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ABSTRACT 

 

 Lightning data provide a valuable tool for examining interactions between multi-scale 

weather phenomena.  Weather events are determined by complex atmospheric interactions at 

various spatial and temporal scales.  Long-term climatologies facilitate discussion of average 

meteorological conditions and can help isolate the relative influence of multi-scale systems (e.g., 

synoptic scale, mesoscale, etc.) on local weather patterns.  Lightning datasets allow the 

development of large-scale, long-term climatologies.  These lightning climatologies then are 

compared with additional atmospheric observations (e.g., numerical models and radar) to 

examine the regional, seasonal, and storm-scale variability of thunderstorm characteristics.  The 

National Lightning Detection Network (NLDN) underwent a major upgrade during 2002–2003 

that increased its sensitivity and improved its performance.  Therefore, this study applies the 

same methodology to pre- and post-upgrade NLDN datasets to allow direct quantitative 

comparisons between them and thereby examine the influence of the recent upgrade on regional 

distributions of cloud-to-ground (CG) lightning characteristics.  Although seasonal variability 

must be understood to better define apparent relationships between storm properties and 

lightning production, seasonal differences are best described on the regional scale.  Therefore, 

this study also examines Florida’s seasonal, regional, and storm-scale CG variability during 

2004–09.  Since lightning data are recorded instantaneously and typically reported every minute, 

they also provide valuable information on storm-scale development and evolution.  Automated 

procedures are developed to create grids of lightning and radar parameters, cluster individual 

storm features, and data mine the lightning and radar attributes of many individual storms.  

These procedures facilitate detailed analysis of relationships between lightning and radar-derived 

parameters in many individual storms in the Mid-Atlantic Region during 2007–09.  A major goal 

of this research is to combine information about the near-storm environment, radar-defined storm 

structure, and both intra-cloud (IC) and CG lightning characteristics to better quantify 

relationships between storm structure, lightning production, and storm severity.   
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CHAPTER ONE 

INTRODUCTION 

 

 The National Lightning Safety Institute estimates that the yearly economic impact of 

lightning in the United States is $4 - $6 billion, which is comparable to hurricane-related losses 

(Curran et al. 2000).  Thunderstorm-related damages occur across all parts of the nation and are 

common each year, causing 45% of all weather-related insured property losses in the nation 

(Kunkel et al. 1999).  Although lightning activity is important in its own right, there also appear 

to be relationships between lightning characteristics and severe storms that produce large hail, 

tornadoes, damaging straight line winds, and flooding.  This link suggests that lightning data can 

be used to help assess the severe weather potential.   

Cloud-to-ground (CG) lightning data from the National Lightning Detection Network 

(NLDN; Orville et al. 2008) have been available to National Weather Service (NWS) forecasters 

for approximately a decade.  A few NWS forecast offices also receive valuable intra-cloud (IC) 

lightning data from local Lightning Mapping Array (LMA) and Lightning Detection and 

Ranging (LDAR) networks.  Since few NWS offices have real time access to these IC data, most 

offices must rely on insights gained by investigating data from the existing LMA and LDAR 

networks as they relate to NLDN, WSR-88D, and satellite-derived parameters.  Fortunately, the 

upcoming GOES-R satellite will house the Geostationary Lightning Mapper (GLM) which will 

provide all NWS offices with total lightning information (IC plus CG; Goodman et al. 2008).   

It is generally believed that a strong updraft in the mixed phase region of thunderstorms is 

required to produce lightning (e.g., Deierling et al. 2008).  Significant charging only occurs 

where graupel, ice crystals, and supercooled water droplets coexist (Deierling et al. 2008).  

Therefore, the separation of charge is effectively restricted to the charging zone, a vital region in 

thunderstorms wherein hydrometeors of multiple phases coexist (Deierling et al. 2005).  The 

upper limit of the charging zone is the level above which graupel, snow, and robust mixed phase 

microphysics can no longer be supported by the updraft (Deierling et al. 2005).  Previous studies 

have related the initiation of lightning to updrafts that are strong enough to launch hydrometeors 

into the mixed phase region (e.g., Bruning et al. 2007).  They showed that strong updraft pulses 

loft liquid precipitation above the melting level, where some hydrometeors freeze and serve as 
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graupel embryos.  Thus, the presence of liquid phase hydrometeors above the melting level also 

serves as a proxy for an updraft strong enough to support supercooled cloud water (Bruning et al. 

2007).   

Lightning data provide a valuable tool for examining interactions between multi-scale 

weather phenomena.  Weather events are determined by complex atmospheric interactions at 

various spatial and temporal scales.  Long-term climatologies facilitate discussion of average 

meteorological conditions and can help isolate the relative influence of the multi-scale systems 

(e.g., synoptic scale, mesoscale, etc.) on local weather patterns.  Lightning datasets allow the 

development of large-scale, long-term climatologies.  These lightning climatologies can be 

compared with other atmospheric observations (e.g., numerical models and radar) to examine the 

regional, seasonal, and storm-scale variability of thunderstorm characteristics.  Since lightning 

data are recorded instantaneously and typically are reported every minute, they provide valuable 

information on storm-scale development and evolution.  Specifically, the latency of traditional 

radar data (i.e., ~6 min) can obscure sudden changes in storm structure that may indicate severe 

storms.  Alternatively, knowledge of rapidly changing lightning patterns (i.e., 1-min intervals) 

can provide important information regarding updraft evolution and its relation to storm severity.   

Lightning-related fatalities and economic losses have inspired extensive CG lightning 

research, much of which has used data from the NLDN.  The NLDN began full-time operation in 

1989, and changing performance requirements have motivated major upgrades during 1994–95 

and 2002–03 (Cummins and Murphy 2009).  It is important to examine NLDN-derived CG 

characteristics following the most recent upgrade because regional verification studies and 

operational applications require knowledge of its detection capabilities.  Lyons et al. (1998) 

stated that “given the large regional variability in lightning characteristics, one might ask if they 

are truly meteorological in nature, or could they be in part artifacts of the measurements?”  

Cummins et al. (2005) also emphasized the need to differentiate between real climatological 

differences in measured lightning parameters and the performance of the lightning detection 

network.  Therefore, Chapter Two applies the same methodology to pre- and post-upgrade 

NLDN datasets to allow direct quantitative comparisons between them and thereby examine the 

influence of the recent upgrade on observed CG lightning characteristics.   

CG distributions are strongly influenced by seasonal and regional variations in 

atmospheric conditions.  Thus, analysis of CG characteristics and their relation to specific 
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changes in atmospheric conditions can help to better define the CG threat.  Many studies have 

described CG variability on both the seasonal and regional scales; however, ambiguity still 

remains in the relationships between atmospheric conditions, storm-scale processes, and CG 

characteristics.  Chapter Two presents regional CG distributions following the most recent major 

NLDN upgrade.  Postupgrade (2004–09) results confirm the findings of several preupgrade 

studies (e.g., Lyons et al. 1998a; Orville and Huffines 2001) that regional CG patterns are highly 

dependent on both the meteorological variability and NLDN detection capabilities.  Chapter Two 

also notes that seasonal variability must be examined to better define apparent relationships 

between storm properties and lightning production, but that seasonal differences are best 

described on the regional scale.  Therefore, Chapter Three examines Florida’s seasonal, regional, 

and storm-scale CG variability during 2004–09. 

Despite many previous studies, it is clear that robust relationships between storm 

dynamics, severe weather, and lightning activity have not been found (Steiger et al. 2007a).  

However, recent advances in lightning datasets and storm analysis techniques are improving our 

understanding of relationships between storm-scale processes and lightning production.  The 

recent emergence and expansion of IC lightning datasets hold great promise to both researchers 

and operational forecasters.  Although previous studies have shown that total lightning 

information (i.e., IC plus CG) is useful for improving severe storm warnings, this early research 

encountered difficulty tracking individual storms and isolating their lightning and radar 

characteristics.  Therefore, most of the previous studies examined only a few individual cases 

and a relatively small number of lightning and radar characteristics.  Since varying atmospheric 

conditions and storm structure influence lightning production, a large sample size is required to 

develop robust statistical relationships.  Therefore, we have developed automated Warning 

Decision Support System – Integrated Information (WDSS-II) procedures to create grids of 

lightning and radar parameters, cluster individual storm features, and data mine the lightning and 

radar attributes of many individual storms (Chapter Four).  These procedures facilitate detailed 

analysis of relationships between lightning and radar-derived parameters in many individual 

storms.  Our goal is to combine information about the near-storm environment, radar-defined 

storm structure, and both IC and CG characteristics to better quantify relationships between 

lightning characteristics, storm structure, and storm severity.   
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CHAPTER TWO 

PRE- AND POSTUPGRADE DISTRIBUTIONS OF NLDN 

REPORTED CLOUD-TO-GROUND LIGHTNING 

CHARACTERISTICS IN THE CONTIGUOUS UNITED STATES 

 

2.1     INTRODUCTION 

 

 Lightning-related fatalities and economic losses have inspired extensive cloud-to-ground 

(CG) lightning research, much of which has used data from the National Lightning Detection 

Network (NLDN).  The NLDN began full-time operation in 1989 (Orville 2008), and changing 

performance requirements have motivated major upgrades during 1994–1995 and 2002–2003 

(Cummins and Murphy 2009).  It is important to examine NLDN-derived CG characteristics 

following the most recent upgrade because regional verification studies and operational 

applications require knowledge of its detection capabilities.  Lyons et al. (1998) stated that 

“given the large regional variability in lightning characteristics, one might ask if they are truly 

meteorological in nature, or could they be in part artifacts of the measurements?”  Cummins et 

al. (2005) also emphasized the need to differentiate between real climatological differences in 

measured lightning parameters and the performance of the lightning detection network.  

Therefore, we apply the same methodology to pre- and post-upgrade NLDN datasets to allow 

direct quantitative comparisons between them and thereby examine the influence of the recent 

upgrade on observed CG lightning characteristics. 

 Several climatologies have described CG patterns over the contiguous United States prior 

to the 2002–2003 upgrade (e.g., Orville and Huffines 1999; Orville and Huffines 2001; Zajac 

and Rutledge 2001; Orville et al. 2002).  These climatologies documented the spatial and 

temporal distribution of CG flashes, as well as their polarity, estimated peak current (Ip), and 

multiplicity (i.e., number of return strokes).  They revealed complex patterns that showed strong 

geographical, diurnal, and inter-annual variability (Orville et al. 2002).  These studies also 

related variability in the CG distributions to varying environmental conditions and storm-scale 
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processes.  This large-scale meteorological variability is not affected by the NLDN technology 

and should be observed in both the pre- and post-upgrade climatologies.   

 Studies that have examined pre-upgrade relationships between the polarity, multiplicity, 

and Ip of CG flashes provided the background and motivation for the present investigation.  

Approximately 10% of global CG is +CG (Uman 1987), but this percentage varies by region and 

season (e.g., Orville and Huffines 2001).  Positive CG flashes typically consist of a single return 

stroke (e.g., Lyons et al. 1998), whereas the great majority of –CG flashes contain more than one 

return stroke, regardless of geographical location and storm type (Rakov and Huffines 2003).  

Orville et al. (2002) found that the first stroke –CG Ip increases with increasing multiplicity, 

whereas +CG Ip decreases with increasing multiplicity.  Thus, the strongest +CG flashes 

(greatest Ip) typically contain a single return stroke, while the strongest –CG flashes (greatest |Ip|) 

typically consist of multiple return strokes.   

The local mesoscale environment indirectly influences CG polarity by directly 

controlling storm structure, dynamics, and microphysics, and in turn, storm electrification (Carey 

and Buffalo 2007).  For example, the Northern Plains almost exclusively exhibits a combination 

of atmospheric conditions that lead to extraordinary vertical convective development and +CG 

dominated storms (Williams et al. 2005).  They identified a ridge of enhanced wet bulb potential 

temperatures that originates over the Gulf of Mexico and extends north to south along the eastern 

margin of the Rocky Mountains from Texas to the Dakotas.  They noted an unusual combination 

of enhanced instability and high cloud base height (CBH) along and just west of this north–south 

corridor.  Under these conditions, broad updrafts (scaled by higher cloud bases) likely result in 

less entrainment, greater updraft speeds, faster collision velocities in the mixed phase region, and 

reversed polarity charging (Carey and Buffalo 2007).  This geographic relationship underscores 

the interdependence between CG characteristics and environmental conditions. 

Increased NLDN sensitivity following the 2002–2003 upgrade affects CG measurements, 

and in turn the distributions of CG characteristics (Cummins et al. 2006).  This increased 

sensitivity provides impetus for the present study.  However, it is important to note that the 

increased post-upgrade NLDN sensitivity is not uniform and that the relocation of NLDN 

sensors during the upgrade also likely influences the post-upgrade distributions.  Cummins et al. 

(2006) described the post-upgrade sensitivity in terms of estimated minimum detectable Ip.  Their 

Fig. 5 showed that the estimated minimum detectable Ip varies regionally from 4 to 6 kA 
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following the upgrade.   Cummins and Murphy (2009) noted that NLDN geometry was not as 

good near the edges of the network, where sensors were located only on one side of the detected 

flash rather than encircling its location.  We do not directly address the role of sensor locations 

on the sensitivity of the post-upgrade NLDN, but mention it as an additional source of variability 

as suggested before the upgrade by Orville and Huffines (2001).   

 

     2.2      DATA AND METHODS 

 

 Our CG dataset was collected by the National Lightning Detection Network (NLDN) that 

is owned and operated by Vaisala Inc.  The NLDN reports the location, time, polarity, estimated 

peak current (Ip), and multiplicity of CG flashes.  The 2002–2003 upgrade resulted in a stroke 

detection efficiency (DE) of 60–80%, a flash DE of 90–95%, and a median location accuracy 

better than 500 m (Cummins and Murphy 2009).  The greatest improvements in NLDN detection 

capability were near the edges of the network, including Florida, the Gulf Coast, the West Coast, 

and the U.S.–Mexico border (Cummins et al. 2006).  Based on rocket triggered lightning data in 

Florida, Jerauld et al. (2005) found a post-upgrade stroke DE of near 100% for strokes having Ip 

greater than 30 kA, 60–70% for strokes between 10–30 kA, and less than 30% for strokes 

between 5–10 kA.   

 We separately analyzed five years of CG data preceding the 2002–2003 upgrade (1996–

1999, 2001) and six years following the upgrade (2004–2009).  The year 2000 was omitted 

because our NLDN archive is incomplete for that year.  These relatively short periods can be 

influenced by individual events and decadal or interannual variability.  Therefore, we focus on 

large-scale CG patterns and their differences in the pre- and post-upgrade datasets.  The present 

study only examines the Ip of the first return stroke, with +CG flashes defined by Ip greater than 

+10 kA (pre-upgrade), +15 kA (post-upgrade), and +20 kA (pre- and post-upgrade comparisons).   

All CG flashes were counted and averaged within 10×10 km grid cells to compute the 

average total CG, +CG, and –CG flash density, multiplicity, and Ip.  Multiplicity and Ip both 

were summed within each grid cell and divided by the flash count to obtain averages.  Flash 

counts were divided by the number of years and grid cell area (100 km2) to obtain units of 

flashes km-2 yr-1.  Since the choice of map color scales is somewhat arbitrary and can lead to 
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ambiguity, we also computed regionally averaged statistics to allow quantitative pre- and post-

upgrade comparisons and provide baseline post-upgrade regional values.  Regional averages 

were computed by dividing the total domain into five continental regions (Fig. 2.1) and two 

maritime regions (i.e., the Great Lakes, and the oceans within 100 km of shore).  Their 

boundaries were based on general climate divisions and CG lightning distributions. 

The capabilities and limitations of the NLDN should be discussed before proceeding.  

Both CG and IC flashes radiate electromagnetic energy over a large range of frequencies, 

producing pulses with a wide range of rise times and durations (Cummins and Murphy 2009).  

Lightning detection technologies monitor the low frequency (LF), very low frequency (VLF), 

and very high frequency (VHF) bands, and then process the detected waveforms to identify and 

locate CG and intra-cloud (IC) flashes.  Although the NLDN operates in the LF/VLF range and 

primarily focuses on CG lightning, it also detects pulses produced by strong IC flashes and the 

in-cloud components of CG flashes (Cummins and Murphy 2009).  Following the 1994–1995 

upgrade, Cummins et al. (1998) suggested that +CG reports with Ip less than 10 kA be 

considered IC flashes unless confirmed otherwise.   

There has been much recent discussion about the appropriate threshold for classifying 

weak NLDN reports as true CG flashes.  Following the 2002–2003 upgrade, Cummins et al. 

(2006) noted that +CG reports with Ip between 10 and 20 kA represent a mixture of CG and IC 

flashes, and Biagi et al. (2007) suggested the removal of weak +CG reports with Ip less than 15 

kA.  The number of ambiguous +CG reports (10–20 kA) increased following the 2002–2003 

upgrade due to the enhanced sensitivity of the new NLDN sensors and the relaxation of 

waveform criteria to allow limited IC detection (Cummins and Murphy 2009).  Specifically, 

Vaisala removed a narrow peak-to-zero rise time restriction during April 2006 to allow limited 

IC detection (Cummins et al. 2006).   

Removing the rise-time restriction influences the detection and classification of weak 

NLDN reports.  Fleenor et al. (2009) discussed the influence of this NLDN modification based 

on the results of a field campaign in the Central Great Plains during July 2005.  They found that 

13 of 229 (5.7%) video-recorded +CG strokes were not reported by the NLDN because of short 

peak-to-zero rise times in their waveforms.  Specifically, the small peak-to-zero rise time caused 

these reports to be misclassified as IC flashes; so they were not reported by the NLDN location 
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algorithm during July 2005.  Fleenor et al. (2009) noted that these flashes would be reported as 

IC flashes by the present NLDN algorithm (since April 2006).   

Fleenor et al. (2009) further determined that the present NLDN algorithm (since April 2006) 

could have reported 18 of 23 unreported single-stroke +CG flashes, but that 7 would have been 

erroneously classified as IC flashes.  Interestingly, the majority of weak –CG discharges (< 10 

kA) in +CG dominated storms also have been found to represent misclassified IC flashes 

(Cummins et al. 2006).  Fleenor et al. (2009) examined 204 misclassified CG flashes, noting that 

the NLDN would categorize 69% of them based on the polarity of the largest rapid excursion of 

the peak field rather than the polarity of the initial deflection.  They found that 59% of the 

misclassified pulses were assigned an incorrect initial polarity by the NLDN and that the 

classification problem appeared to be worse when the IC pulses were bipolar with nearly equal 

positive and negative peak amplitudes.  Since weak +CG and –CG NLDN reports influence CG 

distributions, we discuss their post-upgrade influence in the following sections.   

 

     2.3     RESULTS AND DISCUSSION 

 

 We first compare national distributions of annual total CG and strong +CC flash density 

(> 20 kA) before and after the 2002–2003 upgrade (Fig. 2.2).  Similar features appear in both the 

pre- and post-upgrade distributions of total CG flash density (Figs. 2.2a,c) and strong +CG flash 

density (Figs. 2.2b,d).  The total CG flash density distribution contains maxima over the Central 

and Southeast U.S. (Fig. 2.2a), with portions of Florida exhibiting greater than 9 CG flashes km-2 

yr-1.  Figure 2.2e illustrates differences in total CG flash density following the upgrade (i.e., post-

upgrade minus pre-upgrade).  Total CG densities are greater (positive values) in the Central, 

Midwest, and Northeast U.S. after the upgrade (> 1 flash km-2 yr-1), whereas smaller post-

upgrade values (negative values) occur over portions of the West and Southeast U.S.  The greater 

post-upgrade flash densities likely represent the improved detection efficiency mentioned by 

Cummins et al. (2006).  Conversely, reduced flash densities may represent improved 

classification methods (i.e., strokes vs. flashes and IC vs. CG) or differences due to inter-annual 

or decadal variations in lightning incidence.   
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Biagi et al. (2007) noted that as many as 95% of all +CG reports with Ip exceeding 20 kA 

are true CG flashes. Therefore, we used this threshold to define strong +CG flashes (> 20 kA) for 

pre- and post-upgrade comparisons.  The pre- and post-upgrade strong +CG flash density 

distributions generally exhibit similar features (Figs. 2.2b,d).  Post-upgrade results (Fig. 2.2b) 

show that greater than 0.15 +CG flashes km-2 yr-1 occur throughout the Great Plains, Midwest, 

and Central Gulf Coast, with values exceeding  0.35 +CG flashes km-2 yr-1 over portions of these 

regions.  The strong +CG flash density maximum in the Northern Plains now covers a larger area 

(Fig. 2.2b) and exhibits greater densities following the upgrade (Fig. 2.2f).  Interestingly, the 

strong +CG flash densities along the border of Louisiana and Mississippi are 0.1 flashes km-2 yr-1 

greater after the upgrade, despite a general decrease in the Southeast.   

We further examine pre- and post-upgrade +CG distributions since they provide 

additional insight into both NLDN detection capabilities and large-scale meteorological 

variability (Fig. 2.3).  As noted earlier, there does not appear to be a unique threshold for 

classifying a weak-positive report as a true +CG stroke; however, an Ip of +15 kA appears to be 

the value where the number of false CG reports equals the number of correct reports (Biagi et al. 

2007).   

Figure 2.3b reveals greater +CG flash densities following the upgrade, despite our use of 

the 15 kA threshold compared to 10 kA before the upgrade (Fig. 2.3a).  Larger areas of the 

Northern Plains and Gulf Coast now exhibit greater than 0.35 +CG flashes km-2 yr-1 (Fig. 2.3b), 

and both regions now contain maxima exceeding 0.45 +CG flashes km-2 yr-1.  Conversely, the 

larger +CG threshold (15 kA) reduces +CG flash densities in Florida.  Orville and Huffines 

(2001) also described the pre-upgrade +CG flash density maximum in Florida that is absent in 

our post-upgrade results.  Differing meteorological conditions (e.g., extreme individual events 

and interannual or decadal variability) likely contribute some of the observed differences 

between pre- and post-upgrade periods.  However, increased NLDN sensitivity, the use of a 

different weak +CG threshold, and modified flash discrimination criteria (IC vs. CG) also may 

contribute to the observed differences.   

Although +CG flash densities are greater in most regions following the upgrade (Figs. 

2.3a,b), average +CG percentages generally are smaller than before (Figs. 2.3c,d).  The national 

average +CG percentage decreases from 10.61% before the upgrade to 8.65% after (Table 2.1).  

Figure 2.3d reveals that the +CG percentage maximum over the Northern Plains is larger in area 
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following the upgrade; the +CG percentages generally are greater along the Pacific Coast; and a 

region of increased values now is apparent in southern Idaho.  The greatest regionally averaged 

+CG percentages (> 12%) are located in the Northern Plains and over the Oceans (Table 2.1), 

while the smallest average +CG percentages (< 6%) occur in the Northeast and Southeast.   

The prominent +CG maximum in the Northern Plains has been well documented (e.g., 

Lyons et al. 1998; Orville et al. 2002; Fleenor et al. 2009), and is most evident in the 

distributions of +CG percentage (Fig. 2.3d) and +CG Ip (Fig. 2.4e).  The majority of strong +CG 

flashes (> 20 kA) in the Northern Plains occur in the cores of reversed polarity storms and in the 

stratiform regions of frequently occurring nocturnal MCSs (e.g., MacGorman and Burgess 1994, 

Lyons et al. 1998, Fleenor et al. 2009).  Smith et al. (2000) showed that +CG dominated storms 

most often formed near strong gradients of surface equivalent potential temperature (�e), 

upstream from the �e maximum.  These +CG dominated storms either intensified as they crossed 

the �e maximum before changing to dominant –CG polarity, or moved adjacent to the �e 

maximum and remained +CG dominated throughout their lifetimes.   

Reversed polarity (+CG dominated) storms are most common in relatively dry 

environments with high cloud bases and shallow warm cloud depths (e.g., Carey and Buffalo 

2007).  Given the assumption that high liquid water content in the mixed phase region is needed 

for positive charging of large ice particles, the coincidence of instability and greater CBH may 

serve to focus clouds with inverted electrical polarity to the midcontinent (Williams et al. 2005).  

Conversely, Williams et al. (2005) described the transition to predominantly negative polarity as 

storms move eastward into areas of lower climatological CBH.  Thus, regions having a relatively 

moist troposphere experience fewer +CG dominated storms (Knapp 1994).   

 The Southeast U.S. contains a secondary maximum of +CG flash density along the 

Central Gulf Coast (Fig. 2.3b), but also exhibits the minimum +CG Ip (32.4 kA; Table 2.2).  

Average CG Ip varies regionally due to differences in storm characteristics and network 

performance (e.g., Biagi et al. 2007).  Although the national average +CG Ip increases following 

the 2002–2003 upgrade (Table 2.2), the regional average only increases in the Northern Plains.  

Surprisingly, regions with mostly strong +CG flashes exhibit relatively small +CG multiplicities 

(e.g., Northern Plains; Table 2.2); whereas regions with mostly weak +CG flashes exhibit greater 

average +CG multiplicities (e.g., Southeast; Table 2.2).  The reduced occurrence of +CG 

dominated storms in the Southeast (Knapp 1994) and the tendency for +CG flashes to occur in 
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the periphery of –CG dominated storms (Engholm et al. 1990) suggest that most true +CG 

flashes occur outside the deep convection in the Southeast.  Conversely, weak +CG reports (15–

20 kA) occur most frequently within the main convective region of –CG dominated storms.  

Therefore, we speculate that the small average +CG Ip in the Southeast indicates that there are 

more ambiguous +CG reports than actual strong +CG flashes in this region.   

 We observe several unusual +CG characteristics following the upgrade, with greater 

average +CG multiplicities being most notable (Table 2.2).  Although the detection of more 

single-stroke weak +CG flashes following the upgrade might suggest smaller average +CG 

multiplicities, surprisingly the national average +CG multiplicity actually increases from 1.10 

before the upgrade to 1.54 after (Table 2.2).  This finding is unusual since +CG flashes typically 

contain only a single return stroke, and multi-stroke +CG flashes are rare (Rakov 2003).  

Average +CG multiplicities increase by ~0.5 return strokes over much of the contiguous U.S. 

(Fig. 2.4b), with values now exceeding 2 in large portions of the Mountain West (Fig. 2.4a).  

Figures 2.4c and 2.4d illustrate the collocation of large average +CG multiplicities and elevations 

above 2000 m (i.e., the transparent areas).  The elevated terrain may influence the physical 

characteristics of CG flashes as well as the propagation and detection of their emitted signals.   

Explanations for greater post-upgrade average +CG multiplicities remain unclear, but 

may include misclassified IC pulses having equally strong positive and negative peak amplitudes 

(e.g., Fleenor et al. 2009), upward propagating bipolar flashes with mixed polarity return strokes 

(e.g., Rakov 2003), or possible effects of elevated rocky terrain.  These factors likely combine to 

produce the greater post-upgrade average +CG multiplicities (Figs. 2.4b,d).  For example, 

upward propagating bipolar flashes may contribute to the increased +CG multiplicities over the 

Southeast (Table 2.2), but the large number of misclassified IC flashes suggests that they are 

more influential in this –CG dominated region.  Conversely, the terrain complicates CG 

distributions in the West, which exhibits both above average +CG multiplicity and Ip (Table 2.2).  

Specifically, upward propagating bipolar flashes occur most frequently over elevated terrain, and 

the conductivity of the underlying surface has a strong influence on the attenuation of the signal 

produced by CG flashes (Honma et al. 1998; Cummins et al. 2005), and in turn the resolution of 

the NLDN.  Therefore, future waveform recording and video observation studies will be required 

to determine the source of the unusually large post-upgrade average +CG multiplicities. 
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The Pacific Coast also exhibits notable +CG characteristics, with relatively large average 

+CG percentages (> 30%; Fig. 2.3d) and +CG Ip (> 55 kA; Fig. 2.4e).  These +CG maxima 

likely are descriptive of the common storm types in this region (e.g., winter storms and low-

precipitation summer storms).  Specifically, similar features appear in the +CG percentage 

distributions before (Fig. 2.3c) and after (Fig. 2.3d) the upgrade suggesting that large-scale 

meteorological variability contributes significantly to these +CG maxima.  The NLDN detection 

efficiency also may contribute to the Pacific Coast +CG maxima.  Specifically, the location near 

the edge of the network (Cummins and Murphy 2009) and elevated rocky terrain (Cummins et al. 

2005) complicate the propagation and detection of CG signals in this region.  Therefore, future 

studies also should aim to expand our understanding of +CG patterns along the Pacific Coast. 

 The distributions of average –CG multiplicity and Ip also differ considerably in the pre- 

and post-upgrade climatologies (Fig. 2.5).  Following the upgrade, the national average –CG 

multiplicity increases from 2.05 to 2.41 (Table 2.3), whereas the national average –CG Ip 

decreases from 23.7 to 18.8 kA.  Thus, average –CG multiplicities now are greater over most of 

the contiguous U.S. (Fig. 2.5e), while the average –CG Ip generally is smaller (Fig. 2.5f).  

Increased NLDN sensitivity can explain both of these changes.  Specifically, the improved 

detection of weak subsequent strokes increases average –CG multiplicities, while the improved 

detection of weak single-stroke flashes decreases the average –CG Ip.  Figure 2.5e also shows a 

notable increase in average –CG multiplicities in the Mountain West (> 0.5), the same region 

that now exhibits the maximum average +CG multiplicities (> 2.10; Fig. 2.4a).  However, the 

greater average –CG multiplicities (Fig. 2.5a) do not appear as closely related to elevation as the 

large +CG multiplicities (Fig. 2.4a).  Future research also will be required to more clearly 

explain the post-upgrade –CG multiplicity distributions. 

The greatest average –CG multiplicity (Fig. 2.5a) and largest average –CG Ip (Fig. 2.5b) 

occur over the coastal waters of the Gulf of Mexico and Atlantic Ocean.  One should note that to 

lessen the influence of NLDN detection limitations outside of the network (e.g., Cummins and 

Murphy 2009) the present study only examines CG flashes within 100 km of the coastline.  

Table 2.3 reveals that the oceans exhibit the greatest regional average –CG multiplicity (2.65) 

and Ip (28.7).  The conductivity of the underlying surface strongly influences the attenuation of 

signals produced by CG flashes (Honma et al. 1998; Cummins et al. 2005), and in turn may have 

a modest impact on the detection efficiency of the NLDN.  For example, Lyons et al. (1998) 
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suggested that the greater conductivity of salt water decreases the attenuation of the return stroke 

signal, leading to improved stroke detection efficiency and greater –CG multiplicity.   

Interestingly, Cummins et al. (2005) provided evidence that the enhanced –CG Ip over the 

oceans (Fig. 2.5b) may be due to differences in the attachment processes in first –CG return 

strokes.  This enhancement does not occur for positive first strokes (Fig. 2.4e) or for negative 

subsequent strokes in pre-existing channels (Cummins et al. 2005).  They speculated that 

enhanced –CG Ip is due to a greater peak electric field that seems to be uniquely associated with 

downward-propagating, negative stepped leaders that attach to a smooth, highly-conducting 

ocean surface.  Large average –CG multiplicity and Ip are absent over the fresh water Great 

Lakes (Table 2.3), further indicating that differences are associated with salt water properties 

over the oceans.   

The enhanced off-shore –CG multiplicity and Ip exhibit spatial variations (Figs. 2.5a,b) 

with some patterns appearing both before and after the upgrade (Fig. 2.5).  For example, note the 

transition from greater to smaller average –CG multiplicity and Ip from south to north along the 

Atlantic Coast.  Thus, it is likely that much of this off-shore variability is meteorological in 

nature.  Although meteorological explanations for the greater average –CG multiplicity and Ip off 

the Southeast Coast remain unclear, these maxima may be related to the mechanisms that have 

been used to explain the land-sea contrast in –CG flash rates.   

 Williams et al. (2005) provided evidence that higher flash rates in the tropics, and by 

assumption larger updrafts, typically occur when the CBH is higher.  Their findings support the 

Williams and Stanfill (2002) suggestion that the height of the cloud base is a key factor in 

explaining contrasts in lightning between land and ocean.  However, Williams et al. (2005) noted 

that the effect of instability appears to dominate over the effect of CBH in the Southeast 

compared to regions further north and west.  Thus, greater –CG flash rates over land in the 

Southeast (Fig. 2.2a) appear to be associated with both higher cloud bases and greater instability 

compared to oceanic regions.  Although Williams et al. (2005) focused on the thermodynamic 

aspects of the land-sea contrast in lightning activity, their study and others (e.g., Williams and 

Stanfill 2002) also have described the role of land-sea contrasts in aerosol distributions.  These 

thermodynamic and aerosol contrasts are important to our understanding of CG production and 

storm-scale processes, and must be understood to accurately apply data from newly emerging 

long-range LF/VLF lightning detection networks. 
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The Northern Plains are a final example of the interdependence between CG 

characteristics and NLDN performance.  Both +CG and –CG multiplicities (Figs. 2.4a, 2.5a) 

exhibit minima in this region, nearly coincident with the +CG percentage maximum (Fig. 2.3d), 

above average +CG Ip (Fig. 2.4e), and below average –CG Ip (Fig. 2.5b).  NLDN measurement 

limitations partly explain this co-location since recent studies suggest that +CG dominated 

storms in this region often contain large percentages of misclassified single-stroke weak –CG 

flash reports (Ip between 0 and -10 kA; Cummins and Murphy 2009).  These weak cloud pulses 

explain the minima of –CG multiplicity and Ip in this region.  Conversely, strong +CG flashes 

occur frequently in this region and account for the prominent +CG Ip maximum (Fig. 2.4e) and 

+CG multiplicity minimum (Fig. 2.4a).  Thus, this region also illustrates the relative charge 

dissipation roles of +CG and –CG flashes within storms common to this region.   

 

     2.4     SUMMARY AND CONCLUSIONS 

 

 This study has compared spatial patterns of cloud-to-ground (CG) lightning 

characteristics before and after the 2002–2003 upgrade to the National Lightning Detection 

Network (NLDN).  Results show that total CG and positive CG (+CG) flash densities are greater 

following the upgrade due to increased NLDN sensitivity.  Average total CG and +CG flash 

densities increased more than 1 CG flash km-2 yr-1 and 0.1 +CG flashes km-2 yr-1 in the central 

U.S., respectively, but generally decreased in the Southeast.  Total CG flash densities exhibit 

similar features before and after the upgrade, with maxima in the Central and Southeast U.S.  

The greatest increase in strong +CG flash density (> 20 kA) occurs within the main +CG 

maximum in the Northern Plains.  Despite our use of a greater weak +CG threshold (15 kA vs. 

10 kA pre-upgrade), the +CG flash density maximum in the Northern Plains expanded to include 

larger areas with greater than 0.35 +CG flashes km-2 yr-1.  Conversely, the national average +CG 

percentage decreased from 10.61% before the upgrade to 8.65% afterward.   

Results revealed two +CG flash density maxima in both the pre- and post-upgrade 

climatologies, the first located in the Northern Plains and the second along the Central Gulf 

Coast.  Although the Southeast U.S. contains a secondary +CG flash density maximum, it 

exhibits minima in average +CG Ip (32.4 kA) and +CG percentage (5.77%).  The improved 
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NLDN sensitivity has increased the number of ambiguous weak +CG reports (15–20 kA; 

Cummins et al. 2006) which may contribute to an expansion of the +CG flash density maximum 

over the Gulf Coast.  Although strong +CG flashes account for the majority of +CG in the 

Northern Plains, weak +CG reports (10–20 kA) are more common in the Southeast.  We found 

that regions containing the most weak +CG (–CG) reports exhibit greater (smaller) average 

multiplicities, while regions with mostly strong +CG (–CG) flashes exhibit smaller (greater) 

average multiplicities.  Although these findings are consistent with our understanding of –CG 

flashes, we expected smaller average multiplicities to accompany the increase in single-stroke 

weak +CG reports.  Surprisingly, average post-upgrade +CG multiplicities are greater throughout 

the U.S. and now exceed 2 in the Mountain West.   

Explanations for the large average post-upgrade +CG multiplicities (> 2) remain unclear, 

and may include misclassified intra-cloud (IC) flashes, upward propagating bipolar CG 

discharges, or effects of elevated terrain on the physical properties of CG flashes and the 

propagation and detection of their emitted signals.  Fleenor et al. (2009) found that the 

misclassification problem was enhanced when strong IC pulses had equal positive and negative 

peak amplitudes, and that the NLDN often assigned incorrect polarities to these flashes.  

Enhanced NLDN sensitivity and the modification of waveform processing criteria to allow 

limited IC detection following the upgrade suggest an increased influence of these strong IC 

events on NLDN-derived CG distributions.  Alternatively, Rakov (2003) described a class of CG 

flashes that exhibit mixed polarity return strokes, noting that they occurred exclusively in upward 

propagating CG flashes.  Future studies will be required to determine the relative influence of 

these factors on the greater post-upgrade average +CG multiplicities.   

 The improved NLDN sensitivity and stroke detection efficiency following the 2002–2003 

upgrade increased the national average –CG multiplicity (2.41 vs. 2.05) but decreased the 

average –CG Ip (18.81 vs. 23.71 kA).  The –CG multiplicity and Ip are greatest over the coastal 

waters of the Southeast U.S. (multiplicity > 3 and |Ip| > 27.5 kA).  These –CG maxima are not 

observed over the Great Lakes, supporting the Cummins et al. (2005) suggestion that coastal      

–CG Ip maxima relate to differences in the attachment process (i.e., enhanced peak field) of first 

–CG return strokes to salt water surfaces.  This finding also supports the Lyons et al. (1998) 

suggestion that greater –CG multiplicity results from decreased attenuation of the return stroke 

signal, and the enhanced detection of subsequent strokes, over the highly conductive salt water.  
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Similar off-shore variations in –CG characteristics appear both before and after the upgrade, 

suggesting meteorological conditions as a source for this common variability.  The –CG 

distributions underscore the complexities between observed CG characteristics, meteorological 

variability, and NLDN measurement capabilities.  These influences must be understood to fully 

exploit the information contained in the CG distributions.   

 Despite continuous NLDN observations since 1989, it remains difficult to quantify the 

relative contributions of measurement capabilities and meteorological variability to explain some 

of the CG patterns.  The present post-upgrade averages provide baseline values for regional 

NLDN verification studies and for operational applications.  In addition to regional variability, 

seasonal variations also must be understood to directly relate CG production to storm-scale 

processes.  Seasonal patterns are best described on the regional scale, so our ongoing research is 

analyzing seasonal CG patterns in the Southeast, as well as CG variability on the storm scale.  

Newly developed methodologies allow analyses of lightning and radar parameters within many 

individual storms, and detailed examination of relationships between CG production and storm-

scale processes.  Total lightning networks will provide further insights into the many remaining 

questions, and combinations of CG and intra-cloud (IC) datasets will ensure that these data are 

used to best advantage both now and in the future. 
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TABLE 2.1.  Pre-upgrade (1996–1999, 2001) and post-upgrade (2004–2009) average +CG 

percentage for the entire contiguous U.S., and for each climatological region (Fig. 2.1).  Note 

that values within 100 km of the U.S. that are in Mexico and Canada contribute to the overall 

averages but not to any individual region.  

 

+CG Percentage 
Pre-Upgrade 

(%) 
Post-Upgrade 

(%) 
Post- minus Pre-

Upgrade 

West  7.51 8.60 +1.09 

Northern Plains 13.38 12.06 -1.32 

Midwest 6.55 6.62 +0.07 

Northeast 5.49 3.91 -1.58 

Southeast  6.13 5.77 -0.36 

Oceans 13.60 13.44 -0.16 

Great Lakes 7.37 7.84 +0.47 

National Average 10.61 8.65 -1.96 
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TABLE 2.2.  Pre-upgrade (1996–1999, 2001) and post-upgrade (2004–2009) average +CG 

multiplicity (number of return strokes) and peak current (Ip; kA) for the entire contiguous U.S., 

and for each climatological region (Fig. 2.1).  Note that values within 100 km of the U.S. that are 

in Mexico and Canada contribute to the overall averages but not to any individual region. 

 

+CG Multiplicity +CG Peak Current 
Region 

Pre-Upgrade Post-Upgrade Pre-Upgrade Post-Upgrade 

West  1.13 1.62 40.5 40.0 

Northern Plains 1.11 1.36 41.7 43.5 

Midwest 1.13 1.54 36.9 36.1 

Northeast 1.11 1.50 37.4 35.2 

Southeast  1.13 1.63 34.2 32.4 

Oceans 1.09 1.53 40.6 38.0 

Great Lakes 1.12 1.43 38.4 37.6 

National Average 1.10 1.54 32.4 37.9 
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TABLE 2.3.  Pre-upgrade (1996–1999, 2001) and post-upgrade (2004–2009) average –CG 

multiplicity (number of return strokes) and peak current (Ip; kA) for the entire contiguous U.S., 

and for each climatological region (Fig. 2.1).  Note that values within 100 km of the U.S. that are 

in Mexico and Canada contribute to the overall averages but not to any individual region. 

 

 -CG Multiplicity -CG Peak Current 

Region Pre-Upgrade Post-Upgrade Pre-Upgrade Post-Upgrade 

West  1.89 2.36 -22.5 -18.1 

Northern Plains 2.07 2.11 -21.8 -15.4 

Midwest 2.19 2.48 -21.9 -17.6 

Northeast 1.96 2.43 -21.3 -16.9 

Southeast  2.31 2.59 -23.5 -18.6 

Oceans 2.01 2.65 -34.9 -28.7 

Great Lakes 2.12 2.54 -22.3 -18.4 

National Average 2.05 2.41 -23.7 -18.8 

 

 

 

 

 

FIG. 2.1.  Areas used to compute regional averages of CG characteristics.  These regions are 

based on general climatic divisions and CG lightning distributions. 
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FIG. 2.2.  Panels (a)-(d) illustrate the average pre-upgrade (1996–1999, 2001) and post-upgrade 

(2004–2009) total CG and strong +CG (Ip > 20 kA) flash densities (flashes km-2 yr-1), while 

panels (e) and (f) reveal differences following the upgrade (post-upgrade minus pre-upgrade).  

Panel a) post-upgrade total CG flash density, b) post-upgrade strong +CG flash density, c) pre-

upgrade total CG flash density, d) pre-upgrade strong +CG flash density, e) difference in total 

CG flash density, and f) difference in strong +CG flash density.  Note that the pre- and post-

upgrade flash density distributions share a common color scale, but the color scales differ 

between the total CG and strong +CG densities. 
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FIG. 2.3.  Average pre-upgrade (1996–1999, 2001) and post-upgrade (2004–2009) +CG flash 

density (flashes km-2 yr-1) and +CG percentage (%).  Panel a) pre-upgrade +CG flash density    

(> 10 kA), b) post-upgrade +CG flash density (> 15 kA), c) pre-upgrade +CG percentage, and   

d) post-upgrade +CG percentage.  Note the expansion of the +CG flash density maximum in the 

Northern Plains, and the reduced +CG percentage in this region following the upgrade. 
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FIG. 2.4.  Average post-upgrade (2004–2009) +CG multiplicity (number of return strokes), 

estimated peak current (Ip; kA), and the difference between the pre-upgrade (1996–1999, 2001) 

and post-upgrade values (post-upgrade minus pre-upgrade).  Panel a) post-upgrade +CG 

multiplicity, b) difference in +CG multiplicity, c) same as Panel a with elevations overlaid and 

heights above 2000 m set as transparent, d) same as Panel b with elevations overlaid and heights 

above 2000 m set as transparent, e) post-upgrade +CG peak current, and f) difference in +CG 

peak current.  Note the large post-upgrade increase in average +CG multiplicity throughout the 

U.S., and the collocation of values exceeding 2.1 and elevations exceeding 2000 m in the 

Mountain West. 
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FIG. 2.5.  Panels (a)-(d) illustrate the pre-upgrade (1996–1999, 2001) and post-upgrade (2004–

2009) average –CG multiplicity and estimated peak current (Ip; kA), and panels (e) and (f) reveal 

differences following the upgrade (post-upgrade minus pre-upgrade), a) post-upgrade –CG 

multiplicity, b) post-upgrade –CG peak current, c) pre-upgrade –CG multiplicity, d) pre-upgrade 

–CG peak current, e) difference in –CG multiplicity, and f) difference in –CG peak current.  

Note the coastal maxima in both of the post-upgrade distributions and that the post-upgrade –CG 

multiplicity (peak current) generally increased (decreased). 
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CHAPTER THREE 

SEASONAL, REGIONAL, AND STORM-SCALE VARIABILITY 

OF CLOUD-TO-GROUND LIGHTNING CHARACTERISTICS 

IN FLORIDA 

 

3.1     INTRODUCTION 

 

 Cloud-to-ground (CG) lightning distributions are strongly influenced by seasonal and 

regional variations in atmospheric conditions.  Thus, analysis of CG characteristics and their 

relation to specific changes in atmospheric conditions can help to better define the CG threat.  

Many studies have described CG variability on both the seasonal and regional scales; however, 

ambiguity still remains in the relationships between atmospheric conditions, storm-scale 

processes, and CG characteristics.  Rudlosky and Fuelberg (2010) presented regional CG 

distributions following the most recent major upgrade of the National Lightning Detection 

Network (NLDN).  Postupgrade (2004–09) results confirmed the findings of several preupgrade 

studies (e.g., Lyons et al. 1998a; Orville and Huffines 2001) that regional CG patterns are highly 

dependent on both the meteorological variability and NLDN detection capabilities.  Rudlosky 

and Fuelberg (2010) also noted that seasonal variability must be examined to better define 

apparent relationships between storm properties and lightning production, but that seasonal 

differences were best described on the regional scale.   

 Although CG flashes are predominately negative, they sometimes lower positive charge 

to ground.  The percentage of positive CG (+CG) flashes has been shown to vary both seasonally 

and regionally (e.g., Orville and Huffines 2001).  Physical differences between +CG and 

negative CG (–CG) flashes can be attributed to the properties of their individual components 

(i.e., return strokes; Saba et al. 2006a; Saba et al. 2010a).  These CG properties control the 

amount of charge that is neutralized and damage caused, since the polarity, multiplicity (number 

of return strokes), peak current, and continuing current (CC) are related to the amount and type 

of charge that is available within an individual thunderstorm (e.g., Saba et al. 2006b; Saraiva et 
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al. 2010).  Both +CG and –CG flashes can exhibit CC which is the most critical lightning 

parameter for igniting wildfires (Latham and Williams 2001).  However, Saba et al. (2010a) 

found that while 75% of +CG flashes contain at least one long continuing current (LCC; >40 ms) 

event, only 30% of –CG flashes do so.  Although the NLDN does not measure CC directly, 

several studies have examined relationships between CC and measured CG properties (e.g., 

Krehbiel et al. 1979; Brook et al. 1982; Rakov et al. 1994; Saba et al. 2006a).   

The polarity of CG flashes strongly influences their threat to vulnerable infrastructure and 

their likelihood to ignite wildfires (e.g., Rakov and Uman 2003, p. 214).  Positive CG flashes 

typically contain a single return stroke, exhibit the greatest peak currents (sometimes near 300 

kA), and produce the largest charge transfers to ground (Rakov 2003).  The combination of large 

peak current and LCC is unique to +CG flashes (Saba et al. 2006a; Saba et al. 2010a) and likely 

is responsible for the increased damage and wildfire ignitions that have been associated with 

+CG flashes (e.g., Latham and Williams 2001; Rakov and Uman 2003, p. 214).  Conversely, 

Saba et al. (2010a) found that it is highly unlikely for –CG return strokes to contain both peak 

current greater than 20 kA and CCs longer than 40 ms (i.e., LCC).  The overwhelming majority 

of LCCs (>40 ms) in –CG flashes are initiated by subsequent strokes of multi-stroke flashes, as 

opposed to the first stroke of multi-stroke flashes or the only stroke of single-stroke flashes 

(Rakov et al. 1994; Saba et al. 2006b).  Furthermore, Biagi et al. (2007) found LCC in a large 

fraction of low peak current –CG return strokes.   

 Positive CG can dominate –CG under certain conditions (e.g., Orville and Silver 1997).  

The local mesoscale environment indirectly influences CG polarity by directly controlling storm 

structure, dynamics, and microphysics, and in turn, storm electrification (Carey and Buffalo 

2007).  Some storms produce predominately +CG flashes for extended periods of time 

(MacGorman and Burgess 1994); however, regions with a relatively moist troposphere 

experience fewer +CG-dominated storms (Knapp 1994).  Williams et al. (2005) noted a general 

absence of +CG-dominated storms in Florida; however, they presented a counterexample of a 

severe storm that produced predominately +CG flashes during a 40 min period.  They noted that 

large surface dew point depressions and high cloud bases may have enhanced the +CG 

production, but that nearby wildfires made it difficult to determine the relative roles of 

thermodynamics and aerosols as the cause for the enhanced +CG production (Williams et al. 

2005).  The case study herein (Section 3.3.1) documents a similar scenario near the Okefenokee 
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Swamp during 13–14 May 2007.  Our goal is to examine the influence of atmospheric conditions 

on the storm-scale processes that lead to the enhanced production of strong +CG flashes. 

Many studies have suggested that both drier environments (higher cloud bases; Carey and 

Buffalo 2007) and smoke ingestion (Williams et al. 2005; Lang and Rutledge 2006) are related to 

a reversal of the non-inductive charging mechanism and increased +CG production.  In these 

reversed polarity (+CG-dominated) storms, smoke related cloud condensation nuclei (CCN) 

likely result in smaller droplets that ascend rapidly in strong updrafts, thereby suppressing 

precipitation processes in the lower levels and allowing greater supercooled water content in the 

mixed phase region (Rosenfeld et al. 2007).  Dry conditions typically lead to broad updrafts 

(scaled by higher cloud bases) that result in less entrainment, greater updraft speeds, and faster 

collision velocities, which can cause reversed polarity charging in the mixed phase region (e.g., 

Carey and Buffalo 2007).  This combination of factors previously has been associated with 

storms that produce many strong +CG flashes (e.g., Lang and Rutledge 2006).  Since strong +CG 

flashes generally have a CC component associated with large charge transfer (e.g., Saba et al. 

2010a), they are prime candidates for igniting wildfires (e.g., Fuquay et al. 1972).  Thus, our case 

study also examines the polarity of CG flashes near natural wildfire ignitions on 13–14 May 

2007.  

Many questions remain concerning the occurrence and distribution of weak (10–15 kA) 

and ambiguous (15–20 kA) +CG reports.  Cummins et al. (1998) first documented the tendency 

for the NLDN to misclassify some intra-cloud (IC) discharges as low-amplitude +CG reports.  

More recently, Cummins and Murphy (2009) suggested that +CG discharges with estimated peak 

current Ip between 10–20 kA are a mixture of CG and IC pulses.  These reports are abundant in 

the southeast U.S. because of the NLDN’s increased sensitivity due to shorter baseline distances 

between sensors (Orville and Huffines 2001).  Surprisingly, Rudlosky and Fuelberg (2010) noted 

that regions with mostly strong +CG flashes (>20 kA) exhibit small average +CG multiplicity 

(e.g., Great Plains), whereas regions with many ambiguous +CG reports (15–20 kA) exhibit 

unusually large average +CG multiplicity (e.g., Southeast).  Most previous studies have removed 

+CG reports with Ip less than 10 kA; however, based on recent findings by Biagi et al. (2007) we 

removed those with Ip less than 15 kA, except for our weak +CG analysis.  The weak +CG 

analysis compares the distributions of weak +CG (10–15 kA), ambiguous +CG (15–20 kA), and 
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strong +CG (>20 kA) reports during 2002–06.  Data availability restricted our weak +CG 

analysis to years prior to 2006.   

 The greatest annual flash densities in the United States occur in Florida (e.g., Hodanish el 

al. 1997, Orville and Huffines 2001; Rudlosky and Fuelberg 2010).  Florida’s geography, its 

juxtaposition with several bodies of water, and seasonal changes in atmospheric forcing, produce 

significant spatial and temporal variability in its CG flash distribution (Hodanish et al. 1997).  

Interactions between synoptic (e.g., squall lines) and mesoscale (e.g., the sea breeze) systems 

strongly influence the location and magnitude of Florida’s CG maxima and minima (Hodanish et 

al. 1997), resulting in considerable seasonal and regional variability.  Florida also represents a 

particularly challenging region for the NLDN since its geography constrains the number and 

spacing of NLDN sensors (Cummins and Murphy 2009).  Florida’s CG patterns are unique due 

to its abundance of flashes, strong seasonal and regional variability, and constraints on NLDN 

sensor distributions.  Therefore, the present study examines Florida’s seasonal, regional, and 

storm-scale CG variability during 2004–09. 

 Florida’s greatest CG flash densities occur during the warm season (May–September) 

when thunderstorm activity is modulated on the mesoscale by sea-breeze convergence lines that 

develop almost daily on one or both coasts (e.g., Lopez and Holle 1986).  Warm season CG 

patterns are due to complex interactions between the sea-breeze circulation, the shape of the 

coastline, and the prevailing low-level flow (Lopez and Holle 1986; Arritt 1993; Reap 1994; 

Lericos et al. 2002).  Diurnally forced storms produce the majority of warm season CG flashes in 

the southeast U.S. and exhibit relatively small +CG percentages (Zajac and Rutledge 2001).  

Since the total CG flash rate increases dramatically with cloud depth (Williams 1985) and –CG 

flashes are more prevalent in deep clouds (e.g., Kopp and Orville 1987; Engholm et al. 1990; 

Rakov 2003), Florida’s warm season exhibits the minimum +CG percentage. 

 Synoptic-scale systems dominate Florida’s cool season CG production (October–April), 

when CG flash densities are a minimum and mainly are produced by mesoscale convective 

systems (MCSs) that often are associated with mid-latitude frontal systems (e.g., Hodanish et al. 

1997; Zajac and Rutledge 2001).  Zajac and Rutledge (2001) found that MCSs (e.g., squall lines) 

were characterized by a relatively large +CG percentage and +CG Ip.  Greater cool season +CG 

percentages also have been associated with increased wind shear (e.g., Brook et al. 1982), 
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elevated cloud bases (e.g., Williams et al. 2005), and shallower warm cloud depth (e.g., Engholm 

et al. 1990). 

 Our objective is to document the seasonal, regional, and storm-scale variability of CG 

characteristics in Florida.  We seek to improve our understanding of the relationships between 

atmospheric conditions, storm-scale processes, and CG characteristics to better define the CG 

threat.  Discussions about the physical mechanisms leading to the observed CG patterns seek to 

identify those factors that indicate an increased likelihood of severe weather, structural damage, 

and/or wildfire ignition. 

 

3.2     DATA AND METHODS 

 

 The CG data used in our study were collected by the NLDN that is owned and operated 

by Vaisala Inc.  Our NLDN data set reports the location, time, polarity, and estimated peak 

current Ip of the first CG return stroke, as well as the multiplicity (i.e., number of return strokes) 

of each CG flash.  The 2002–03 upgrade resulted in a stroke detection efficiency (DE) of 60%–

80%, a flash DE of 90%–95%, and a location accuracy better than 500 m (Cummins and Murphy 

2009).  Six years of CG data (2004–09) were examined, with our domain including parts of 

Alabama and Georgia, plus all of Florida and its surrounding coastal waters (Fig. 3.1).  Readers 

should note that the present study only examines the Ip of the first return stroke and that +CG 

flashes are defined by Ip greater than 15 kA, except for the analysis of weak +CG reports.   

 Geographical Information System (GIS) software was used to create a 5×5 km grid and to 

assign all CG flashes to the grid cell of their occurrence.  Grids of monthly composite flash 

density were combined in GIS to create seasonal flash density maps.  Final grids included total 

CG, –CG, and +CG flash densities (flashes km-2 mo-1) for the warm season (May–September) 

and cool season (October–April).  Rudlosky and Fuelberg (2010) emphasized the need to 

quantify CG distributions beyond the visual depictions provided by spatial maps.  Therefore, 

Florida was divided into four regions (Northwest, Northeast, Central, and South; Fig. 3.1) to 

further evaluate seasonal and regional patterns.  These regions were selected to allow direct 

quantitative comparisons between the panhandle and peninsula regions, and to examine 

differences within these regions.   
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  Increased NLDN sensitivity following the recent upgrade apparently has enhanced the 

tendency for IC flashes to be misclassified as weak +CG reports (Cummins and Murphy 2009).  

As a result, all +CG reports with Ip less than 15 kA have been classified as IC since April 2006 

(Cummins and Murphy 2009).  Although there does not appear to be a unique threshold for 

classifying a small-positive report as a true +CG return stroke, an Ip of 15 kA appears to be the 

value where the number of false reports equals the number of correct reports (Biagi et al. 2007).  

Therefore, we separated +CG reports into three groups for detailed analysis, weak +CG (10–15 

kA), ambiguous +CG (15–20 kA), and strong +CG (>20 kA).  Since weak +CG reports (<15 kA) 

are no longer reported as +CG by the NLDN, our weak +CG analysis only examines the 

influence and distribution of +CG reports during 2002–06 instead of the main study period 

(2004–09). 

 Additional data sources were examined to describe both the atmospheric conditions and 

storm-scale structures associated with variability in the CG patterns.  Composite rawinsonde 

soundings were used to describe moisture, stability, and wind shear profiles, as well as the 

heights of various isotherm levels.  Soundings were obtained from Tallahassee (TAE), 

Jacksonville (JAX), Tampa (TBW), and Miami (MFL) for all days during the main study period 

(2004–09).  Each of the 1200 UTC soundings was processed individually and then averaged to 

describe mean conditions for each location/region during both seasons.   

 The Warning Decision Support System–Integrated Information (WDSS-II, Lakshmanan 

et al. 2007) software was used to examine lightning, radar, and model-derived information.  

These data sources were combined using WDSS-II to investigate storms that produced both 

wildfire ignitions and severe weather.  Again using WDSS-II, many 3-D radar parameters (Table 

3.1) were computed by merging data (Lakshman et al. 2006) from the WSR-88Ds in Tallahassee, 

Jacksonville, Tampa, Melbourne, and Miami with hourly analyses from the 20 km version of the 

Rapid Update Cycle (RUC; Benjamin et al. 2004) mesoscale model.  We also created 2×2 km 

grids of +CG percentage, and total CG, +CG, and –CG flash density, multiplicity, and Ip for our 

WDSS-II analysis.   

Lightning and radar parameters were examined in individual storms using a WDSS-II 

algorithm (w2segmotion) that identifies and tracks mesoscale features (Lakshmanan et al. 2009) 

and extracts information from additional gridded fields (Lakshmanan and Smith 2009).  This 

w2segmotion algorithm is a modification of a common image processing technique (i.e., 
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watershed transform) that identifies local maxima and regions of support (i.e., foothills) based on 

user defined thresholds (Lakshmanan et al. 2009).  Rudlosky and Fuelberg (2009) present 

additional details on the use of WDSS-II to identify, track, and data mine storm features.   

Our previous WDSS-II procedures (Rudlosky and Fuelberg 2009) were modified to 

investigate storms specifically in the North Florida and South Georgia regions on 13–14 May 

2007.  Many combinations of parameters and thresholds were examined to determine which best 

isolated discrete storms, with vertically integrated liquid (VIL) found to give the best results.  

The maxima and range of the VIL signatures were found to be different for storms in the 

northern and southern regions, requiring the use of separate thresholds to best identify discrete 

features in each region (Table 3.2).   

The following paragraph describes the WDSS-II algorithm (w2segmotion; Lakshmanan 

et al. 2006) that was used to track storms in the northern and southern regions.  We use values 

for the northern region (Table 3.2) as an example to describe these procedures.  The WDSS-II 

algorithm first searches for one or more maxima in the defined field (i.e., VIL).  Maxima are 

defined if their area averaged VIL exceeds 55 kg m-2.  The algorithm’s threshold then decreases 

by one increment (10 kg m-2) to 45 kg m-2 and again searches for maxima, continuing the 

incremental search for maxima down to a minimum of 10 kg m-2.  Following the identification of 

each maximum, the algorithm then searches for regions of support surrounding each.  

Specifically, the algorithm decreases one increment (10 kg m-2) from the defined maximum to a 

new threshold and searches for a region of support that meets the saliency criteria of 100 km2 

and exceeds the new threshold of area averaged VIL.  If a supporting region is not identified for 

a particular maximum, the algorithm then decreases the threshold by one increment and again 

searches for a supporting region, continuing to a maximum depth (range of VIL) of 20 kg m-2.  

These procedures were used to create a database of each storm’s lightning and radar 

characteristics during a specified time period.  Although WDSS-defined time series of storm 

parameters are produced, we only present characteristics averaged over each storm’s lifetime.   
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3.3     RESULTS AND DISCUSSION 

 

3.3.1 Flash Density Distributions 

 Greatest annual CG flash densities are located in the Florida Peninsula (>0.95 flashes  

km-2 mo-1; Table 3.3).  The majority of Florida’s CG flashes occur during the warm season 

(May–September) and exhibit three local flash density maxima (Fig. 3.2a).  Greater than 2.5 

flashes km-2 mo-1 occur near Tampa – St. Petersburg, Orlando, and east of Lake Okeechobee 

(Fig. 3.2a).  The two maxima in central Florida that comprise Florida’s “lightning alley” (Fig. 

3.2a) have been related to interactions between the east- and west-coast sea breeze boundaries 

(Hodanish et al. 1997), locally enhanced convergence due to complex coastlines (Tampa – St. 

Petersburg and Cape Canaveral, Lericos et al. 2002), and urban influences (e.g., Westcott 1995).  

The maximum east of Lake Okeechobee (Fig. 3.2a) results from frequent collisions between the 

lake-breeze and east-coast sea-breeze boundaries (Hodanish et al. 1997; Lericos et al. 2002).   

 Figure 3.2 reveals that the cool season (right panels) exhibits smaller total CG flash 

densities (<0.542 flashes km-2 mo-1; Fig. 3.2b) and +CG flash densities (<0.055 +CG flashes  

km-2 mo-1; Fig. 3.2d) than the warm season (Figs. 3.2a,c).  During the cool season, the greatest 

total CG and +CG densities are located in the Florida panhandle (Figs. 3.2b,d).  The Florida 

panhandle is expected to exhibit the greatest +CG densities and percentages since mesoscale 

convective systems (MCSs) are most influential in this region.  Specifically, MCSs (e.g., squall 

lines) produce a relatively large percentage of +CG (Zajac and Rutledge 2001) and often form 

during slightly drier conditions and along continental air mass boundaries.  Thus, northwest 

Florida exhibits the greatest annual +CG flash density (0.036 +CG flashes km-2 mo-1) and 

percentage (5.12%), with both values decreasing southward along the Peninsula (Table 3.3).  

This preference for +CG in the northwest region during both seasons (Figs. 3.2c,d) illustrates the 

influence of continental air masses in +CG production.   

 Composite atmospheric soundings help describe seasonal and regional differences in 

meteorological conditions.  Average conditions for each region and season are described by 

composite 1200 UTC soundings (Tables 3.4 and 3.5) from Tallahassee (TAE), Jacksonville 

(JAX), Tampa (TBW), and Miami (MFL).  The most unstable Convective Available Potential 

Energy (CAPE) and mixed phase CAPE (0°C to -40°C) are much larger in each region during 
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the warm season than during the cool season (Table 3.4).  Average warm season values of most 

unstable CAPE exceed 1450 J kg-1, whereas cool season values are less than 500 J kg-1.  Tables 

3.4 and 3.5 show that CAPE, low-level mixing ratios, and melting level heights increase 

southward along the peninsula, presumably resulting in lower Lifting Condensation Levels 

(LCL) and greater warm cloud depth (WCD).  Table 3.5 reveals that the warm season also 

exhibits the greatest deep layer moisture.  Specifically, the average relative humidity (RH) in the 

850–650 hPa layer exceeds 60% during the warm season (Table 3.5), but is less than 40% during 

the cool season.  Larger CAPE, greater WCD, and more deep layer moisture suggest that deep 

storms occur most frequently during the warm season, especially along the peninsula.  Thus, the 

tendency for the total CG flash rate to increase with increasing cloud depth (Williams 1985) 

helps to explain the timing (warm season) and location (peninsula) of Florida’s CG flash density 

maximum.  Conversely, average 0–6 km wind shear is much greater during the cool season 

(Table 3.4), especially in the northwest region (i.e., TAE).  The cool season also exhibits smaller 

low-level mixing ratios and lower melting level heights (Table 3.5), which together suggest 

shallower WCD during the cool season.  This combination of greater shear and shallower WCD 

previously has been related to enhanced +CG production (e.g., Brook et al. 1982; Engholm et 

al.1990; Carey and Buffalo 2007), and helps explain more frequent +CG during the cool season, 

especially in the panhandle region.   

 Figure 3.3 further illustrates the seasonal and regional distributions of total CG (left 

panels) and +CG (right panels) flashes.  The warm season dominates both flash density 

distributions (Figs. 3.3a,b), and the greatest warm season total CG densities occur in the central 

and southern regions (Fig. 3.3a).  Although maximum annual CG densities occur in the peninsula 

(>0.95 flashes km-2 mo-1; Table 3.3), the northern regions experience the greatest percentage of 

cool season CG flashes (Fig. 3.3c).  Specifically, Figure 3.3c reveals that the northern regions 

account for as much as 87% (January), to as little as 19% (September), of Florida’s total CG 

flashes.  The northwest region also exhibits the greatest +CG flash densities during each month 

except September (Fig. 3.3b).  Although +CG percentages are smallest during the warm season 

(Fig. 3.3d), that season exhibits the greatest +CG densities (Fig. 3.3b).  Warm season +CG 

densities exceed 0.07 +CG flashes km-2 mo-1 in northwest Florida, and again generally decrease 

southward along the peninsula (Fig. 3.3b).  Figures 3.2 and 3.3 confirm that the CG distributions 

vary both regionally and seasonally in Florida.   
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3.3.2 Cloud-to-Ground Characteristics 

 We next examine seasonal and regional trends of additional +CG and –CG characteristics 

(Fig. 3.4).  Rudlosky and Fuelberg (2010) reported that the national average –CG (+CG) 

multiplicity increased from 2.05 (1.10) before to 2.41 (1.54) after the recent NLDN upgrade (i.e., 

during 2002–03).  Several recent postupgrade studies have used high-speed video and electric 

field recording data to compare observed multiplicities with NLDN-reported values (e.g., Biagi 

et al. 2007; Fleenor et al. 2009).  These studies found that the NLDN tends to underestimate –CG 

multiplicity and overestimate +CG multiplicity.  Biagi et al. (2007) reported an average –CG 

(+CG) multiplicity of 3.71 (1.13) in southern Arizona and 2.80 (1.04) in Texas and Oklahoma, 

while Fleenor et al. (2009) reported a value of 3.14 (1.04) in the Central Great Plains.  Rudlosky 

and Fuelberg (2010) reported that the postupgrade –CG (+CG) multiplicity was 2.36 (1.62) in 

the western region (containing southern Arizona), 2.59 (1.63) in the southeast region (including 

Texas and Oklahoma), and 2.11 (1.36) in the Great Plains.  Despite the apparent tendency for the 

NLDN to underestimate (overestimate) –CG (+CG) multiplicity, both the observational studies 

and NLDN reports reveal similar regional variability in the CG multiplicity distributions.   

 Seasonal and regional CG variability is due to CG production in individual storms.  

Strong CG flashes often occur in intense storms, and Biagi et al. (2007) observed significant 

storm-to-storm variations in both average multiplicity and Ip within the same region.  Most of 

Florida’s strong –CG flashes (large multiplicity and Ip) occur during the warm season (Figs. 

3.4c,d), often in extensive storm complexes that develop along the many sea-breeze and outflow 

boundaries (e.g., Lopez and Holle 1986; Hodanish et al. 1997).  Florida’s greatest average +CG 

and –CG multiplicities occur during the warm season (Figs. 3.4a,c), and exceed the national 

averages (1.54 and 2.41; Rudlosky and Fuelberg 2010) throughout the year.  Krehbiel et al. 

(1979) reported that multi-stroke flashes become more likely as storms mature and grow in 

horizontal extent, which may help explain greater average warm season multiplicity.  

Additionally, greater –CG multiplicity in Florida has been related to larger cloud volume 

compared to regions further north (Orville and Huffines 1999).   

 While larger cloud volume (depth and horizontal extent) helps explain greater warm 

season –CG multiplicity in Florida, a second possible explanation is seasonal variability in 

charge layers heights.  Williams (2006) described the unpublished findings of Heckman (1992) 

who offered an explanation for the number of return strokes in CG flashes.  Heckman (1992) 
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suggested that smaller inter-stroke currents and longer channel lengths explain the tendency for 

multiple return strokes in –CG flashes.  Conversely, he suggested that greater inter-stroke 

currents and shorter channel lengths favor single strokes in +CG flashes.  Williams (2006) noted 

that since charge regions are closer to the earth’s surface during the cool season, CG flashes have 

shorter channel lengths, increasing the tendency for single-stroke behavior in both +CG and –CG 

flashes.  Thus, longer channel lengths (higher charge regions) during the warm season in Florida 

also may help explain greater average –CG multiplicity. 

Florida’s warm season is characterized by large CAPE, deep moisture, and high melting 

levels (Tables 3.4 and 3.5).  These conditions suggest the more frequent occurrence of strong 

storms with large cloud volumes and high charge regions, supporting both of the aforementioned 

explanations for Florida’s greater warm season –CG multiplicity.  One should note that –CG 

multiplicity and Ip follow similar seasonal trends (Figs. 3.4c,d), exhibiting greatest values during 

the warm season.  Greater –CG multiplicity and Ip during Florida’s warm season suggests the 

more frequent occurrence of strong –CG flashes which likely dissipate the most negative charge.  

Interestingly, Saba et al. (2006a) speculated that the occurrence of long continuing current (LCC; 

>40 ms) in –CG flashes is related to the availability of negative charge and, in turn, the 

horizontal extent of a thunderstorm.  Although LCC is not measured by the NLDN, both the 

atmospheric conditions and –CG characteristics suggest a more frequent occurrence of LCC in   

–CG flashes during Florida’s warm season. 

 Our focus now shifts to +CG reports, since how they are defined strongly influences their 

relative amount and distribution (Rudlosky and Fuelberg 2010).  Rakov (2003) noted that 

additional knowledge about the occurrence and characteristics of +CG flashes is needed to 

design improved lightning protection systems.  Positive CG flashes (>15 kA) exhibit their 

minimum multiplicity (1.3–1.7; Fig. 3.4a) and maximum Ip (>35 kA; Fig. 3.4b) during the cool 

season.  While Florida’s cool season +CG characteristics are more consistent with Rakov’s 

(2003) definition of +CG flashes (i.e., large Ip and a single return stroke), it is unusual that +CG 

flashes exhibit greater multiplicity (>1.7; Fig. 3.4a) and smaller Ip (<35 kA; Fig. 3.4b) during the 

warm season.  Reduced warm season +CG Ip suggests a greater number of ambiguous +CG 

reports (15–20 kA).  However, since +CG flashes typically consist of a single return stroke (e.g., 

Rakov 2003), average warm season +CG multiplicities approaching 2 are unusual (Fig. 3.4a).  

Explanations for this finding remain unclear; however, Rudlosky and Fuelberg (2010) speculated 
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that misclassified IC flashes (e.g., Fleenor et al. 2009) and upward propagating bipolar flashes 

(e.g., Rakov 2003) may contribute to the greater than unity +CG multiplicities.   

 Greater than unity average +CG multiplicity (Fig. 3.4a), seasonal +CG Ip variability (Fig. 

3.4b), and the recent modification of the recommended weak +CG threshold (15 kA vs. 10 kA) 

motivated an analysis of weak +CG (10–15 kA), ambiguous +CG (15–20 kA), and strong +CG 

(>20 kA) reports.  Since the NLDN no longer reports weak +CG (<15 kA), this analysis only 

examines +CG reports during 2002–06.  Figure 3.5 presents (a) the relative number of +CG 

reports in each of the three intensity groups, (b) the monthly percentage of +CG reports that 

exhibit a single return stroke, and (c) the monthly percentage of +CG reports that contain 

multiplicities greater than four.  Greater than 25% of all +CG reports (>10 kA) are in the weak 

+CG range (10–15 kA) during each month (Fig. 3.5a), and this value exceeds 40% during June, 

July, August, and October.  The warm season also exhibits the greatest percentage of ambiguous 

+CG reports (15–20 kA; ~25%; Fig. 3.5a), suggesting their increased influence on warm season 

+CG distributions, despite our use of the new 15 kA threshold.  Conversely, the cool season 

exhibits the greatest percentage of strong +CG flashes (>20 kA; ~50%; Fig. 3.5a), and in turn the 

more classical +CG characteristics of smaller multiplicity and greater Ip (Figs. 3.4a,b).  The 

variability in these distributions provides further evidence that the weak +CG threshold is both 

seasonally and regionally dependent (e.g., Biagi et al. 2007).  Thus, caution must be taken to 

account for variations in the distribution of ambiguous +CG reports, and future video-based 

studies should seek to better classify weak +CG reports as being IC or CG. 

 The warm season surprisingly exhibits both the maximum +CG multiplicity (Fig. 3.4a) 

and the greatest percentage of weak and ambiguous +CG reports (10–20 kA; >65%; Fig. 3.5a).  

Weak and ambiguous +CG reports (10–20 kA) exhibit the greatest single-stroke percentages 

(Fig. 3.5b) and the smallest percentage with multiplicity greater than four (Fig. 3.5c).  Thus, 

more frequent ambiguous +CG reports can help explain the smaller warm season single-stroke 

percentage (<75%, Fig. 3.5b), but they cannot explain the greater percentage of +CG reports 

with multiplicity greater than four (>5%, Fig. 3.5c).  Average +CG multiplicities exceeding 1.7 

during the warm season (Fig. 3.4a) appear to be associated with stronger +CG reports (>20 kA), 

not ambiguous +CG (15–20 kA).  Additionally, single-stroke reports account for 65%–85% of 

all +CG reports (Fig. 3.5b).  Thus, it appears that the relatively few large multiplicity +CG 
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reports (>4 return strokes; 2%–12%; Fig. 3.5c) are responsible for the unusually large warm 

season +CG multiplicities (Fig. 3.4a).   

The physical properties of +CG flashes, the complex nature of Florida’s convection, and 

the increased postupgrade NLDN sensitivity (Cummins and Murphy 2009) likely combine to 

explain the greater number of large multiplicity +CG reports during the warm season in Florida.  

Positive CG discharges can be initiated by branches of extensive cloud discharges (Rakov and 

Uman 2003, pg. 222; Saba et al. 2009), and +CG return strokes often are preceded by significant 

IC discharge activity that typically lasts in excess of 100 ms (Fuquay 1982) or 200 ms (Rust et 

al. 1981).  Additionally, Rakov (2003) documented an upward bipolar flash that appeared to be 

associated with a branch of large horizontal extent below the cloud.  Krehbiel (1981) also 

documented three +CG flashes in Florida that apparently involved, or were the byproduct of long 

(longer than 40 km) horizontal lightning discharges that effectively removed positive charge 

from a layer near the 0°C level where frozen precipitation was melting (from a region 

considerably below the main positive charge; Rakov 2003).  We suggest that increased IC 

activity in the lower positive charge layer during Florida’s warm season complicates the 

classification of +CG reports as being IC or CG.  Additional research will be required to 

determine if this helps explain our observation of more weak and ambiguous +CG reports during 

the warm season; however, should it be true, it is plausible that the NLDN may misclassify the 

extensive horizontal IC channels often associated with true +CG flashes as being additional +CG 

return strokes.   

Several recent field studies in Brazil have addressed the influence of measurement 

capabilities on our understanding of CG multiplicity (e.g., Saraiva et al. 2010; Saba et al. 2010b).  

Saba et al. (2010b) used high-speed video, electric field measurements, and a lightning location 

system (LLS) to show that CG multiplicity is influenced by the instrumentation used to monitor 

it.  High-speed video often is able to differentiate true CG return strokes from other lightning 

processes that contribute to the recorded waveforms (e.g., IC discharges and M-Components; 

Saba et al. 2009).  For example, Saba et al. (2010b) examined a single-stroke –CG flash 

measured by high-speed photography in which the LLS reported its multiplicity as being 4, while 

the multiplicity would have exceeded 6 if monitored only by an electric field recording system.  

Interestingly, some pulses produced by cloud discharges have wave forms that differ little from 

those of +CG return strokes (Rakov and Uman 2003; pg. 228).  This suggests that the initial 
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breakdown pulses in +CG flashes may be reported as +CG return strokes, which increases the 

multiplicity of a +CG flash (Marcelo Saba, personal communication).  These previous studies 

have demonstrated the complex nature of CG flashes and the influence of the equipment that is 

used to monitor them. 

 While 65%–85% of all +CG NLDN reports in Florida contain a single return stroke (Fig. 

3.5b), our monthly averaged +CG multiplicities range from 1.3–2.1 (Fig. 3.4a).  Based on high-

speed video and an LLS in Brazil, Saba et al. (2010a) determined that 81% of +CG flashes 

consisted of a single return stroke, and that all but one subsequent stroke of the multi-stroke +CG 

flashes created a new ground contact.  Furthermore, Saba et al. (2010a) found that most (75%) of 

the subsequent +CG strokes occurred at distances greater than 10 km from the original strike 

location.  One should note that the NLDN currently uses a distance of 10 km to group strokes 

into flashes (Cummins et al. 1998), suggesting that true multi-stroke +CG flashes are even less 

likely to be reported as such by the NLDN.  Interestingly, Saba et al. (2009; 2010a) also reported 

that some +CG strokes produced a new ground contact while the continuing current (CC) from a 

previous stroke was still in progress.  Positive downward leaders also can be initiated by the CC 

phase of IC discharges (e.g., Kong et al. 2008).  Saba et al. (2010a) concluded that the spatial and 

temporal criteria presently used to group –CG strokes into flashes may not be valid for +CG, and 

that the very concept of a lightning flash being a group of strokes that are co-located in space and 

time should be reconsidered for +CG.  Despite the new weak +CG threshold (15 kA), Florida’s 

unusual warm season +CG characteristics provide further evidence that the present NLDN 

definition of +CG flashes remains less than ideal.   

 

3.3.3 Case Study of 13–14 May 2007 

 The following case study illustrates some of the storm-scale processes that are behind the 

climatological patterns just described.  Several factors combined on 13–14 May 2007 to produce 

strong +CG and –CG flashes, severe wind and hail, and natural wildfires over South Georgia and 

North Florida.  Much of Florida was experiencing a severe drought as a decaying cold front 

approached the South Georgia – North Florida region.  Analysis of Rapid Update Cycle (RUC) 

hourly analyses revealed that the cold front was still apparent in the lower troposphere but had 

mixed out at the surface (not shown).  Florida’s east- and west-coast sea-breeze circulations 

dominated the low-level flow, resulting in strong convergence along the peninsula.  Convergence 
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between the east- and west-coast sea breezes initiated a group of storms north of Tampa at ~1800 

UTC (southern storms; Cells 8, 68, and 69; Fig. 3.6).  Conversely, storms formed along the 

Florida–Georgia border at ~2200 UTC (northeastern storms; Cells 201, 209, and 222; Fig. 3.6) as 

the east-coast sea breeze interacted with the decaying cold front and an active wildfire complex.  

Further west, northerly flow converged with the Gulf Coast sea breeze to initiate additional 

storms.   

The northern storms likely ingested smoke from preexisting wildfires (Fig. 3.6).  These 

fires began on April 16 and had expanded into an extensive complex located in Southeast 

Georgia and North Florida (Fig. 3.6).  Smoke produced by these fires influenced large portions 

of the Southeast U.S. throughout April, May, and June 2007.  Their smoke was clearly evident in 

Moderate Resolution Imaging Spectroradiometer (MODIS) imagery of the area (not shown).  

Although MODIS imagery was not available during 13–14 May 2007, the widespread smoke 

during the preceding weeks along with easterly low-level flow (below 1 km) suggest that the 

northern storms were influenced by smoke.  Specifically, the east-coast sea breeze strengthened 

low-level easterly flow just prior to initiation of the storms nearest the fires.  Smoke was 

observed throughout the period at Valdosta Regional Airport (KVLD; Fig. 3.6), between 1400–

1800 UTC at Moody Air Force Base (KVAD), and during 2000–0000 UTC at Jacksonville 

Regional Airport (KJAX).  Thus, it is likely that each of the northern storms ingested smoke, but 

that the storms farthest from the active fires likely ingested smaller amounts.   

The northern and southern regions of storms (Fig. 3.6) developed under different 

environmental conditions (Table 3.6).  Although the lifting condensation level (LCL) and 

melting level heights are comparable between regions (Table 3.6), the greatest most unstable 

CAPE is located in the southern region.  The lower levels are slightly drier in the north, with 

mean low-level (0–1 km) mixing ratios of ~11 g kg-1 (Table 3.6) compared with ~13 g kg-1 in the 

south.  The greatest difference between regions is the amount of mid-level moisture (Table 3.6).  

Specifically, the north is notably drier in the middle levels, exhibiting much greater 500 hPa dew 

point depressions (>14.2°C; Table 3.6) than the south (<6°C).  While atmospheric conditions in 

the north are common during Florida’s transition from the cool to warm seasons, conditions in 

the south are most common during Florida’s warm season.   

The southern storms, characteristic of Florida’s warm season, produce predominately      

–CG flashes (Table 3.7; Fig. 3.7a) and exhibit 30 dBZ (50 dBZ) echo tops above 15 km (9 km; 
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Table 3.8).  Figure 3.6 illustrates the areas influenced by the WDSS-II defined storms throughout 

their durations (Table 3.7).  Animations reveal that the most intense southern storm (cell 8; Fig. 

3.6) begins at 1757 UTC, remains nearly stationary, and initially consists of two main cores.  The 

separate cores eventually split into cells 68 and 69 at 1955 UTC, which then track toward the 

west and east, respectively (Fig. 3.6).  Storm tracks are evident in the clustering of strong –CG 

flashes (Fig. 3.7a), and strong –CG flashes also are clustered near the two hail reports in cell 8.  

The southern storms produce the smallest +CG percentages (<3%; Table 3.7), and their +CG 

distribution is widely varied (Fig. 3.7a).   

Lightning characteristics in several of the northern storms (Fig. 3.7b) are opposite those 

of the southern storms (Fig. 3.7a), with clusters of +CG and more sporadic –CG.  Although +CG 

flashes typically occur outside areas with significant updrafts (Kopp and Orville 1987), they 

sometimes cluster in the cores of strong storms (MacGorman and Burgess 1994).  These reversed 

polarity (+CG-dominated) storms are most common in relatively dry environments with high 

cloud bases and shallow warm cloud depths (e.g., Carey and Buffalo 2007).  Interestingly, large 

+CG percentages also have been observed in thunderstorms that ingest smoke from wildfires 

during drought conditions (e.g., Vonnegut et al. 1995; Lyons et al. 1998b; Lang and Rutledge 

2006).  Smoke-enhanced +CG has been observed in pyrocumulus clouds directly associated with 

the source fires (Vonnegut et al. 1995) and in storms at long distances downwind from the source 

fires (Lyons et al. 1998b).  This is an important relationship since +CG flashes often exhibit the 

unique combination of high peak current and long continuing current (LCC; Saba et al. 2006a; 

Saba et al. 2010a), and thus are prime candidates for igniting subsequent wildfires (Fuquay et al. 

1972).   

Since the atmosphere is drier to the north, especially in the middle levels (Table 3.6), 

these storms produce strong outflow boundaries that yield complex storm evolutions.  Figure 3.6 

illustrates the areas influenced by the WDSS-II defined storms, revealing that the northern 

storms undergo several splits and mergers.  Figure 3.7b illustrates clear differences in the 

lightning production of the northern storms.  Specifically, the northern storms nearest the active 

wildfires (Cells 201, 209, and 222) produce predominately strong +CG flashes (Fig. 3.7b), 

whereas the storms farthest west (Cells 263 and 276) produce predominately –CG.  Both groups 

of storms (west and east) ignite wildfires (Fig. 3.6), and a +CG-dominated storm (Cell 222) also 

produces severe wind and hail.   
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Although the northern storms that are farthest from the active wildfires (Cells 263 and 

276; Fig. 3.6) exhibit greater +CG percentages than the southern storms (Table 3.7), they exhibit 

smaller +CG percentages than the storms farther east.  Figure 3.6 reveals that Cell 263 actually 

begins as Cell 201 and eventually merges into Cell 276.  Cell 263 exhibits a greater average +CG 

percentage than Cell 276 (13.7% vs. 5%; Table 3.7), likely because it originated as a +CG-

dominated storm.  The northwest storms (i.e., those furthest from the fires; Cells 263 and 276) 

exhibit the lowest average 50 dBZ echo tops and greatest average reflectivity below 0°C (Table 

3.8).  These observations suggest precipitation loading and relatively weak updrafts.  

Conversely, the northeastern storms (201, 209, and 222; Fig. 3.6) originate either directly 

above or just west of the existing wildfires.  These storms produce predominately +CG (Table 

3.7) and an average Ip (>50 kA) that is much greater than climatology (Fig. 3.4b).  These storms 

develop in a drier environment than the southern storms, and exhibit the smallest average 

reflectivity below 0°C (Table 3.8).  Rosenfeld et al. (2007) suggested that the combination of 

heat and smoke from intense wildfires is associated with a high concentration of small droplets 

that ascend rapidly in strong updrafts.  Thus, the +CG-dominated storms (Cells 201, 209, and 

222) also exhibit the highest average 30 dBZ echo tops (Table 3.8) and the greatest average 30 

dBZ echo heights above -10°C.  Increased competition for cloud condensation nuclei and the 

strength of the updrafts likely lead to a greater quantity of supercooled liquid water at higher 

levels (i.e., colder temperatures; Rosenfeld et al. 2007).  Greater supercooled liquid water content 

in the mixed phase region (0°C to -40°C) appears to be the common link between reversed 

polarity (+CG-dominated) storms in the Great Plains (e.g., Williams et al. 2005; Carey and 

Buffalo 2007) and those associated with smoke ingestion during drought conditions (e.g., Lang 

and Rutledge 2006). 

The northeastern storms (Cells 201, 209, and 222) provide additional examples of 

reversed polarity (+CG-dominated) storms that appear to ingest smoke during drought 

conditions, produce predominately strong +CG flashes, and ignite subsequent wildfires (e.g., 

Lang and Rutledge 2006).  Lyons et al. (1998b) suggested that the increased number of strong 

+CG flashes in reversed polarity storms may indicate that the charge that normally participates in 

IC flashes somehow has been reapportioned into the +CG formation process.  This may help 

explain the strength (large Ip) of +CG flashes in reversed polarity storms (Table 3.7).  However, 
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analysis of IC data sources will be required to quantify any relationships between +CG 

characteristics and IC activity in reversed polarity storms.   

Geographic Information System (GIS) analysis reveals that the main northern storm (cell 

222) produces a cluster of strong +CG flashes that ignite a subsequent wildfire at ~0000 UTC, 

nearly coincident in time with severe hail and wind reports (Fig. 3.6).  Although –CG flashes 

greatly outnumber +CG flashes, and likely are responsible for most natural wildfire ignitions, 

this example provides further evidence that storms which ingest smoke during drought 

conditions may ignite a disproportionate number of wildfires.  We note this apparent self-

perpetuating nature of wildfires and +CG lightning, and suggest that additional knowledge of 

these relationships may provide forestry officials additional lead time for distributing resources.   

These case study findings further suggest that CG characteristics describe the variability 

in thunderstorm charging and the relative charge dissipation roles of +CG and –CG flashes in 

individual storms.  For example, strong storms in both the northern and southern regions are 

characterized by high echo tops, large CG flash rates, and strong CG flashes.  Although both 

groups of storms likely produce similar quantities of charge, the polarity of the charge generated 

and dissipated appears to be influenced by the near-storm environment.  These results further 

indicate that intense storms contain strong CG flashes that are either +CG or –CG based on the 

atmospheric conditions.  This supports the suggestion of Orville et al. (2002) that the key factors 

determining charge in the lower portion of the lightning channel are related to the total charge 

available for producing a flash.  Thus, future studies should continue to examine relationships 

between strong CG flashes, severe storms, structural damage, and wildfire ignitions to help 

identify potential forecasting and nowcasting applications.   

 

3.4     SUMMARY AND CONCLUSIONS 

 

 We have shown that Florida’s cloud-to-ground (CG) lightning characteristics vary by 

region and season due to differences in atmospheric conditions and their influence on CG 

production in individual storms.  These findings further suggest that CG characteristics can 

provide valuable information to decision makers regarding the CG threat.  Specifically, certain 

atmospheric conditions produce intense storms with strong CG flashes whose polarity, 
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multiplicity, and estimated peak current Ip depend on the near-storm environment.  Thus, positive 

CG (+CG) and negative CG (–CG) characteristics appear to be indicative of the amount and type 

of charge generated and dissipated in individual storms.  The combination of CG characteristics 

and other measures of storm intensity (e.g., radar parameters) allow detailed analysis of patterns 

and trends that suggest increased structural damage, wildfire ignitions, and/or severe storms.   

Florida’s greatest CG (+CG) flash densities occur during the warm season, especially 

over the peninsula (panhandle).  Conversely, the warm season exhibits the smallest +CG 

percentages.  This observation suggests the tendency for the +CG flash rate to decrease with 

increasing cloud depth (e.g., Rakov 2003).  Florida’s deepest storms occur most frequently 

during the warm season, producing the greatest average –CG flash density, multiplicity, and Ip.  

Our findings suggest that –CG characteristics are directly related on the seasonal and regional 

scales, and may be indicative of storm depth, extent, and intensity.  Specifically, greater –CG 

multiplicity and Ip during Florida’s warm season likely are related to greater cloud extent 

(Krehbiel et al. 1979), larger cloud volume (Orville and Huffines 1999), and higher charge layers 

(e.g., Williams 2006).   

Warm season +CG characteristics were found to be unusual, exhibiting large multiplicity 

(>1.7) and small Ip (<35 kA).  During the warm season, weak +CG reports (10–15 kA) account 

for greater than 40% of all +CG in Florida, and ~25% of +CG reports are in the ambiguous +CG 

range (15–20 kA).  Although relatively small average +CG Ip during the warm season can be 

attributed to an increased number of ambiguous +CG reports (15–20 kA), strong +CG reports 

(>20 kA) appear to be responsible for the greater warm season +CG multiplicity.  Since +CG 

flashes typically consist of a single return stroke (Rakov 2003), we suggest that our findings are 

a result of both the measurement capabilities and physical characteristics of +CG flashes in 

Florida.   

Our findings further demonstrate the complexities of +CG flashes and the influence of 

the measurement capabilities.  The National Lightning Detection Network (NLDN) tends to 

overestimate the multiplicity of +CG flashes, even more so following the recent upgrade.  It 

appears that portions of intra-cloud (IC) channels might be misclassified as +CG return strokes; 

however, a combination of IC and video-based studies will be required to document this 

potential relationship.  Interestingly, Saba et al. (2010a) noted that the spatial and temporal 

criteria presently used to group –CG strokes into flashes may not be valid for +CG, and that the 
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very concept of a lightning flash being a group of strokes that are co-located in space and time 

should be reconsidered for +CG.  As demonstrated by Florida’s unusual warm season +CG 

characteristics, it is clear that the present NLDN definition of +CG flashes remains less than 

ideal. 

 Conversely, +CG flashes were found to have more classical characteristics during the 

cool season, exhibiting relatively small multiplicity (1.3–1.7) and large Ip (>35 kA).  Enhanced 

cool season +CG production has been attributed to greater shear and drier conditions compared 

to the warm season.  Also, cool season thunderstorms generally are associated with synoptic-

scale systems which produce relatively large +CG percentages (e.g., Zajac and Rutledge 2001).  

Within Florida, the panhandle exhibits the greatest annual +CG densities and percentages, with 

both values decreasing southward along the peninsula.  The panhandle also exhibits the smallest 

average +CG multiplicity and greatest average +CG Ip, suggesting more true +CG flashes in this 

region (vs. ambiguous or misclassified +CG reports).   

We documented two regions of storms on 13–14 May 2007 that developed under 

different atmospheric conditions and exhibited dissimilar CG patterns.  Both regions of storms 

produced severe weather and ignited wildfires.  Several northern storms contained predominately 

strong +CG flashes, whereas the southern storms produced predominately strong –CG.  The 

southern storms developed along sea-breeze and outflow boundaries in a moist environment, 

producing predominately –CG flashes, severe hail reports, and wildfire ignitions.  Although the 

southern storms were characteristic of Florida’s warm season, the northern storms formed in a 

slightly drier environment and also ingested smoke from existing wildfires.   

The northern storms nearest the wildfires (northeastern storms) produced predominately 

strong +CG flashes, whereas the northern storms farthest from the fires (northwestern storms) 

produced mostly –CG.  Thus, smoke ingestion during dry conditions was not sufficient to 

explain the occurrence of the reversed polarity (+CG-dominated) storms.  Only the northern 

storms nearest the fires exhibited high echo tops comparable to those of the –CG-dominated 

southern storms.  It appears that the heat and smoke very near the fires were necessary for the 

reversed polarity storms.  These storms produced frequent and strong +CG flashes that are more 

likely to ignite subsequent wildfires (e.g., Latham and Williams 2001).  We note this apparent 

self-perpetuating relationship between wildfires and strong +CG flashes, and suggest that 
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knowledge of the mesoscale environment can lead to a better diagnosis of the CG threat, and 

improved information for wildfire managers. 

Our findings illustrate the dependence of CG characteristics on the near-storm 

environment through storm-scale processes.  Additional research on this topic is needed to fully 

exploit the extensive information contained in the NLDN archive.  Intra-cloud lightning 

detection technologies will continue to provide new perspectives on CG patterns.  For example, 

the Lightning Detection and Ranging (LDAR) and Lightning Mapping Array (LMA) networks 

are advancing our knowledge by quantifying the amount and type of charge that is dissipated in 

specific cloud layers.  The upcoming GOES-R Geostationary Lightning Mapper (GLM; 

Goodman et al. 2008) will soon complement the NLDN to provide total lightning (IC plus CG) 

data to all National Weather Service (NWS) forecast offices for the first time.  Therefore, the 

analysis of CG and IC flashes and their relation to specific atmospheric conditions and storm-

scale processes will help provide for a smooth transition to GLM operations. 
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TABLE 3.1.  Radar parameters computed by merging WSR-88D (radar) data with 20 km Rapid 

Update Cycle (RUC) hourly analyses in WDSS-II.  These parameters then were overlaid with 

CG data and tracked within individual storms to examine storm-scale relationships between 

lightning and radar parameters.  Note that “Average” corresponds to the average of all grid cell 

values within a WDSS-II defined storm, while “Maximum” corresponds to the maximum grid 

cell value within each storm. 

 

Merged Radar-RUC Parameters 

Average Reflectivity Between -20°C and 0°C 

Average/Maximum Reflectivity at -10°C 

Average/Maximum Reflectivity at -20°C 

Average/Maximum Reflectivity at 0°C 

Average Reflectivity Below 0°C 

Height of 30 dBZ echo above -10°C 

Height of 50 dBZ echo above -20°C 

Height of 50 dBZ echo above 0°C 

Height of Maximum Reflectivity 

Height of 18 dBZ Echo Top 

Height of 30 dBZ Echo Top 

Height of 50 dBZ Echo Top 

Maximum Reflectivity 

Mean Reflectivity 

Maximum VIL 
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TABLE 3.2.  User-defined thresholds for the WDSS-II algorithm (w2segmotion) that is used to 

data mine lightning and radar information (Lakshmanan et al. 2009).  The maxima and spread of 

the VIL signatures differ for storms in the northern and southern regions, requiring use of 

separate thresholds to best identify discrete cells.   

 

Storm 
Region 

Min, Max, Incr, Depth 
VIL (kg m-2) 

Saliency 
(km2) 

Smoothing Filter 
(default) 

Northern 10, 55, 10, 20 100 Median/Percent 

Southern 15, 60, 7.5, 30 50 Median/Percent 

 

 

TABLE 3.3.  Annual total CG flash density (flashes km-2 mo-1), +CG flash density (flashes km-2 

mo-1), and +CG percentage (%) in each of Florida’s subset regions (Fig. 3.1) during 2004–09.   

 

Region 
CG Flash 
Density 

+CG Flash 
Density 

Percentage 
Positive 

Northwest 0.71 0.036 5.12 

Northeast 0.72 0.023 3.21 

Central 1.00 0.019 1.92 

South 0.95 0.017 1.82 

Florida 0.87 0.023 2.65 
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TABLE 3.4.  Average 1200 UTC atmospheric conditions for each region and season during 

2004–09.  Composite rawinsonde soundings were created for Tallahassee (TAE), Jacksonville 

(JAX), Tampa (TBW), and Miami (MFL) for the cool (October–April) and warm (May–

September) seasons.  Columns display the most unstable CAPE (i.e., surface to 700 hPa; J kg-1), 

mixed phase CAPE (0°C to -40°C; J kg-1), and wind shear between 0–6 km above ground level 

(kt; m s-1).   

 

Location Season 
Most Unstable  
CAPE (J kg-1) 

Mixed Phase 
CAPE (J kg-1) 

Shear 0-6 km 
kt (m s-1) 

TAE Cool 125.5 38.1 40.7 (20.9) 

JAX Cool 126.2 42.0 38.2 (19.7) 

TBW Cool 247.6 83.3 35.0 (18.0) 

MFL Cool 470.9 155.4 30.2 (15.5) 

TAE Warm 1472.7 441.0 15.6 (8.0) 

JAX Warm 1450.3 332.2 15.7 (8.1) 

TBW Warm 1827.0 585.6 14.3 (7.4) 

MFL Warm 2267.7 881.3 12.9 (6.6) 
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TABLE 3.5.  As in Table 3.4, but the columns contain the average melting level height (m), the 

mean mixing ratio in the lowest 1 km (g kg-1), and the average relative humidity between 850–

650 hPa (%).   

 

Location Season 
Melting 
Level 

Height (m) 

Mean Mixing 
Ratio (lowest 
1 km) g kg-1 

Relative 
Humidity (%) 
850–650 hPa 

TAE Cool 3599 3.4 37.9 

JAX Cool 3590 3.6 37.9 

TBW Cool 4111 4.3 36.9 

MFL Cool 4359 5.0 38.4 

TAE Warm 4495 6.5 59.9 

JAX Warm 4523 6.6 61.3 

TBW Warm 4590 6.9 60.7 

MFL Warm 4626 7.2 60.6 
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TABLE 3.6.  WDSS-derived near-storm environment parameters corresponding to each storm 

cell in the northern and southern regions.  Values are from the 20 km hourly RUC analyses that 

precede each storm’s initiation at the grid cell of that initiation.  Columns display the lifting 

condensation level (LCL) height (m), melting level height (m), most unstable CAPE (J kg-1), 

mean mixing ratio in the lowest 1 km (g kg-1), and dew point depression at 500 hPa (°C).   

 

Northern 
Storms 

LCL 
Height 

Melting 
Level 
Height 

Most 
Unstable 
CAPE 

Mean Mixing 
Ratio  

(0–1 km) 

Dewpoint 
Depression 
(500 hPa) 

Cell 201 1198 4107 1122 10.6 16.5 

Cell 209 1238 4077 1676 11.0 14.2 

Cell 222 1556 4042 1965 10.7 15.9 

Cell 263 1189 3993 978 11.3 18.5 

Cell 276 2204 3957 820 10.4 22.2 

      

Southern 
Storms 

LCL 
Height 

Melting 
Level 
Height 

Most 
Unstable 
CAPE 

Mean Mixing  
Ratio  

(0–1 km) 

Dewpoint 
Depression 
(500 hPa) 

Cell 8 1090 3801 3017 13.6 5.8 

Cell 68 1478 3940 2097 13.1 2.5 

Cell 69 865 4070 1690 13.5 0.8 
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TABLE 3.7.  Average WDSS-II derived lightning characteristics and duration of each of the 

northern and southern storms.  Values represent the average of all 1-min storm values during 

each storm’s entire duration.  Columns also display the average +CG percentage, and +CG        

(–CG) multiplicity, and Ip for the northern (southern) storms.   

 

Northern 
Storms 

Duration 
(h/min) 

Percentage 
Positive (%) 

+CG 
Multiplicity 

+CG 
Peak Current 

Cell 201 1:15 54.7 1.54 64.5 

Cell 209 0:36 69.7 1.10 57.8 

Cell 222 2:24 44.7 1.01 53.0 

Cell 263 1:26 13.7 1.00 35.3 

Cell 276 2:32 5.0 2.61 31.0 

 

Southern 
Storms 

Duration 
(hr/min) 

Percentage 
Positive (%) 

–CG  
Multiplicity 

–CG  
Peak Current 

Cell 8 1:58 1.9 2.46 -14.2 

Cell 68 1:06 1.2 3.26 -18.4 

Cell 69 1:02 2.3 2.54 -14.7 
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TABLE 3.8.  Average WDSS-II derived radar characteristics for each of the northern and 

southern storms.  Values represent the average of all 1-min storm values during each storm’s 

entire duration.  Columns display average echo tops defined by the maximum height of the 30 

and 50 dBZ echoes, the average height of the 30 dBZ echo top above the -10°C isotherm, the 

average height of the 50 dBZ echo above the melting level (0°C), and the average reflectivity 

below the melting level.   

 

Northern 
Storms 

Echo Top 
30 dBZ 

Ht of 30 dBZ 
above -10 °C (km) 

Echo Top 
50 dBZ 

Ht of 50 dBZ 
above 0 °C (km) 

Reflectivity 
below 0 °C (Dbz) 

Cell 201 17.0 5.6 8.5 1.9 32.3 

Cell 209 16.2 5.0 7.3 1.4 31.9 

Cell 222 15.6 3.8 6.7 1.3 36.4 

Cell 263 15.2 3.4 6.0 0.9 38.9 

Cell 276 14.6 3.2 6.3 1.0 38.1 

      

Southern 
Storms 

Echo Top 
30 dBZ 

Ht of 30 dBZ 
above -10 °C (km) 

Echo Top 
50 dBZ 

Ht of 50 dBZ 
above 0 °C (km) 

Reflectivity 
below 0 °C (dBZ) 

Cell 8 15.3 4.3 9.9 2.6 33.1 

Cell 68 16.9 4.3 9.8 2.1 32.3 

Cell 69 14.9 3.4 9.3 2.0 34.5 
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FIG. 3.1.  The domain used to examine CG distributions in Florida, and four subset regions 

(Northwest, Northeast, Central, and South) that were used to investigate seasonal and regional 

variability in the polarity, multiplicity, and Ip of CG flashes.   
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FIG. 3.2.  (a)–(d) Warm season (May–September) and cool season (October–April) CG flash 

densities during 2004–09 (flashes km-2 mo-1).  (a) warm season total CG, (b) cool season total 

CG, (c) warm season +CG, and (d) cool season +CG.  Note that the color scales differ between 

panels.   
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FIG. 3.3.  Monthly values of (a) total CG flash density, (b) +CG flash density, (c) proportion of 

total CG flashes, and (d) percentage of +CG flashes by region (Fig. 3.1) during 2004–09.   
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FIG. 3.4.  Mean (a) +CG multiplicity, (b) +CG Ip, (c) –CG multiplicity, and (d) –CG Ip for each 

month and region (Fig. 3.1) during 2004–09.  Note the different scales between panels, and that 

+CG is defined by Ip greater than 15 kA. 
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FIG. 3.5.  (a)–(c) Seasonal distributions of +CG reports that are subset by Ip into three groups, 

weak +CG (10–15 kA), ambiguous +CG (15–20 kA), and strong +CG (>20 kA).  (a) The relative 

number of +CG flashes in each group during each month, (b) the monthly percentage of +CG 

flashes that contain a single return stroke, and (c) the monthly percentage of +CG flashes with 

four or more return strokes.  Since weak +CG flashes (10–15 kA) are no longer reported as being 

+CG by the NLDN, this analysis only examines +CG reports during 2002–06.   
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FIG. 3.6.  Overview of the case study on 13–14 May 2007.  Colored regions illustrate the areas 

influenced by the WDSS-II defined storms throughout their durations (Table 3.7), orange squares 

correspond to active wildfires reported by the Moderate Resolution Imaging Spectroradiometer 

(MODIS) sensor, orange circles denote lightning-induced wildfires reported in the Florida 

Division of Forestry wildfire database (data not available in Georgia), and aircraft symbols 

correspond to Jacksonville Regional Airport (KJAX; black), Moody Air Force Base (KVAD; 

red), and Valdosta Regional Airport (KVLD; blue).  Note that additional storms occur in each 

region (not discussed), and that both regions of storms produced severe weather and ignited 

wildfires. 
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FIG. 3.7. Overview of the (a) southern and (b) northern regions of storms.  Note that additional 

storms also occur in each region but are not discussed.  Colored regions illustrate the areas 

influenced by the WDSS-II defined storms throughout their durations (Table 3.7), orange squares 

correspond to active wildfires reported by the Moderate Resolution Imaging Spectroradiometer 

(MODIS) sensor, orange circles represent lightning-induced wildfires reported in the Florida 

Division of Forestry wildfire database (data not available in Georgia), and the blue and red bolt 

symbols represent –CG and +CG flashes, respectively.  The size of the bolt symbols corresponds 

to the Ip of the CG flashes.   
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CHAPTER FOUR 

DETERMINING RELATIONSHIPS BETWEEN LIGHTNING- 

AND RADAR-DERIVED PARAMETERS IN SEVERE AND  

NON-SEVERE STORMS 

 

4.1     INTRODUCTION 

 

Despite many previous studies, it is clear that robust relationships between storm 

dynamics, severe weather, and lightning activity have not been found (Steiger et al. 2007a).  

However, recent advances in lightning datasets and storm analysis techniques are improving our 

understanding of the relationships between storm-scale processes and lightning production.  The 

recent emergence and expansion of intra-cloud (IC) lightning datasets hold great promise to both 

researchers and operational forecasters.  Although previous research has shown that total 

lightning (i.e., IC plus cloud-to-ground (CG)) information is useful for improving severe storm 

warnings, these early studies encountered difficulty tracking individual storms and isolating their 

lightning and radar characteristics.  Therefore, most previous studies have examined only a few 

individual cases and a relatively small number of lightning and radar characteristics.  Since 

varying atmospheric conditions and storm structure influence lightning production (Rudlosky 

and Fuelberg 2010b), a large sample size is required to develop robust statistical relationships.   

The National Lightning Detection Network (NLDN; Orville et al. 2008) has provided CG 

lightning data to National Weather Service (NWS) forecasters for over a decade, and a select few 

NWS offices also receive IC data from local Lightning Detection and Ranging (LDAR; 

Boccippio et al. 2001) and Lightning Mapping Array (LMA; Rison et al. 1999) networks.  These 

total lightning datasets can help improve situational awareness and the discernment of storm 

severity.  For example, Darden et al. (2010) found that the addition of real-time total lightning 

data enhanced short-term warning decisions during severe weather operations.  However, they 

also noted the limited use of lightning information in the NWS convective warning program, and 

suggested that this was due to the lack of total lightning information on a regional or national 
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scale, limited research on relationships between lightning and severe weather, and a cultural 

legacy of perceiving lightning data as less important than radar and satellite products.  Therefore, 

this study aims to better quantify relationships between total lightning and storm severity to help 

improve the operational utility of total lightning data. 

Numerous studies have examined relationships between CG flash characteristics and 

storm severity (e.g., MacGorman and Burgess 1994, Knapp 1994, Biggar 2002, and Carey et al. 

2003).  However, these studies mainly focused on CG polarity and flash density, with relatively 

few examining relationships between storm severity and other CG characteristics (i.e., 

multiplicity and estimated peak current Ip).  Since +CG and –CG characteristics are indicative of 

the amount and type of charge generated and dissipated in individual storms (e.g., Rudlosky and 

Fuelberg (2010b), it also is important to examine their relation to storm severity.   

Although CG flashes are predominately negative (–CG), they sometimes transfer positive 

charge to ground (+CG).  The +CG percentage varies seasonally and regionally (Orville and 

Huffines 2001), and also on the storm scale (MacGorman and Burgess 1994; Rudlosky and 

Fuelberg 2010b).  Some storms produce predominately +CG flashes for extended periods of time 

(MacGorman and Burgess 1994; Biggar 2002); however, regions with a relatively moist 

troposphere experience fewer +CG-dominated storms (Knapp 1994).  For example, Carey and 

Rutledge (2003) showed that differences between the +CG percentages of severe and non-severe 

storms are less clear in the southern plains than the northern plains.  Rudlosky and Fuelberg 

(2010b) found that Florida’s +CG percentage (flash density) is smallest (greatest) during the 

warm season, coincident with a tendency for deeper storms.  They also noted unusual warm 

season +CG characteristics (large multiplicity and small Ip), and suggested that misclassified 

weak +CG reports (IC versus CG; Cummins et al. 1998; Biagi et al. 2007) significantly 

influenced their warm season +CG characteristics.  Therefore, the present study also examines 

storm-scale relationships between +CG characteristics and radar-derived measures of storm 

intensity.  

Steiger et al. (2007a,b) compared the lightning production of supercell storms and 

Mesoscale Convective Systems (MCSs).  Most lightning in supercell storms was found near 

gradients of radar reflectivity in the cold cloud region (i.e., above the melting level; Steiger et al. 

2007a).  They also found that the greatest charge separation and lightning activity occurred on 

the edges of the updraft in supercell storms.  Conversely, enhanced lightning activity in MCSs 
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was collocated with areas of large reflectivity (Steiger et al. 2007b).  They found that as a new 

cell in an MCS grows and its reflectivity increases, the flash density maximum moves toward the 

rear of the cell, eventually merging with lightning in older cells.  In multicell storms, Bruning et 

al. (2007) showed that rapid separation of charge first initiates lightning at low levels, but that 

later charge separation delayed the onset of lightning at upper levels until the individual cells 

began to decay.  Later, as updrafts subsided throughout the storm, lightning activity broadened to 

include the entire area that had been electrically active (Bruning et al. 2007).   

MacGorman et al. (2007) stated that the occurrence of CG lightning requires not only 

storm electrification, but also a charge configuration that allows a channel to propagate to 

ground.  These conditions often do not exist during the most intense stage of isolated severe 

storms when the majority of charge accumulates at high altitudes and is mainly dissipated by IC 

flashes.  For example, MacGorman et al. (2007) documented a supercell storm in which CG flash 

rates were small during the most intense phase (i.e., when IC flash rates were greatest) and only 

increased as the storm weakened.  Several studies also have shown that –CG flashes become 

more likely with the formation and descent of precipitation (Mansell et al. 2002; MacGorman et 

al. 2007).  Their research suggests that precipitation can provide the small positive charge layer 

beneath the main negative charge region that is needed to initiate –CG flashes (Mansell et al. 

2002; MacGorman et al. 2007).  Interestingly, MacGorman et al. (2007) suggested that nearby 

storms also can provide this small positive charge below the main negative charge region.  Thus, 

the likelihood and frequency of –CG flashes increases as the degree of cell isolation decreases 

(i.e., as cells become nearer; MacGorman et al. 2007).   

The present study focuses on the Mid-Atlantic region where various synoptic and 

mesoscale systems interact with complex terrain (Fig. 4.1a) to produce a variety of convective 

modes (e.g., discrete supercells, forward-propagating multicell structures, bowing line segments, 

MCSs).  However, we presently make only one distinction regarding storm structure.  

Specifically, we categorize isolated pulse thunderstorms and discrete supercells as “isolated” 

storms, whereas line segments, multicell storms, embedded supercells, and disorganized storm 

clusters are categorized as “line/multicell” storms.  These broad structure categories facilitate 

comparisons between single cell storms and those having a more complex evolution (i.e., 

interactions between multiple cells).  Our future research will examine more specifically defined 

storm structures. 
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Although updraft characteristics exert a major influence on a storm’s potential to produce 

severe weather, these characteristics are difficult to obtain from radar in real-time (MacGorman 

et al. 2008).  Since the latency of traditional radar data often obscures sudden changes in storm 

structure, any information about updraft trends that can be inferred from lightning data will be 

especially useful in assessing storm severity (MacGorman et al. 2008).  Much like the rapid 

sampling provided by phased array radar, knowledge of rapidly changing lightning patterns 

might increase warning confidence and help avoid warning delays that sometimes result from the 

present radar sampling rates.  Our research aims to better quantify relationships between 

lightning and radar-derived parameters to determine which signatures provide essential clues on 

the development and evolution of severe storms.   

Previous studies have documented relationships between IC lightning trends and storm 

severity.  Williams et al. (1999) found that sudden increases in IC flash rate, denoted lightning 

jumps, preceded tornado occurrences in Florida by as much as 20 min.  The lightning jump 

signature is a useful proxy for strengthening updrafts and increasing storm intensity, helping 

forecasters to identify storms acquiring severe potential and determine where a storm is in its 

lifecycle (Darden et al. 2010).  Lightning jumps also have been observed prior to severe hail and 

wind.  For example, Goodman et al. (2005) examined a severe pulse thunderstorm that exhibited 

large IC to CG ratios throughout its lifetime, noting a strong increase in the IC flash rate 9 min 

before damaging winds occurred at the surface.  Steiger et al. (2007b) also described a severe 

wind report that was preceded by diverging trends in IC and –CG flash rates.  Although these 

storms were fully sampled by WSR-88Ds every 6 min, the LMA and NLDN networks provided 

continuous IC and CG observations, yielding a more detailed view of storm-scale evolution.  

Therefore, we compare IC, CG, and radar-derived parameters to investigate their potential for 

operational applications. 

The immensity of lightning and radar datasets, together with somewhat limited software 

capabilities, has restricted the scope of many previous studies.  Fortunately, the Warning 

Decision Support System – Integrated Information (WDSS-II; Lakshmanan et al. 2007) and 

Geographic Information System (GIS) software now provide an ideal framework for developing 

large lightning and radar datasets and determining relationships between the two.  We have 

developed automated WDSS-II procedures to create grids of lightning and radar parameters, 

cluster individual storm features, and data mine lightning and radar attributes from many 
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individual storms.  These procedures allow streamlined database development and analysis, help 

minimize the manual inspection of storm features while maximizing accuracy, and facilitate 

detailed analysis of relationships between lightning and radar-derived parameters.   

Our overall goal is to combine information about the near-storm environment, radar-

defined storm structure, and both IC and CG characteristics to better quantify relationships 

between lightning characteristics, storm structure, and storm severity in the Mid-Atlantic region.  

We first introduce our storm analysis techniques and the resulting storm database (Section 4.2).  

Section 4.3.1 describes the synoptic and mesoscale features that influence the common modes of 

convection in our Mid-Atlantic domain, and also documents the timing (diurnal cycle), structure 

(isolated vs. line/multicell), and severity (severe vs. non-severe) of storms in this region.  The 

broad storm structure categories allow general comparisons (e.g., the influence of multiple 

updrafts on lightning characteristics) and emphasize the importance of grouping storms based on 

structure.  We seek to identify differences in the distributions of lightning and radar 

characteristics in severe versus non-severe storms and isolated versus line/multicell storms 

(Section 4.3.1).  Furthermore, we examine if similar relationships exist between IC, CG, and 

radar-derived parameters in both severe and non-severe storms (Section 4.3.2).  

 

4.2     DATA AND METHODS 

 

We used a variety of data sources and two software packages to examine the lightning 

and radar characteristics of many individual storms.  Data sources included Storm Prediction 

Center (SPC) severe weather reports, WSR-88D radar data, Rapid Update Cycle (RUC) hourly 

analyses (Benjamin et al. 2004), NLDN-reported CG characteristics (Rudlosky and Fuelberg 

2010b), and IC lightning information from the Washington, DC Metropolitan area LMA 

(Krehbiel et al. 2008).  These data were examined using WDSS-II and GIS, which together 

allowed analysis of many lightning and radar parameters in a variety of storms.   

Several of the aforementioned data sources were merged using WDSS-II (Lakshmanan et 

al. 2006).  Specifically, WDSS-II contains algorithms that extract near-storm environmental 

variables from hourly RUC analyses, compute reflectivity and velocity parameters from single or 

multiple WSR-88Ds, and ingest both CG and IC lightning data from the NLDN and LMA 
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networks.  We computed many 3-D radar parameters by merging data (Lakshmanan et al. 2006) 

from the WSR-88Ds in Sterling, VA and Dover, DE (Fig. 4.1a) with near-storm environmental 

information from hourly 20 km RUC analyses (Benjamin et al. 2004).  Although the RUC 

analyses do not perfectly represent true atmospheric conditions, they provide better spatial and 

temporal resolution than rawinsonde soundings.  Rapidly-updating radar grids (2-min intervals) 

were created in WDSS-II using interpolation techniques and the most recent elevation scans 

from each radar (Lakshmanan et al. 2006).  These merged radar parameters were computed on a 

1×1×1 km grid with 20 vertical levels.   

WDSS-II natively ingests NLDN data and creates CG flash densities at user specified 

spatial and temporal resolutions.  We combined and modified existing WDSS-II algorithms to 

create grids of average +CG percentage, as well as average +CG and –CG multiplicity (return 

strokes) and Ip (kA).  We computed 2-min averages of these CG characteristics on 2×2 km grids.  

One should note that many questions remain concerning the occurrence and distribution of weak 

(<15 kA) and ambiguous (15–20 kA) +CG reports (Biagi et al. 2007; Cummins and Murphy 

2009; Rudlosky and Fuelberg 2010a,b).  Cummins and Murphy (2009) suggested that +CG 

discharges with Ip between 10–20 kA are a mixture of CG and IC pulses.  Based on recent 

findings by Biagi et al. (2007), we removed +CG reports with Ip less than 15 kA.   

WDSS-II also contains algorithms to ingest LMA data and create both source- and flash-

based IC products.  LMA networks report the 3-D locations of very high frequency (VHF) 

radiation “sources” that are emitted as IC lightning channels accelerate.  Source-based IC 

products include the column density of LMA sources (VILMA), the maximum LMA source 

density at any 1 km level (MaxLMA), and the height at which the MaxLMA occurs 

(HtMaxLMA).  However, most previous studies have examined IC flash distributions rather than 

source-based IC products (e.g., Goodman et al. 2005; MacGorman et al. 2008).  A WDSS-II 

algorithm consolidates the individual LMA sources into flashes based on spatial and temporal 

criteria.  The flash consolidation thresholds vary with range from the LMA center, but all flashes 

must contain at least 3 individual LMA sources.  We computed flash-based IC products on a 2×2 

km grid (with 1 km vertical resolution), and also an 8×8 km grid to approximate the 2-D 

horizontal resolution that is expected from the upcoming GOES-R Geostationary Lightning 

Mapper (GLM; Goodman et al. 2008).  Since LMA detection efficiency decreases with range 
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from the network’s center, IC densities are somewhat reduced in storms at greater distances from 

the LMA center (i.e., 150–200 km).   

Lightning and radar parameters were examined within individual storms using a WDSS-

II algorithm (w2segmotion) that identifies and tracks storm features (Lakshmanan et al. 2009) 

and extracts information from additional gridded fields (Lakshmanan and Smith 2009).  The 

algorithm is a modification of a common image processing technique (watershed transform) that 

identifies local maxima and their regions of support (foothills) based on user defined thresholds 

(Lakshmanan et al. 2009).  We automated w2segmotion to track individual storms and output 

their lightning and radar characteristics to a database at 2-min intervals.  The algorithm allowed 

us to select the field to be tracked (lightning or radar parameters), define the minimum size of 

features, and set thresholds to facilitate consistent tracking of coherent features.   

Lakshmanan et al. (2009) presented the w2segmotion thresholds that are required to 

accurately identify and track storm features.  We tracked storms based on their reflectivity at       

-20°C (Ref20C) since it was found to best isolate discrete storms (versus composite reflectivity).  

Common thresholds are used for all 61 cases.  Specifically, we selected a maximum Ref20C of 

75 dBZ, a minimum of 25 dBZ, an increment of 12.5 dBZ, a maximum depth of 37.5 dBZ, and a 

saliency of 100 km2.  WDSS-II first searches for one or more maxima in the defined field 

(Ref20C).  A maximum is defined if its area-averaged Ref20C exceeds 75 dBZ.  The threshold is 

then decreased by one increment (12.5 dBZ) to 62.5 dBZ, and the algorithm again searches for 

maxima, continuing the incremental search down to a minimum of 25 dBZ.   

The algorithm next searches for regions of support surrounding each maximum.  

Specifically, it decreases one increment (12.5 dBZ) from the defined maximum to a new 

threshold and searches for a supporting region that meets the saliency criterion of 100 km2 and 

exceeds the new threshold of area averaged Ref20C.  If a supporting region is not identified for a 

particular maximum, the threshold is again decreased by one increment to search for a 

supporting region.  If necessary, this search continues down to a maximum depth (range of 

Ref20C) of 37.5 dBZ.  Each maximum must be surrounded by a supporting region for it to be 

identified and tracked by w2segmotion. 

WDSS-II produces a database containing all user defined lightning and radar 

characteristics for each storm feature, at 2-min intervals, during a specified period of time 

(typically 16–24 h).  Various operators (e.g., average, maximum) were used to extract gridded 
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information for each storm and time, permitting many variations of the lightning and radar 

parameters.  However, since a storm’s average value is strongly influenced by changes in the 

size and shape of the WDSS-II defined features, this study only examined the maximum 2-min 

values within each storm.  Although w2segmotion attempts to assign a unique storm identifier to 

each coherently tracked feature throughout its entirety (Lakshmanan et al. 2009), splits and 

mergers complicate this process.  Therefore, we manually inspected each storm to determine if 

WDSS-II had assigned different identifiers to what appeared to be the same feature at different 

parts of its lifetime.  If so, we designated a new identifier to consolidate the data points into a 

single storm file.  Each storm was required to contain at least 7 samples (i.e., 2-min snapshots).  

During our manual inspection, we also designated each storm as being isolated or line/multicell 

depending on the number of updrafts (number of relative Ref20C maxima) contained by each.  

Although no specific distance threshold was required for storms to be defined as isolated, clear 

air (i.e., 0 dBZ) must have separated isolated storms from neighboring storms. 

The resulting storm database then was inspected using GIS.  We first displayed all storm 

centroids and selected storms of interest based on their duration, path, and distance from the 

radar and LMA sensors.  Storm reports then were overlaid with all storm centroids to make 

comparisons and determine each storm’s severity (severe versus non-severe).  Our WDSS-II 

tracking procedures and uncertainties in the timing and location of severe storm reports required 

that storms be designated as either severe or non-severe, and isolated or line/multicell, 

throughout their lifetime.  Specifically, if a storm formed a line or exhibited more than one 

updraft at any stage during its lifecycle, it was considered line/multicell throughout.  Similarly, if 

a storm was designated severe at some stage during its life cycle, we maintained its severe 

designation throughout, regardless of the timing of the corresponding severe weather reports.  

We examined 61 case study days in the Mid-Atlantic region during 2007–09.  Each case 

included many individual storms, at least one of which was severe.  We compared mean values 

of radar and lightning parameters in severe versus non-severe and isolated versus line/multicell 

storms, and used Student’s t-test to determine the significance of the differences that were 

observed in the mean lightning and radar parameters.  The reader should note that both the 

sample size (N) and the assumed number of degrees of freedom (�; N minus one) have a strong 

influence on our statistical results.  The most conservative estimate for N is the number of storms 

(1667; Table 1), whereas the most liberal estimate is the number of 2-min storm centroid points 
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(59 869).  The 2-min storm centroids almost certainly are not truly independent samples; 

however, we know of no previous studies that have determined the time period over which this 

serial correlation becomes negligible.  Therefore, we defined N to be the number of 2-min storm 

centroids, and � to be N minus one.  Our assumption that each 2-min storm centroid is an 

independent sample nearly ensures that serial correlations inflate the statistical significance of 

our results.  However, that remains a topic for future research.  Using this large N and � 

produced small standard errors (Tables 2–4), and very small p-values for the mean comparisons 

(p < 0.0001), which are noted where appropriate. 

 

     4.3     RESULTS AND DISCUSSION 

 

4.3.1 Lightning and Radar Climatology 

It is important to understand the dynamic and thermodynamic forcing mechanisms on 

both the synoptic and mesoscale that initiate storms in our Mid-Atlantic study region.  Storm 

Prediction Center (SPC) forecasters provide real-time discussions about the interaction between 

these synoptic and mesoscale features by issuing convective outlooks, mesoscale discussions, 

and severe weather watches.  The following discussion draws heavily on archives of these SPC 

products.  Severe storms typically occur where dynamic and thermodynamic mechanisms 

combine optimally.  Synoptic-scale influences on storm development in our region are primarily 

determined by the tracks of upper-level low pressure systems and the large scale ascent often 

associated with their mid-level shortwave troughs.  Alternatively, mesoscale influences on storm 

development are more strongly controlled by variations in the underlying surface.  The terrain 

varies greatly within the study domain (Fig. 4.1a), ranging from mountains in the west 

(elevations of 600–1200 m) to coastal plains, bodies of water, and complex coastlines in the east.  

The sea breeze is a major forcing mechanism for storm development in the coastal regions.  The 

variable terrain and variety of lifting mechanisms largely determines both the timing (season and 

time of day) and type (wind, hail, and tornado) of severe weather in the Mid-Atlantic region.   

Severe storms are most common during June and July, when synoptic and mesoscale 

lifting mechanisms most frequently reinforce each other.  Thus, the majority of our 61 cases 

occurred during June (21) and July (18), with March (3), April (4), May (5), and August (10) 



68 
 

accounting for the remainder.  Our database documents approximately 50 lightning and radar-

derived parameters for 1667 storms (59 869 2-min periods; 1995 h; Table 4.1) in the Mid-

Atlantic region during 2007–09.  Since synoptic and mesoscale systems influence storm structure 

and lightning production, we subdivided storms according to their structure and severity 

(isolated, line/multicell, severe, and non-severe).  Line/multicell (isolated) storms account for 

1091 (586) of the 1667 storms (Table 4.1), while 460 (1207) of the storms are classified as 

severe (non-severe).  Since our mean values (Tables 4.2–4.4) and correlations (Tables 4.5–4.6) 

only consider storms within 150 km of the LMA center, Table 4.1 also provides the number of 

storms and storm centroids within this distance. 

Manual inspection of all 1667 storms revealed interesting spatial variations in the storm-

scale distributions of lightning and radar characteristics.  GIS plots illustrate this spatial 

variability by displaying averages of all storm centroids (59 869; Table 4.1) within 10×10 km 

grid cells (Figs. 4.1,4.2).  Specifically, these spatial GIS plots provide static images of recurring 

features that were observed during our manual inspection of storms in WDSS-II.  Recall that 

WDSS-II defines storms as volumes which are represented by their 2-D centroids in the GIS 

analyses.  Specifically, WDSS-II reports the maximum lightning and radar parameters in each 3-

D storm as occurring at its 2-D centroid.  Although this analysis method influences the spatial 

patterns (values are reported at the storm centroid and not the grid cell of their occurrence), these 

distributions are very similar whether using 5×5 km (not shown) or 10×10 km (Figs. 4.1,4.2) 

grids.  Each 10×10 km grid cell contains an average of 35 storm centroids, and grid cells with 

less than 30 (15) storm centroids are hatched (cross-hatched) in Figures 4.1 and 4.2. 

Most storms occur during daylight hours (i.e., 1200–0000 UTC; red shades; Fig. 4.1b), 

especially over northern and western portions of the domain.  The predominance of daytime 

storms indicates that diurnal heating greatly influences convective initiation over large portions 

of our domain.  The earliest convection often initiates over the western mountains where 

elevated heat sources produce thermally-induced circulations.  These early storms often 

encounter unidirectional westerly shear and propagate eastward where storms are more common 

later in the day.  In the lee of the Appalachian Mountains, southwesterly low-level jet streams 

(LLJs) also can aid storm development and enhance the potential for severe weather.  Since 

boundary layer cooling limits nocturnal convection, nocturnal storms generally are dynamically 

driven, occurring most frequently over southern and eastern portions of the domain (Delmarva 



69 
 

Peninsula; blue shades; Fig. 4.1b).  These nocturnal and early morning storms often enhance an 

already stable marine boundary layer (MBL) in the coastal regions.  Since the atmosphere 

requires time to recover following convection, this stable MBL often delays convective initiation 

along the Delmarva Peninsula until later in the day (Fig. 4.1b).   

Synoptic-scale influences help explain some of the variability in storm structure and 

severity that was initially observed during our manual inspection of storms.  The severe 

percentage (Fig. 4.1c) represents the percentage of storms passing through each grid cell that are 

severe at some stage of their lifecycle.  Severe percentages are greatest over inland regions, 

exhibiting maximum values over central and northern Maryland.  This maximum represents a 

favored region for the coupling of strong shear and steep low- and mid-level lapse rates.  

Specifically, westerly mid- and upper-level winds often interact with southwesterly LLJs to 

produce strongly veered shear profiles that favor the formation of discrete supercells and bowing 

line segments.  These veering profiles can be further enhanced by sea breeze-induced onshore 

flow which increases shear in the lowest levels, and enhances the tornado threat.  In addition, the 

greatest mid-level lapse rates occur when synoptic-scale systems transport relatively cold mid-

level air over warm, moist boundary layer air.  This combination of factors is maximized over 

central and northern portions of our domain, coincident with greater severe percentages (Fig. 

4.1c).  Conversely, the southeastern portion of the domain exhibits smaller severe storm 

percentages (e.g., Delmarva Peninsula; Fig. 4.1c), which likely can be attributed to the 

aforementioned influence of the stable MBL along the coastal regions.   

The line/multicell percentage helps illustrate variability in storm structure in the Mid-

Atlantic region.  The smallest percentages of line/multicell storms (red shades; Fig. 4.1d) occur 

over the mountains and in a region that is collocated with the aforementioned severe percentage 

maximum (central and northern Maryland; Fig. 4.1c).  As was initially observed during our 

manual inspection of storms in WDSS-II, these small line/multicell percentages correspond to 

the most common locations of isolated pulse storms and discrete supercells (i.e., isolated storms).  

Alternatively, line/multicell storms are more common along the Chesapeake Bay and Atlantic 

Ocean, where interactions between sea-breeze and outflow boundaries frequently produce 

line/multicell storms.  The greater line/multicell percentages in the northern and southern 

portions of the domain reveal common MCS tracks.  Over southern portions of the domain, the 

strongest deep layer shear occurs when southwesterly mid-level flow overlies a southwesterly 
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LLJ.  This deep unidirectional shear profile favors embedded supercells and bowing line 

segments, both of which are classified as line/multicell storms. 

Most storms (~65%) in our dataset are classified as line/multicell (Fig. 4.1d), and these 

storms are more intense than isolated storms in our database (Tables 4.2–4.4).  For example, 

line/multicell storms exhibit larger Maximum Expected Size of Hail (MESH; 14.8 mm; Table 

4.2) than isolated storms (12.8 mm), as well as greater IC Flash Extent Density (IC–FED; 1.62 

versus 0.99 flashes km-2 min-1) and –CG flash density (0.14 versus 0.09 flashes km-2 min-1).  A 

Student’s t-test revealed that each of these mean comparisons exhibited p-values less than 

0.0001.  Previous studies have shown that both IC and –CG flashes become more likely as 

isolated storms organize into line segments and multicell storms (i.e., upscale growth; 

MacGorman et al. 2007).  They suggested that this was partly because adjacent cells typically are 

at different stages of development, which brings charge regions of opposite polarity closer 

together (both horizontally and vertically), thereby strengthening the resulting electric fields.  

Thus, a region having too little charge to produce lightning in an isolated cell may do so if it is 

sufficiently near a region of opposite polarity in an adjacent cell (MacGorman et al. 2007).  As a 

result, fluctuations in lightning activity occur as new cells develop and subsequently merge 

(Deierling et al. 2005), influencing relationships between lightning and radar-derived parameters 

in line/multicell storms.   

Variability in storm structure (isolated versus line/multicell) and severity (severe versus 

non-severe) complicates the relative distributions of IC and CG flashes (Fig. 4.2).  Although we 

computed the IC/CG and CG/IC ratios for each storm and time, these parameters are not 

appropriate for our present analysis of the maximum values in each storm.  Specifically, our 

algorithm reports the maximum IC/CG ratio at any 2×2 km grid cell in each storm (i.e., where 

IC–FED is greatest and CG flash density is least), and thus is not representative of the entire 

storm.  Therefore, we describe the relative IC and –CG flash distributions rather than the 

reported maximum IC/CG ratio.   

Greatest IC–FED occurs over central and northern Maryland (Fig. 4.2a) where –CG flash 

densities exhibit no clear maximum (Fig. 4.2b).  Although the range of the LMA limits IC 

detection, the network provides nearly uniform coverage within ~150 km of its center (Fig. 4.2a).  

The IC–FED maximum in central and northern Maryland is collocated with the aforementioned 

severe percentage maximum (Fig. 4.1c) and line/multicell percentage minimum (red shades; Fig. 
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4.1d).  As described previously, low- and mid-level shear and lapse rates are more likely to 

support discrete supercell storms in this region than in other portions of the domain.  Although 

supercell storms are prolific IC lightning producers, they often produce small –CG flash rates 

during their most intense stage (Steiger et al. 2007a).  Thus, more frequent discrete supercells 

likely contribute to our observation of smaller –CG flash densities (Fig. 4.2b) in the region of 

greatest IC–FED (Fig. 4.2a) and severe percentage (Fig. 4.1c).   

MacGorman et al. (2007) found that as the degree of cell isolation decreases (i.e., storms 

get closer), the likelihood and frequency of –CG flashes increases.  Large –CG flash densities 

occur throughout the southeastern half of the domain (Fig. 4.2b), corresponding to regions of 

enhanced line/multicell percentages (Fig. 4.1d).  Importantly, –CG Ip (Fig. 4.2c) and multiplicity 

(Fig. 4.2d) also are greatest over the southeastern half of the domain.  Enhanced –CG 

characteristics over the Chesapeake Bay and Atlantic Ocean are consistent with the findings of 

Rudlosky and Fuelberg (2010a) who showed that –CG characteristics were greatest over the 

coastal waters of the southern and eastern U.S.  They suggested that maritime –CG maxima were 

directly associated with properties of the salt water surface, and were caused by both physical 

differences in first –CG return strokes (Cummins et al. 2005) and –CG flash detection (Lyons et 

al. 1998) over salt water.   

Lyons et al. (1998) noted that enhanced –CG multiplicity and Ip often extend more than 

100 km inland, suggesting that the salt water surface is not the only causative factor.  Rudlosky 

and Fuelberg (2010a) also showed that greater –CG multiplicity (their Fig. 4.5a) and Ip (their Fig. 

4.5b) extended some distance inland from the coasts of the Gulf of Mexico and Atlantic Ocean.  

In Florida, the greatest inland –CG multiplicity and Ip occur during the warm season (May–

September; Rudlosky and Fuelberg 2010b).  They suggested that interactions between the many 

sea-breeze and outflow boundaries likely increased the areal coverage of thunderstorms, which 

in turn contributes to stronger –CG flashes (i.e., greater –CG multiplicity and |Ip|) during the 

warm season.  Their suggestion was based on the total amount of charge of each polarity tending 

to increase as storms gain additional cells and/or cover a greater horizontal area (MacGorman et 

al. 2007).  Our results confirm their suggestion by revealing that line/multicell storms occur 

frequently over the coastal regions (Fig. 4.1d) and contribute to the inland –CG maxima along 

the Mid-Atlantic coast (Figs. 4.2b,c,d).  Table 4.4 also reveals greater –CG multiplicity and |Ip| in 

line/multicell storms (4.77 and -28.9 kA) than in isolated storms (3.46 and -22.6 kA).  These 
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findings suggest that line/multicell storms generate large quantities of charge and subsequently 

produce many strong –CG flashes.   

Both IC and –CG flash rates are strongly influenced by the close proximity of individual 

cells in line/multicell storms.  In these storms, it often is difficult to attribute IC trends to an 

individual updraft, which limits the operational benefit of IC trends as an indicator of updraft 

intensity in line/multicell storms.  Since –CG characteristics (flash density, multiplicity, and Ip) 

are greater in line/multicell storms than isolated storms (Table 4.4), we suggest that –CG 

characteristics may provide valuable information regarding storm intensity and updraft 

evolution.  Thus, it is important to examine relationships between –CG characteristics and radar-

derived measures of storm intensity to determine their potential for operational applications. 

 

4.3.2 Severe versus Non-Severe Storms 

We defined any storm that became severe at some time during its life cycle (determined 

by SPC reports) as severe throughout the WDSS-II tracking process.  This approach helps limit 

the influence of uncertainties in the SPC severe storm reports.  Specifically, SPC severe storm 

reports are human observed (during severe events or post-storm damage surveys) and known to 

contain errors in their timing and location.  Although our definition of severity decreases 

differences between the severe and non-severe distributions of lightning and radar 

characteristics, previous studies have shown that severe storms differ most from their non-severe 

counterparts when they are producing severe weather (e.g., Biggar 2002).  Therefore, we 

compare the lightning and radar characteristics of severe and non-severe storms, with emphasis 

placed on the larger values (i.e., tails of the distributions).   

Severe storms exhibit stronger radar-derived parameters (Table 4.2) and greater IC and   

–CG flash densities (Table 4.3) than non-severe storms.  For example, the height of the 30 dBZ 

echo top above the -10°C isotherm (H30above263K) is 1.7 km greater in severe storms than non-

severe storms (Table 4.2; p < 0.0001).  Both IC and –CG flash densities are greater in severe 

storms than non-severe storms (Table 4.3), but IC–FED differs more between the two groups 

(1.97 versus 0.99 flashes km-2 min-1) than do –CG flash densities (0.16 versus 0.10 flashes km-2 

min-1).  These findings provide further evidence that deep storms produce the greatest IC and      

–CG flash rates (Steiger et al. 2007a,b; MacGorman et al. 2008).  However, as shown in Section 
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4.3.1, storm structure (isolated versus line/multicell) also influences the IC/CG ratio and 

complicates relationships between lightning and radar-derived characteristics.  

 Histograms and cumulative percentages describe the likelihood that a storm is severe (or 

non-severe) based on individual radar or lightning parameters (Figs. 4.3,4.4).  These distributions 

differ between severe and non-severe storms, with greatest radar-derived parameters occurring in 

severe storms (Fig. 4.3).  For example, 53% (19%) of all severe (non-severe) storm points 

exhibit MESH greater than 15 mm (Figs. 4.3a,c).  In addition, H30above263K exceeds 6 km in 

54% of severe storm points (Fig. 4.3b) but only 24% of non-severe storm points (Fig. 4.3d).  

Lightning parameters (Fig. 4.4) also indicate the likelihood that a given storm is severe or non-

severe.  Specifically, IC–FED exceeds 1 flash per kilometer squared per minute in 45% of severe 

storms points (Fig. 4.4a) but only 20% of non-severe storm points (Fig. 4.4c).  Similarly, –CG 

flash densities greater than 0.1 flashes per kilometer squared per minute occur in 56% (Fig. 4.4b) 

and 31% (Fig. 4.4d) of severe and non-severe storm points, respectively.  Thus, values of 

individual lightning and radar parameters can provide a first guess if a storm is severe or non-

severe.   

Correlation coefficients and scatter diagrams quantify relationships between IC, CG, and 

radar-derived parameters.  We examined Pearson correlation coefficients (r) for many pairs of 

parameters, and present examples of the many relationships that were found to be significant at 

the 0.01 level using a two-sample t-test.  Table 4.5 contains samples of the best correlations 

between approximately 50 IC, CG, and radar-derived parameters.  Since NWS forecasters do not 

know if a storm was severe or not until human reports are received, it is important to determine 

whether relationships between IC, CG, and radar-derived parameters are similar in both severe 

and non-severe storms.  Thus, separate scatter plots are shown for severe and non-severe storms 

not only to illustrate differences in their lightning and radar characteristics, but also to show that 

both groups exhibit similar trends.   

Our WDSS-II analysis techniques, limitations in the lightning and radar observations, and 

decreasing LMA detection efficiency with range combine to produce considerable spread in our 

scatter plots (Figs. 4.5,4.6) as well as relatively small values of R2.  To lessen the influence of 

decreasing LMA detection efficiency with range, our correlations only consider points within 

150 km of the LMA center.  Results indicate that flash-derived IC products (FED and FID) are 

better correlated with both CG and radar-derived parameters than are source-based IC products 
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(not shown).  This suggests that accurate flash counts are required to determine relationships 

between IC, CG and radar parameters.  Therefore, we focus on the flash-derived IC products.   

As mentioned previously, IC products were computed on both a 2×2 km grid for LMA 

analysis and an 8×8 km grid to approximate the 2-D horizontal resolution expected from the 

upcoming GOES-R GLM (Goodman et al. 2008).  Table 4.5 reveals that IC–FED (2×2 km) and 

GLM–FED (8×8 km) are strongly correlated (0.935), and that each exhibits similar correlations 

with both CG and radar-derived parameters.  This suggests that the GLM will provide valuable 

IC lightning information comparable to the 2–D information currently provided by local 3-D 

LMA networks. 

Our findings provide further evidence that IC trends are more helpful for discerning 

storm severity than are –CG densities (e.g., Williams et al. 1999; Goodman et al. 2005; Steiger et 

al. 2007a,b; Darden et al. 2010).  IC trends are more helpful for discerning storm severity (versus 

–CG densities) because they are more indicative of updraft strength, which largely governs storm 

severity (MacGorman et al. 2008).  Table 4.5 reveals that MESH, a composite of several radar 

parameters, is better correlated with IC–FED (0.542) than –CG flash density (0.482).  WDSS-II 

estimates MESH by integrating radar reflectivity information with radar velocity information 

(for rotation and storm-top divergence) and RUC near-storm environment data (to obtain 

reflectivities at specific isotherm levels).  Thus, MESH includes information about both the 

strength of the updraft and the heights of significant isotherms (e.g., -20°C).  Figure 4.5 

illustrates that IC–FED increases with increasing MESH in both severe (panel a) and non-severe 

(panel b) storms.  This relationship again suggests that IC trends are closely related to updraft 

strength and that IC data can provide comparable information to that provided by radar-derived 

measures of storm intensity. 

Previous research has shown that –CG densities are strongly related to the height of the 

30 dBZ echo top (Top30dBZ), the difference between Top30dBZ and the –10°C isotherm height, 

as well as the formation and descent of precipitation (Mansell et al. 2002; MacGorman et al. 

2007).  Our results show that –CG flash density and 30 dBZ echo top height (Top30dBZ) exhibit 

the strongest correlation (0.657; Table 4.5), and that –CG flash density is similarly correlated 

with H30above263K (0.648).  Since we obtained the –10°C isotherm height from hourly RUC 

analyses, it remains fairly constant for individual storms.  Thus, both the surface and –10°C 

isotherm height provide fixed lower boundaries for computing the height of the 30 dBZ echo top 
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and H30above263K.  This reduces storm-scale variability between these two parameters, and 

helps explain their similar correlations.   

Our results also support a previous finding that –CG flashes become more likely with the 

formation and descent of precipitation (Mansell et al. 2002; MacGorman et al. 2007).  

Specifically, rain rate is better correlated with –CG flash density (0.441; Table 4.5) than with IC–

FED (0.391).  In addition, Figures 4.5c and 4.5d show that –CG flash densities greater than 0.5 

flashes per kilometer squared per minute tend to occur only when H30above263K exceeds 7 km.  

These findings together suggest that the greatest –CG flash rates occur in tall storms that also are 

producing large amounts of precipitation.   

Figures 4.6a and 4.6b show that severe storms exhibit greater IC and –CG flash densities 

than non-severe storms (values outside the lower-left quadrant).  Furthermore, many severe 

storm points exhibit large IC–FED (>5 flashes km-2 min-1; Fig. 4.6a) but only moderate –CG 

flash densities (0.05–0.30 flashes km-2 min-1; upper-left quadrant).  This distribution helps 

explain why many previous studies found little or no relationship between –CG flash density and 

severe weather (e.g., Reap and MacGorman 1989; MacGorman et al. 2008).  Specifically, our 

introductory remarks and early results (Section 4.3.1) imply that these large IC, moderate –CG 

flash rates occur in isolated pulse and discrete supercell storms.  This suggests that better 

relationships might exist between –CG flash densities and severe weather within line/multicell 

storms; whereas IC flash information appears necessary to diagnose the severity of isolated 

storms.   

Our +CG findings suggest that additional caution must be taken to account for 

misclassified +CG reports.  Readers should recall that weak +CG reports (<15 kA) were omitted 

from our database to lessen the influence of misclassified +CG reports (IC versus CG).  

Nevertheless, +CG Ip is inversely correlated with various measures of storm intensity (Table 

4.5).  Specifically, +CG Ip exhibits weak negative correlations with radar-derived parameters 

such as the 30 dBZ echo top height (-0.258) and both IC and –CG flash densities (-0.174 and      

-0.224, respectively).  This indicates that ambiguous +CG reports (15–20 kA) become more 

common as storms intensify (stronger updrafts and taller storms), thereby contaminating the 

+CG distributions.  Although previous studies in the central U.S. have shown greater +CG 

percentages in severe storms than non-severe storms (Biggar 2002; Carey and Rutledge 2003), 

this relationship is not observed in the Mid-Atlantic region (Table 4.3).  Specifically, non-severe 
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storms exhibit a slightly greater +CG percentage than severe storms (3.7% versus 2.9%; Table 

4.3).  Explanations for these unusual +CG findings remain unclear, but likely are attributable to 

the complexities of +CG flashes and the influence of NLDN measurement capabilities on their 

relative frequency and distribution (e.g., Rudlosky and Fuelberg 2010a,b).  Although 

meteorological variability likely contributes to our unusual +CG findings, the inverse 

relationship between +CG Ip and storm intensity, as well as the greater +CG percentage in non-

severe storms, suggests that additional quality control measures beyond the customary weak 

+CG Ip threshold will be required to accurately document storm-scale +CG distributions in the 

Mid-Atlantic region.  

Since –CG characteristics appear to indicate the amount of charge generated and 

dissipated by individual storms (Section 4.3.1), it is important to examine relationships between 

the –CG characteristics and radar parameters.  Table 4.6 reveals that –CG flash density, 

multiplicity, and Ip are intercorrelated, and that –CG flash density versus –CG multiplicity 

exhibits the greatest correlation (0.489).  Previous studies have found –CG multiplicity and Ip to 

be inversely related on both the regional and seasonal scales (Orville et al. 2002; Rudlosky and 

Fuelberg 2010a).  Our analysis of the Mid-Atlantic region reveals that –CG multiplicity and Ip 

also are inversely correlated on the storm scale (–0.475; Table 4.6).  Specifically, increasing 

multiplicity corresponds to decreasing –CG Ip (increasing |Ip|).  Thus, large multiplicity –CG 

flashes are most likely to exhibit strong –CG Ip (large |Ip|).  Figure 4.6 shows that this 

relationship holds in both severe (panel c) and non-severe (panel d) storms, and is surprisingly 

similar in the two groups.  In addition, H30above263K, a measure of storm intensity, is similarly 

correlated with both –CG multiplicity (0.396) and Ip (-0.398).  These findings suggest that –CG 

characteristics are descriptive of the amount of negative charge generated in a thunderstorm, and 

may provide important information regarding the evolution and intensity of individual storms.   

 

     4.4     SUMMARY AND CONCLUSIONS 

 

This study has examined more than 1500 severe and non-severe storms in the Mid-

Atlantic region of the United States during 2007–09.  We used the Warning Decision Support 

System – Integrated Information (WDSS-II) and Geographic Information System (GIS) software 
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packages to examine lightning and radar parameters in many individual storms.  Subsets of 

severe versus non-severe and isolated versus line/multicell storms were used to document 

relationships between lightning parameters, radar-derived storm structure, and storm severity.   

This research has demonstrated our ability to examine lightning and radar parameters in a 

large number of storms using WDSS-II and GIS.  It also demonstrated the influence of storm 

structure on lightning production, and indicated the importance of grouping storms based on their 

structure (i.e., isolated versus line/multicell).  Our large dataset confirmed several relationships 

between lightning and radar parameters that previously had only been documented in relatively 

few storms.  For example, severe storms in the Mid-Atlantic region exhibit stronger radar-

derived parameters and greater intra-cloud (IC) and cloud-to-ground (CG) flash densities than 

non-severe storms.  In addition, maximum IC flash densities differ more between severe and 

non-severe storms than do negative CG (–CG) densities.  Flash-based IC products were better 

correlated with CG and radar parameters than were source-based IC products, implying that 

accurate IC flash counts will be required to relate lightning production to storm structure, 

evolution, and severity.   

Spatial averages of 2-min storm centroid points illustrated the influence of synoptic and 

mesoscale systems on the location, structure, and severity of storms in the Mid-Atlantic region.  

These spatial plots illustrated recurring features that initially were observed during our manual 

inspection of all 1667 storms using WDSS-II.  The plots also identified locations where synoptic 

and mesoscale lifting mechanisms often combine to support severe storm initiation.  We located 

common severe storm tracks, revealed that line/multicell storms become more common as 

storms approach the coastal regions, and showed that –CG characteristics are greatest in the 

southeastern half of our domain.   

Results indicated that the line/multicell storms in our dataset were more intense than the 

isolated storms, exhibiting stronger values of radar parameters and greater IC and –CG flash 

densities.  Section 4.3.1 demonstrated that storm structure (isolated versus line/multicell storms) 

has a strong influence on the relative IC and –CG distributions (both amounts and 

characteristics).  For example, strong line/multicell storms, as defined by radar parameters, 

produce strong –CG flashes (large –CG multiplicity and estimated peak current Ip) which help 

explain the greater –CG multiplicity and Ip over inland coastal regions (Section 4.3.1; Lyons et 

al. 1998; Rudlosky and Fuelberg 2010a).   
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The results demonstrated that storm-scale relationships exist between CG and IC 

characteristics, and also between lightning and radar parameters.  Histograms and cumulative 

percentages illustrated differences between the lightning and radar characteristics of severe 

versus non-severe storms (Section 4.3.1).  They also revealed that individual lightning and radar-

derived parameters can help determine the likelihood that a given storm is severe or non-severe.  

However, since these statistics only provide a first guess as to a storm’s potential severity, we 

also examined relationships between pairs of IC, CG, and radar-derived parameters.   

Correlation analysis helped identify and compare relationships between lightning and 

radar parameters (Section 4.3.2).  Scatter diagrams revealed that the relationships between IC, 

CG, and radar-derived parameters are similar in both severe and non-severe storms.  As 

anticipated, IC characteristics correlate well with many radar parameters as well as –CG flash 

density.  –CG flash density also is strongly correlated with several radar-derived parameters, 

which suggests that –CG characteristics are indicative of storm intensity.  Specifically, –CG 

flash density, multiplicity, and |Ip| are intercorrelated and directly related to the height of the 30 

dBZ echo top above the -10°C isotherm (H30above263K).  We also showed that –CG 

multiplicity and Ip are inversely related on the storm scale, exhibiting their greatest values in 

line/multicell storms and when storms are most intense.   

Positive CG (+CG) distributions revealed two unusual features.  First, +CG Ip was found 

to be inversely related to various IC and radar-derived measures of storm intensity.  We also 

found that the non-severe storms in our database exhibited a slightly greater +CG percentage 

than the severe storms.  These unusual +CG findings further illustrate the influence of NLDN 

measurement capabilities on +CG distributions, and suggest that additional quality control 

procedures beyond the customary weak +CG Ip threshold will be required to remove 

misclassified weak +CG reports (i.e., IC versus CG).   

Since the upcoming GOES-R Geostationary Lightning Mapper (GLM) will provide total 

lightning observations at ~8 km horizontal resolution, IC products were examined on both 2×2 

km and 8×8 km grids.  IC products at both resolutions were similarly correlated with CG and 

radar-derived parameters.  This suggests that the GLM will provide valuable IC information that 

is comparable to the 2–D information currently provided by local 3-D Lightning Mapping Array 

(LMA) networks. 
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Various correlations revealed that the IC, CG, and radar datasets complement one 

another, suggesting that their combination can be used to improve the discernment of storm 

structure, evolution, and severity.  However, our analyses also illustrate the complex nature of 

the apparent relationships.  They show that different storm types (e.g., isolated versus 

line/multicell) exhibit different lightning characteristics, thereby revealing the importance of 

storm structure on relationships between lightning and radar parameters in individual storms.  

Our future analyses will examine relationships within more distinct categories of storms (e.g., 

isolated hail storms) in an attempt to determine which combinations of lightning and radar 

parameters best identify essential clues on the development and evolution of severe storms.  Our 

future research will continue to seek to better quantify total lightning information so that NWS 

forecasters can better use both current and future total lightning datasets.  
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TABLE 4.1. Columns display the number of storms and storm centroid points (2 min snapshots) 

that are within ~200 km (150 km) of the LMA center, as well as the durations and average 

durations for all storms, and each category, within ~200 km.  Duration (h) is equal to the number 

of 2-min storm points multiplied by 2 min and divided by 60 min.   

 

Storm Type 
Storm Count 

(within 150 km) 
Storm Centroid Count 

(within 150 km) 
Duration (h) 

Avg. Duration (min) 
(± standard error) 

All Storms 1667 (1242) 58969 (34953) 1966 71.0 ± 1.3 

Isolated 586 (427) 14423 (8724) 481 49.2 ± 1.6 

Line/Multicell 1091 (818) 44546 (26229) 1485 81.7 ± 1.8 

Severe 460 (388) 25971 (16899) 866 112.9 ± 3.1 

Non-Severe 1207 (857) 32998 (18054) 1100 54.7 ± 1.1 

 

 

TABLE 4.2. Mean radar and lightning parameters (± standard errors) for all storms and each 

category of storms within 150 km of the LMA center.  The sample size (N) is the number of 2-

min storm centroids in each category (within 150 km; Table 4.1).   

 

  
MESH  
(mm) 

H30above263K  
(km) 

Top30dBZ  
(km) 

HtMaxLMA  
(km) 

All Storms 14.3 ± 0.061 6.1 ± 0.013 11.9 ± 0.014 11.9 ± 0.016 

Isolated 12.8 ± 0.128 5.4 ± 0.024 11.0 ± 0.027 10.9 ± 0.035 

Line/Multicell 14.8 ± 0.070 6.4 ± 0.015 12.2 ± 0.016 12.2 ± 0.018 

Severe 18.8 ± 0.099 7.0 ± 0.018 12.8 ± 0.020 12.3 ± 0.022 

Non-Severe 10.0 ± 0.057 5.3 ± 0.016 11.1 ± 0.018 11.5 ± 0.024 
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TABLE 4.3. Mean lightning characteristics (± standard errors) for all storms, and each category 

of storms, within 150 km of the LMA center.  The sample size (N) is the number of 2-min storm 

centroids in each category (within 150 km; Table 4.1).  Units of flash density are flashes per 

kilometers squared per minute.   

 

  
IC Flash Extent  

Density 
IC Flash Initiation  

Density 
–CG Flash  

Density 
+CG Percentage  

(%) 

All Storms 1.46 ± 0.009 0.35 ± 0.002 0.13 ± 0.0006 3.1 ± 0.079 

Isolated 0.99 ± 0.015 0.27 ± 0.004 0.09 ± 0.0009 2.6 ± 0.184 

Line/Multicell 1.62 ± 0.011 0.38 ± 0.002 0.14 ± 0.0007 3.2 ± 0.087 

Severe 1.97 ± 0.015 0.45 ± 0.003 0.16 ± 0.0009 2.9 ± 0.102 

Non-Severe 0.99 ± 0.009 0.26 ± 0.002 0.10 ± 0.0007 3.3 ± 0.120 

 

 

TABLE 4.4. Mean –CG and +CG characteristics (± standard errors) for all storms, and each 

category of storms, within 150 km of the LMA center.  The sample size (N) is the number of 2-

min storm centroids in each category (within 150 km; Table 4.1).   

 

  
-CG Multiplicity  

(Return Strokes) 
-CG Ip  
(kA) 

+CG Multiplicity  
(Return Strokes) 

+CG Ip  
(kA) 

All Storms 4.56 ± 0.012 -22.8 ± 0.103 1.67 ± 0.032 24.1 ± 0.308 

Isolated 3.53 ± 0.038 -17.3 ± 0.169 1.79 ± 0.093 26.5 ± 1.081 

Line/Multicell 4.82 ± 0.022 -24.6 ± 0.123 1.66 ± 0.034 23.8 ± 0.316 

Severe 4.99 ± 0.027 -25.3 ± 0.148 1.57 ± 0.037 23.3 ± 0.351 

Non-Severe 4.05 ± 0.027 -20.5 ± 0.141 1.87 ± 0.060 25.6 ± 0.591 
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TABLE 4.5. Examples of Pearson correlation coefficients (r) between approximately 50 IC, CG, 

and radar-derived parameters.  Correlations only include points within 150 km of the LMA 

center, and all relationships are significant at the 0.01 level.   

 

 –CG Density +CG Ip IC-FED GLM-FED 

–CG Density – -0.224 0.534 0.546 

+CG Ip -0.224 – -0.174 -0.158 

IC-FED 0.534 -0.174 – 0.935 

GLM-FED 0.546 -0.158 0.935 – 

H30above263 0.648 -0.258 0.510 0.522 

H50above273 0.516 -0.128 0.522 0.560 

MESH 0.482 -0.143 0.542 0.576 

Rain Rate 0.441 -0.144 0.391 0.392 

LayerAvgRef 0.521 -0.240 0.517 0.513 

Top30dBZ 0.657 -0.286 0.520 0.531 

VIL 0.610 -0.230 0.584 0.599 

 

 

TABLE 4.6. Pearson correlation coefficients (r) between –CG flash density, multiplicity, Ip, and 

H30above263K.  Correlations only include points within 150 km of the LMA center, and all 

relationships are significant at the 0.01 level.   

 

 
–CG  

Flash Density 
–CG  

Multiplicity 
–CG  

Peak Current 
H30above263K 

–CG Flash Density – 0.489 -0.476 0.648 

–CG Multiplicity 0.489 – -0.475 0.396 

–CG Peak Current -0.476 -0.475 – -0.398 

H30above263K 0.648 0.396 -0.398 – 
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FIG. 4.1. (a) Overview of the Mid-Atlantic study domain.  Circles denote the locations of WSR-

88D radars in Dover, DE (green) and Sterling, VA (red); squares signify the locations of LMA 

sensors during 2007 (blue) and additional sensors added during 2009 (red); and range rings 

represent 100 km (black), 150 km (blue), and 200 km (red) radii from the center of the LMA 

sensors (during 2007).  Panels b-d present averages of all storm centroid points that occur within 

10×10 km grid cells, with hatched cells containing less than 30 storm centroids and cross-

hatched cells containing less than 15 storm centroids.  Panel (b) the average hour of all 2-min 

storm points that occur within each grid cell; (c) the percentage of storms passing through each 

grid cell that are severe at some stage of their lifecycle (severe percentage); (d) the percentage of 

storms passing through each grid cell that exhibit multiple updrafts at some stage of their 

lifecycle (line/multicell percentage).  Note the reversed color scale for line/multicell percentage 

(panel d).    
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FIG. 4.2. Average IC and CG characteristics for all storm centroid points that occur within 

10×10 km grid cells.  Hatched cells contain less than 30 storm centroids while cross-hatched 

cells contain less than 15 storm centroids.  Panel (a) IC–FED (flashes km-2 min-1); (b) –CG flash 

density (flashes km-2 min-1); (c) –CG Ip (kA); and (d) –CG multiplicity (return strokes).  The 

bold diagonal line separates the northwest and southeast portions of our domain to emphasize the 

greater –CG characteristics in the southeastern half.  
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FIG. 4.3. Histograms and cumulative percentage distributions for (a) MESH (mm) in severe 

storms; (b) H30above263K (km) in severe storms; (c) as in (a) for non-severe storms; (d) as in 

(b) for non-severe storms.  Grey columns display the logarithm of the frequency in each bin.  

Solid lines represent the cumulative percentages of values in and preceding each bin, while 

dashed lines display cumulative percentages for storms of opposite severity (the opposite panel). 
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FIG. 4.4. Histograms and cumulative percentage distributions for (a) IC–FED (IC flashes km-2 

min-1) in severe storms; (b) –CG flash density (–CG flashes km-2 min-1) in severe storms; (c) as 

in (a) for non-severe storms; (d) as in (b) for non-severe storms.  Grey columns display the 

logarithm of the frequency in each bin.  Solid lines represent the cumulative percentages of 

values in and preceding each bin, while dashed lines display cumulative percentages for storms 

of opposite severity (the opposite panel). 
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FIG. 4.5. Scatter diagrams relating lightning and radar parameters in severe and non-severe 

storms, (a) IC–FED (IC flashes km-2 min-1) versus MESH (mm) in severe storms; (b) as in (a) for 

non-severe storms; (c) –CG flash density (–CG flashes km-2 min-1) versus H30above263K (km) 

in severe storms; (d) as in (c) for non-severe storms.  Scatter plots are fit with second-order 

polynomial trend lines and display the corresponding R2 values.   
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FIG. 4.6. Scatter diagrams relating IC and CG characteristics in severe and non-severe storms, 

(a) –CG flash density (–CG flashes km-2 min-1) versus IC–FED (IC flashes km-2 min-1) in severe 

storms; (b) as in (a) for non-severe storms; (c) –CG multiplicity (return strokes) versus –CG Ip 

(kA) in severe storms; (d) as in (c) for non-severe storms.  Scatter plots are fit with second-order 

polynomial trend lines and the corresponding R2 values.   
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CHAPTER FIVE 

CONCLUSIONS 

 

 The National Lightning Detection Network (NLDN) underwent a major upgrade during 

2002–2003 that increased its sensitivity and improved its performance.  It is important to 

examine cloud-to-ground (CG) lightning distributions before and after this upgrade because CG 

characteristics depend on both measurement capabilities and meteorological variability.  Chapter 

Two compares pre-upgrade (1996–1999, 2001) and post-upgrade (2004–2009) CG distributions 

over the contiguous U.S. to examine the influence of the recent upgrade and to provide baseline 

post-upgrade averages.  Increased sensitivity explains most of the differences in the pre- and 

post-upgrade distributions, including a general increase in total CG and positive CG (+CG) flash 

densities.  The increase in +CG occurs despite the use of a greater weak +CG threshold for 

removing ambiguous +CG reports (post- 15 kA vs. pre- 10 kA).  Conversely, the average +CG 

percentage decreased from 10.61% to 8.65% following the upgrade.  The average +CG (negative 

CG; –CG) multiplicity increased from 1.10 (2.05) before to 1.54 (2.41) after the upgrade.  Since 

true +CG flashes rarely contain more than one return stroke, explanations for the greater than 

unity +CG multiplicities remain unclear.  Post-upgrade results indicate that regions with mostly 

weak peak current +CG flashes now exhibit greater average +CG multiplicities, whereas regions 

with mainly strong +CG flashes now exhibit smaller average +CG multiplicities.  The 

combination of NLDN performance, meteorological conditions, and physical differences in first 

–CG return strokes over salt water produce maxima in –CG multiplicity and peak current over 

the coastal waters of the Southeast U.S. 

Seasonal, regional, and storm-scale variations of CG lightning characteristics in Florida 

are presented in Chapter Three.  Strong +CG and –CG flashes (i.e., large peak current) are 

emphasized since they often are associated with strong storms, structural damage, and wildfire 

ignitions.  Although strong –CG flashes are most common during the warm season (May–

September) over the peninsula, the greatest proportion of strong +CG flashes occurs during the 

cool season (October–April) over the panhandle.  The warm season exhibits the smallest +CG 

percentage but contains the greatest +CG flash densities, due in part to more ambiguous +CG 

reports (15–20 kA).  The more frequent occurrence of ambiguous +CG reports helps explain the 
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unusually small average +CG peak current during the warm season, whereas strong +CG reports 

(>20 kA) appear to be responsible for the greater average warm season +CG multiplicity.  The   

–CG flash density, multiplicity, and peak current appear to be directly related, exhibiting their 

greatest values during the warm season when deep storms are most common.  A case study 

examines the atmospheric conditions and storm-scale processes associated with two distinct 

groups of storms on 13–14 May 2007.  Although these groups of storms form in close proximity, 

several factors combine to produce predominately strong +CG and –CG flashes in the northern 

(South Georgia) and southern (North Florida) regions, respectively.  Results suggest that heat 

and smoke very near preexisting wildfires are key ingredients in producing reversed polarity 

(+CG-dominated) storms that often ignite subsequent wildfires. 

Chapter Four uses the Warning Decision Support System – Integrated Information 

(WDSS-II) and Geographic Information System (GIS) software to investigate many severe and 

non-severe storms in the Mid-Atlantic States during 2007–09.  Procedures are developed to 

examine radar-derived parameters as well as intra-cloud (IC) and CG lightning characteristics in 

460 and 1207 severe and non-severe storms, respectively.  Results demonstrate that storm 

structure varies across the Mid-Atlantic region.  Isolated pulse and discrete supercell storms are 

most common in central Maryland, whereas line/multicell storms are more frequent over coastal 

regions.  The study also provides further evidence that total lightning production differs between 

isolated storms and those having more complex structure and evolution (line/multicell).  

Specifically, storms defined as line/multicell exhibit greater IC and –CG flash densities and 

stronger radar-derived parameters than isolated storms.   

Results also show that CG characteristics are well correlated with IC lightning and radar-

derived parameters, but that IC flash densities differ more between severe and non-severe storms 

than do –CG flash densities.  Furthermore, flash-derived IC products are better correlated with 

CG lightning and radar-derived parameters than are source-based IC products.  This suggests that 

accurate IC flash counts are required to establish relationships between total lightning and storm 

severity.  The study demonstrates that relationships between radar characteristics and IC 

parameters are very similar whether using 2×2 km or 8×8 km IC grids.  This suggests that the 

upcoming GOES-R Geostationary Lightning Mapper (GLM; ~8 km horizontal resolution) will 

provide valuable storm-scale lightning information that is comparable to the 2-D information 

currently provided by local ground-based IC detection networks. 
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