn from the 

previous point to the new point and the length of that segment is recorded.  Upon 

termination of the line (right click) all segments are added.  The program output is a 

sum of all the segments, in kilometers.   

The horizontal extent of the entire flash was estimated two ways, both using all 

LMA sources associated with the flash.  First, straight, roughly perpendicular lines 

that followed the two main branches of the channel were measured and recorded as the 

long and short axis.  Next, a slightly more detailed measurement was made of the total 
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flash.  This measurement followed the main branches of the flash and included some 

of the secondary branches.  Each flash was then separated into interstroke intervals 

(LMA sources separated in time before and after each NLDN stroke to ground), and 

the horizontal channel length was measured along the channel for each interval.  

Since there is little literature indicating which portions of the in-cloud lightning 

channel should be included in a channel length measurement, each measurement is 

somewhat subjective.  To account for this, each measurement was taken several times.  

Additionally, multiple viewings of animations of each segment helped determine 

which portions of the branching should be considered for measurement.       

Long & Short Axes 
 Looking at a lightning flash from a bird’s eye view, one would see the 

development of a main channel with branching extending out from this channel.  For 

most flashes, the secondary branching occurs along an axis that is roughly 

perpendicular to the main channel.  Many flashes exhibit this type of geometry - two 

primary channels develop roughly perpendicular to one another, with additional 

branching occurring off of these axes.  In this work the main channel is referred to as 

the long axis; the secondary channel is the short axis (Fig. 4.1).  

 The long and short axes for each flash were determined from all LMA sources 

in the flash (all strokes).  The sum of the lengths of these lines approximates the total 

horizontal channel length of the entire flash, not including any branching.   

 Inspection of the development of the flash helped identify appropriate 

endpoints used to draw a line from the outermost LMA sources of the two primary 

branches of the horizontal channel.  Drawn from the plan view of the total flash, the 

length of resulting line represents the length of each axis.  Next, measurements were 

made for the secondary (short) axis, which approximates the width of the entire flash.  

The secondary axis was examined and measured separate from the primary axis.  

However, the secondary axis was found to be oriented nearly perpendicular to the 

primary axis for the majority of flashes studied in this work.  The measurements of the 

short axis spanned from the outermost sources on one end to the outermost sources on 

the other end (Fig. 4.4).  
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Figure 4. 1 Schematic of the orientation of the long and short axis of a flash. The blue lines outline the area 
that represents the area of the flash in km2, calculated as the area of a kite. 

 The long and short axis measurements were also used to calculate the area of 

each flash.  Since the long and short axes in most flashes were nearly perpendicular 

and the short axis typically intersected the long axis off-center, these values were used 

as the long and short diagonals in the calculation of the area of a kite 

    𝐴𝑟𝑒𝑎%&'( = *+
,
- 𝑑+	𝑑,                  (1) 

where 𝑑+	is the long diagonal, or the long axis value, and 𝑑,	is the short diagonal, or 

short axis.  Figure 4.1 shows the outline of a kite on the example flash.  The kite does 

not encompass all of the LMA sources, though as a representation of the horizontal 

footprint of the flash it seems to be a fair approximation. 

 Another method that can be used to estimate the area of a flash is to calculate 

the area of an ellipse 

𝐴𝑟𝑒𝑎(00&12( = 	𝜋𝑎𝑏     (2) 
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where 𝑎 is the semi-major axis, or half of the long axis length, and 𝑏 is the semi-minor 

axis, or half the short axis length.  However, because the short axis was measured 

based on where the LMA sources were located, which was typically offset from what 

would be the origin of an ellipse as shown in Fig. 4.2, the short axis is not the same as 

a minor axis since it does not pass through the center of the ellipse, though it is a fair 

proxy.  

In this example, the long axis was found to be 44 km and the short axis 22 km.  

Using the formula for the area of a kite, the area of the example flash is 484 km2; 

using the formula for the area of an ellipse, the area is 760 km2.  Though each formula 

essentially halves the values of the long and short axis, the area of an ellipse include π, 

effectively increasing the calculated area using this method by a constant factor, π/2, 

when compared with the area calculations using the formula for the area of a kite.      

 

Figure 4. 2 The blue outline represents the area of the flash calculated as the area of an ellipse, with half the 
length of the long and short axes used as the semi-major and semi-minor lengths, respectively. 

 

Long Axis 

Sh
or

t A
xi

s 



Texas Tech University, Candace Wood, May 2018 

 
38 

 
Figure 4. 3 The dashed line is the distance measured along the long axis of the flash, approximately 44 km. 

 
Figure 4. 4 Measurement of the short axis, about 22 km long. 

Total Channel Length  
 Next, the horizontal channel length of the entire flash was taken.  Line 

segments ranging from 1 km to 10+ km in length mapped out the primary and 
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secondary channels of the flash.  These segments were added together to find the total 

horizontal channel length.  The user defines the line segments that measure the 

distance along a single, continuous line.  Furthermore, the user-defined line segments 

add consecutive lengths until the end of the line (user right clicks).  This forced 

measurements to be taken in parts and added together.  

 The black diamonds at the end and beginning of the dashed lines (Fig. 4.5) 

represent the location of a click of the cursor.  Overlapping diamonds connecting line 

segments signify a place a new line segment begins, but it will still be added with the 

previous line segments.  In other words, the line continues to the next point.   At the 

vertices where branching occurs, a new line segment usually begins.  This is shown as 

squares adjacent to but not overlapping other squares.  This new line is necessary 

because if a line was drawn from the end of the branch back to the main channel or if 

the branch was retraced, this would lead to the addition of spurious lengths.  

 
Figure 4. 5 Horizontal channel length measured from all LMA sources. Dashed black lines represent 
individual measurement segments, totaling about 87 km. 

 The primary channel of this flash begins where the deepest blue sources are 

found (farthest right in Fig. 4.5) then makes a sharp turn to the left.  Then after another 
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~5 km a secondary branch developed toward the south (turquoise to green sources).  

The first line drawn maps this path, all the way to the end of the initial secondary 

branch.  The length of this segment was recorded, and a new line started where the 

first line turned off of the primary channel.  From there, the primary channel was 

followed until the second branch, again to the south (green to yellow-green sources).  

Again, the line was terminated, the length recorded, and a third line started at the 

intersection of the primary and secondary channel.  This line follows the primary 

channel up until it forks (orange – red sources), where it tracks the right fork.  That 

line ends, and the final line measures the left fork of the primary channel.  If the flash 

had continued, one of the forks – the one that did not continue to progress – would 

likely have been considered a secondary branch and is therefore included in the total 

horizontal length.  The total horizontal length for this flash was 87 km.   

Interstroke Intervals 
 A similar process was used to determine the channel lengths of the interstroke 

interval.  First, all sources that occurred before the first strike to ground were extracted 

and displayed (Fig. 4.6).  These sources were put into animations usually lasting ~10 

seconds, and the development of that portion of the flash was examined.  The primary 

and secondary channels were identified visually, and channel lengths were measured.  

 Each of the three sections measured from this portion of the flash originated 

from the center of the flash, as represented by the three adjacent but not overlapping 

diamonds (Fig. 4.6).  The first section developed to the southeast of the center and 

consisted of two segments.  The second section measured was along the right fork (2 

segments) and added to the first line segment to give 13 km. The branching to the left 

of the main channel totaled approximately 5 km and was added to the first and second 

sections, totaling 18 km.   

 The density of sources along with the progression of the flash in time helped 

determine what constituted a branch.  For instance, the blue sources indicated by an 

arrow in Fig. 4.6 were not included in the summation of segments for several reasons.  

First there are relatively few sources, representing a length just at or less than 1 km 

(the approximate resolution assumed for this method).  Additionally, there was further 
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development in that direction with sources occurring concurrently in time across the 

width of the primary channel.  The width of the channel was visually determined, and 

the line segments are meant to follow down the approximate center of the channel.  

 
Figure 4. 6 Sources occurring before the first stroke to ground – 30 km. 

 This example flash had two strokes, so the next interstroke interval was that 

between the first and second stroke to ground.  Figure 4.7 shows the LMA sources 

associated with that period.  In choosing which kinks and bends in the channel to 

follow as the main channel retracing the later sources over the channel helps map out 

the primary channel.  Several red sources leading back toward the strike point (black 

triangle, Fig. 4.7) reveal at least some of the channel followed for measurement.  

These later red sources are indicative of ongoing electrical breakdown activity 

following the initial return stroke to ground and may be related to additional charge 

being accessed and injected into the ionized lightning channel.   There were only two 

lines that were summed to bring the length of this interval 30 km. 

3rd Section 
1st Section 

2nd Section 
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Figure 4. 7 Interstroke interval between the first and second stroke to ground, a total of 30 km.  

After the last stroke to ground a measurement was also made.  The branches 

included in the measurement for this portion of the flash are essentially the same as for 

the overall flash.  However, this measurement was slightly less than the total, yielding 

a total of 79 km of channel length (Fig. 4.8).  It is interesting to note that much of the 

total length of the channel was mapped out by these last sources.  The breakdown 

process following the last stroke to ground extended a greater distance horizontally, 

likely to reach yet untapped sources of charge.  The red sources that retrace the earlier 

green and blue path back toward the right side of Fig. 4.8 may be indicative of a failed 

leader to ground or may represent the neutralization of charge within the cloud, similar 

to an intracloud discharge. 
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Figure 4. 8 LMA sources occurring after the last stroke to ground, 79 km in length. 

Average Current Calculation 
 In order to test Heckman’s hypothesis, the average current for each flash would 

be needed.  However, this study differs from Heckman’s in terms of which portions of 

the lightning discharge process are attributed to the average current value.  Heckman’s 

model considers only the vertical channel to ground as the length over which the 

charge is transferred.  The LMA data used for this study represent the progression of 

multiple branches of the in-cloud lightning channels. These separate channels are 

assumed to collect charge from within each charge region, which is ultimately 

discharged quickly via the channel to ground. Therefore, the average current value 

derived using the method described below, represents the average current collected 

along LMA channels, not just along the channel to ground as described by Heckman 

(1992) and Williams (2006). One method used to derive the average current of a flash 
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given only peak current is to approximate the waveform of each stroke using the 

double exponential function from Heidler (1999) 

 
𝑖678(𝑡) =

<=>?
@
(𝑒A'/CD −	𝑒A'/CF)    (3) 

 

where Imax is peak current [kA], η is a correction factor of the peak current, and τ1 and 

τ2 are time constants for the current rise- and decay- times, respectively.  The 

parameters τ1, τ2, and η are fixed for each type of return stroke and were selected from 

the International Electrotechnical Commission’s (IEC) report on protection against 

lightning (IEC 2010), which are based on the International Council on Large Electrical 

Systems (CIGRE) data (Table 4.1).   

The current waveform of a lightning return stroke is characterized by a fast rise 

time followed by a much slower decay.  The rise and decay times vary for different 

types of return strokes – first negative stroke, subsequent negative stroke and first 

positive stroke. For first and subsequent negative strokes, the time it takes for the 

current to rise from 10% peak magnitude to 90% peak magnitude is usually several 

hundred nanoseconds to a few microseconds, denoted as T1 in Figure 4.9, and the 

decay time to 50% peak current (T2) is usually a few hundred microseconds.  Positive 

strokes typically have slightly longer rise times, around 10 µs, with decay times lasting 

hundreds of microseconds up to a few milliseconds (IEC 2010).  
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Figure 4. 9 From IEC 2010 Definitions of current parameters for strokes <2ms long 

These values are a good starting point, but to calculate the average current we 

need to look at the entire flash, not just from 10% peak magnitude during the rise to 

50% peak magnitude during the decay.  On the front end, setting T1 to zero for all 

return strokes captures the process starting at the very beginning of the flash. 

However, the decay portion of the waveform never reaches 0% peak magnitude, so it 

was not possible to define new values for T2 based on when the flash reached 0% peak 

magnitude on the decay end.  New values for T2 were determined by plotting Eq. 3 

using the parameters for each type of return stroke and identifying the time at which 

the peak current magnitude fell below 1%.  The revised values used in this study for 

T1 and T2 are given in Table 4.1. 

Table 4.1 Values of current parameters τ1, τ2, η, T1, T2 from IEC (2010) and revised T1, T2 used in this study. 

Parameters  1st Positive stroke 1st Negative stroke Subsequent Negative 
stroke 

η 0.93 0.986 0.993 
τ1 (μs) 19 1.82 0.454 
τ2 (μs) 485 285 143 

IEC T1 (μs) 10 1 0.25 
IEC T2 (μs) 350 200 100 

Revised T1 (μs) 0 0 0 
Revised T2 (μs) 2270 1315 660 
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   The next step in estimating the average current of each stroke is to integrate 

Eq. 1 which yields 

																				∫ <=>?
@
(𝑒A'/CD −	𝑒A'/CF)H2

H1 𝑑𝑡	 = 	− <	=>?CD
@

	𝑒A
K
LD +	 <	=>?CF

@
	𝑒A

K
LF	 																(4)  

When Eq. 2 is evaluated from T1 to T2, the result is an approximation of the amount of 

charge, Q, discharged during each individual stroke.   

																											− <	=>?CD
@

	𝑒A
(OFPOD)

LD + 	 <	=>?CF
@

	𝑒A
(OFPOD)

LF	 = 𝑄R																							(5)  

 
Though T1 and T2 are unique to each individual stroke, the available data did 

not allow for retrieval of these exact values for each stroke in this study.  The time 

data available came from the first LMA source associated with each flash and the 

NLDN time of each stroke to ground.  Various electrical breakdown processes occur 

between the time of the first LMA source and between each stroke to ground, 

processes that are not part of the current associated with each stroke. Evaluating Eq. 4 

using the revised T1 and T2 values provided in Table 4.1 limits the integration to a time 

period associated with the stroke waveform.  However, the entire time period from the 

first LMA source to the first stroke and the time between each stroke is representative 

of the time it takes to accumulate the charge along the lightning channel before it is 

discharged during the stroke to ground.  So, taking the result of Eq. 5 and dividing by 

the time from the first LMA to the first stroke or the time between strokes provides an 

average current for each stroke (Eq. 6).  Assuming there is a steady flow of current in 

the lightning channel from the time of the first LMA source, ti , to the time the channel 

connected to ground, tn , the time between those two events can be used to estimate the 

average current for a single stroke flash.   

																																																										 TD
'DA	'U

= 𝐼7WXD																																															(6)                                           
 

 The average current for multiple stroke flashes was found by summing the 

charge of each stroke then dividing by the duration of the flash.  The duration of the 

T2 

T1 
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flash in multiple stroke flashes was found by taking the difference in time from the 

first LMA source to the time of the last stroke to ground (tf – ti) 

 

																																																		TDZ	T[Z	T\
'\A	'U

= 𝐼𝒂𝒗𝒈																																									(7)  
 
 Although there are usually LMA sources that occur after the final stroke to 

ground, the time of the final stroke to ground was selected as the end of the duration of 

the flash because any LMA sources detected after the last stroke to ground are likely 

indicative of continued branching and extension of the in-cloud portion of the 

lightning channel within the cloud.  Since the charge associated with LMA events 

detected after the last stroke to ground is ultimately deposited where the leader 

carrying the charge terminates, resulting in a redistribution of charge rather than 

depletion of charge during a discharge process, it is not included in the calculation of 

average current.  However, if there is a continuing current (lasting several 10s to 100s 

of milliseconds), some LMA sources that occur after the last stroke to ground might be 

linked to the transfer of charge from the cloud to ground during that process.  There is 

no way to discern LMA sources associated with continuing current from the available 

data.    
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CHAPTER V 

RESULTS  

Channel Length & Current 
  Figure 5.1 shows the peak current amplitude of the first stroke from each flash 

versus total channel length (horizontal length measured from LMA sources in the entire 

flash plus vertical channel length).  Channel lengths from all flashes ranged from 

approximately 14 – 175 km with peak currents from 6 – 125 kA.  Negative flashes tended 

to have lower peak current values and shorter channel lengths than positive flashes.   

However, the peak currents in Figure 5.1 are only from the first stroke of each flash, so 

subsequent strokes of multiple stroke flashes are not shown.  Furthermore, the channel 

lengths were measured from all LMA sources in each flash and therefore may not 

accurately reflect the channel length associated with the first stroke.  Finally, since peak 

current is not a measure of how much charge was transferred in each stroke it cannot used 

to directly assess if there is some value at which a lightning channel becomes unstable, 

resulting in multiple strokes. 

 A multivariate t-test, Hotelling’s T-square Test, was used to assess the mean 

distributions of the multiple stroke and single stroke populations depicted in Fig. 5.1.    

The results indicate the mean distributions of the two populations are not significantly 

different since p-value > a = 0.05 and F < Fcrit = 3.06: (T2 = 1.01, F = 0.50, df = 2, 

136; p = 0.605).  A second test comparing the multiple stroke and single stroke 

populations was conducted using the peak current and the channel length of the first 

stroke to ground.  In this case, the results indicate the two populations were 

significantly different as p-value < a = 0.05 and F < Fcrit = 3.06: (T2 = 17.74, F = 8.81, 

df = 2, 147; p = 0.00024).  The average channel length of the first stroke for multiple 

stroke flashes is 21 km; for single stroke flashes the average channel length is 30 km.  

 A similar pattern emerges when peak current is plotted against the interstroke 

channel length (horizontal plus vertical length) for each stroke to ground (Fig. 5.2).    

The channel length of sources that occurred after the last stroke to ground was not 

included, as there was no subsequent stroke to ground or peak current associated with 
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those sources.  Figure 5.2 shows a similar distribution of points as Fig. 5.1, in that 

positive strokes tend have longer channel lengths and larger peak currents than 

negative strokes.   

 
Figure 5. 1 Peak current of the first stroke in each flash versus total channel length (of entire flash). 

 

 
Figure 5. 2 Peak current of each stroke versus total interstroke channel length. 
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 In the plot of average current [A] of the entire flash (calculated using the 

double exponential integration method) versus total channel length (Fig. 5.3), the same 

general distribution of flashes with regard to polarity is present.  Negative flashes tend 

to have lower average currents and shorter channel lengths, whereas positive flashes 

have generally higher average currents and longer channel lengths.  Nearly all of the 

multiple stroke –CGs have average currents between 10 – 100 A with channel lengths 

ranging from 16 – 95 km.  The multiple stroke +CGs have the highest average currents 

and channel lengths overall; however, the sample size of this group is small (10 

flashes), so any patterns observed from this sample may not be representative of all 

multiple stroke +CG flashes.  There does not appear to be any obvious separation 

between single stroke and multiple stroke flashes of either polarity in terms of channel 

length or average current.  

 
Figure 5. 3 Average current of the entire flash versus total channel length. The dashed line indicates the limit 
of +CG flashes, and roughly delineates the separation between single stroke +CG and –CG flashes.  
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There does appear to be a distinct separation between positive and negative 

single stroke flashes.  The dashed line in Fig. 5.3 indicates the limit of single stroke 

positive CG flashes (no positive flashes fall to the left of the line).  The majority of 

negative flashes fall to the left of the dashed line; of the negative flashes that are to the 

right, nearly all are multiple stroke flashes.  

Figure 5.4 shows the average current of each stroke plotted against the total 

channel length of each stroke from all flashes as well as two lines that represent the 

minimum stable current as a function of channel length for two constant values of the 

characteristic cooling time, τ, as depicted in Fig. 27 of Heckman’s 1992 dissertation.  

Heckman selected 100 µs as the upper bound and 20 milliseconds as a lower bound for 

the characteristic cooling time.  He then drew a curve of what he thought the minimum 

stable current as a function of channel length might be.  Heckman posited that the if 

the average current and channel length of the strokes from a hundred flashes were 

plotted on a figure like Fig. 5.4, that “those points corresponding marking current and 

channel length of discrete strokes would be divided from points marking current and 

channel length of continuing currents by a simple curve.”  Though the results depicted 

in Fig. 5.4 do not indicate strokes with continuing current, there is no clear separation 

of single strokes and multiple strokes as expected by Heckman.  Furthermore, most of 

the data points in Fig. 5.4 fall outside of Heckman’s presumed upper boundary for 

characteristic cooling time (τ = 20 ms) and below Heckman’s best guess of what the 

minimum stable current as a function of channel length might be.   

Though no clear separation of flashes based on multiplicity is apparent, 

separation of flashes based on polarity is once again evident.  Positive flashes are 

grouped together at longer channel lengths and generally larger average current values 

than negative flashes.  The separation of flashes based on polarity is roughly 

demarcated by the dashed line added by the author, which separates the majority of 

positive flashes from negative flashes.  While there are a few positive strokes that are 

plotted to the left of the dashed line, the vast majority of positive strokes fall to the 

right of the line.  The negative strokes that fall to the right of the line are mostly 

strokes associated with multiple stroke flashes.  
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Figure 5. 4 Average current of each stroke versus interstroke channel length.  From Heckman (1992): 
minimum stable current for two values of characterisitic cooling time τ (dashed black lines) and Heckman’s 
best guess of what the minimum stable current as a function of channel length is (solid line). The dashed red 
line represents a lower limit for +CGs, and the dashed blue line represents an upper limit for –CGs. 

Figure 5.5 shows the same data as Fig. 5.4 without Heckman’s characteristic 

cooling time boundaries and best guess for how the minimum stable current varies as a 

function of channel length.  The distribution of flashes with regard to polarity is 

evident, with negative flashes tending to have smaller channel lengths and lower 

average current values than positive flashes.  The similarity between the two plots is 

expected since the average current values were derived from the peak current of each 

stroke.  The red dashed line represents the lower limit of positive strokes, and the blue 

dashed line represents the upper limit of negative strokes. 
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Figure 5. 5 Average current of each stroke versus interstroke channel length. The dashed red line represents 
a lower limit for +CGs, and the dashed blue line represents an upper limit for –CGs. 

Flash Area 
 Flash area, calculated from the long and short axis lengths using formulas for 

the area of an ellipse and area of a kite, is plotted against total channel length (sum of 

the horizontal segments measured from the entire flash) in Fig. 5.6.  A power law 

regression was applied to each dataset; the resulting trendlines, equations, and R2 

values are displayed on Fig. 5.7.  Both methods for calculating area (ellipse and kite) 

yielded the same R2 = 0.92, as well as the same power or slope = 1.65.  As noted 

previously, the flash area calculated using the area of an ellipse is expected to be 

larger than areas calculated using the area of a kite by a factor of π/2.  This effect is 

evident in Fig. 5.7 as an upward shift in the ellipse data points.   
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Figure 5. 6 Flash area calculated as the area of ellipse and a kite versus horizontal channel length (of entire 
flash). Trendlines and equations were found using a power law regression. 

 Figure 5.7 and Fig. 5.8  again show horizontal channel length versus flash area 

(kite and ellipse, respectively), but break down the full dataset into each category of 

polarity and multiplicity.  Values of R2 are the same in each category in each graph, as 

would be expected given the same long and short axis lengths were used to calculate 

the flash area as a kite and as an ellipse.  However, R2 values vary for each category of 

polarity and multiplicity.  The lowest R2 value, R2 = 0.78, is associated with single 

stroke, negative CG flashes.  Single stroke, positive CG flashes have R2 = 0.91, and 

multiple stroke, negative CGs have R2 = 0.91.  Multiple stroke, positive flashes have 

the highest value, with R2 = 0.94. 

 The values of slope for single negative CGs (1.47) and for multiple stroke 

negative CGs (1.51) are very close to the fractal dimension D = 1.5 that Bruning and 

Thomas (2015) recommended be used to estimate total flash length.  Bruning and 

Thomas (2015) also estimated total channel length using a fractal dimension D = 1.7, 
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close to the slope values for single positive CGs (1.74) and multiple positive CGs 

(1.72). 

 
Figure 5. 7 Horizontal channel length versus flash (kite) for each category of flash polarity/multiplicity.  

 
Figure 5. 8 Horizontal channel length versus flash area (ellipse) for each category of flash 
polarity/multiplicity.   
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CHAPTER VI 

DISCUSSION & CONCLUSIONS 

Channel Length & Current 
 Overall, negative CG flashes tended to have lower peak current values, as well 

as shorter channel lengths compared to positive CG flashes.  This general pattern is 

also evident when comparing the total interstroke channel length with peak current 

values of each stroke.  With regard to multiplicity, single stroke and multiple stroke 

flashes of both polarities exhibited a similar range of channel lengths and peak current 

values.   

 In Fig. 5.1, the peak current value is from the first stroke of each flash (no 

subsequent strokes are included) and it is a peak current (not average current), 

therefore, these data may not adequately describe the relationship between current 

flow and channel instability leading to subsequent strokes.  While there is a general 

separation of flashes based on polarity, no clear separation of flashes with regard to 

multiplicity is evident in Fig. 5.1.  The results of Hotelling’s T-square Test for peak 

currents and whole channel length between single stroke and multiple stroke flashes 

support this observation. 

However, when the channel length of the first stroke to ground and peak 

current were evaluated using Hotelling’s T-square Test, the difference in the mean 

distributions between the single stroke and multiple stroke flash populations was 

significant.  The average channel length for multiple stroke flashes is approximately 

33% less than the average channel length for single stroke flashes.  This result 

indicates some factor limits the lightning channel development for the first stroke in 

multiple stroke flashes as compared to single stroke flashes.  One possible explanation 

is that the onset of the second stroke to ground is the limiting factor.  Whereas the 

lightning channel in a single stroke flash continues to develop and tap additional 

charge within the cloud, for multiple stroke flashes this continued development is 

terminated when the second return stroke reaches the ground.   

 When peak current values for all strokes to ground in each flash are plotted 

against total channel length (Fig. 5.2), there is still no clear separation of strokes based 
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on multiplicity.  However, the separation of data points with regard to polarity is still 

evident, and even appears to be more distinct than in the previous figure.  In particular, 

very few positive CG strokes penetrate the dense grouping of negative CG strokes in 

the lower left portion of the scatter plot (Fig. 5.2).  While some negative CG strokes 

have channel lengths nearly as long as positive CG strokes, there are very few 

negative CG strokes with channel lengths and peak currents as high as most of the 

positive CG strokes. 

 The separation of flashes based on polarity is also evident when examining 

average current and channel length.  Overall, negative flashes are grouped to the lower 

left of the scatter plot (Fig. 5.3), with shorter total channel lengths and lower average 

current values, while positive flashes dominate the upper right-hand portion of Fig. 

5.3.  These results directly contradict Williams’ (2006) assertion that because the 

negative charge region is higher above ground than the positive charge region, 

negative flashes would tend to have longer channels lengths.  It is evident in Fig. 5.5 

that overall negative flashes have shorter channel lengths than positive flashes.  

Though no clear separation of strokes based on multiplicity is evident, the distinct 

separation based on polarity is noteworthy because it points to some underlying 

physical process that limits negative flashes to shorter channel lengths. 

For negative flashes, the in-cloud lightning channel grows as positive leaders 

extend into negative charge regions.  Since it is “easy” for positive leaders to grow 

(Figs. 2.4 & 2.5), the threshold for continued growth is lower, which leads to lower 

levels of current being fed into the channel.  This low current may lead to the channel 

becoming more resistive and ultimately cutoff.  At longer channel lengths, more 

current must be fed into the channel to keep it conductive.  For negative flashes, 

maintaining that level of current infusion is limited by the amount of current flowing 

from positive leaders within the cloud.  The upper limit represented by the blue dashed 

line in Fig. 5.5 may be interpreted as a sort of limit on the amount of current that can 

be infused by the in-cloud positive leaders.  

 For positive flashes, the in-cloud channel grows as negative leaders extend into 

positive charge regions.  This end of the branch is “hard”, which means a higher 
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threshold must be met for continued growth.  This results in higher amounts of current 

being injected into the channel.  The result is the lightning channel remains conductive 

longer, allowing for the development of longer channel lengths and larger current 

values.  Indeed, the results presented in this study show that positive flashes tend to 

have longer channel lengths and larger current values than negative flashes.  

Furthermore, this asymmetry may help explain why there are so few multiple stroke 

positive flashes compared to negative flashes – the channel is less likely to become 

resistive and cutoff with the higher amounts of current infusion from the negative 

leader. 

The lower limit for positive flashes may also be influenced by these 

differences between negative and positive leaders.  For positive flashes, the higher 

threshold required for negative leaders to develop and become self-propagating may 

be the limiting factor.  The red dashed line may be interpreted as representing the 

minimum current required for a given channel length for positive CGs to develop and 

reach ground.  Since the in-cloud negative leaders must overcome a higher electric 

field threshold than positive leaders, more charge is accumulated and the initial current 

injection into the channel to ground is higher in positive CGs than negative CGs.  

The conditions that produce flashes that fall within the area of overlap between 

the upper and lower limit in Fig. 5.5 may provide additional insight as to the external 

conditions that influence flash characteristics.  Following the previous analysis, the 

conditions that allow for the development of negative CGs with larger average current 

values (within the upper portion of the overlap region) must be such that there is 

enough negative charge available to maintain a steady infusion of current into the 

positive leaders within the cloud.  This suggests that negative flashes falling within the 

upper portion of the overlap region originate within a dense region of negative charge 

which would provide an abundant, steady source of charge sufficient to maintain the 

positive leader growth.  For positive flashes with lower average currents and shorter 

channel lengths that fall at the lower end of the overlap area, the conditions within the 

cloud would be such that less current is infused into the channel via the in-cloud 

negative leaders.  Positive flashes originating within a region of relatively lower 
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charge density might experience lower infusions of current into the lightning channel, 

thus leading to lower overall average currents and shorter channel lengths. 

Positive flashes exhibit a wide range of average current values at various 

channel lengths, though, as previously noted, positive flashes tend to have longer 

channel lengths and higher average currents overall when compared to negative 

flashes.  These results are likely partially influenced by the inherent bias of the LMA 

data, which results in more LMA sources being mapped within the positive charge 

regions, thus leading to better resolution, and therefore better measurements, of the in-

cloud portions of positive flashes.  The better resolution of the in-cloud portions of 

positive flashes could have contributed to longer measurements of channel length for 

positive flashes.  However, during the data selection process, flashes of both polarities 

were only selected if there were sufficient LMA sources to identify the extent of the 

in-cloud channel branching.  This screening of flashes therefore limited the potential 

bias introduced by having more LMA sources within positive charge regions. 

It is important to note that the positive flashes selected for this study all had 

first stroke peak currents greater than 10 kA.  This likely skews the results for positive 

flashes toward slightly higher currents (both peak and average).  However, this bias 

alone cannot account for the distinct separation between positive and negative strokes 

evident in Fig. 5.5. 

 Another factor that contributes to the generally higher values of average 

current in positive CGs are the IEC (and revised) decay time parameters.  For positive 

CGs, the IEC decay time is 1.75 times the decay time used for negative CGs.  The 

revised decay times used in this study exhibit nearly the same ratio: the positive CG 

decay time is 1.73 times that used for negative CGs.  To test how much the decay time 

impacts the average current values, two scenarios were checked.  First, the decay tine 

for positive strokes was decreased by a factor of 1.75.  This resulted a decrease ~2 A 

for positive strokes.  The second scenario increased the decay time for negative 

strokes by a factor of 1.75.  This resulted in an increase of ~0.2 A for all negative 

strokes. These results indicate the larger decay time used for positive flashes may 

result in slightly higher average currents for positive flashes, however the effect from 
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the difference in decay time parameters does not explain the gap between the upper 

limit for negative flashes and the lower limit for positive flashes. 

 Figure 5.4 also shows Heckman’s proposed upper and lower bounds for the 

characteristic cooling time and best guess for a line separating stable and unstable 

channels.  The primary difference between this work and Heckman’s work is that 

Heckman considered only the vertical portion of the lightning channel as the length 

pertaining to average current.  This work considers the summation of in-cloud 

branching and the vertical channel length as the total channel length over which the 

charge is transferred from cloud to ground and to which the value of average current is 

applied.  This results in much larger channel lengths in this work when compared to 

Heckman’s work, and makes it difficult to examine these results in the context of 

Heckman’s proposal that if the channel length and average current of 100 strokes were 

plotted on a figure similar to Fig. 5.4, unstable (multiple stroke) flashes would be 

separated from stable (single stroke, continuing current) flashes.  Though no such 

separation of flashes based on multiplicity is evident, the separation of flashes based 

on polarity is clear.  Heckman (1992) and Williams’ (2006) instability criteria focused 

on the cooling of the channel to ground, which, they argued, meant that longer channel 

lengths would be more susceptible to the effects of cooling and therefore were more 

likely to become cut off.  The results presented in this study suggest that the physical 

processes associated with the development of the in-cloud portions of the lightning 

channel are the primary influence on total channel length and stability.  However, 

though Heckman’s model may not apply to the entire lightning flash as a whole, the 

theory may still be an appropriate model for some parts of the lightning flash process.  

For a smaller segment of the lightning channel such as between branches or for each 

step, there may be some critical value of RC and the characteristic cooling time that 

leads to instability and to that segment of the lightning channel becoming cutoff.  

Whether the cutoff in that particular segment leads to further instability along the 

lightning channel or not may be influenced by the amount of current being infused 

into the channel further upstream.   
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 This work built on the concepts presented by Heckman (1992) and Williams 

(2006) that the relationship between average current and CG lightning channel length 

may account for some of the observed polarity asymmetry between positive and 

negative CGs.  The results presented in this study support previous observations of CG 

lightning flashes, namely that positive CGs tend to exhibit higher peak (and average) 

current values and longer channel lengths than negative CGs.  In examining the 

average currents of many strokes of both polarities, an upper limit for negative CGs 

and a sort of lower limit for positive CGs emerged.  When interpreted in the context of 

the physical processes of the in-cloud leaders, the upper limit for negative CGs seems 

to stem from the relatively low levels of current infused into the lightning channel by 

the in-cloud positive leaders.  The lower limit for positive CGs may be representative 

of the initial threshold that negative leaders must overcome for continued 

development. 

 As technology advances and more detailed observations are made of the entire 

lightning discharge process, the questions surrounding the observed differences 

between positive and negative lightning will slowly be answered and new questions 

will likely arise.  The results presented in this work provided direct measurements of 

some physical characteristics of CG lightning.  Interpretation of these results within 

the context of polarity asymmetry and the differences between positive and negative 

leader development supports the idea that the in-cloud leader development process 

likely influences channel stability and potentially CG multiplicity.

Flash Area 
 The relationship between channel length and total flash area is very strong, 

however that is partially to be expected since the computations for flash area were 

performed using the long and short axis lengths.  These values were measured as roughly 

perpendicular, straight lines for the purpose of estimating total area.  Measurements of 

total channel length were larger than if one were to simply add the long and short axis 

lengths together because total channel length followed the branching and kinks found 

along the horizontal portion of the lightning channel.  Researchers interested in retrieving 

channel lengths from area footprints of lightning may find these results useful. 
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 Looking at the multiple and single stroke flashes separately and with regard to 

polarity may give some insight as to the correlation of each type of flash with area.  As 

with peak current, polarity segregation is evident when the total horizontal channel length 

is plotted against total flash area.  Single stroke flashes (Figs. 5.6 and 5.7) tend to have 

smaller overall areas and shorter total channel lengths compared to positive CGs.  The 

correlation for length and area for all flashes was strong, with an R2 of 0.92  

 Although there are fewer positive multiple stroke CGs, they did have the largest 

flash areas and channel lengths compared with their negative counterparts (Figs. 5.6 and 

5.7).  The correlation was strongest for the positive multiple stroke flashes, R2 = 0.94 

overall.   

The slopes for each of the flash categories are very similar to the fractal 

dimensions examined by Bruning and Thomas (2015).  While the negative CGs had 

slopes very close to the fractal dimension D = 1.5 recommended for use by Bruning and 

Thomas (2015), the slopes for positive CGs was closer to 1.7.  Interestingly, the 

estimated channel lengths Bruning and Thomas (2015) found using D = 1.7 were 

generally much larger than those found using D = 1.5.  As was previously noted, the data 

in this study show that positive CGs have larger channel lengths overall compared to 

negative CGs.  This suggests that using a fractal dimension D = 1.7 may be more 

appropriate for positive flashes.    



Texas Tech University, Candace Wood, May 2018 

 
63 

BIBLIOGRAPHY 
 
Bruning, E. C., and R. J. Thomas, 2015: Lightning channel length and flash energy 

determined from moments of the flash area distribution, J. Geophys. Res. 
Atmos., 120, 8925–8940. doi:10.1002/2015JD023766. 

 
Coleman, L. M., T. C. Marshall, M. Stolzenburg, T. Hamlin, P. R. Krehbiel, W. Rison, 

and R. J. Thomas, 2003: Effects of charge and electrostatic potential on 
lightning propagation. J. Geophys. Res., 108, 4298. 

 
Coleman, L. M., M. Stolzenburg, T. C. Marshall, and M. Stanley, 2008: Horizontal 

lightning propagation, preliminary breakdown, and electric potential in New 
Mexico thunderstorms, J. Geophys. Res., 113, D09208. 
doi:10.1029/2007JD009459 

 
Cummins, K.L., M. J. Murphy, E. Z. Bardo, W.L. Hiscox, R. B. Pyle, and A. E. Pifer, 

1998: A Combined TOA/MDF technology upgrade of the U.S. National 
Lightning Detection Network. J. Geophys. Res., 103, 9035-9044.  

 
Cummins, K. L., and M. J. Murphy, 2009: An overview of lightning locating systems: 

History, techniques, and data uses, with an in-depth look at the US 
NLDN, IEEE Trans. Electromag. Compat., 51(3), 499–518.  

 
Heckman, S., 1992: Why does a lightning flash have multiple strokes?, Dept. of Earth, 

Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology, 
124 pp. 

 
Heidler, F., J. M. Cvetic, and B. V. Stanic, 1999: Calculation of lightning current 

parameters. IEEE Transactions on Power Delivery. 14(2), 399-404. 
 
IEC (International Electrotechnical Commission) 62305-1, 2010: Protection against 

lightning – Part 1: General principles.  
 
Jerauld, J., V. A. Rakov, M. A. Uman, K. J. Rambo, D. M. Jordan, K. L. Cummins, 

and J. A. Cramer, 2005: An evaluation of the performance characteristics of 
the U.S. National Lightning Detection Network in Florida using rocket‐
triggered lightning. J. Geophys. Res., 110, D19106. 

 
Kasemir, H. W., 1960: A contribution to the electrostatic theory of a lightning 

discharge. J. Geophys. Res., 65, 1873– 1878. 
 
Kasemir, H.W., 1983: Static discharge and triggered lightning, Proc., 8th Intl. Aerosp. 

and Gnd. Conf. on Lightning and Static Elec., Ft. Worth, TX, June 21 – 23, 



Texas Tech University, Candace Wood, May 2018 

 
64 

24.1 – 24.11. 
 
 
Koshak, W. J., H. S. Peterson, E. W. McCaul, and A. Biazar, 2010: Estimates of the 

Lightning NOx profile in the vicinity of the North Alabama Lightning 
Mapping Array. The 21st International Lightning Detection Conference and 3rd 
International Lightning Meteorology Conference, Orlando, FL, April 19 – 22, 
13 pp.  

 
Krehbiel, P. R., M. Brook, and R. A. McCrory, 1979: An Analysis of the Charge 

Structure of Lightning Discharges to Ground. J. Geophys. Res., 84, 2432-2456. 
 
Lang, T.J. and Coauthors, 2004: The severe thunderstorm electrification and 

precipitation study. Bulletin of the American Meteorological Society, 85, 1107-
1125. 

 
Lapierre, J. L., R. G. Sonnenfeld, H. E. Edens, and M. Stock, 2014: On the 

relationship between continuing current and positive leader growth. J. 
Geophys. Res. Atmos., 119, 12 479- 12 488. 

 
Lapierre, J. L., R. G. Sonnenfeld, M. Stock, P. R. Krehbiel, H. E. Edens, and D. 

Jensen, 2017: Expanding on the relationship between continuing current and 
positive leader growth. J. Geophys. Res. Atmos., 122, 4150-4154. 

 
MacGorman, D. R., A. A. Few, and T. L. Teer, 1981: Layered lightning activity, J. 

Geophys. Res., 86(C10), 9900–9910. 
 
MacGorman, D. R. and W. D. Rust, 1998: The Electrical Nature of Storms. Oxford 

University Press, 422 pp. 
 
MacGorman, D. R., W. D. Rust, P. Krehbiel, W. Rison, E. Bruning, and K. Wiens, 

2005: The electrical structure of two supercell storms during STEPS. Mon. 
Wea. Rev., 133, 2583–2607. 

 
MacGorman, D. R., et al., 2008: TELEX: The Thunderstorm Electrification and 

Lightning Experiment, Bull. Am. Meteorol. Soc., 89, 997 – 1013. 
 
Mazur, V., and L. H. Ruhnke, 1993: Common physical processes in natural and 

artificially triggered lightning, J. Geophys. Res., 98(D7), 12913–12930. 
 
Mazur, V., 2002: Physical processes during development of lightning flashes. 

Comptes Rendus Physique, 3, 1393-1409. 
 
 
Nag, A., and Coauthors, 2011: Evaluation of U.S. National Lightning Detection 



Texas Tech University, Candace Wood, May 2018 

 
65 

Network performance characteristics using rocket‐triggered lightning data 
acquired in 2004–2009. J. Geophys. Res., 116, D02123. 

 
Orville, R. E., G. R. Huffines, W. R. Burrows, R. L. Holle, and K. L. Cummins, 2002: 

The North American Lightning Detection Network (NALDN) First Results: 
1998 – 2000. Monthly Weather Review, 130, 2098-2109. 

 
Orville, R. E., G. R. Huffines, W. R. Burrows, and K. L. Cummins, 2011: The North 

American Lightning Detection Network (NALDN) – Analysis of Flash Data: 
2001 – 09. Monthly Weather Review, 139, 1305-1322. 

 
Proctor, D. E., 1983: Lightning and precipitation in a small multicellular 

thunderstorm. J. Geophys. Res., 88(C9), 5421-5440. 
 
Rakov, V.A., and M.A. Uman, 2003: Lightning Physics and Effects. Cambridge 

University Press.  
 
Rison, W., R. J. Thomas, P. R. Krehbiel, T. Hamlin, and J. Harlin, 1999: A GPS-based 

three-dimensional lightning mapping system: Initial observations in central 
New Mexico. Geophys. Res. Lett., 26, 3573-3576. 

 
Rust, W. D., and D. R. MacGorman, 2002: Possibly inverted-polarity electrical 

structures in thunderstorms during STEPS. Geophys. Res. Lett., 29, 1571. 
 
Rust, W. D., and Coauthors, 2005: Inverted-polarity electrical structures in 

thunderstorms in the Severe Thunderstorm Electrification and Precipitation 
Study (STEPS). Atmospheric Research, 76, 247-271. 

 
Stolzenburg, M., W. D. Rust, B. F. Smull, and T. C. Marshall, 1998a: Electrical 

structure in thunderstorm convective regions. Part I: Mesoscale convective 
systems. J. Geophys. Res., 103, 14 059–14 078. 

 
Stolzenburg, M., W.D. Rust, B. F. Smull and T. C. Marshall, 1998b: Electrical 

structure in thunderstorm convective regions. Part II: Isolated storms. J. 
Geophys. Res., 103, 14 079–14 096. 

 
Stolzenburg, M., W.D. Rust, B. F. Smull and T. C. Marshall, 1998c: Electrical 

structure in thunderstorm convective regions. Part III: Synthesis. J. Geophys. 
Res., 103, 14 097–14 108. 

 
 
Thomas, R. J., P. R. Krehbiel, W. Rison, S. J. Hunyady, W. P. Winn, T. Hamlin, and 

J. Harlin, 2003: The LMA Flash Algorithm. Proc. 12th Int. Conf. on 
Atmospheric Electricity, Versailles, France, ICAE, 655-656. 

 



Texas Tech University, Candace Wood, May 2018 

 
66 

Thomas, R. J., P. R. Krehbiel, W. Rison, T. Hamlin, J. Harlin, and D. Shown, 2001: 
Observations of VHF source powers radiated by lightning. Geophys. Res. Lett., 
28, 143-146. 

 
Thomas, R. J., P. R. Krehbiel, W. Rison, S. J. Hunyady, W. P. Winn, T. Hamlin, and 

J. Harlin, 2004: Accuracy of the Lightning Mapping Array. J. Geophys. Res., 
109, D14207. 

 
Wang, Y., A. W. DeSilva, and G. C. Goldenbaum, 1998: Nitric oxide production by 

simulated lightning: Dependence on current, energy, and pressure. J. Geophys. 
Res., 103, 149-159. 

 
Wiens, K. C., S. A. Rutledge, and S. A. Tessendorf, 2005: The 29 June 2000 Supercell 

Observed during STEPS. Part II: Lightning and Charge Structure. Journal of 
the Atmospheric Sciences, 62, 4151-4177. 

 
Wiens, K. C., 2005: Kinematic, Microphysical, and Electrical Structure and Evolution 

of  Thunderstorms during the Severe Thunderstorm Electrification and 
Precipitation  Study (STEPS). PhD Dissertation Department of Atmospheric 
Science, Colorado State University. 

 
Williams, E. R., 1989: The Tripole Structure of Thunderstorms. J. Geophys. Res., 94, 

13151-13167. 
 
Williams, E. R., 2006: Problems in lightning Physics -- the role of polarity asymmetry. 

Plasma Sources Science and Technology, 15, S91-S108. 
 
Storm Prediction Center’s Sever Weather Events Archive 
http://www.spc.noaa.gov/exper/archive/events/  
 
Vaisala website accessed July 1, 2012  
http://www.vaisala.com/Vaisala%20Documents/Brochures%20and%20Datasheets/05
37_2011%20WCO-WEN%20Lightning%20Map.pdf  
  

 


