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ABSTRACT 

Lightning is a dangerous and deadly hazard, yet it is often underestimated by the public and 

excluded from severe weather watches and warnings used by the National Weather Service. 

Previous studies have analyzed the relationship of lightning and storm intensity in relation to 

severe weather, but none have analyzed this relationship across all storm modes in an area 

including Northern and Central Alabama. This study attempts to assess the relationship between 

cloud-to-ground (CG) lightning and storm mode in storm events which occurred on lightning 

hazard days in Northern and Central Alabama during the years of 2007 to 2011. Storm variables 

for analysis included lightning flash rate, aspect ratio, total convective area above 20 dBZ, 

maximum convective area above 40 dBZ, and percent maximum convective area. Results show 

that lightning flash rates vary by season and storm mode. PCA and Cluster Analysis identified a 

total of 5 clusters of varying lightning flash rate and convective intensity. The storm mode events 

include non-summer linear, an anomalous MCS associated with a triple point frontal outflow 

boundary, summer airmass, non-seasonal weak, and summer MCS/MCC. Information obtained 

during this thesis has the potential to aid forecasters and emergency managers in Northern and 

Central Alabama by associating lightning flash rates with storm mode characteristics observed 

on lightning hazard days. 
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1. Introduction 

Lightning is one of the most common natural hazard events, and is one of the top three 

causes of storm-related fatalities. It is also the least understood hazard event. Lightning is 

defined as a visible electrostatic discharge produced by a thunderstorm in the atmosphere 

between clouds, the air, or the ground (NWS, 2009). Lightning occurs in multiple forms, ranges 

of intensity and polarity, and can occur in all storm modes throughout the year. Despite the 

danger to life and property, lightning remains to be an underrated and often ignored severe 

weather hazard.  

 There are two main types of lightning, intra-cloud lightning (IC) and cloud-to-ground 

lightning (CG) (Jensenius Jr., 2014b). IC lightning, also known as sheet lightning, refers to an 

electrical discharge between oppositely charged areas within the thunderstorm clouds. This type 

of lightning remains embedded within the clouds and does not affect the ground. IC lightning can 

be visible as a flash of luminosity within a thunderstorm. This thesis primarily focuses on cloud-

to-ground lightning strikes, due to their interaction with the Earth’s surface and their potential to 

cause harm to life and property. 

CG lightning is more familiar yet less common, comprising only about 25% of lightning 

strikes (NASA Science, 2001). CG lightning is the channel of discharge between opposite 

charges found in the cloud and on the ground. CG lightning can be either positively or negatively 

charged. Negatively charged CG lightning is most common and occurs when a channel of 

negative charge, known as a leader, extends downward from the cloud toward the ground and 
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connects with an upward traveling positive return stroke (NSSL, 2014). Positive CG lightning 

makes up less than 5% of all CG strikes, and occurs when a positive leader connects with a 

negative return stroke (NWS, 2010). Positive CG strikes typically originate in the upper levels of 

a storm, with a much stronger flash duration and peak charge. Both types of CG lightning are 

dangerous due to the interaction with the earth’s surface, but positive CG lightning strikes are 

more deadly due to their increased intensity and charge (NWS, 2010). 

 CG lightning occurs across the entire United States on nearly every day of the year. 

Lightning is most likely to occur in locations with warm, moist lower atmospheric conditions 

and higher surface temperatures (NSSL, 2014). These environments often create unstable 

conditions and convection, which lead to thunderstorm formation. Instability and convection lead 

to vertical movement in the atmosphere to produce cumulonimbus clouds, the parent cloud of 

lightning activity. Lightning most frequently occurs during the summer months (June through 

August) in the United States when these atmospheric conditions present. The state of Alabama 

usually experiences these conditions due to the maritime tropical airmass influence from the Gulf 

of Mexico, and receives frequent lightning events as a result of this presence. The majority of 

thunderstorms occur in the tropical and subtropical regions between +/- 30° latitude, including 

portions of Alabama, due to the maximum solar heating of the tropics and general circulation 

patterns between the tropics and subtropics (Price, 2013).  

Lightning hazards are dangerous to both life and property. The increase in lightning 

activity during the summer months also coincides with an increase in outdoor and recreational 

activity, leading to an increased threat. From 2006 to 2013, almost two thirds of the deaths in the 

United States attributed to lightning occurred due to these summertime activities (Jensenius Jr., 

2014a). Lightning can also cause damage to structures, outdoor industrial and electrical 
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equipment, livestock and outdoor animals, and can cause fires (Curran et al., 2000; Gomes & 

Chandima, 2012; Krausmann et al., 2011; Stocks et al., 2002).  

The state of Alabama is home to nearly 4.8 million people and has a population density 

of 94.4 persons per square mile of land area, according to the 2010 U.S. Census. During the 

years of 2004 to 2013, the state of Alabama averaged a total of 767,654 CG flashes, the 7th 

highest flash rate per square mile (14.8) in the United States for that time period (Vaisala Inc., 

2014). This high flash density, which coincides with an area of moderate population density, 

presents the problem of an increased lightning hazard in the state of Alabama. A total of 295 

lightning related casualties, including fatalities and injuries, occurred in the state of Alabama 

from 1959 to 1994, ranking 18th in the nation (Curran et al., 2000). From 2004 to 2013, 11 

lightning related fatalities occurred in the state of Alabama, ranking 9th in the nation and 10th 

when rated by state (Holle, 2014). During 2013, lightning related damage was the second highest 

reported causal event for property damage, totaling an average of 34% of statewide damage 

reports (Alabama Department of Risk Management, 2014). 

Since Alabama is located in a prime location for increased lightning activity and 

experiences high ranking casualties and damages, it is necessary to develop a specific 

understanding of lightning characteristics across all storm modes which occur in the state. This 

knowledge would benefit the public by increasing awareness of lightning hazards and proper 

safety procedures to mitigate harm and loss of life and property. This thesis considers previous 

methods for determining lightning hazard for certain storm modes and in certain locations, as 

well as methods for classifying storm mode and lightning intensity. These characteristics of 

lightning hazards are rarely defined for the state of Alabama, and are normally only included in 

research for nationwide lightning analysis. 
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This thesis attempts to analyze the relationship between lightning characteristics on 

lightning hazard days and storm mode for Central Alabama. The primary research question for 

this thesis is as follows. 

 What storm characteristics are associated with high lightning counts on lightning 

hazard days in Northern and Central Alabama? 

This thesis is broken down into four subsequent chapters. Literature discussing how lightning is 

formed, lightning hazards, and previous scientific research on lightning characteristics and storm 

mode is assessed in Chapter 2. Methodology and statistical analysis procedures used to answer 

the research question above are discussed in Chapter 3. Results of the analysis are described in 

Chapter 4, and conclusions are given in Chapter 5.  
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2. Literature Review 

2.1 Lightning Formation 

 Cloud-to-ground lightning is the discharge of electricity built up during the thunderstorm 

electrification process. Electrification begins with the transfer of electrical charge between 

particles which collide with one another during the turbulent movement within the thunderstorm. 

The exact mechanics responsible for these transfers between colliding particles is still not fully 

understood and continues to be studied, but the leading theories focus on the separation of 

electric charge and the generation of an electric field within a thunderstorm (Saunders, 1993).  

However, an understanding of the basic concepts underlying the charge separation 

process is widely accepted and involves the formation and movement of ice particles within the 

thunderstorm (NWS, 2010). Lightning researchers at the National Space Science and 

Technology Center in Huntsville, AL conducted a study over a three year period to determine the 

relationship between ice mass within storms and lightning flash density across multiple scales in 

different environments (Peterson et al., 2005). The Tropical Rainfall Measurement Mission 

(TRMM) satellite, which has radar capabilities to measure the amount of ice as well as a 

lightning imaging sensor (LIS) to count lightning flashes, was used. Analysis revealed that ice 

mass correlated strongly (R > 0.9) with lightning flashes per minute on the global and regional 

scales. The findings also suggest a noticeable positive correlation for the relationship on a small 

scale of individual storm systems. 
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As a thunderstorm develops and grows, convection gives rise to air particles and updrafts 

are formed. These updrafts lift moistened air particles aloft to where temperatures are much 

cooler, and the moisture within the particles begins to freeze and produce super-cooled cloud 

droplets. The smaller ice particles are carried upward, while larger particles fall or become 

suspended in the rising air. As these particles experience differences in movement and collisions, 

the smaller rising particles become positively charged and the larger falling particles become 

negatively charged. The updraft thus carries the positively charged particles to the highest 

portion of the storm formation in the anvil, while the negatively charged particles occupy the 

middle and lower portions. 

 As the thunderstorm moves, it interacts and influences the electrical charges found within 

the earth’s surface. The negatively charged energy in lower portion of the storm cloud descends 

in a channel known as a stepped leader and draws a positive charged channel, known as a 

streamer, from the surface. When these channels connect, a discharge of electricity occurs in the 

form of a negative cloud-to-ground lightning strike (NWS, 2010). The channels tend to follow 

the path of least resistance, which is usually associated with taller objects on the ground such as 

buildings or trees. Positively charged stepped ladders can also extend and descend from the 

upper anvil portion of a storm cloud to the more negatively charged streamers on the ground, 

located at a distance from the storm cloud. These positive cloud-to-ground strikes must travel a 

longer distance to the ground, creating a stronger electrical field and a longer flash duration 

(NWS, 2010). This causes positive lightning strikes to be much stronger and more deadly. 

Positive lightning strikes can occur near the edge of the cloud or as far as 10 miles or further 

away.  
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2.2 Lightning Hazards and Risk Perception 

 Lightning is an atmospheric phenomena which has the potential to cause harm to life and 

property. Earth experiences a total of about 50 lightning flashes every second around the world, 

with the United States experiencing about 25 million lightning flashes every year (Cooray et al., 

2007; Jensenius Jr., 2014b). A worldwide distribution of peak lightning flashes per square 

kilometer per year is given in Figure 1 (Cook-Anderson et al., 2004). This image shows the 

increase in lightning over tropical and subtropical continental areas, including an increase in 

Alabama. Each thunderstorm has hazardous potential, and significant casualties and damages 

occur throughout the world every year. 

 

Figure 1: Worldwide lightning strikes, showing the distribution peak lightning flashes per square 

kilometer per year from April 1995 to February 2003 using NASA’s Lightning Imaging Sensor (Cook-

Anderson et al., 2004). 
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 Lightning is one of the leading severe weather-related phenomena to cause death or harm 

in the United States, behind only river and flash flooding events. The average annual lightning 

fatalities in the United States is 33 by 10-year average and 51 by 30-year average (NWS, 2014). 

Curran et al. analyzed lightning casualties for the years 1959 to 1994, and found that a total of 

3,239 fatalities and 9,818 injuries occurred in the United States as the result of hazardous 

lightning events (Curran et al., 2000). Overall, the U.S. averaged 363 casualties per year, with an 

average of 2.54 injuries per death. The total number of lightning deaths and injuries steadily 

decreased over this time period, and the ratio of injuries to deaths increased substantially. These 

trends can be attributed to improvement in forecasting and severe weather warnings, better 

awareness of the threat of lightning, more substantial refuge areas, and improved medical and 

emergency care. Conversely, the southeast region of the United States experienced increases in 

overall casualties by decade during this time period. Lightning damages and damage reports 

received in the United States as a whole as well as the southeastern U.S. region were increasing 

over time, possibly due in part to population growth (Curran et al., 2000). This suggests a need 

for increased lightning hazard awareness and mitigation in this region. 

Curran et al. also found that July was the most common month for both lightning-related 

fatalities and injuries, with a gradual increase before and a more drastic decrease after. This 

correlates with an increase in lightning activity during the summer months in the United States, 

and a peak during the month of July. People tend to spend more time outside during the summer 

season, and Curran et al. finds that most lightning-related storm reports occurred during outside 

activity. For reports made from 1959 to 1994, the following outdoor locations, starting with most 

frequent but excluding null locations, were given: open fields, ballparks, and playgrounds; under 

trees; water related including fishing, boating, and swimming; golfing; and driving heavy 
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equipment (Curran et al., 2000). Similar reports obtained by the National Weather Service 

(NWS) from 2006 to 2013 show that a total of 261 lightning-related deaths occurred, of which 

almost two-thirds were outdoors (Jensenius Jr., 2014a). Locations of these events, beginning 

with most frequent, included fishing, camping, boating, ranching/farming, beach activities, 

soccer, yard work, and golf.  

Lightning events also cause significant physical damage in the United States annually, 

since strikes exhibit high electrical currents with high temperatures. Lightning can cause damage 

to a range of facilities and infrastructures, including power companies, civil and commercial 

aviation, wind farms, and other high tech industries (Price, 2013). An analysis of 485 lightning-

related industrial accident records from multiple sources found that storage tanks were the most 

frequently damaged equipment type, occurring in 60% of cases included (Krausmann et al., 

2011). It was also found that the three main damage mechanisms that led to loss of containment 

in storage tanks were immediate ignition of flammable vapors (38%), disruption of electrical or 

electronic systems (35%), and structural damage and release (27%). Another source of lightning-

related damage includes the ignition of major fires. An examination of large forest fires which 

occurred in Canada from 1959-1997 showed that fires which occur in northern Canada are 

predominately caused by lightning and account for 80% of the total Large Fire Database (LFDB) 

area burned (Stocks et al., 2002). Lightning-related damages also cause loss of personal property 

and threat to animals, including pets, wild and captive animals, and livestock. Animals of various 

type and use are often more at risk for injury or death from lightning due to their tendency to be 

left outdoors during severe weather events, larger size, and wide distance between their feet 

(Gomes, 2012). Loss of these animals can have severe intrinsic as well as economic 

repercussions for both their keepers and society as a whole.  
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Despite the danger to life and property, lightning-related casualties and economically 

devastating damages continue to occur every year. It is believed that this is due in part to the 

common yet temporally dispersed nature of lightning strikes. Lightning is viewed as less 

spectacular when compared to other weather related hazards such as tornadoes or hurricanes, and 

lightning-related casualties and damages are underreported and receive less attention than other 

severe weather hazards (Curran et al., 2000). Curran et al. also notes that there may be 

unquantified losses as a result of underreporting, which may mask the true reality of lightning-

related hazards. Research which assesses lightning casualty and damage reports often utilize only 

one source, such as the National Climate Data Center’s (NCDC’s) Storm Data, which reports a 

monthly list of damaging or notable weather phenomena but often includes missing data 

elements due to its reliance on newspaper clippings (Ashley and Gilson, 2009; Curran et al., 

2000).  

The underreported and less publicized nature of lightning hazards suggests that the public 

may not accurately assess or perceive the level of threat associated with lightning, which leads to 

a state of complacency. This state is further exacerbated by the lack of lightning-specific watch 

or warning systems issued by the National Weather Service (NWS) and the lack of inclusion of 

lightning as a severe weather parameter in severe weather watches and warnings (Ashley and 

Gilson, 2009). This is due in part to the incomplete understanding of the nature of storm 

electrification, and highlights a need for further research on this topic. Ashley and Gilson found 

that many lightning-related fatalities occur in non-severe pulse-style thunderstorms that produce 

minimal or infrequent lightning (Ashley and Gilson, 2009). This makes mitigation of lightning 

hazards more troublesome and worsens the state of complacency amongst the public, since these 

types of storms generally do not receive any severe weather watches or warnings.  
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2.3 Research on Lightning and Storm Modes 

 This thesis seeks to explore the relationship between cloud-to-ground (CG) lightning 

occurrences in storms as well as various types of storm modes in which CG lightning occurs in 

Northern and Central Alabama. In order to reach a complete understanding of this relationship, 

the following areas of previous research are discussed in this section: geospatial lightning 

analysis including lightning climatology and parameters, the use of lightning as a form of short 

term weather forecasting, and storm mode classification systems with regards to lightning. 

2.3.1 Geospatial Lightning Analysis 

 The National Lightning Detection Network (NLDN) has provided an accurate lightning 

database available for spatial analysis for the contiguous United States since its upgrade to 

improve detection accuracy and reduce locational error in 1995 (Cummins et al., 1998). The 

availability of this network has led to an increase in geospatial lightning analysis since this 

upgrade. Previous research has produced comprehensive lightning climatologies of the 

contiguous United States as well as smaller regions or states within the nation using the NLDN 

(Bentley and Stallins, 2005; Makela et al., 2011; Zajac and Rutledge, 2001).  

 Multiple parameters used to detect and assess CG lightning intensity exist and have been 

used in previous research, including flash count, flash rate, and flash density. Flash count is the 

total number of flashes which occur in a certain area and in a certain time period. This 

measurement is normally used to describe the total number of flashes which occurred over larger 

areas and time scales, such as those which occur in a certain state within a month or year 

(Bentley and Stallins, 2005). Flash rate is defined as the number of flashes per unit time per unit 
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area, and flash density is defined as the flash rate integrated over time and expressed as the 

number of flashes per unit area, usually per square kilometer (Makela et al., 2011).  

 Another parameter often used either in place of or in conjunction with these measures is 

that of lightning days, also known as thunderstorm days or thunder days. A lightning day is 

defined as a day when at least one CG flash is detected by the NLDN or other lightning detection 

network (Bentley and Stallins, 2005). The use of flash counts as a sole quantifier can be highly 

uncertain and site-dependent due to the irregularity of lightning flashes over time (Gaal et al., 

2014). Therefore, lightning days is seen to be a more stable parameter over time for lightning 

research, and is used in multiple lightning studies (Bentley and Stallins, 2005; Gaal, 2014; 

Kaltenboeck et al., 2009; Makela et al., 2011).  

 Research has used the previously described lightning parameters and NLDN data to 

assess the CG lightning climatology of the contiguous United States. Zajac and Rutledge (2001) 

studied the spatial and temporal distributions of CG lightning from 1995-1999 and documented 

analysis of annual flash density, annual lightning days, and cumulative frequency distributions of 

daily flash counts. They found that the maximum flash densities and lightning days occurred 

over the coastal regions in the southeast, with other prominent areas occurring over the southern 

Rocky Mountains and the adjacent High Plains. The majority of lightning occurred during the 

summer months throughout the U.S. and peaked during the afternoon hours, with the exception 

of the southeastern U.S. which experienced frequent lightning activity year-round with an 

increase during the summer. A case study of the southeastern region located at Fort Rucker, 

Alabama was also conducted (Zajac and Rutledge, 2001). Results of this case study show how 

CG lightning occurs yet varies in characteristics and storm mode year-round, in warm season and 

cold season. Warm season CG lightning occurred in storms caused by diurnally forced 
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convection and had low percentage of positive lightning, while cold season CG lightning was 

produced by Mesoscale Convective Systems (MCSs) with high percentage of positive lightning.  

 Similar findings support the annual changes in CG lightning characteristics based on 

different synoptic environments in the warm and cold seasons in the southeast U.S. A majority of 

the increased CG lightning activity during the summer season, especially during the afternoon, is 

the result of weakly forced convective development located at a distance from a frontal boundary 

or other organized synoptic-scale forcing (Bentley and Stallins, 2005). However, it was found 

that large flash count days which occurred during the summer season exhibited frontal 

boundaries due to MCSs that have the potential to produce intense convection and high flash 

counts (Geerts, 1998). The cold season experiences limited convective instability, which 

suppresses weakly forced thunderstorm development. This results in most of the cold season CG 

lightning activity being associated with frontal boundary systems (Bentley and Stallins, 2005). It 

is also found that mid-latitude storms that track through the southeast can produce episodes of 

organized convection and squall lines, which can produce significant amounts of CG lightning 

(Geerts, 1998).  

 A comparison of annual ground flash density and the number of thunderstorm days was 

made in order to assess and map the geographical distribution of individual thunderstorm 

intensity using CG lightning data for the contiguous United States (Makela et al., 2011). The 

approach to identify intensity on an individual thunderstorm basis was computed by calculating 

the ground flash density by ground flashes per square kilometer per thunderstorm day on a 20 x 

20 km fixed square grid which roughly corresponded to the area covered by a typical 

thunderstorm. This method had the advantage of being able to detect where daily ground flash 

density was associated with a large number of weak to moderate storms over a longer season, as 
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opposed to the result of a few intense events over a shorter time period. This important result is 

shown in Figure 2, which displays the comparison of ground flash density and thunderstorm days 

(orientation based on UTM coordinate system). A local maxima of this comparison, which 

measures the average ground flash density per thunderstorm day, can be seen over 

Northern/Central Alabama. This indicates that the annual ground flash density in this region is 

obtained with fewer thunderstorm days, and suggests a greater intensity of storms which produce 

CG flashes in this area. 

 

Figure 2: Measurement of individual thunderstorm intensity derived from the ratio between the average 

annual ground flash density and the average annual thunderstorm day, in ground flashes per square 

kilometer per T-day, for the contiguous United States (Makela et al., 2011).  
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2.3.2 Lightning as a Component of Nowcasting 

 Lightning activity is a component of severe weather which can be monitored on a 

continuous scale in real time in many places around the world. Lightning sensors can be ground-

based with sensors stationed in an array on the Earth’s surface, such as the NLDN, or they can be 

satellite-based. During a lightning flash, these sensors detect the electrical discharge given off by 

the lightning flash, which generates electromagnetic radiation in all frequency bands of radio 

waves (Price, 2008). These radio waves propagate away from the lightning channel through the 

Earth’s ionosphere waveguide around the globe over great distances. The frequencies of the 

radiation can be detected on low frequency bands at great distances, and allow for detection of 

lightning activity using ground sensors at great distances (Price, 2008).  

 The ability to detect and monitor lightning activity in real time even from great distances 

highlights the possibility of using lightning to track and nowcast severe weather. Nowcasting is 

the forecasting of weather over short, immediate time scales for a specific and usually localized 

area. Some areas of the world are not covered radar networks, and satellites often provide only 

course spatial or temporal resolution and coverage for weather monitoring (Price, 2008). 

Smaller, intense thunderstorms, such as those which occur during the summer season as a result 

of weak, unorganized convective forcing, often develop and occur over short time scales (Geerts, 

1998). Therefore, lightning detection can provide support to severe weather forecasting on a 

local small scale or at a great distance (Price, 2008).  

Changes in lightning frequencies, polarities, and lightning types are known to be related 

to dynamical processes within severe storms, and could supply important information about 

storm development and intensity in the form of nowcasting (Price, 2008). Situations such as the 

one experienced on May 30, 1998 where a tornadic supercell passed through the town of 
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Spencer, South Dakota during an approximate 1 hour period, would benefit from lightning-based 

nowcasting (Carey et al., 2003). During this event, anomalous lightning activity was detected: 

over 76% of the CG lightning flashes which occurred in this storm were positive, and the peak 

positive flash rate was 18 flashes per minute. The positive CG lightning also increased 

dramatically during tornadogenesis, when normally tornadogenesis occurs after the peak in 

positive CG lightning occurrence (Carey et al., 2003). Continuously monitored lightning activity 

could provide vital, time-sensitive information in localized severe weather events such as this. 

Attempts have been made to apply lightning-based data and techniques in conjunction 

with radar prediction to create a method for tracking storm cells. Bonelli and Marcacci (2008) 

developed an algorithm to compute the velocity and forecast new positions for storm cells after 

half an hour or more after formation. Their tracking algorithm is able to detect thunderstorms and 

follow their path using a combination of radar and lightning detection and by means of lightning 

detection alone. Detection using lightning alone was most useful in areas where radar was not 

available. The algorithm was tested during the warm season of 2007 in northern Italy, and 

showed a successful improvement of detection accuracy when compared to the standard 

persistence forecast. It is noted that due to the irregularity of lightning trajectories, the use of 

only lightning detection to nowcast would primarily be useful for larger scale systems while the 

inclusion of lightning detection as a component of nowcasting could benefit both large and small 

scale events (Bonelli and Marcacci, 2008).  

It has been shown that CG lightning flashes can be detected either locally or from a 

distance to aid in the severe weather nowcasting of storm events. Various changes in lightning 

characteristics, such as flash rates, could be used in conjunction with analysis of radar reflectivity 

to detect and predict other related severe weather phenomena in thunderstorms. This process 
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would be especially beneficial if knowledge regarding lightning characteristics within different 

storm modes were available. The next section discusses previous research in terms of the 

classification methods of different storm modes with regards to the inclusion of CG lightning as 

a severe weather component. 

2.3.3 Storm Mode Classification Systems with Regard to Lightning 

 Much research has been conducted on assessing the level of intensity of thunderstorms 

based on atmospheric parameters or storm reports, but less has done so while focusing on CG 

lightning occurrence (Makela et al., 2011). An integration of lightning and radar data to identify, 

characterize, and track thunderstorms showed that CG lightning activity as well as other radar-

derived parameters, including maximum reflectivity, total area, and estimated areal precipitation, 

were related to thunderstorm intensity (Rigo et al., 2010). Rigo et al. (2010) combined four 

objects from radar and lightning data into a higher level object which represented a 

thunderstorm, then tracking algorithms were applied to analyze the life cycles of the convective 

structures. Varying stages of development and intensity were observed based on CG and IC flash 

rates. A positive correlation between the duration of the maturity stage and CG flash counts was 

also observed (Rigo et al., 2010).  

Thunderstorm activity was examined and classified by convective mode during the warm 

season in Europe using lightning data and severe storm reports (Kaltenboeck et al., 2009). 

Increased amounts of CG lightning was found to occur during days which experienced severe 

weather events, such as significant hail, wind, and precipitation events, due to the nature of 

convective activity. The 7 convection modes were based on severe weather categories, which 

include no CG lightning, thunderstorm with minimal lightning and no reports, heavy 

precipitation, damaging wind gusts, large hail, weak tornadoes (F0, F1), and significant 
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tornadoes (F2, F3) (Kaltenboeck et al., 2009). A summarization of CG lightning activity and its 

relationships with convective mode categories is given in Figure 3. 

 

Figure 3: Box and whisker plot of the total amount of CG lightning between 0900 and 2200 UTC for 

each case of severe weather category, which displays the relationship between CG lightning intensity and 

occurrence and intensity of other forms of severe weather found in warm season storms in Europe 

(Kaltenboeck et al., 2009). 

 

 The relationship of CG lightning activity and circulation weather patterns was assessed in 

order to distinguish which Circulation Weather Types (CWTs) are frequently associated with 

lightning episodes and which are favorable for severe lightning episodes over mainland Portugal 

during 2003-2009 (Ramos et al., 2011). CWTs are defined for each day or group of consecutive 

days and were determined using an automated version of the Lamb weather type procedure 

initially developed for the United Kingdom. Findings showed that two dominant CWTs 
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explained more than 60% of the total registered CG strikes: type C, which was associated with 

75% of thunderstorm days, and type NE, which was associated with important, but fewer (35%), 

thunderstorm days where the highest number of discharges occurred (Ramos et al., 2011). 

Results showed that lightning activity can be used as a means for categorization of synoptic 

weather activity, in this case circulation patterns which are location-specific rather than storm 

modes. Research like these have shown that it is useful to include lightning as a quantifier of 

thunderstorm convection and intensity. 

 Methods for the classification of thunderstorm mode using certain atmospheric 

parameters in combination with severe weather storm reports have been previously formulated 

(Ashley and Gilson, 2009; Schoen and Ashley, 20011; Smith et al., 2012). Convective 

thunderstorm mode has widely been recognized as an important contributor to severe convective 

weather occurrence, but no universal thunderstorm mode classification system exists (Smith et 

al., 2012). Therefore, studies which seek to analyze and create a classification system for 

thunderstorm mode often create one with respect to the focus of their study and previous work. A 

classification system of fatal convective wind events by storm type was created using storm 

reports made in the United States from 1998 – 2007 and WSR-99D level-III radar data (Schoen 

and Ashley, 2011). Schoen and Ashley sought to confirm whether convective wind fatalities 

occur as a result of organized convection by developing a new classification scheme for events 

related to deadly wind reports associated with convective storms. This scheme classified events 

into the following convective modes: unorganized cellular, quasi-organized cellular (cluster of 

cells or broken line of cells), organized cellular (supercells or supercells embedded in linear), or 

organized linear (squall lines and bow echoes) (Schoen and Ashley, 2011). Due to its specific 
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focus on wind events, lightning activity was not analyzed or taken into consideration during this 

analysis. A detailed analysis of this system is shown in Figure 4.  

 

Figure 4: Convective storm mode classification scheme for fatal convective wind events in the United 

States from 1998 to 2007 (Schoen and Ashley, 2011).  

 

 Another storm classification method was created for significant severe thunderstorms in the 

contiguous US (CONUS) with the focus on tornadoes and significant severe reports (Smith et al., 2012). 
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The classification categories, shown in Figure 5, were developed using volumetric WSR-88D radar data. 

Smith et al. described in detail the difficulty of creating a successful classification process, due to the 

complex nature of storm initiation, evolution, and decay. Some storm events did not always fit perfectly 

into assigned categories, due to the occurrence of mixed modes or evolutions from one mode to another 

over the life cycle of the storms. Intensive in-depth examination of these events was performed, and a 

hybrid category was added to the classification scheme to account for these complex situations. It is 

concluded that the application of classification schemes such as these are not entirely unambiguous, but 

the use of large event sample sizes and a mix of examinations by multiple analysts can minimize bias and 

increase confidence (Smith et al., 2012).  

 

Figure 5: A storm mode classification scheme developed for significant severe thunderstorms in the 

continental United States, based on volumetric radar data and severe weather event reports (Smith et al., 

2012). 

 

 The classification systems created by Schoen and Ashley (2011) and by Smith et al. 

(2012) were developed based on convective events and storm reports. After data was collected, 

an organization system was proposed, then storm events were matched to categories which were 

outlined prior to statistical analysis. These categories were defined based on previous research 

and known storm mode characteristics. In some cases, modifications were made to the 

classification system to accommodate special cases (Smith et al., 2012). The methodology 

performed in this thesis was influenced by these prior classification systems, but was different in 
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the following ways. Data used for this study total CG lightning strikes and NEXRAD radar data 

which occurred in the study area from years 2007 to 2012, used to represent all types of storm 

modes associated with lightning days rather than those just related to severe storm reports. Storm 

reports were not included also due to the possibility of missing lightning data (Ashley and 

Gilson, 2009; Curran et al., 2000). This study first analyzes storm characteristics of chosen 

events, then administers a categorization system through the use of Principle Components 

Analysis (PCA) and Cluster Analysis. This procedure groups events which are statistically 

similar, while also attempting to remove potential problems such as user bias and human error. 

Clusters are then further analyzed to determine the categorization descriptions, which are 

comparable to those used in previous classification methods described here. 
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3. Data and Methods 

 The goal of this research is to discover what storm characteristics are associated with 

higher lightning counts on lightning hazard days in Northern/Central Alabama. This thesis will 

utilize both CG lightning point data as well as convective radar data to categorize CG lightning 

events which occur on lightning hazard days by storm mode. Previous research has shown that 

lightning is a significant quantifier of thunderstorm convection and intensity, and is related to 

maximum convective activity and total area (Rigo et al., 2010). Attempts to create storm mode 

classification systems have been made and challenges have been encountered while doing so, but 

a classification system of storm mode using total CG lightning data for an area which includes 

Northern/Central Alabama has not been created (Ashley and Gilson, 2009; Schoen and Ashley, 

2011; Smith et al., 2012).  

3.1 Data Selection 

 This study uses not only cloud-to-ground lightning strikes, chosen due to the potential 

hazard for life and property, but also NEXRAD Doppler radar of base reflectivity. Cloud-to-

ground lightning strikes and their associated radar reflectivity imagery from Northern/Central 

Alabama are included in this thesis. Only a single radar site, KBMX in Birmingham, AL located 

at 33.17194° latitude and -86.76972° longitude, was used in this research (NCDC, 2014). The 

spatial coverage of this radar site, shown in Figure 6, includes the study area of Northern and 

Central Alabama. 
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Figure 6: NEXRAD radar coverage for the KBMX Birmingham, AL, USA site.  
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A total of 831 lightning days occurred within the 2007-2011 study period, of which 593 

had greater than 100 lightning strikes per day. The 238 days with less than 100 lightning strikes 

were excluded from the lightning hazard day selection due to the distribution in the strikes count 

per lightning day. These represent approximately 1/4th of all lightning days. The number of days 

with strikes greater than 100 increases rapidly in the number of strikes per day. It was 

determined that days with below 100 strikes should not be included in this particular study, due 

to the difference in desired characteristics. Among all lightning days with greater than 100 

strikes, the upper quartile was selected for lightning hazard day analysis. The upper quartile 

contains 148 lightning days, of which approximately 2/3rd occur during summer months of June, 

July, and August (Figure 7). In order to account for the over-representation of summer lightning 

hazard days in the upper quartile, 50 days were randomly selected from the summer months and 

50 days were randomly selected from the non-summer months, within the upper quartile. These 

100 days, which were called lightning hazard days, are displayed below in Table 1 and Table 2. 

This distribution balanced the heavy influence of the summer storms, gave a better representation 

of all possible storm types, and therefore ensured a comprehensive assessment of storm mode 

and lightning strike characteristics. Radar reflectivity imagery was collected for each of the 100 

lightning hazard days. Since the lightning hazard days span a 24-hour period, various storm 

modes formed throughout each day due to atmospheric and diurnal influences. A new radar 

image was selected for each time there was a change in storm mode, resulting in some days with 

multiple radar images. In total, 275 radar images representing lightning hazard events were 

selected for analysis. In order to fully answer the objectives of this research, multiple data 

sources were used and are discussed in the next section. 
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Figure 7: Distribution of lightning hazard days within the upper quartile. 
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Table 1: Count of CG lightning strikes observed during each lightning hazard day which occurred during 

the summer months (June, July, & August). 

 

Lightning 

Hazard 

Summer Date 

Total 

Strikes 

 

Lightning 

Hazard 

Summer Date 

Total 

Strikes 

8-Jun-2007 5039  13-Jul-2009 15215 

15-Jun-2007 6296  30-Jul-2009 8226 

26-Jun-2007 5937  1-Jun-2010 6612 

1-Jul-2007 11292  9-Jun-2010 5429 

9-Jul-2007 11074  25-Jun-2010 15659 

20-Jul-2007 10248  26-Jun-2010 10015 

25-Jul-2007 5500  16-Jul-2010 17108 

18-Aug-2007 9782  26-Jul-2010 17264 

25-Aug-2007 18092  29-Jul-2010 5688 

26-Aug-2007 5376  2-Aug-2010 5701 

27-Aug-2007 8832  13-Aug-2010 12116 

30-Aug-2007 7899  14-Aug-2010 7903 

1-Jun-2008 15256  10-Jun-2011 4835 

11-Jun-2008 6729  11-Jun-2011 7355 

12-Jun-2008 5713  17-Jun-2011 15673 

10-Jul-2008 10684  21-Jun-2011 9468 

11-Jul-2008 7226  24-Jun-2011 17075 

31-Jul-2008 9175  26-Jun-2011 8112 

2-Aug-2008 20825  4-Jul-2011 20665 

3-Aug-2008 12611  5-Jul-2011 5329 

7-Aug-2008 5799  12-Jul-2011 12665 

2-Jun-2009 5768  31-Jul-2011 4765 

12-Jun-2009 10145  4-Aug-2011 51754 

16-Jun-2009 18608  5-Aug-2011 10460 

12-Jul-2009 9351   7-Aug-2011 4968 

Sources: NLDN 2014    
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Table 2: Count of CG lightning strikes observed during each lightning hazard day which occurred during 

the non-summer months. 

Lightning 

Hazard Non-

Summer Date 

Total 

Strikes 
 

Lightning 

Hazard Non-

Summer Date 

Total 

Strikes 

1-Mar-2007 5384  10-Mar-2010 16793 

4-Apr-2007 5457  12-Mar-2010 6502 

11-May-2007 11034  24-Apr-2010 30070 

6-Feb-2008 5190  3-May-2010 7604 

17-Feb-2008 7493  20-May-2010 6670 

26-Feb-2008 6027  21-May-2010 20253 

15-Mar-2008 16630  28-May-2010 16135 

11-Apr-2008 12277  29-May-2010 10920 

3-May-2008 6541  30-May-2010 7395 

8-May-2008 5466  25-Oct-2010 11713 

11-May-2008 30082  1-Jan-2011 8306 

26-May-2008 4801  28-Feb-2011 4982 

27-May-2008 5468  26-Mar-2011 8706 

10-Dec-2008 9891  27-Mar-2011 11658 

27-Feb-2009 5481  28-Mar-2011 7250 

1-May-2009 9710  30-Mar-2011 6060 

2-May-2009 5165  4-Apr-2011 8354 

6-May-2009 10746  5-Apr-2011 11211 

7-May-2009 5816  12-Apr-2011 6661 

10-May-2009 5556  15-Apr-2011 18671 

16-May-2009 12222  20-Apr-2011 8349 

27-May-2009 4968  21-Apr-2011 13134 

19-Sep-2009 5272  27-Apr-2011 40458 

21-Sep-2009 14056  28-Apr-2011 14704 

26-Sep-2009 6356   26-May-2011 15984 

Sources: NLDN 2014    

 

3.1.1 National Lightning Detection Network (NLDN) 

 All cloud-to-ground lightning strikes which occurred within the study area from 2007 to 

2011 were obtained from the National Lightning Detection Network (NLDN). The NLDN, 

operated by Vaisaila, Inc., consists of over 100 remote and ground-based stations within the 
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continental United States that instantly and constantly detect the electromagnetic signals given 

off when lightning occurs. Data is collected 24 hours a day, 365 days a year. Information of 

cloud-to-ground lightning strikes within this database include the date and time (UTC with 

milliseconds accuracy) of occurrence of each strike, the latitude and longitude location, peak 

amplitude (kA), and polarity (+/-). Cloud-to-ground lightning data was received in ASCII 

format, and was converted to table format for point data analysis in ArcGIS. The NLDN has a 

thunderstorm detection efficiency in excess of 99%, and a flash detection efficiency greater than 

95%. Some key applications for NLDN lightning information include weather forecasting, 

advanced planning for airports and utility outages, investigations of damage or fire, recreation, 

and public safety (NLDN, 2014). 

 The NLDN was upgraded in 1994 and 1995 to increase the accuracy and sensitivity of 

the detection system. Before the upgrade, the median location errors of ground flashes were 

approximately 2-4 km with a detection efficiency of 70-80%. The upgrade improved these 

parameters to a median detection error of about 500 m with a 90% detection efficiency for 

flashes with peak currents greater than 5 kA (Cummins et al., 1998). However, research suggests 

that the increased sensitivity leads to misdetection of cloud discharges under 10 kA in magnitude 

as positive lightning strokes (Cummins et al., 1998). For this reason, positive strokes with a 

magnitude of less than 10kA were excluded from this study. 

3.1.2 NCDC NEXRAD Inventory and Archive 

 Radar imagery associated with the selected storm modes on the lightning hazard days 

was obtained from the NCDC NEXRAD Inventory and Archive. Level-II Base data was used 

from the KBMX Birmingham, AL radar site, due to the lack of consistent availability of Level-

III radar data across all lightning hazard days. Previous studies have also used lower resolution 
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radar data when level-III radar data was limited or not available (Schoen and Ashley, 2011). 

Radar imagery was obtained using NOAA’s HDSS Access System (HAS), and georeferenced 

using the NOAA Weather and Climate Toolkit (WCT) (Ansari and Del Greco, 2005; NCDC, 

2014). Radar shapefiles were created for each radar image, selected at base level elevation and a 

reflectivity value of greater than 20 dBZ, which denotes the level of a continuous region of 

precipitation (Geerts, 1998).  

 The National Weather Service built the Weather Surveillance Radars – 1988, Doppler 

(WSR-88D) or NEXRAD radar, replacing the WSR-74 radar and the previous WSR-57 radar, 

operated using World War II technology. NEXRAD is currently comprised of 159 sites 

throughout the United States and select overseas locations. Level-II data, which includes 

reflectivity, mean radial velocity, and spectrum width, is available for each functional radar site. 

Level-II data typically contains four, five, six, or ten minutes of base data depending on volume 

coverage pattern. Level-III data, comprised of computer processed meteorological analysis, is 

routinely available, and includes precipitation estimates, storm relative velocity, and echo tops 

(NCDC 2013). 

3.2 GIS Analysis 

 Various GIS techniques were performed using ESRI ArcGIS 10.2 software to obtain 

radar and lightning measurements for statistical analysis. Each radar shapefile was added to 

ArcMap as a layer and projected to the NAD 1983 UTM Zone 16N projected coordinate system 

for locational accuracy. A projected coordinate system was necessary for using the area 

measurement tool. Symbology was displayed using a graduated color scale associated with radar 

reflectivity. Lightning point data was added to ArcMap as a table, then XY data was displayed to 
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the projection using coordinate variables. A flowchart displaying these procedures is given in 

Figure 8. 

 

Figure 8: Flow chart depicting the data collection and processing methods used. 

 

Data obtained, defined in Table 3, included vertical and horizontal storm length; total 

convective area above 20 dBZ; total convective area above 40 dBZ, which was called maximum 

convective area; and total lightning strikes per 10 minutes surrounding the radar image 

timestamp. A 10 minute time resolution for lightning has been shown to be the most useful 

variable to separate intense summer storm events of a mostly convective nature (Gaal et al., 

2014). Vertical and horizontal storm length were combined to create an aspect ratio for each 

storm mode. Total convective area and maximum convective area were combined to determine 

the percentage greater than 40 dBZ. The threshold of 40dbZ was chosen to represent maximum 

convective activity due to its usage in radar imagery display in the WCT. This threshold is also 
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given in the definition of an MCS as level at which a storm is known to achieve convective 

activity (Geerts, 1998). Radar measurements were obtained using the Length and Area Measure 

tool, and lightning measurements were obtained using the Select by Attributes tool. Collected 

data were then written to a table file for statistical analysis. 

Table 3: Definitions of variables used in statistical analysis. 

Variables 

Derived 
Definition 

Aspect Ratio Ratio of vertical and horizontal storm length 

Total 

Convective 

Area 

Storm area above 20dBZ reflectivity expressed in square 

kilometers  

Maximum 

Convective 

Area 

Storm area above 40dBZ reflectivity expressed in square 

kilometers 

Percent 

Maximum 

Convection 

Ratio of maximum and total convective storm area 

Lightning 

Counts 

Count of CG lightning strikes which occurred locally 

within a 10 minute time period, defined as 5 minutes 

prior to and after storm radar capture 

 

3.3 Statistical Analysis 

 SPSS software Version 20 was used to explore relationships and identify storm mode 

categorization, using storm aspect ratio, storm total convective area, storm maximum convective 

area, percent maximum convective area, and lightning flash rate. Prior to statistical analysis, area 

and lightning variables were normalized into Z scores due to extreme values and ranges in 

certain categories and unequal units of measurement in each category. The utilization of Z-scores 
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ensured that each variable would carry equal weighting and therefore an equal importance. 

Further statistical analysis included Principal Components Analysis (PCA) and Cluster Analysis. 

3.3.1 Principal Component Analysis 

 Principal Component Analysis (PCA) was utilized first in order to identify and remove 

collinearity from the statistical variables and to reduce these into discrete uncorrelated groups. 

PCA is a statistical analysis procedure which extracts factors from a correlation matrix by 

forming combinations of the observed variables, known as components (Norušis, 2009). The first 

component is the combination that accounts for the largest amount of variance in the sample. The 

second component is the combination that accounts for the next largest amount of variance and is 

uncorrelated with the first. PCA is used here as the starting point for factor analysis. Non-rotated 

PCA was performed on all variables, and two components were extracted. Two components 

explained a cumulative 68.340% of total variance amongst the original variables and were 

retained for use in the next stage of cluster analysis. The use of PCA followed by Cluster 

Analysis is common practice in climatology (Esteban et al., 2006; Hart et al., 2006; Sheridan et 

al., 2008; Fragaso and Gomes, 2008; Senkbeil et al., 2012). These methods, which are used for 

data reduction, interpretation, and classification purposes, have been applied to areas such as the 

classification of weather types and circulation patterns (Esteban et al., 2006).  

3.3.2 Cluster Analysis 

 Due to the size and nature of the dataset, two cluster analysis procedures were used. 

Hierarchical Cluster Analysis (HCA) was first used as a guideline to determine the ideal number 

of clusters (categories). HCA is a method of grouping variables together that are near one 

another in terms of Euclidian distance. This form of analysis is calculated using repeated 
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measures of distance between all variables, which are grouped into dendritic clusters with 

decreasing variability between the number of clusters (Norušis, 2009). For this dataset, the 2 

extracted components from the non-rotated PCA were used to identify the true number of 

clusters to retain. The largest decrease of within group variability fell between 4 and 5 clusters, 

suggesting that either solution would be sufficient.  

K-Means Cluster Analysis (KCA) was then used to determine the final cluster categories 

based on the input of HCA. KCA requires that the number of clusters be predetermined. KCA 

repeatedly reassigns cases to clusters for which its distance to the cluster mean is the smallest, 

until the change in cluster means experience insignificant changes between iterations (Norušis, 

2009). Once this threshold has been met, the final clusters are formed by assigning cases to 

permanent clusters. KCA was performed using both 4 and 5 cluster solutions with 5 clusters 

being most accurate. These 5 objectively classified storm modes were then compared to their 

radar imagery and lightning statistics to subjectively label and name the 5 lightning producing 

storm modes.  
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4. Results and Discussion 

4.1 Lightning Hazard Days 

 The dataset for this thesis consisted of 100 lightning hazard days within the 2007-2011 

study period, including summer and non-summer periods. For each of these days, a number of 

radar images were selected for analysis, based on changes in storm morphology throughout the 

day. These radar images were called lightning hazard events. A total of 275 lightning hazard 

events occurred during the study period. These events were unevenly distributed seasonally due 

to the nature of lightning formation (Figure 9). The peak season for lightning formation for the 

study area was in the summer season, in the months of late May through August. The spring 

transitional season, during the months of February through late May, experienced an increase in 

events. The fall transitional season and winter months experienced the least amount of lightning 

events. The number of lightning strikes for all lightning hazard events range from 1 to 1,438 per 

event, with an average of 143.951 strikes per event and a standard deviation of 179.963.  
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Figure 9: The monthly distribution of lightning hazard events. 

 

4.2 PCA and Cluster Analysis 

 Non-rotated Principal Components Analysis (PCA) followed by Cluster Analysis was 

performed on the 5 variables within the dataset. The communalities, or proportion of variance in 

each of the original variables, is explained in Table 4. PCA was necessary for this study, due to 

the high communality values for 4 of the 5 original variables, which suggests complex structure 

with high correlation amongst variables. PCA determined that 2 components had Eigenvalues of 

1.0 or greater, and explained a cumulative 68.340% of the variance associated with the given 

variables (Table 5). Once the appropriate components are selected, the variable loadings on each 

can be determined (Table 5). Both components had more than one variable loading on each of 
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them, which suggests that these 2 components can be used to replace the original variables for 

further statistical analysis. 

Table 4: PCA Communalities for the initial 5 variables. 

Variables Communalities 

Aspect Ratio 0.039 

Area > 20dbZ (Z) 0.893 

Area > 40dbZ (Z) 0.901 

Percent >40dbZ 0.789 

Strikes/10min 0.795 

 

Table 5: Total variance explained by each component in PCA analysis and factor loadings onto the 

extracted components. 

Variables Eigenvalues 
Percent of 

Variance 

Cumulative 

Percent 

Factor Loading 

(Component 1) 

Factor Loading 

(Component 2) 

Aspect Ratio 2.267 45.346 45.346 -0.13 -0.15 

Area > 20dbZ (Z) 1.15 22.994 68.34 0.943 -0.064 

Area > 40dbZ (Z) 0.991 19.185 88.155 0.946 0.077 

Percent >40dbZ 0.493 9.865 98.02 -0.52 0.72 

Strikes/10min 0.099 1.98 100 0.443 0.774 

 

 Hierarchical and K-Means Cluster Analysis were then performed using components 

derived during PCA. HCA determined the ideal number of clusters for this dataset to be 5 

clusters. KCA was then performed using the selection of 5 clusters to determine the final cluster 

categories for this thesis. The KCA performed for this thesis cycled through a total of 9 iterations 

before convergence to cluster groups was achieved due to no or small change in cluster centers. 

The final cluster centers are given in Table 6. KCA assigned each of the 275 lightning hazard 

events to a total of 5 clusters, as described in Table 7. The cluster groups were comprised of 2 

large clusters of 100 and 120, one medium-sized group of 42, one small cluster of 12, and one 
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cluster of a single event. KCA was performed again using 4 clusters to test the nature of the 

single event cluster, but it did not converge with the other clusters. 

Table 6: Final cluster centers obtained using K-Means Cluster Analysis on input from PCA for an 

optimum selection of 5 clusters. 

Variable Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 

PCA Factor 1 1.75439 5.14304 -0.70413 -0.09732 0.27203 

PCA Factor 2 -0.10452 2.94455 0.57306 -0.75081 2.85310 

 

Table 7: Total number of lightning hazard event cases assigned to each cluster, obtained using K-Means 

Cluster Analysis. 

Cluster Count 

1 42 

2 1 

3 100 

4 120 

5 12 

 

4.3 Discussion of Cluster Categories 

 After the K-Means Cluster analysis was complete and each lightning hazard event was 

categorized into 5 clusters, the radar imagery for each event was compared within each cluster 

group to determine the nature of the grouped events. Descriptive statistics and assigned category 

names were given to each cluster during this process (Table 8). A discussion of each cluster 

group follows. 
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Table 8: Descriptive statistics of each cluster group, including lightning aspect ratio, percent greater than 

40dbZ reflectivity, and lightning flash rates. 

Cluster 

 

Count 

Avg 

Aspect 

Ratio 

>40 dBZ Range 

% >40 

dBZ 

Avg 

% >40 

dBZ 

StDev 

L/10min 

Range 

L/10min 

Avg 

L/10min 

StDev 

1 

 

42 0.427 10.28% - 52.74% 25.61% 9.59% 22 - 769 236.95 166.88 

2 

 

1 0.878 - 33.61% - - 1022 - 

3 

 

100 0.568 17.98% - 48.7% 30.95% 8.11% 7 - 410 118.8 93.27 

4 

 

120 0.48 1.1% - 46.61% 22.21% 11.07% 1 - 281 71 73.28 

5 

 

12 0.56 22.89% - 46.46% 35.10% 8.57% 406 - 1438 679.25 296.1 

 

4.3.1 Cluster 1, “Non-Summer Linear” 

 The first cluster was comprised of 42 lightning hazard events. Upon examination of the 

descriptive statistics as well as the radar imagery associated with each event, it was concluded 

that cluster 1 would best be described as non-summer linear events. These events included squall 

lines, frontal boundaries, quasi-linear convective systems (QLCS), embedded QLCS, and 

Mesoscale convective systems (MCSs). Rainshields and embedded supercells were seen with 

some events, but not all.  

Nearly all events in this cluster were non-summer (40 of 42), and occurred primarily 

during the transitional season months of February – May, September – October, and December 

(Figure 10). The average aspect ratio of 0.427 suggested that these events were often elongated 

storms with one axis being longer than the other. The events in this cluster had a high lightning 

flash rate, averaging 236.95 strikes per 10 minutes. The average percent of maximum convective 
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area was moderate but varied between approximately 10-53%. This large variation and lower 

average can be attributed to some events accompanied by rainshield where others were not. Most 

of the lightning strikes associated with these events occurred along the leading linear convective 

boundary of the storms. It has been shown in previous research that cool season and transitional 

season events, such as frontal boundaries and squall lines, are often the result of strong 

synoptically forced systems, usually associated with mid-latitude storms and organized 

convection. These events can create high CG lightning flash counts and flash rates, especially 

along the leading edge (Bentley and Stallins, 2005; Geerts, 1998). A random selection of radar 

imagery and lightning strikes of the cluster 1 non-summer linear events is given in Figure 11. 

 

Figure 10: Monthly distribution of events associated with cluster 1, “Non-Summer Linear”. Nearly all 

occurred during the spring transitional season when linear events are most common, with some during the 

fall/winter transitional season and summer season. 
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Figure 11: Randomly selected examples of cluster group 1, displaying non-summer linear radar patterns 

with lightning strikes overlain.  
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4.3.2 Cluster 2, “Multi-linear Merger” 

 Cluster 2 was comprised of a single anomalous lightning hazard event. This event 

occurred overnight on May 11, 2008 at 06:48:54 UTC. It was defined as a strong Mesoscale 

convective complex (MCC) with a high percent reflectivity greater than 40dbZ (30.95%) and 

high lightning flash rate per 10 minute interval (1,022). This event was termed and categorized 

as a multi-linear merger event. Radar imagery with 10 minute interval lightning strikes is 

displayed below in Figure 12.  

 

Figure 12: Radar reflectivity with lightning strikes for the single event in cluster 2, on 11-May-2008. The 

event occurred due to a triple point merger and outflow boundary. 
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The surface weather map and the 500-millibar height contour maps for 12pm UTC were 

obtained from the NOAA Weather Prediction Center (WPC) archives for further analysis 

(Figures 13 and 14) (NCEP, 2008). These maps represent the atmospheric conditions which 

occurred approximately 5 hours after the event occurred. The surface weather map showed that 

this event, which was associated with a Low Pressure center of 992mb centered over Indiana, 

occurred due to the formation of a triple point boundary, where a cold front and a warm front 

intersected and created a squall line along an outflow boundary. The squall line is indicated on 

the surface weather map between the intersection of the cold and warm fronts. Areas of intense 

thunderstorm activity, including squall lines, often develop along outflow boundaries, especially 

those near the point of intersection of other boundaries such as a triple point (NWS, 2009). The 

500-mb upper air height contours chart show strong westerly upper level winds directly over the 

study area. Transitional season frontal boundaries in the southeast have been shown to generate 

high intensity CG lightning flash counts and flash rates (Bentley and Stallins, 2005). It has also 

been shown that MCS and MCC systems which occur during cool and transitional seasons tend 

to be larger and longer lasting events than those which occur during the summer season (Geerts, 

1998). This event was a combination of multiple frontal boundaries which formed a large MCC, 

an ideal situation to produce high CG lightning flash counts. 
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Figure 13: Surface weather map recorded at 12UTC for the 11-May-2008 event in cluster 2. 
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Figure 14: 500-mb upper air chart recorded at 12UTC for the 11-May-2008 event in cluster 2. 

 

4.3.3 Cluster 3, “Summer Airmass” 

 Cluster 3 was comprised of 100 lightning hazard events. Most of the events recorded in 

cluster 3 occurred during the summer season, from late May through August, with a few 

exceptions (Figure 15). It was determined that this cluster group represented mainly summer 

airmass events. Most of these events had smaller area measurements due to the nature of the 

convective summer storms. Spring events with similar characteristics were also included in this 

group. They were also generally strong in intensity, experiencing between 18% and 49% greater 
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than 40dbZ reflectivity, with an average of 30.95% above 40dbZ reflectivity. These events had a 

moderate amount of lightning strikes, ranging from 7 to 410 strikes per 10 minutes, and an 

average of 118.8 strikes per 10 minutes. It has been shown that events such as these are the result 

of weakly forced thunderstorm activity, which occur away from organized synoptic forcing such 

as frontal boundaries (Bentley and Stallins, 2005). A random selection of these events is given in 

Figure 16. 

 

Figure 15: Monthly distribution of events in cluster 3, “Summer Airmass” events. Most events occurred 

during the summer months, with 2 exceptions during the spring transitional season.  
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Figure 16: Randomly selected events from cluster 3, displaying summer airmass convective radar 

patterns with lightning strikes overlain. 
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4.3.4 Cluster 4, “Non-seasonal Weak” 

 Cluster 4 was comprised of 120 lightning hazard events. Events associated with this 

cluster were distributed throughout the year with a significant peak of 45 of the 120 events 

(37.5%) occurring during the month of May (Figure 17). These events averaged a greater than 

40dbZ reflectivity value of only 22.21%, the lowest of all cluster groups in this study. The 

lightning per 10 minute period was also the lowest, averaging 71 strikes with a distribution of 1 

to 281 strikes per 10 minutes. The decreased amount of CG lightning flash activity was likely the 

result of the inability of some storms in this category to achieve a reflectivity value of 40dBZ or 

greater, which signifies convective development (Geerts, 1998). It was determined that this 

cluster represented non-seasonal weak storms which occurred on lightning hazard days. The 

increase during the month of May is attributed to the early summer transitional season, when 

convective storms are likely to occur. A random selection of these events is given in Figure 18. 
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Figure 17: Monthly distribution of events associated with cluster 4, “Non-seasonal Weak” events. Events 

are well distributed, with the exception of a large increase in events during the spring transitional season 

and the early summer month of May. 
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Figure 18: Randomly selected events from cluster 4, displaying non-seasonal weak radar patterns with 

lightning strikes overlain.  
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4.3.5 Cluster 5, “Summer MCS/MCC” 

 Cluster 5 was comprised of 12 lightning hazard events, which occurred only during the 

summer months (Figure 19). These events occurred over larger surface areas and had the highest 

average and range of percent greater than 40dbZ reflectivity, 35.10% and 22.89%-46.46% 

respectively. The lightning strikes per 10 minute period was also greatest, with an average of 

679.25 strikes per 10 minutes and range of 406 to 1438 strikes per 10 minutes. Due to the 

seasonality, large size, strength, and high intensity lightning flash rate, these events were 

designated as summer Mesoscale Convective Systems (MCS) and Mesoscale Convective 

Complexes (MCC). It has been shown in previous research that MCS style events which occur 

during the summer tend to be smaller in size and short-lived, but can produce large CG lightning 

flash counts and intense convection levels (Geerts, 1998). A random selection of these events is 

given in Figure 20. 

 

Figure 19: A monthly distribution of events associated with cluster 5, “Summer MCS/MCC”.  

6

1

5

Cluster 5, "Summer MCS/MCC"

June

July

August



52 

 

Figure 20: Randomly selected events from cluster 5, displaying summer MCS/MCC radar patterns with 

lightning strikes overlain.  
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5. Conclusions 

 The purpose of this thesis was to analyze the relationship between lightning 

characteristics and storm morphology on lightning hazard days in Northern/Central Alabama. 

The primary research goal was to discover what storm characteristics are associated with higher 

lightning counts in events which occur on lightning hazard days in Northern and Central 

Alabama. Relationships between severe weather events and thunderstorm characteristics have 

been studied in previous research, but none have analyzed the relationship between CG lightning 

activity and all forms of storm mode which occur in Northern/Central Alabama. Cluster analysis 

was used to explore and develop conclusions about this relationship, due to the erratic nature of 

lightning and challenges associated with storm mode classification system creation.  

 The analysis performed in this thesis concluded that a total of five cluster categories of 

storm mode occur on lightning hazard days. These clusters exhibit differences in lightning and 

storm characteristics, associated with changes in storm mode and seasonality. Descriptions of the 

five storm clusters are as follows: 

 Non-summer linear events that occurred mainly in transitional seasons. These events had 

high CG lightning flash rates, averaging 236.95 strikes per 10 minutes with a standard 

deviation of 166.88, and moderate to high maximum convective area, averaging 25.61% 

with a standard deviation of 9.59%. This event type was moderately common, including 

42 of the 275 lightning hazard events. 
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 A multi-linear merger event that produced an MCC with high maximum convective area 

of 33.61% and high lightning flash rate, 1022 strikes per 10 minutes. A single event of 

the 275 lightning hazard events was categorized into this cluster, representing a rarely 

occurring special event type. 

 Summer airmass events that occurred primarily during the summer season and occurred 

over smaller total areas. These events had high maximum convective area, averaging 

30.95% with a standard deviation of 8.11%, and moderate lightning flash rates, averaging 

118.8 strikes per 10 minutes with a standard deviation of 93.27. This cluster was the 

second most common event type, comprised of 100 of the 275 lightning hazard events.  

 Non-seasonal weak events that occurred throughout the year with a peak in late spring. 

These events had low maximum convective area, averaging 22.21% with a standard 

deviation of 11.07%, and low lightning flash rates, averaging 71 strikes per 10 minutes 

with a standard deviation of 73.28. This was the most populous cluster, consisting of 120 

of the 275 lightning hazard events. 

 Summer MCS/MCC events that occurred entirely during the summer. These events had 

large total areas and the highest level of both maximum convective area, averaging 

35.1% with a standard deviation of 8.57%, and lightning flash rates, averaging 679.25 

strikes per 10 minutes with a standard deviation of 296.1. This cluster included 12 of the 

275 lightning hazard events, being the least common event type excluding the second 

cluster of one exceptional event. 

These results are beneficial to weather forecasters and emergency managers in the 

Northern and Central Alabama region. Findings contribute to the understanding of the 

relationship between lightning characteristics and storm modes, and could provide beneficial 
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information to improve severe weather watches and warnings in the future by integrating 

lightning as a severe weather parameter. The results give detailed storm characteristics, including 

storm mode type, intensity, and lightning flash rate, for multiple types of events with which 

occurred on lightning hazard days, with additional information regarding seasonality and 

frequency of occurrence. This information could be included in a special weather statement for 

weather patterns that resemble those observed during historical events included in this study and 

which resulted in high CG lightning flash rates over a period of several hours.  

It should be noted that the findings of this study offer a selection of the possible lightning 

hazard events which can occur on lightning days in Northern and Central Alabama. The specific 

amount of lightning counts associated with the different types of storm mode are not an 

indication of which type of storm mode produces more fatalities and injuries. Cloud-to-ground 

lightning activity of any intensity and over various time frames can present a danger to life and 

property. Therefore, it should not be concluded that one storm mode type is more dangerous than 

another in terms of fatalities and injuries based solely on lightning counts or flash rates. 
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