
Florida State University Libraries

Electronic Theses, Treatises and Dissertations  The Graduate School

2010

Characteristics of Decaying Storms during
Lightning Cessation at Kennedy Space
Center and Cape Canaveral Air Force
Station
Holly Alison Anderson

Follow this and additional works at the FSU Digital Library. For more information, please contact lib-ir@fsu.edu

http://fsu.digital.flvc.org/
mailto:lib-ir@fsu.edu


 

THE FLORIDA STATE UNIVERSITY 
 

COLLEGE OF ARTS AND SCIENCES 
 
 

 
 
 

CHARACTERISTICS OF DECAYING STORMS DURING LIGHTNING  

CESSATION AT KENNEDY SPACE CENTER AND  

CAPE CANAVERAL AIR FORCE STATION 

 
 

 
 
 

By  
 

HOLLY ALISON ANDERSON 

 
 
 
 
 

A Thesis submitted to the  
Department of Meteorology 
in partial fulfillment of the 

requirements for the degree of 
Master of Science 

 
 

 
 
 

Degree Awarded: 
Spring Semester, 2010 



ii 
 

The members of the committee approve the thesis of Holly A. Anderson defended on December 

9, 2009. 

 

 

 

 

 

 

____________________________ 

Henry E. Fuelberg 

Professor Directing Thesis 

 

 

 

____________________________ 

Paul H. Ruscher 

Committee Member 

 

 

 

____________________________ 

Robert E. Hart 

Committee Member 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Graduate School has verified and approved the above-named committee members. 



iii 
 

ACKNOWLEDGEMENTS 
 

 
First, I thank my Lord and Savior Jesus Christ.  This thesis certainly never would have 

come to completion without His unmerited grace and mercy.  Thank You, Lord, for all your rich 

blessings -- the greatest of which is your gift of salvation! 

I thank my major professor, Dr. Henry Fuelberg, for his unwavering support and 

guidance throughout this research project.  I thank him for editing all my thesis drafts and for 

providing me with a great opportunity to work on this ―electrifying‖ project.  I certainly never 

realized the scope of the physical processes leading to those brightly-illuminated lightning 

flashes I would watch from my porch as a little girl!  In addition to Dr. Fuelberg, I also thank the 

other members of my committee: Dr. Paul Ruscher and Dr. Bob Hart. 

I thank the men (both past and present) of the Fuelberg lab.  I specifically thank Dr. 

Geoffrey Stano, Scott Rudlosky, Pete Saunders, and Steve Martinaitis for their assistance in 

helping me overcome both coding and scientific hurdles.  I also thank Bill Roeder of the U.S. Air 

Force’s 45th Weather Squadron for his assistance with this research. 

I am very grateful for my mom and dad.  They have always been my biggest fans, and 

have been a source of encouragement and support as I’ve ―grown up‖ and launched my quest to 

study meteorology.  In 2002, Dad drove me to Orlando, Florida to attend the American 

Meteorological Society’s WeatherFest, where I stood in awe of the weather displays and snagged 

a video on meteorology careers.   I am tremendously thankful for my parents’ love and support. 

Lastly, I thank my wonderful, amazing husband, Bryce.  His support and encouragement 

throughout this process has been a great blessing and I can’t imagine experiencing it without 

him.  The Lord brought him into my life at the perfect moment -- right in the middle of my first 

semester of graduate school, when all my semester projects were due!  It was perfect timing. 

This research was sponsored in part by a 2007-2008 American Meteorological Society 

Graduate Fellowship sponsored by Lockheed Martin Corporation.  Additional funding was 

provided by a grant from the NASA Florida Space Grant Consortium. 

 

My flesh and my heart may fail, but God is the strength 

 of my heart and my portion forever. 

Psalm 73:26



iv 
 

TABLE OF CONTENTS 
 

 

List of Tables ................................................................................................................................. vi 
List of Figures ............................................................................................................................... vii 
List of Abbreviations and Acronyms ...............................................................................................x 
Abstract ......................................................................................................................................... xii 
 
1. INTRODUCTION .......................................................................................................................1 

 

1.1     Research Motivation ..........................................................................................................1 

1.2     Thunderstorm Electrification Background ........................................................................2 

1.3     Previous Research ..............................................................................................................3 

1.4     Objectives ..........................................................................................................................4 
 

2. DATA AND METHODOLOGY .................................................................................................5 
 
 2.1     Data Sources ......................................................................................................................5 

2.1.1     Lightning Data ............................................................................................................5 

2.1.2     Conventional Data.......................................................................................................7 

2.2     Methodology ......................................................................................................................8 

2.2.1     Research Domain and Period of Investigation ............................................................8 

2.2.2     Lightning Data Processing ..........................................................................................8 

2.2.3     Data Ingest and Manipulation in WDSS-II .................................................................9 

2.2.4     Storm Clustering, Tracking, and Datamining in WDSS-II .......................................10 

2.2.5     Selecting Storms .......................................................................................................11 
 

3. RESULTS ..................................................................................................................................12 
 

3.1     Time-Trends in Lightning Characteristics of the 116 Storms .........................................12 

3.1.1     Flash Characteristics .................................................................................................12 

3.1.2     Flash Rates ................................................................................................................17 

3.2     Characteristics of the 20 Storm Subset ............................................................................19 

3.3     Storm Characteristics during the Minutes Leading to Lightning Cessation ....................21 

3.3.1     Composite Reflectivity .............................................................................................21 

3.3.2     Radar Reflectivity at Various Temperatures .............................................................23 

3.3.3     30 dBZ Vertical Storm Thickness above -10°C .......................................................27 

3.3.4     Vertical Gradients of Reflectivity .............................................................................29 

3.4     Storm Characteristics at the Time of Lightning Cessation ..............................................31 

3.4.1     Composite Reflectivity .............................................................................................32 

3.4.2     Radar Reflectivity at Various Temperatures .............................................................33 

3.4.3     30 dBZ Vertical Storm Thickness above -10°C .......................................................34 

3.4.4     Vertical Gradients of Reflectivity .............................................................................35 

3.5     Case Studies .....................................................................................................................36 

3.5.1     Case 1 - Single Cell on 17 May 2002 .......................................................................37 

3.5.2     Case 2 - Single Cell on 13 August 2000 ...................................................................39 



v 
 

3.5.3     Case 3 - Single Cell on 9 May 2000 .........................................................................40 

3.6     Other Observed Trends in Radar Reflectivity and Lightning Characteristics .................42 
 

4. SUMMARY AND CONCLUSIONS ........................................................................................49 
 

REFERENCES ..............................................................................................................................53 
 

BIOGRAPHICAL SKETCH .........................................................................................................62 



vi 
 

LIST OF TABLES 
 

 
Table 1. Comparison of flash characteristics for the full 116 storm dataset and the 20 storm 
subset............................................................................................................................................. 20 

Table 2. Lapse rates of reflectivity between 0°C to -20°C for ten storms having WDSS-II data 
halfway through the storm’s duration (i.e., time-normalized t = 0.5).  A positive (negative) lapse 
rate implies decreasing (increasing) reflectivity with height. ....................................................... 31 

Table 3. Times between the end of last vertical pulse in initiation heights and lightning cessation.
....................................................................................................................................................... 48 



vii 
 

LIST OF FIGURES 
 
 
Figure 1. The research domain at KSC/CCAFS, where the outer ring (inner ring) is 100 km (60 
km) from the central LDAR receiver.  Locations of the sensors for the main observation 
networks are shown for LDAR (circles), CGLSS (squares), and the WSR-88D (triangle). .......... 6 

Figure 2. Time-normalized plot of initiation heights (km AGL) for all a) IC flashes and b) CG 
flashes occurring in all 116 storms, where t = 0.0 indicates the time of the first lightning flash in 
each storm and t = 1.0 indicates the time of the last lightning flash. ............................................ 14 

Figure 3. Time-normalized plot of peak currents (Ip, kA) for all 2 524 CG flashes occurring in 
the 116 storm dataset. t = 0.0 indicates the time of the first lightning flash in each storm, and t = 
1.0 indicates the time of the last lightning flash. Weak positive CG flashes (0 kA < Ip < 15 kA) 
were removed from the dataset as part of the quality-control procedure. .................................... 15 

Figure 4. Time-normalized plot of multiplicity for all 2 524 CG flashes in all 116 storms. t = 0.0 
indicates the time of the first lightning flash in each storm, and t = 1.0 indicates the time of the 
last lightning flash. ........................................................................................................................ 16 

Figure 5. Time-normalized average flash rate for all 116 storms.  All flashes (IC and CG) for 
each storm were binned into 60 s bins to compute a flash rate each minute during storm duration.  
The times were normalized and then divided into 10 bins, each corresponding to 1/10th of storm 
duration.  Data averaged between t = 0.1 and t = 0.2 are plotted at t = 0.15, etc. ........................ 18 

Figure 6. Time trend of the average flash rate for all 116 storms at 1 min intervals beginning 8 
min prior to the last flash, t = 0. .................................................................................................... 19 

Figure 7. Distribution of trends in maximum composite reflectivity within each cluster during the 
8 min prior to cessation.  Values were calculated by subtracting the value 8 min prior to cessation 
from the value at cessation.  The values are divided into 10 equal bins.  Positive (negative) 
values indicate that the reflectivity was increasing (decreasing) during the 8 min prior to 
cessation. ....................................................................................................................................... 22 

Figure 8. Time trend of the mean (thick black line) and standard deviation (vertical lines) of 
maximum composite reflectivity (dBZ) at 1 min intervals beginning 8 min prior to the last flash, 
t = 0.  Values for the 20 storm cases are superimposed at 1 min intervals (diamonds). ............... 23 

Figure 9. As in Figure 7, except for a) maximum reflectivity at -10°C, b) maximum reflectivity at 
-20°C, c) maximum reflectivity at 0°C, and d) maximum layer-averaged reflectivity between 0°C 
and -20°C. ..................................................................................................................................... 25 

Figure 10. As in Figure 8, except for a) maximum reflectivity at -10°C (dBZ), b) maximum 
reflectivity at -20°C (dBZ), c) maximum reflectivity at 0°C (dBZ), and d) maximum layer-
averaged reflectivity between 0°C and -20°C (dBZ). ................................................................... 27 

Figure 11. As in Figure 7, except for maximum height of the 30 dBZ radar reflectivity echo 
above the -10°C level (i.e., vertical 30 dBZ storm cell thickness).  The histogram consists of only 



viii 
 

19 storms since one storm did not have a 30 dBZ echo above the -10°C level at the last flash and 
therefore a trend could not be computed....................................................................................... 28 

Figure 12. As in Figure 8, except for maximum height of the 30 dBZ radar reflectivity echo 
above the -10°C level (i.e., vertical 30 dBZ storm cell thickness). .............................................. 29 

Figure 13. As in Figure 8, except for lapse rates in reflectivity between 0°C and -20°C  (dBZ  
km-1).  A positive (negative) lapse rate implies decreasing (increasing) reflectivity with height.  
Maximum heights of the environmental 0°C and -20°C isotherms were used to calculate the 
distance between the two levels. ................................................................................................... 30 

Figure 14. Distribution of maximum composite reflectivity (dBZ) at the last flash for the 20 
storms.   The values are divided into 10 equal bins. ..................................................................... 32 

Figure 15. As in Figure 14, except for a) maximum reflectivity (dBZ) at the -10°C level,            
b) maximum reflectivity (dBZ) at the -20°C level, c) maximum reflectivity (dBZ) at the 0°C 
level and d) maximum layer-averaged reflectivity (dBZ) between 0°C and -20°C. .................... 34 

Figure 16. As in Figure 14, except for the maximum height of the 30 dBZ echo above the -10°C 
level at the last flash.  The histogram consists of only 19 storms since one storm did not have a 
30 dBZ echo above the -10°C level at the last flash. .................................................................... 35 

Figure 17. Scatter diagram of the vertical decrease in reflectivity between 0°C and -20°C versus 
the maximum reflectivity at the freezing level at the time of the last flash for our 20 storms. 
Filled symbols represent cells that exceed 40 dBZ at the -10°C level at the time of the last flash.
....................................................................................................................................................... 36 

Figure 18. Time-series of the vertical profile of cluster-derived maximum reflectivity (color 
shaded, dBZ), cluster-derived maximum LDAR source density (black contours, sources min-1 

km-2), IC and CG lightning flash initiation sources (circles and triangles, respectively) within the 
entire storm (anvil region included), for a single cell storm on 17 May 2002.  To preserve 
readability, the LDAR source density contour for 0 sources min-1 km-2 has not been plotted.  
Similar to previous figures, data are time-normalized; the first (last) time that is noted (UTC) 
corresponds to the first (last) flash of the storm.  The resolution of both the cluster-derived radar 
data and cluster-derived LDAR source density is 1 km at a 60-90 s time resolution, whereas flash 
initiation heights are taken from the raw data.  Cluster-derived maximum heights of the 
environmental 0°C, -10°C, and -20°C isotherm levels within the cluster are plotted as bars. The 
upper plot is total lightning flash rate per min. ............................................................................. 38 

Figure 19. As in Figure 19, except for a single cell storm on 13 August 2000. ........................... 40 

Figure 20. As in Figure 19, except for a single cell on 9 May 2000. ............................................ 41 

Figure 21. Altitudes of LDAR sources during a 12 min period for a severe single cell on 9 May 
2000. Two upward propagating regions of lightning sources are evident. One begins at 8 km at 
1952 UTC and rises to 13 km by 1958 UTC.  A second begins at 1958 UTC. Lightning channels 
below 5 km likely are the upper-portions of CG flashes [Lhermitte and Krehbiel, 1979]. .......... 43 



ix 
 

Figure 22. As in Figure 19, except for a severe single cell on 9 May 2000. The two asterisks 
denote the times of hail reports at 1946 UTC and 2010 UTC, respectively. ................................ 45 

Figure 23. Reflectivities at 8 km for four successive radar scans: a) 1945:10 UTC, b) 1950:00 
UTC, c) 1955:24 UTC, and d) 2000:17 UTC.  Note that the storm’s maximum reflectivity is 
weaker at 1950:00 UTC relative to both the previous and following radar scans. ....................... 47 

 



x 
 

ABBREVIATIONS AND ACRONYMS 
 

 

°C degrees Celsius 
45WS 45th Weather Squadron 
AGL Above Ground Level 
ARM Atmospheric Radiation Measurement 
BWER Bounded Weak Echo Region 
CAPPI Constant Altitude Plan Position Indicator 
CCAFS Cape Canaveral Air Force Station 
CG Cloud-to-Ground lightning flash 
CGLSS Cloud-to-Ground Lightning Surveillance System 
CGLSS-II Cloud-to-Ground Lightning Surveillance System – Second Generation 
dBZ decibels of reflectivity 
EOSO End-Of-Storm-Oscillation 
FL Florida 
flash intra-cloud or cloud-to-ground lightning 
IC Intra-Cloud lightning flash 
IMPACT IMProved Accuracy from Combined Technology 
Inc. Incorporated 
Ip peak current 
ESP Enhanced Sensitivity and Performance 
kA kiloamperes 
km kilometers 
km2 square kilometers 
km-1 per kilometer 
KMLB National Weather Service forecast office in Melbourne, Florida 
KSC Kennedy Space Center 
LDAR Lightning Detection and Ranging 
LDAR-II Lightning Detection and Ranging – Second Generation 
m meters 
MDF Magnetic Direction Finding 
min minutes 
min-1 per minute 
NASA National Aeronautics and Space Administration 
NCDC National Climatic Data Center  
NCEP National Centers for Environmental Prediction 
NIC Non-Inductive Charging 
NLDN National Lightning Detection Network 
NLSI National Lightning Safety Institute 
NOAA National Oceanic and Atmospheric Administration 
NWS National Weather Service 
RUC Rapid Update Cycle 
RUC20 Rapid Update Cycle data at 20-km resolution 
RUC40 Rapid Update Cycle data at 40-km resolution 
s seconds 



xi 
 

source an individual VHF electrical discharge component of a lightning flash 
strike CG lightning strike location (a single CG flash can produce multiple strikes) 
t time 
TOA Time of Arrival 
U.S. United States 
UTC Coordinated Universal Time 
VHF Very High Frequency 
VIL Vertically Integrated Liquid 
VILMA Vertically Integrated Lightning Mapping Array sources 
WDSS-II Warning Decision Support System – Integrated Information 
WSR-88D Weather Surveillance Radar Doppler-1988 
KXMR Cape Canaveral radiosonde launch site 



xii 
 

ABSTRACT 
 
 
 Improved knowledge of thunderstorm behavior near the end of its lifecycle is essential to 

improving the prediction of lightning cessation.  This study documents the characteristics of 

decaying storms near the end of their lightning activity at Kennedy Space Center (KSC) and 

Cape Canaveral Air Force Station (CCAFS).  Total lightning data were obtained by combining 

information from the Lightning Detection and Ranging (LDAR) network with the Cloud-to-

Ground-Surveillance System (CGLSS) and the National Lightning Detection Network (NLDN).  

The lightning data were used in conjunction with WSR-88D radar data and Rapid Update Cycle 

(RUC) model analyses.  The study focuses on a dataset of 116 isolated unicellular and 

multicellular storms during the warm-seasons (May-September) of 2000-2005.  Twenty of the 

116 storms were tracked through lightning cessation using the K-Means storm clustering and 

tracking algorithm within the Warning Decision Support System – Integrated Information 

(WDSS-II).  This tracking yielded time-series of radar-derived, RUC-derived, and lightning 

parameters.  Flash characteristics of the 116 storms showed trends during storm growth and 

dissipation; however, none exhibited clear relationships with the final flash.  Although most 

storms experienced gradually decaying flash rates until cessation, two other cessation behaviors 

also were observed, making flash activity an unreliable indicator of cessation.  Trends in 

composite reflectivity, reflectivity at three temperatures crucial to storm electrification (i.e., 0°C, 

-10°C, -20°C), storm thickness of 30 dBZ above -10°C, and vertical gradients of reflectivity 

were analyzed for 20 storms during the 8 min period prior to cessation to determine if any 

indicated imminent cessation.  Results showed substantial variability in the decaying storms.  

Although these parameters decreased in most storms during the 8 min period, some increased.  

Distributions of the parameters at the last flash also were considered, but no clearly preferred 

value was evident at the last flash.  Neither the inversion of lightning initiation criteria (e.g., 40 

dBZ at -10°C) nor the descent of 45 dBZ below -10°C  were found to be a useful indicator of 

cessation.  Previously-documented lightning ―bubbles‖ of LDAR sources were observed and 

were consistent with pulses in the intensifying updrafts.  The last lightning ―bubble‖ signatures 

were found to precede lightning cessation by ~35 min.
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CHAPTER ONE 

 

INTRODUCTION 
 

 

1.1     Research Motivation 
 

 Previous research has revealed many factors leading to lightning initiation [e.g., 

Workman and Reynolds, 1949; Reynolds and Brook, 1956; Larsen and Stansbury, 1974; Dye et 

al., 1989; Gremillion and Orville, 1999; Wolf, 2006]; however, the factors associated with 

lightning cessation are relatively unknown.  Improved knowledge about lightning cessation will 

be valuable since lightning is responsible for many deaths, injuries, and economic losses each 

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

lightning in the United States exceeds $5 to $6 billion [NLSI, 2008].  Cloud-to-ground (CG) 

lightning also is the second-leading cause of weather-related fatalities in the United States 

[Curran et al., 2000], typically killing more people each year than tornadoes and hurricanes 

[López et al., 1993; NOAA, 2007].  Most lightning-related deaths occur before or after the most 

intense lightning activity when the threat is not as evident [Holle et al., 1992].  An improved 

understanding of storm behavior near the end of its life cycle will be essential to improving the 

prediction of lightning cessation. 

 Florida annually receives more CG lightning than any other state [Orville, 1994; Orville 

and Huffines, 2001; Orville et al., 2002].  The NASA Kennedy Space Center (KSC) and Cape 

Canaveral Air Force Station (CCAFS) are located in the eastern portion of Central Florida’s 

―lightning alley‖, and receive 5 to 15 CG lightning strikes per square kilometer per year 

[Rudlosky, unpublished data; Stano et al., 2009].  Lightning is a particular concern for the daily 

operations of the complex because many ground-based activities must be suspended until the 

threat has passed.   

 The United States Air Force’s 45th Weather Squadron (45WS) is responsible for 

providing weather support to KSC and CCAFS [Harms et al., 2003].  Forecasters at the 45WS 

issue lightning advisories for thirteen areas when lightning poses a threat, and discontinue the 

advisories when the threat has passed [Weems et al., 2001; Bott and Eisenhower, 2005].  

Although the 45WS is reasonably satisfied with their ability to forecast lightning initiation, they 

need improved guidance to determine when it is safe to cancel an advisory [Roeder, personal 
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communication 2005; 2007].  The 45WS often leaves advisories in effect longer than necessary, 

lest an advisory is ended too early and safety is compromised.  With over 25,000 employees, the 

monetary loss due to wasted manpower during lightning advisories is estimated to be millions of 

dollars each year [Roeder, personal communication 2005; 2007].   Increased knowledge about 

the behavior of dissipating storms over KSC/CCAFS will increase the 45WS’ confidence that a 

particular flash is the last flash of the storm, thus allowing a lightning advisory to be terminated 

sooner [Roeder and Glover, 2005].  A better understanding of lightning cessation also will 

benefit a variety of other applications, such as the aviation and outdoor sporting industries. 

 
 

1.2     Thunderstorm Electrification Background 
 

 The difficulty in forecasting lightning cessation is due partly to our incomplete 

understanding of the processes leading to thunderstorm electrification.  The non-inductive 

charging (NIC) mechanism is widely accepted as the process creating charge separation in 

thunderstorms [Williams, 2001].  Many studies have shown that charge transfer occurs during 

collisions between ice crystals and graupel in the presence of supercooled water within the 

storm’s updraft [e.g., Takahashi, 1978; Jayaratne et al., 1983; Saunders et al., 1991].  

Gravitational charge separation causes storms typically to have a tripole charge structure, i.e., a 

dominant negative charge region between -10°C and -25°C, a positive region above this main 

negative area, and often a weaker positive region near 0°C [Krehbiel, 1986; Williams, 2001].  

However, more complex charge structures have been observed [Stolzenburg et al., 1998; 

MacGorman et al., 2005; Weiss et al., 2008].  The charge increases in magnitude until dielectric 

breakdown occurs, resulting in a lightning flash.  Intracloud (IC) flashes often occur between the 

two main negative and positive charge regions [Shao and Krehbiel, 1996]; negative CG flashes 

generally originate from the dominant negative charge region [Krehbiel et al., 1979; Williams, 

2001]. 
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1.3     Previous Research 
 

 Few studies have sought to understand lightning cessation.  Hinson [1997] used radar 

data to identify relations between radar reflectivity and lightning cessation in three thunderstorms 

over KSC.  The most common scenario was a lag time of 30 min between the last 45 dBZ 

reflectivity at the -10°C level and the final CG strike.  Holmes [2000] noted that each 

thunderstorm type (e.g., supercells, multicells, etc.) required a different regression model to 

forecast cessation.  Holle et al. [2003] found that the probability of a subsequent flash occurring 

within 5 min and 3.2 km of a point within an outer warning ring of 9.7 km was only 3.7%, but a 

flash could occur as long as 30 min later.  Roeder and Glover [2005] showed that 75% of the 

variation in times between the last and second-to-last CG flashes for storms near KSC could be 

explained by a log-linear curve.  They stated that a statistical approach to forecasting lightning 

cessation showed promise, but that total lightning (i.e., IC and CG lightning) must be considered 

for operational usefulness.  The findings of Roeder and Glover [2005] motivated Stano et al. 

[2009] to use total lightning data to develop empirical lightning cessation forecast guidance for 

KSC.  Stano et al. [2009] developed a dataset of 116 isolated thunderstorms from the warm 

seasons of 2000-2005 and identified correlations between lightning cessation and parameters 

from soundings and radar data.  Although the maximum interflash time between any two flashes 

appeared to be a useful predictor for cessation, their results were far from ideal.  The Stano et al. 

[2009] results provided the motivation for the current research.  

 Previous research also has suggested possible methods for predicting lightning cessation 

based on trends in storm characteristics during either lightning initiation or cessation.  Marshall 

et al. [2009] showed that decaying thunderstorms over New Mexico often experience an end-of-

storm oscillation (EOSO).  Other studies have associated CG initiation to the relation between 

charge regions and the heights of specific temperatures [e.g., Jacobson and Krider, 1976; 

Lhermitte and Krehbiel, 1979; Krehbiel et al., 1979; 1984; Maier and Krider, 1986].  The onset 

of CG lightning also has been related to values of radar-derived reflectivity at the heights of 

particular temperatures, such as the presence of 40 dBZ reflectivity at or above -10°C [e.g., 

Larsen and Stansbury, 1974; Marshall and Radhakant, 1978; Goodman et al., 1988; Dye et al., 

1989; Buechler and Goodman, 1990; Michmoto, 1990; 1993; Hondl and Elits, 1994; Gremillion 

and Orville, 1999; Roeder and Pinder, 1998; Vincent et al., 2003; Wolf, 2006].  Wolf [2006] 

studied over one thousand convective cells of various types in the southern U.S. between 2001-
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2006, seeking to forecast CG lightning initiation based on 40 dBZ reflectivity at or above -10°C 

altitude.  He suggested that inverting the initiation criteria may be useful for forecasting 

cessation.  Evaluating Wolf’s suggestion is one of the goals of the current study.  

 

 

1.4     Objectives 
 

 This research builds on the few prior studies of lightning cessation by examining storm 

characteristics during the period leading up to cessation.  We consider trends in lightning flash 

characteristics such as flash initiation heights, CG peak current, CG multiplicity, and flash rate to 

determine if there are relationships that can help predict cessation.  We also consider the 

applicability of inverting lightning initiation criteria, such as Wolf [2006], to predict lightning 

cessation.  This is achieved by analyzing reflectivity at the heights of specific temperatures (i.e., 

0°C, -10°C, and -20°C) to investigate whether storms possess a common reflectivity value at 

these heights at the time of the last flash or, alternatively, if storms experience a common trend 

in values during the several minutes preceding cessation.  Finally, storm characteristics such as 

changes in height of reflectivities and changes in vertical gradients of reflectivity are analyzed to 

gain additional insight into the behavior of storms in the minutes preceding cessation.  Chapter 

Two describes our data sources and methodologies. Chapter Three presents the results, and 

Chapter Four states our conclusions.  
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CHAPTER TWO 

 

 DATA AND METHODOLOGY 
 
 
 We used Stano et al.’s [2009] dataset of 116 thunderstorms in the KSC/CCAFS area from 

May-September of 2000-2005 and employed data and recently developed tools from the 

Warning Decision Support System – Integrated Information (WDDS-II) software [Lakshmanan 

et al., 2007b] that were not available earlier.  Whereas Stano et al. [2009] calculated storm 

environment parameters from morning radiosonde launches at Cape Canaveral (KXMR), we 

used Rapid Update Cycle (RUC) [Benjamin et al., 1994; 2004] model hourly analyses for this 

purpose.  CG lightning flash data from two sensor systems at KSC were combined to account for 

a weakness in one system’s detection of a certain subtype of CG lightning [Ward et al., 2008; 

Roeder, personal communication, 2009].  Storm characteristics were tracked through time using 

the WDSS-II K-Means storm clustering and tracking algorithm (i.e., w2segmotionll) 

[Lakshmanan et al., 2003; 2009; Lakshmanan and Smith, 2009].  This data mining approach 

provided time-series of radar, storm environment, and lightning characteristics, allowing an 

extensive investigation of the characteristics associated with lightning cessation.  Details about 

each of these procedures are given below.  

 
 

2.1     Data Sources 
 

2.1.1     Lightning Data 

 The Lightning Detection and Ranging (LDAR) network, originally designed by NASA 

and located at KSC [Lennon, 1975; Poehler and Lennon, 1979; Maier et al., 1995; Britt et al., 

1998; Boccippio et al., 2001], is a ground-based, short-baseline system consisting of six time-of-

arrival (TOA) sensors located in a hexagonal pattern 6-10 km from a central receiver (Figure 1, 

circles).  The passive system detects the very high frequency (VHF) individual electrical 

discharges, referred to as sources, that comprise the stepped leaders of a lightning flash in three-

dimensional space [Maier et al., 1995].  LDAR’s typical detection efficiency is greater than 90% 

within a range of 100 km [Boccippio et al., 2001], but increases to 99% within 25 km of the 

central receiver [Maier et al., 1995; Murphy et al., 2000].  LDAR detects sources from IC flashes 

and the upper portions of CG flashes (i.e., total lightning), but because of a decrease in location 



 

6 
 

accuracy near the surface and the curvature of the earth, LDAR cannot detect sources near the 

surface.  Therefore, the LDAR data must be merged with CG flash data to provide ground strike 

locations.  Although LDAR was upgraded to the new LDAR-II system in May 2008, that is after 

our study period. 

 

 

Figure 1. The research domain at KSC/CCAFS, where the outer ring (inner ring) is 100 km (60 
km) from the central LDAR receiver.  Locations of the sensors for the main observation 
networks are shown for LDAR (circles), CGLSS (squares), and the WSR-88D (triangle). 

 

 The KSC Cloud-to-Ground Lightning Surveillance System (CGLSS) [Roeder et al., 

2005; Boyd et al., 2005] is a high-performance, short-baseline system that detects the ground 

strike locations of CG flashes.  CGLSS consists of six magnetic direction-finding (MDF)/time-

of-arrival (TOA) IMProved Accuracy from Combined Technology (IMPACT) sensors 

[Cummins et al., 1998].  Five sensors are located approximately 30 km from a central receiver at 

KSC [Ward et al., 2008] (Figure 1, squares).  CGLSS provides the time, two-dimensional 

location, peak current, polarity, and multiplicity of each CG flash.  With a 98% detection 

efficiency and 250 m location accuracy in the KSC area [Roeder et al., 2000], CGLSS provides 
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greater detection efficiency and location accuracy than the National Lightning Detection 

Network (NLDN) because of its shorter baseline.  Although CGLSS is the preferred CG dataset 

for the KSC/CCAFS area [Boyd et al., 2005], the CGLSS sensors are blinded by nearby flashes 

with peak currents exceeding 40 kA [Ward et al., 2008].  To account for these unreported 

flashes, we used NLDN data to supplement the CGLSS data as described in Section 2.2.2.  

CGLSS was upgraded to the CGLSS-II configuration in May 2008 [Murphy, 2008]. 

 The NLDN [Cummins et al., 1998; 1999; 2006], owned and operated by Vaisala Inc., is a 

nationwide lightning detection system of IMPACT ESP (Enhanced Sensitivity and Performance) 

sensors located 250-300 km apart across the United States [Ward et al., 2008].  Like CGLSS, 

NLDN only detects CG ground strike locations. Following an upgrade during 2002-2003, NLDN 

has a detection efficiency greater than 90% and a location accuracy of 500 m, although 

performance decreases at the boundaries of the network [Cummins et al., 2006].  

 
2.1.2     Conventional Data 

 WSR-88D radar data [Crum and Alberty, 1993; Klazura and Imy, 1993] from the NWS 

Forecast Office in Melbourne, FL (KMLB) were used to locate storms, visually assign flashes to 

storms, create radar-derived products, and derive storm characteristics.  KMLB is located 1.13 

km west and 47.32 km south of the central LDAR receiver [Hinson, 1997; Holmes, 2000] 

(Figure 1, triangle).  The archived Level-II reflectivity data were obtained from the National 

Climatic Data Center [NCDC; http://has.ncdc.noaa.gov].  

 Archived National Centers for Environmental Prediction (NCEP) Rapid Update Cycle 

(RUC) model analyses [Benjamin et al., 1994; 2004] were used to describe the storm 

environment near KSC and to provide the heights of temperature levels.  Hourly RUC analyses 

were available at 40 km grid resolution (RUC40) prior to 17 April 2002 when its resolution was 

increased to 20 km (RUC20).  We used RUC40 model analyses for the warm seasons of 2000-

2001, and RUC20 analyses for the warm seasons of 2002-2005. The data were obtained from the 

Atmospheric Radiation Measurement (ARM) Program sponsored by the U.S. Department of 

Energy.  RUC data is used as a proxy for observations in this study and the RUC data’s 

limitations, and their impact on the results shown here, should be noted.  The RUC data is a 

synthesis of model forecast and observations and is represented on a coarse grid.  Given the 

synthesis and resolution, the data cannot explicitly resolve convection on the scales of interest 

here, and will often have errors in regions of minimal observations.  Consequently, the impact of 
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actual convection on the thermal field (e.g., isotherm heights) will be biased and may impact 

calculated relationships to radar reflectivities.  If there is a high sensitivity of lightning activity to 

isotherm heights, then the biases in the RUC data may impact derived relationships in a 

nontrivial way. 

 
 

2.2     Methodology 
 

2.2.1     Research Domain and Period of Investigation 

 Our research domain was a circle of 100 km radius centered on the central receiver of the 

KSC LDAR system (Figure 1, outer ring).  This domain includes the 45WS’s thirteen Lightning 

Advisory forecast areas and is within the radar coverage of KMLB. 

 We used the storm dataset prepared by Stano et al. [2009] during the warm seasons 

(May-September) of 2000-2005.  Synoptic forcing is weak during Florida’s warm season and 

most thunderstorms are initiated by local heating and sea breeze convergence [Byers and 

Rodebush, 1948; Arritt, 1993; Lericos et al., 2002].  This often results in scattered, isolated 

storms that are challenging to forecast.  Because 45WS forecasters are concerned about any 

threat of lightning, regardless of flash rate, intensity, or thunderstorm type, all types of 

thunderstorms were included in the dataset.  The only requirement was that each flash could be 

clearly assigned to a storm visually.   

 

2.2.2     Lightning Data Processing 

 Our quality control and flash creation methodologies closely followed those of Stano et 

al. [2009].  The LDAR data first were quality controlled to remove calibration data originating 

from a site located 1318 m south and 1609 m west of the central receiver.  Although this process 

likely removed some real flash sources, the amount of data removed was negligible compared to 

all the sources occurring in the domain [Nelson, 2002].  

 We used a flash creation algorithm to group the LDAR-detected source emissions into 

flashes.   Many flash creation algorithms have been developed [Williams et al., 1999; Murphy et 

al., 2000; Nelson, 2002; Wiens et al., 2002; Thomas et al., 2003; Koshak et al., 2004; Lojou and 

Cummins, 2005];  we used an algorithm provided by the 45WS [Nelson, 2002].  All flash 

creation algorithms have difficulty during high flash rate events, but the 45WS algorithm has 

been found to be comparable to other methods [McCormick, 2003; Murphy, 2006], and has been 
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used in several previous studies [Nelson, 2002; McNamara, 2002; Vollmer, 2002; McCormick, 

2003; Stano et al., 2009].  Sources were considered to be part of a flash if they occurred within a    

3 s window beginning at the time of the first source, within 0.5 s of each previous source, and 

were within 5 km of each other.  Details on the flash creation algorithm are provided in Nelson 

[2002].  Over 340 million LDAR sources were processed into flashes during the warm seasons 

(May-September) of 2000-2005 [Stano et al., 2009]. 

 Identical procedures were used to quality-control the CGLSS and NLDN flash data.  

Weak positive flashes less than 15 kA were removed because many actually are IC flashes and 

not CG discharges [Cummins et al., 1998; Biagi et al., 2007; Murphy et al., 2007].  This 

threshold differs from the 10 kA threshold used by Stano et al. [2009].  Multiple flashes 

occurring within 1 s and 10 km of each other also were excluded as in Stano et al. [2009]. 

 The methodology to create the integrated CG dataset was provided by Roeder [personal 

communication, 2009] based on Ward et al. [2008].  A NLDN flash was added to the CGLSS 

dataset only if its peak current was 40 kA or greater and no CGLSS flash was reported within 

560 m and 3 s of the NLDN flash.  If a CGLSS flash was reported within these temporal and 

spatial constraints, the NLDN flash was added only if its peak current was not within ± 28% of 

the CGLSS flash’s peak current.  These temporal, spatial, and peak current constraints are based 

on the root mean sum of squares error of the overall accuracy of the sensors and were provided 

by Roeder [personal communication, 2009].  In our 116 storm cases, NLDN flash data typically 

supplemented the CGLSS flash data by adding only one or two flashes per storm.  CG flashes 

from this CGLSS/NLDN integrated database were linked to LDAR flashes using a flash 

matching algorithm [McNamara, 2002] to provide ground strike locations.   

 
2.2.3     Data Ingest and Manipulation in WDSS-II  

 Lightning data were ingested into the Warning Decision Support System – Integrated 

Information (WDSS-II) software [Lakshmanan et al., 2007b] to produce gridded lightning 

density fields at 2 km horizontal and 1 km vertical resolutions.  The WSR-88D data from KMLB 

were quality-controlled [Lakshmanan et al., 2007a] and then interpolated onto a three-

dimensional grid (0.01° latitude × 0.01° longitude × 1.0 km height, or about 1 km resolution) as 

data from each elevation angle of a volume scan were processed [Lakshmanan et al., 2006].  Our 

vertical resolution of 1 km is consistent with prior studies [Gauthier et al., 2006; Motley et al., 

2006]; a 0.5 km vertical resolution was not found to be advantageous.  Radar products were 
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produced approximately every 60 s, providing updated data at a shorter time interval than the 

typical 5-6 min volume scan.  These rapidly-updating radar products benefit our study, and may 

aid real time decision making processes [Adrianto et al., 2005].   

 

2.2.4     Storm Clustering, Tracking, and Datamining in WDSS-II 

 WDSS-II was used to define storm clusters, track the 116 storms selected by Stano et al. 

[2009], and obtain storm attributes from radar, RUC model analysis, and lightning parameters.  

The WDSS-II storm cell identification and tracking was performed using its hierarchical K-

Means clustering algorithm (i.e., w2segmotionll) [Lakshmanan et al., 2003; 2009].  Using a 

watershed transform approach based on guidance from user-input thresholds, local maxima in an 

image are identified and neighboring pixels of lesser intensity become areas of support, or 

foothills.  If the identified area meets the minimum spatial extent required for at least one of the 

user-specified spatial thresholds, it is considered a cluster at that spatial scale. Lakshmanan et al. 

[2003; 2009] provide detailed descriptions of the WDSS-II clustering algorithm.   

 One must select the parameter that will be used to define the WDSS-II storm clusters, and 

we tested several radar product-derived gridded fields with differing thresholds.  Reflectivity 

fields (e.g., composite, or reflectivity at 0°C, -10°C, or -20°C) would seem to be an obvious 

choice; however, we found them to be spatially noisy, and the clustered storm area did not 

remain consistent as the gradient changed.  Clusters based on VIL Density (i.e., VIL scaled by 

the height of the 18 dBZ echo) [Amburn and Wolf, 1997] were the most consistent and most 

likely to track storms through lightning cessation.  Pixels of VIL Density were located in the 

main convective core of storms (i.e., areas of strong dBZ), and our thresholds were tuned to 

cluster this core.  Because VIL Density values were weak or nonexistent in a storm’s anvil 

region, clusters did not include the anvil regions of storms.  The lower limits of WDSS-II’s 

spatial scales were set at 20 km2, 100 km2, and 200 km2.   

 Details about WDSS-II data mining are available in Lakshmanan et al. [2009].  Briefly 

stated, one hundred twenty statistics were calculated within each cluster at every time frame 

(approximately every 60 s to 90 s), yielding time-series of parameters such as maximum 

composite reflectivity, average reflectivity at the -10°C height, the maximum value of vertically 

column-integrated LDAR sources (VILMA; Vertically Integrated Lightning Mapping Array), 

and the average height of the 18 dBZ echo top.  Because our clusters did not include a storm’s 

anvil region, maximum values of cluster parameters are more reliable than area averages.  
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Therefore, maximum values will be used in this study, as in previous studies [e.g., Zipser and 

Lutz, 1994; MacGorman et al., 2007].  Maximum values of reflectivity and LDAR source 

density were obtained at 1 km intervals within each cluster to produce time-height displays.  It is 

important to note that while most lightning originated in the updraft, some flashes did occur 

outside the storm core and outside the WDSS-II clusters, especially during storm dissipation.  

Therefore, our cluster-derived lightning statistics represent only those sources occurring within 

the core region.  

 

2.2.5     Selecting Storms 

 Data from 32 days were processed using the WDSS-II segmotion algorithm to identify 

storms [Stano et al., 2009].  Since our goal was to gather data prior to a storm’s last flash, we did 

not require that WDSS-II track a storm from lightning initiation to cessation.  Instead, we 

required that clustering begin at least two radar scans preceding the last flash and continue until 

the minute of the last flash.  Each storm was carefully inspected to ensure that WDSS-II had 

clustered the storm's core consistently through the final flash, whether that flash occurred in the 

storm core or the anvil region.  Therefore, we will relate the maximum values of parameters 

within the storm’s core to the cessation of lightning within the entire storm.  We do not account 

for charging within the anvil region or charge advection into the anvil region. 

 Not all of the original 116 storms could be included in the final dataset.  Several storms 

consisted of only a few pixels of VIL Density or consisted of two or three separate groups of 

pixels that could not be clustered as one coherent feature.  Other clusters merged with 

neighboring clusters, even though lightning could be assigned visually to each distinct storm.  

Some storms could be tracked properly during the middle of lightning activity, but the tracking 

ceased several minutes before cessation occurred.  For example, two storms were clustered 

properly until 2 min before cessation.  Because tracking stopped before the last flash, the clusters 

were not included in the final dataset.  Although many combinations of VIL Density thresholds 

were tried, we found it very difficult to consistently cluster and track weak, small, decaying 

storms through lightning cessation.  As a result, our original dataset of 116 storms was reduced 

to 20 storms on 12 different days.  Two of the 20 storms produced anvil lightning that was not 

considered in calculating the WDSS-II-derived parameters. 
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CHAPTER THREE 

 

RESULTS 
 
 
 We first analyze flash characteristics, such as initiation heights, CG peak current, CG 

flash multiplicity, and flash rates, of our 116 storms to determine if there are relationships with 

cessation.  Then, characteristics of the WDSS-II cluster-tracked 20 storm subset are compared 

with those of the full 116 storm dataset.  Time-dependent storm characteristics provide insights 

into the behavior of storms in the minutes prior to lightning cessation, as well as the storm 

characteristics at the time of the last flash.  This addresses the applicability of inverting common 

lightning initiation criteria to predict lightning cessation.  We next present four case studies to 

describe the behavior of decaying storms.  Finally, observed relationships between radar 

reflectivity and lightning activity are related to the lifecycle of the 20 storms. 

 
 

3.1     Time-Trends in Lightning Characteristics of the 116 Storms 
 

3.1.1     Flash Characteristics 

 Our dataset of 116 isolated single cell and multicell storms on 32 case days produced 

nearly 17 000 flashes, including 2 524 CG strikes.  Although most storms were non-severe, eight 

were severe according to National Weather Service criteria (i.e., having hail larger than 1.9 cm, 

winds in excess of 25.7 ms-1, or a tornado).  We refer the reader to Stano et al. [2009] for a 

thorough discussion of the storms’ characteristics.   

 We first determine if there are trends in the flash data that signal lightning cessation.  

Plots of time-normalized IC (Figure 2a) and CG (Figure 2b) flash initiation heights for all 116 

storms exhibit similar distributions, although CG flashes initiate at a lower average altitude than 

IC flashes (5.74 km versus 7.97 km).  The first flash of each storm (whether IC or CG) initiates 

within a range from 3.4 km to 10.0 km, with an average altitude of 7.5 km.  Most flash initiation 

heights at the beginning of these storms are below 10 km altitude, but as the storms develop, 

flashes begin to initiate above 10 km and over a greater range of heights.  This trend suggests 

that lightning initiation heights rise as the storms reach their mature stage [Byers and Braham, 

1949].  The majority of flashes occur within the first 80% (i.e., between t = 0.0 and t = 0.8) of the 

storm’s duration (defined as the time between the first flash and the last flash).  Afterwards, flash 
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occurrence decreases considerably, and the range of initiation altitudes decreases.  The last flash 

(whether IC or CG) occurs at a lower average altitude than the first flash (6.9 km versus 7.5 km).  

The distribution of initiation heights at the time of cessation is very broad, and the range of final 

altitudes is greater than at the first flash, ranging from 2.1 km to 14.3 km.  This may indicate that 

charge regions in some storms remain at higher altitudes at the storm's cessation than at lightning 

initiation, allowing flashes to occur at higher altitudes.  These flashes also may have originated 

in the storm’s anvil region, resulting in higher altitudes, although only two of the 20 storms 

produced anvil lightning.  Although time-dependent trends in initiation altitude certainly are 

evident, there is no well-defined relationship between flash initiation altitude and impending 

cessation.  
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Figure 2. Time-normalized plot of initiation heights (km AGL) for all a) IC flashes and b) CG 
flashes occurring in all 116 storms, where t = 0.0 indicates the time of the first lightning flash in 
each storm and t = 1.0 indicates the time of the last lightning flash. 

a) 

b) 
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 The estimated peak current (Ip) of CG flashes is the second characteristic of interest 

(Figure 3).  The effect of quality-controlling weak positive CG flashes with 0 kA < Ip < 15 kA is 

evident since data are missing in this range.  The majority of CG flashes (98.9%) are negative, 

consistent with previous studies showing that only a few percent of CG flashes in U.S. warm-

season thunderstorms are positive [Fuquay, 1982; Reap and MacGorman, 1989; Orville and 

Huffines, 2001].  Twelve storms (10.3%) produce a CG flash as their first lightning, and all of 

them are negative, with only one having an Ip stronger than -30 kA.  Similar to the trend in flash 

initiation altitudes, values of CG Ip exhibit the largest range during the middle of the storms’ life 

cycles, with decreasing range during storm decay.  Nineteen storms (16.3%) experience CG as 

their last flash, with the remainder exhibiting an IC as the final flash.  It is interesting that 

although each CG flash that was a storm’s last flash had a larger range of Ip than first flash CG 

strikes, not one of the final CGs is positive.  Instead, the distribution of positive flashes remains 

approximately constant throughout the storm’s lifetime.  Figure 3 does not indicate a value of 

peak current that signals lightning cessation. 

 

Figure 3. Time-normalized plot of peak currents (Ip, kA) for all 2 524 CG flashes occurring in 
the 116 storm dataset. t = 0.0 indicates the time of the first lightning flash in each storm, and t = 
1.0 indicates the time of the last lightning flash. Weak positive CG flashes (0 kA < Ip < 15 kA) 
were removed from the dataset as part of the quality-control procedure. 
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 Flash multiplicity, i.e., the number of return strokes per CG flash (Figure 4), exhibits a 

trend similar to those of the previous parameters.  The average multiplicity for all CG flashes is 

3.38, consistent with values exceeding 3.0 found previously in Florida storms [Lyons et al., 

1998; Orville and Huffines, 1999].  Of the 12 storms experiencing a CG flash as the first 

lightning activity, the majority have a multiplicity of 1 or 2, with one having 7 return strokes.  

Although 29.8% of all CG flashes during the storms’ lifetime are one-stroke flashes, the range of 

multiplicities does expand during the middle of the storms’ life cycles.  Krehbiel et al. [1979] 

found that successive strokes extended from new charge regions in the cloud, predominantly in 

the horizontal direction, indicating that a larger cloud volume may result in greater multiplicity 

during the mature phase when the storm generally is the largest and the charge distribution is 

most complex [Orville and Huffines, 1999; Byers and Braham, 1949].  Our results are consistent 

with this hypothesis.  Although the range of multiplicities becomes smaller prior to cessation, 

there again is no obvious threshold that signals cessation. 

 

 

Figure 4. Time-normalized plot of multiplicity for all 2 524 CG flashes in all 116 storms. t = 0.0 
indicates the time of the first lightning flash in each storm, and t = 1.0 indicates the time of the 
last lightning flash. 
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 To summarize, the time-normalized characteristics of IC and CG flashes do exhibit 

general trends over the duration of storms.  The final flashes exhibit a larger range of values 

compared to the first flashes, and all characteristics show a greater spread during the middle of 

the lightning activity than at the beginning and end.  However, despite these general trends, the 

distributions at cessation are noisy, and there is no obvious information that indicates whether a 

given flash is the final flash of a storm.  

 
3.1.2     Flash Rates 

 Most of our 116 storms experience either 1) a gradual decay in lightning activity or 2) an 

abrupt, sudden cessation [Stano et al., 2009].  However, six storms exhibit an apparent cessation 

for ~11 to ~27 min and then produce one or more unexpected flashes.  These six storms made it 

difficult for Stano et al. [2009] to develop an empirical lightning cessation forecast scheme based 

on the time between flashes.  These six storms were labeled ―outliers‖.   

 The great majority of storms exhibit a gradual decay in lightning activity as portrayed in 

Figure 5 which shows the average flash rate versus time-normalized storm duration.  Average 

peak lightning activity occurs at t = 0.35, or 35% through the storm’s duration.  The flash rate 

then decays gradually until the last flash occurs at t = 1.0. 
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Figure 5. Time-normalized average flash rate for all 116 storms.  All flashes (IC and CG) for 
each storm were binned into 60 s bins to compute a flash rate each minute during storm duration.  
The times were normalized and then divided into 10 bins, each corresponding to 1/10th of storm 
duration.  Data averaged between t = 0.1 and t = 0.2 are plotted at t = 0.15, etc. 

  

 Figure 6 shows the trend in average flash rates at 1 min intervals during the 8 min prior to 

cessation.  Flash rates generally are 0 – 1 min-1 in the several minutes prior to cessation.  The 

minimum flash rate (0.24 min-1) occurs 1 min before cessation.  Although the median flash rate 

for all 116 storms over the entire storm duration is ~1 min-1 [shown in Table 1 below; Stano et 

al., 2009], the flash rates over each 1 min interval demonstrate substantial variability in some 

storms.  In most cases, cessation occurs after several minutes of   0 – 1 min-1 flash rates follow 

much greater rates.  Only one storm has a flash rate greater than 1 min-1 during the minute of 

cessation; its flash rate is 0 min-1 for 7 min, but during the minute of the last flash, it produces 5 

flashes.  Although one might think it possible to anticipate cessation based on flash rate decay 

alone, storms that exhibit an abrupt, sudden cessation or an ―outlier‖-type of cessation make this 

approach unreliable.  It would be difficult to determine if a particular flash is the last flash of a 

storm. 
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Figure 6. Time trend of the average flash rate for all 116 storms at 1 min intervals beginning 8 
min prior to the last flash, t = 0. 

 
 

3.2     Characteristics of the 20 Storm Subset 
 

 As explained in the methodology, our original dataset of 116 storms was reduced to 20 

storms by the WDSS-II clustering procedure.  These 20 storms produced 7 611 total lightning 

flashes on 12 case days.  Two of the storms were associated with hail reports at the surface.  

Table 1 compares flash characteristics for the ―population‖ of 116 storms with the 20 storm 

subset.  Most flash characteristics of the 20 storms compare favorably with those of the larger 

dataset.  However, a distinct difference is the average IC initiation height, which is 

approximately 1 km higher for the 20 storm subset than the full 116 storm dataset (8.87 km in 

the subset versus 7.97 km in the full ―population‖).  The subset’s mean IC initiation height is 

within one standard deviation (1.34 km) of the larger dataset’s mean.  To summarize, lightning 

statistics for the 20 storm subset generally are consistent with those of the larger ―population‖.  

For the remainder of this study, we will consider the characteristics of these 20 storms.  One 

should recall that we are relating maximum values of parameters in the core region to lightning 

cessation within the entire storm, including any flashes originating within the anvil region.  Two 
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of the 20 storms produced lightning in the anvil where conditions are expected to be different 

from those in the core. 

 

 

Table 1. Comparison of flash characteristics for the full 116 storm dataset and the 20 storm 
subset. 

 

 Full 116 Dataset Subset 20 

Storm Duration 6.47 min to 138.03 min 8.45 min to 138.03 min 

Flash Rate 0.15 to 17.76 min-1 0.56 to 17.19 min-1 

Median Flash Rate 0.97 min-1 2.3 min-1 

IC Flashes 14 581 6 862 

CG Flashes 2 238 749 

% storms with CG flashes 101 of 116 (87.1%) 20 of 20 (100%) 

IC:CG ratio 86.7% IC / 13.3% CG 90.2% IC / 9.8% CG 

% Positive CG 28 (1.1%) 14 (1.7%) 

% Negative CG 2495 (98.9%) 829 (98.3% ) 

Average IC Initiation Altitude 7.97 km 8.87 km 

Average CG Initiation Altitude 5.74 km 5.90 km 

 
 

 CG flashes initiate at lower altitudes than IC flashes (Figure 2 and Table 1).  Within the 

20 storm subset, IC flashes originate at an average altitude of 8.87 km, whereas CG flashes 

originate at an average altitude of 5.9 km.  WDSS-II provided maximum heights of three specific 

RUC-derived temperatures in each cluster (0°C, -10°C, and -20°C).  When averaged over the 20 

storm subset, the average maximum height of the freezing level (0°C) is 4.94 km; -10°C is at 

6.79 km; and -20°C is at 8.35 km.  These values indicate that IC flashes originate near the -20°C 

altitude, whereas CG flashes originate lower, between the 0°C and -10°C.  The tendency for CG 

flashes to originate at lower altitudes than IC flashes is consistent with the tripole charge 

structure outlined by Krehbiel [1986] and Williams [2001] in which IC flashes originate between 

the two main negative and positive charge regions [Shao and Krehbiel, 1996], and negative CG 

flashes originate from the dominant negative charge region below [Krehbiel et al., 1979].   



 

21 
 

3.3     Storm Characteristics during the Minutes Leading to Lightning 

Cessation  
 

 Our investigation into the behavior of decaying cells using WDSS-II cluster-derived data 

begins by describing trends in storm characteristics in the minutes preceding lightning cessation.  

We begin by analyzing changes in reflectivity parameters during the 8 min before the last flash.  

The 8 min threshold focuses on the end of lightning activity and is the first time prior to 

cessation that WDSS-II cluster-derived data are available for all 20 storms.  

 
3.3.1     Composite Reflectivity 

 The distribution of 8 min trends in maximum composite reflectivity is shown in Figure 7.  

Sixteen of the 20 storms (80%) exhibit decreasing reflectivity whereas the reflectivity of 4 

storms increases.  The 16 decreasing storms diminish ~9 dBZ during this time period, while 

storms with increasing composite reflectivity increase less than ~2 dBZ.  The distribution does 

not indicate a typical magnitude of change during the 8 min prior to cessation.  The fact that 

composite reflectivities in some storms slightly increases suggests that storms decay at different 

rates and may even intensify slightly prior to the last flash, even though a general trend of decay 

occurs during the latter part of a storm’s duration. 
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Figure 7. Distribution of trends in maximum composite reflectivity within each cluster during 
the 8 min prior to cessation.  Values were calculated by subtracting the value 8 min prior to 
cessation from the value at cessation.  The values are divided into 10 equal bins.  Positive 
(negative) values indicate that the reflectivity was increasing (decreasing) during the 8 min prior 
to cessation. 

 
 Composite plots allow us to examine changes in the mean, range, and standard deviation 

of storm parameters at 1 min intervals prior to lightning cessation.  For a parameter to indicate 

imminent cessation, it should exhibit a decreasing mean as well as a convergence of values.  The 

decreasing mean suggests that the storm parameter is related to cell decay.  The convergence of 

values and decreasing standard deviation might indicate a threshold at which cessation is 

expected.  The maximum composite reflectivity plot (Figure 8) shows the mean decreasing only 

3 dBZ during the 8 min period prior to cessation, from 53.5 dBZ to 50.5 dBZ; however, the 

standard deviation increases ~1.4 dBZ.  Thus, there is no major change in the mean or range 

during the 8 min prior to cessation, and because the standard deviation increases, composite 

reflectivity varies more at cessation than during the preceding minutes.  This is reasonable, since 

storms of varying intensity probably decay at different rates (Figure 7).  However, the minimal 

decrease and increasing standard deviation indicate this parameter is not useful for predicting 

cessation. 
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Figure 8. Time trend of the mean (thick black line) and standard deviation (vertical lines) of 
maximum composite reflectivity (dBZ) at 1 min intervals beginning 8 min prior to the last flash, 
t = 0.  Values for the 20 storm cases are superimposed at 1 min intervals (diamonds). 

 
3.3.2     Radar Reflectivity at Various Temperatures 

 Several studies have suggested that cessation can be estimated by inverting lightning 

initiation criteria.  The most common criteria to predict initiation is the presence of 40 dBZ 

reflectivity at or above the height of -10°C [e.g., Gremillion and Orville, 1999; Vincent et al., 

2003; Wolf, 2006].  Hinson [1997] found that descent of the 45 dBZ echo below -10°C preceded 

CG cessation by approximately 30 min in three storms at KSC.  However, both Wolf [2006] and 

Hinson [1997] focused on predicting CG lightning only; IC flashes were not considered.  Our 

study differs in that LDAR-derived total lightning data allow us to investigate the applicability of 

applying these radar criteria to the cessation of total lightning.  

 Wolf [2006] forecast the onset and frequency of lightning using the height of 40 dBZ 

reflectivity above -10°C, noting that a higher echo indicates a greater amount of hydrometeors in 

the updraft and therefore an increased probability of lightning.  Current WDSS-II tools did not 

allow us to gather direct statistics on the height of the 40 dBZ echo above -10°C; however, other 

statistics were available to approximate this relationship near the storm’s core.  These parameters 

are maximum reflectivity at the environmental 0°C, -10°C, and -20°C levels within each cluster.  

We begin by investigating trends in reflectivity at these temperatures and the average reflectivity 
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in the 0°C to -20°C layer during the 8 min prior to cessation.  We expected that reflectivities 

would decrease in decaying cells, since reflectivity cores descend to the surface during the storm 

dissipation stage [Byers and Braham, 1949].  Figures 9 a-c show that 18 of our 20 storms (90%) 

do exhibit decreasing reflectivity at the three temperatures during the 8 min preceding cessation.  

However, each distribution also shows two cases of increasing reflectivity.  The first is attributed 

to a storm that exhibits slightly increasing reflectivity at all three levels.  This increase is a result 

of the time period chosen, since there is a clear overall trend of decay, with reflectivities 

decreasing from their peak at ~30% through storm duration.  The second case of increasing 

reflectivity at each level can be attributed to three separate storms that increase at one level, but 

decrease at the other two.  This indicates that reflectivities do not descend uniformly during 

decay. 

 Since the mixed phase region between 0°C and -20°C is vital to storm electrification 

[e.g., Takahashi, 1978; Jayaratne et al., 1983; Saunders et al., 1991], layer-averaged reflectivity 

between these temperatures should indicate the amount or type of hydrometeors in the region and 

therefore serve as a proxy for the amount of charging and lightning that is occurring [e.g., Dye et 

al., 1986].  We expect decaying storms to exhibit decreasing layer-averaged reflectivity as the 

reflectivity cores descend.  Results show that maximum layer-averaged reflectivity between 0°C 

and -20°C (Figure 9d) is the only parameter that decreases in all 20 storms.  However, the 

distribution is skewed to the left, indicating that the reflectivities typically decrease less than ~7 

dBZ during the 8 min period prior to cessation.  This small value does not suggest a utility in 

forecasting cessation. 
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Figure 9. As in Figure 7, except for a) maximum reflectivity at -10°C, b) maximum reflectivity 
at -20°C, c) maximum reflectivity at 0°C, and d) maximum layer-averaged reflectivity between 
0°C and -20°C. 

 

a) b) 

c) d) 
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 To investigate further, plots of actual reflectivity at 0°C, -10°C, -20°C, and layer-

averaged reflectivity between 0°C and -20°C for all 20 storms are shown at 1 min intervals in 

Figure 10.  Results indicate that reflectivities decrease at all three temperatures and in the layer 

average.  Considering the -10°C level first (Figure 10a), one should note that although 40 dBZ 

reflectivity does not always descend below -10°C prior to cessation, values at the last flash do 

cluster around 40 dBZ.  In addition, the mean decreases from 45.9 dBZ to 38.6 dBZ during the 8 

min prior to cessation.  Although the average decreases, Figure 9 showed that two storms exhibit 

increased reflectivity at -10°C prior to cessation.  The standard deviation of reflectivity at -10°C 

also decreases 1.72 dBZ during this 8 min time period, indicating that variability decreases as 

cessation approaches.  Moving higher, reflectivity at -20°C (Figure 10b) decreases from 39.5 

dBZ 8 min before cessation to 33.6 dBZ at the last flash.  The range decreases, and the standard 

deviation decreases by 1.55 dBZ.  Finally, reflectivity at 0°C (Figure 10c) decreases from 53.6 

dBZ to 46.7 dBZ.  Although the standard deviation of reflectivities at 0°C is smaller than at the 

other two temperatures prior to cessation, it actually increases 2 dBZ as cessation approaches.  In 

fact, reflectivity at 0°C is the only parameter whose standard deviation increases as cessation 

approaches.  The range of values is between 59.8 dBZ and 46.1 dBZ 8 min before cessation, 

increasing to between 58.8 dBZ and 34.3 dBZ at cessation.  This indicates more variability at the 

time of cessation than 8 min earlier and that reflectivity at 0°C may not be the best temperature 

to use when predicting cessation.   

 Average reflectivity in the mixed layer between 0°C and -20°C (Figure 10d) decreases 

the most during the 8 min period, 8.3 dBZ.  Its standard deviation remains nearly constant, 6.4 

dBZ (6.3 dBZ) 8 min prior (at) cessation.  Although this decrease is the greatest of all four 

parameters, the lack of convergence to a particular value indicates that this parameter will not be 

useful to predict cessation.   

 To summarize, reflectivity at -10°C appears to be the best indicator of cessation, 

supporting prior research that relates lightning occurrence to reflectivities at or above the  

-10°C level.  Although its mean does not decrease as much as layer-averaged reflectivity, it does 

decrease more than at 0°C and -20°C and the decrease in standard deviation indicates less 

variability at the time of cessation than 8 min before.  Conversely, reflectivity at 0°C is the least 

useful for predicting cessation, since there is more variability at the last flash than earlier. 
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Figure 10. As in Figure 8, except for a) maximum reflectivity at -10°C (dBZ), b) maximum 
reflectivity at -20°C (dBZ), c) maximum reflectivity at 0°C (dBZ), and d) maximum layer-
averaged reflectivity between 0°C and -20°C (dBZ). 

 
3.3.3     30 dBZ Vertical Storm Thickness above -10°C 

 The maximum height of 30 dBZ above -10°C is another WDSS-II parameter that 

provides information about a storm’s decay.  It can be interpreted as a measure of the vertical 

thickness of the 30 dBZ echo [MacGorman et al., 2007].  A lower 30 dBZ echo above -10°C 

indicates a smaller mass of precipitation within the mixed phase region, and therefore a smaller 

a) b) 

c) d) 
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probability of lightning production [Vincent et al., 2003].  The parameter decreases in 15 cells 

(75%) during the 8 min leading to cessation (Figure 11).  However, five cells (25%) exhibit an 

increase in thickness. 

 

Figure 11. As in Figure 7, except for maximum height of the 30 dBZ radar reflectivity echo 
above the -10°C level (i.e., vertical 30 dBZ storm cell thickness).  The histogram consists of only 
19 storms since one storm did not have a 30 dBZ echo above the -10°C level at the last flash and 
therefore a trend could not be computed. 

 
 The composite plot of maximum height for the remaining storms (Figure 12) shows that 

the mean decreases ~3.2 km during the 8 min period.  It is important to note, however, that the 

30 dBZ echo oscillates around -10°C within one storm during the period, and descends below     

-10°C in a second storm; data were unavailable for these storms during the minutes when 30 

dBZ was located below -10°C.  Thus, these storms were not included in calculating the mean and 

standard deviation of this parameter during those times.  Eight minutes before cessation, values 

range from 6.73 km to 0.10 km.  By the last flash, the 30 dBZ echo in one storm reaches 3.72 km 

above -10°C, but in another it descends below the -10°C level.  Standard deviations decrease 

from 1.81 km to 1.01 km cessation.  Although the height of 30 dBZ does increase in five storms 

prior to cessation (Figure 11), the decreases in mean and standard deviation support the 

hypothesis that a lower 30 dBZ above -10°C likely indicates a smaller probability of lightning 

[Vincent et al., 2003].  The oscillations in 30 dBZ reveal that 30 dBZ does not descend uniformly 
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during the 8 min prior to cessation.  Nevertheless, the large range of values at cessation indicates 

that it will not be a useful forecasting parameter. 

 

Figure 12. As in Figure 8, except for maximum height of the 30 dBZ radar reflectivity echo 
above the -10°C level (i.e., vertical 30 dBZ storm cell thickness). 

 
3.3.4     Vertical Gradients of Reflectivity 

 Zipser and Lutz [1994] showed that oceanic convective cells that did not produce 

lightning had larger negative vertical gradients of reflectivity between 0°C and -20°C than 

continental cells that did produce lightning.  They concluded that a convective cell must have a 

sufficiently strong updraft for electrification to occur, and that a small negative vertical gradient 

in reflectivity indicates a strong updraft.  Similarly, Vincent et al. [2003] found that cells having 

a 40 dBZ echo at -10°C that did not produce lightning tended to have larger negative gradients of 

reflectivity between 0°C and -20°C than cells that did produce lightning.  Briefly stated, a large 

negative vertical gradient of reflectivity indicates that greatest reflectivities are located at 

relatively low levels, with reflectivity decreasing rapidly above the freezing level due to a 

smaller mass of hydrometeors in the mixed-phase region.  This would lead to reduced lightning 

probability.  Based on these studies, we hypothesized that cells actively producing lightning will 

have smaller negative vertical gradients of reflectivity (i.e., smaller positive lapse rates) than 

cells at cessation. 
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 Figure 13 is a plot of reflectivity lapse rate during the 8 min preceding lightning 

cessation.  One should note that the mean remains nearly constant.  The absence of an apparent 

increase or decrease in the mean and range led us to consider whether the lapse rate might 

change more if a more active phase of the storm were considered. 

 
 

 

Figure 13. As in Figure 8, except for lapse rates in reflectivity between 0°C and -20°C  
(dBZ km-1).  A positive (negative) lapse rate implies decreasing (increasing) reflectivity with 
height.  Maximum heights of the environmental 0°C and -20°C isotherms were used to calculate 
the distance between the two levels. 

 
 WDSS-II began tracking 10 of the 20 storms as early as the halfway point of their 

durations (i.e., at time-normalized t = 0.5).  Figure 5 showed that lightning activity typically is 

more robust at this time.  Comparing lapse rates of reflectivity at this time with those at the last 

flash may be a better comparison than examining the last 8 min of the storm’s duration, and we 

expected to see increasing lapse rates between the two times.  Table 2 summarizes the lapse rates 

for these 10 storms.  Unfortunately, the vertical lapse rate increases during the last half of 5 

storms (50% of the 10 storms), but decreases for the remaining 5 storms.  The decreasing lapse 

rates range from -0.04 and -0.67 dBZ km-1, whereas increasing values range from 0.18 to 1.8 

dBZ km-1.  The increase in three of the five storms exceeds 1 dBZ km-1.  In other words, 

decreases in lapse rates are small, whereas increases are large.  Thus, there is substantial 
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variability, and it is difficult to draw conclusions.  However, the available data suggest that 

vertical gradients of reflectivity will not be a useful parameter for predicting lightning cessation.  

Vertical lapse rates of all 20 storms at their last flash are compared in Section 3.4.4 below. 

 
 
Table 2. Lapse rates of reflectivity between 0°C to -20°C for ten storms having WDSS-II data 
halfway through the storm’s duration (i.e., time-normalized t = 0.5).  A positive (negative) lapse 
rate implies decreasing (increasing) reflectivity with height. 

 

Lapse Rate at t = 0.5 Lapse Rate at t = 1.0 Change in Lapse Rate 

5.09 4.79 -0.30 

4.12 3.77 -0.34 

3.69 3.65 -0.04 

4.80 6.39 1.59 

3.25 3.07 -0.18 

2.53 3.67 1.15 

4.05 5.85 1.80 

2.98 3.58 0.60 

4.31 3.64 -0.67 

4.29 4.47 0.18 

 
 

3.4     Storm Characteristics at the Time of Lightning Cessation 
 

 We began by examining trends in various storm characteristics during the 8 min period 

prior to cessation.  The goal was to determine whether there were trends during the end of the 

storm lifecycle.  Although trends were evident in some parameters, none appeared to be a 

reliable indicator of imminent lightning cessation.  Therefore, we next examine distributions of 

these characteristics at the time of the last flash to determine if there is a preferred value at 

lightning cessation.  If this is the case, a decaying cell’s convergence to this value might be a 

signal of impending lightning cessation.  We also continue to consider the applicability of 

inverting lightning initiation criteria to predict lightning cessation. 
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3.4.1     Composite Reflectivity 

 Maximum composite reflectivity for the majority of the 20 storms was found to decrease 

during the 8 min prior to the last flash (Figure 7).  Figure 14 shows that some storms have 

maximum last flash composite reflectivities as small as ~41 dBZ and as large as ~58 dBZ, with 

the distribution peaking in the middle of the range.  The majority of storms (15 of 20; 75%) have 

composite reflectivities between ~46 dBZ to ~55 dBZ.  Thus, storms do cluster within a 

relatively small range of values at the last flash.  However, one should note that composite 

reflectivities still exceed ~40 dBZ at the time of the last flash, indicating the cell’s intensity is 

still moderate to strong.  

 
 

 

Figure 14. Distribution of maximum composite reflectivity (dBZ) at the last flash for the 20 
storms.   The values are divided into 10 equal bins. 
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3.4.2     Radar Reflectivity at Various Temperatures  

 We next determine if most storms exhibit a specific reflectivity at one of the three 

temperatures (i.e., 0°C, -10°C, and -20°C) at the time of cessation.  Thus, we continue to 

determine the applicability of inverting lightning initiation criteria for predicting cessation.  One 

should recall that the most common criteria to predict lightning initiation is the presence of 40 

dBZ reflectivity at -10°C [e.g., Gremillion and Orville, 1999; Vincent et al., 2003; Wolf, 2006].  

Current results show that 14 of the 20 cells (70%) have a reflectivity less than 40 dBZ at -10°C at 

cessation, indicating that the 40 dBZ echo has descended below this value prior to cessation.  

However, 6 cells (30%) exceed 40 dBZ at -10°C (Figure 15a), and 3 cells exhibit reflectivity 

greater than 45 dBZ at the last flash.  In fact, the reflectivity of one cell at -10°C exceeds 50 dBZ 

at cessation.  Therefore, the cessation criteria of descent of 45 dBZ below the -10°C level noted 

by Hinson [2002] would not provide good guidance for our storm population.   

 Figure 15b shows that 18 cells (90%) exhibit reflectivities less than 40 dBZ at the -20°C 

level; however, the distribution shows even less indication of a threshold than at -10°C.  

Maximum reflectivity at 0°C (Figure 15c) exhibits a similar pattern.  Figure 15d shows the 

distribution of maximum layer-averaged reflectivity between -10°C and -20°C.  Although all 

cells exhibit values greater than 25 dBZ at the last flash, the distribution, ranging from 26.9 to 

51.5 dBZ, does not suggest that storms converge to a typical value.  When all four distributions 

are compared, the distribution of reflectivity at -10°C most supports the existence of a preferred 

value, since 13 storms have last flash values between 32.1 and 39.5 dBZ.  This suggests that 

even though the presence of 40 dBZ at -10°C may not be the most accurate criteria for 

forecasting cessation, the greatest possibility of discovering applicable lightning cessation 

criteria may lie in some reflectivity value at that temperature. 

 To summarize, reflectivities at -10°C indicate that a simple inversion of the Wolf [2006] 

and Hinson [2002] criteria would be unsuitable for predicting cessation in our storm dataset.  It 

does not appear that storms exhibit a preferred reflectivity at the 0°C, -10°C, or -20°C levels, or 

in average reflectivity between 0°C and -20°C.  The ranges of reflectivities are too large to 

suggest a threshold that could help determine imminent cessation. 
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Figure 15. As in Figure 14, except for a) maximum reflectivity (dBZ) at the -10°C level,            
b) maximum reflectivity (dBZ) at the -20°C level, c) maximum reflectivity (dBZ) at the 0°C 
level and d) maximum layer-averaged reflectivity (dBZ) between 0°C and -20°C. 

 
3.4.3     30 dBZ Vertical Storm Thickness above -10°C 

 The distribution of maximum heights of 30 dBZ reflectivity above -10°C (Figure 16) 

shows that 30 dBZ does not extend more than 3.72 km above -10°C at the last flash.  In fact, one 

storm’s 30 dBZ echo descends below -10°C prior to the last flash.  Several bins have the same 

number of storms, and no preferential value is evident.  Storms do not possess a certain value at 

the last flash. 

a) b) 

c) d) 
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Figure 16. As in Figure 14, except for the maximum height of the 30 dBZ echo above the -10°C 
level at the last flash.  The histogram consists of only 19 storms since one storm did not have a 
30 dBZ echo above the -10°C level at the last flash. 

 

3.4.4     Vertical Gradients of Reflectivity  

  We previously examined time changes in lapse rates for the 10 storms whose WDSS-II 

data extended back at least halfway through the storm’s duration (Section 3.3.4).  Although the 

lapse rate of reflectivity increased in 5 of the 10 storms, it decreased in 5 others.  Figure 17 

shows values of reflectivity at the freezing level versus the vertical gradient in reflectivity 

between 0°C and -20°C for the 20 storms at cessation.  The current distribution is similar to that 

of the tropical continental population of Zipser and Lutz [1994] who selected storm cells without 

regard for their lightning activity, although the majority were in the mature stage.    One should 

note that the 6 storms (30%) with reflectivities exceeding 40 dBZ at -10°C also have large 

reflectivities at 0°C, indicating more intense overall reflectivities.  There is no typical reflectivity 

decrease from 0°C and -20°C for these 6 storms.  The median lapse rate for all cells at cessation 

is 3.67 dBZ km-1.  Zipser and Lutz [1994] found a median reflectivity lapse rate of 3.5 dBZ km-1 

for their tropical continental regime, suggesting that our 20 storms are characteristic of the same 

regime.  
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Figure 17. Scatter diagram of the vertical decrease in reflectivity between 0°C and -20°C versus 
the maximum reflectivity at the freezing level at the time of the last flash for our 20 storms. 
Filled symbols represent cells that exceed 40 dBZ at the -10°C level at the time of the last flash. 

 
 

3.5     Case Studies 
 

 Time-height plots of total flash initiation sources and radar reflectivity are an important 

tool in this study since they show storm evolution over time.  One should recall that WDSS-II 

cluster-derived statistics, such as reflectivity, LDAR source density, and 30 dBZ storm thickness, 

represent maximum values in the core of the storm, not the anvil region.  Conversely, IC and CG 

flash initiation heights reflect all flashes occurring within the entire storm (including the anvil 

region).  Therefore, this study relates maximum values of parameters within the core to lightning 

cessation in the entire storm.  We do not account for charging within the anvil region or charge 

advection into the anvil region.  One should recall that only two of the 20 storms produced anvil 

lightning.  When analyzing the following time-height plots, one should note, for example, that a 

flash initiation height plotted in a region of 35 dBZ indicates that the flash initiated at the height 

where the maximum reflectivity is 35 dBZ within the core.  It does not necessarily indicate that 

the flash initiated in a region of 35 dBZ.  This section presents three storms tracked by WDSS-II 

as examples of how storms behave during decay.  We will examine the evolution of reflectivity 
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heights with respect to specific temperature heights, as well as the frequency of lightning.  The 

next section, Section 3.6, will present a fourth storm. 

 
3.5.1     Case 1 - Single Cell on 17 May 2002 

 Figure 18 is the time-height plot of several parameters for a typical single cell on 17 May 

2002.  The WDSS-II cluster-derived radar and LDAR source density data encompass the 

duration of lightning activity, from before the first flash at 1940:47 UTC until after the last flash 

at 2044:57 UTC.  Greatest source densities occur at ~1956 UTC, ~33% through the storm’s 

duration.  Thus, greatest source densities in the storm’s core occur near the middle of its life 

cycle when reflectivities greater than 40 dBZ extend higher than 7 km (the height of the -10°C 

isotherm).  Most IC flashes initiate above the freezing level (0°C), while CG flashes originate at 

lower altitudes, generally below the height of the -10°C isotherm.  The lapse rate of reflectivity 

at t = 0.5 (halfway through storm duration) is 4.05 dBZ km-1, increasing to 5.85 dBZ km-1 at 

cessation.  The reflectivity contours remain at a relatively constant height during most of the 

storm’s lifetime, but descend during the last several minutes.  The 40 dBZ echo descends below 

the height of -10°C by the time of the last lightning flash, an IC flash at 2044:57 UTC.   
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Figure 18. Time-series of the vertical profile of cluster-derived maximum reflectivity (color 
shaded, dBZ), cluster-derived maximum LDAR source density (black contours, sources min-1 

km-2), IC and CG lightning flash initiation sources (circles and triangles, respectively) within the 
entire storm (anvil region included), for a single cell storm on 17 May 2002.  To preserve 
readability, the LDAR source density contour for 0 sources min-1 km-2 has not been plotted.  
Similar to previous figures, data are time-normalized; the first (last) time that is noted (UTC) 
corresponds to the first (last) flash of the storm.  The resolution of both the cluster-derived radar 
data and cluster-derived LDAR source density is 1 km at a 60-90 s time resolution, whereas flash 
initiation heights are taken from the raw data.  Cluster-derived maximum heights of the 
environmental 0°C, -10°C, and -20°C isotherm levels within the cluster are plotted as bars. The 
upper plot is total lightning flash rate per min. 
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3.5.2     Case 2 - Single Cell on 13 August 2000 

 Figure 19 illustrates a single cell storm that occurred on 13 August 2000.  WDSS-II 

cluster statistics begin ~2 min after lightning initiation.  One should note the absence of lightning 

activity between 2049 and 2107 UTC.  While no lightning occurs during this 18 min period, a 

final IC flash does occur at 2107:29 UTC.  This is one of the 6 storms in the original 116 storm 

dataset that experiences an ―outlier‖-type of decay [Stano et al., 2009], with an apparent 

cessation at ~2047 UTC and one last ―surprise‖ IC flash at 2107:29 UTC.  IC flash initiations 

again are located above the 0°C isotherm (Figure 18); however, a comparison of reflectivity 

profiles (Figures 18 and 19) shows that the altitudes of flash initiations and source density 

contours are more dispersed in the current storm (Figure 19).  The greatest source density again 

occurs at ~2027 UTC, about 33% through the storm’s duration.  One should note that the height 

of -20°C is 9 km (1 km higher than in the previous case).  The lapse rate of reflectivity is 4.80 

dBZ km-1 at t = 0.5, increasing to 6.39 dBZ km-1 at the last flash.  Contours of reflectivity 

exceeding 35 dBZ are at a nearly constant altitude below -10°C throughout the last 40% of the 

storm duration, from ~2046 to 2107 UTC, with downward sloping occurring only after the last 

flash.  There is no clear indication that this storm will experience an ―outlier‖ cessation behavior; 

however, reflectivity contours near the end of its lifecycle are more constant in altitude than the 

other two cases in this section.  We hypothesize that the nearly constant reflectivity contours 

below -10°C indicate a small rate of electrification.  Charge may build up gradually in the storm 

until the breakdown threshold is finally met, resulting in the final IC flash. 
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Figure 19. As in Figure 19, except for a single cell storm on 13 August 2000.   

 

3.5.3     Case 3 - Single Cell on 9 May 2000 

 Section 3.3.2 showed that although the majority of storms exhibited decreasing 

reflectivity at 0°C, -10°C, and -20°C during the 8 min prior to cessation, the reflectivities of one 

cell increased at each temperature.  The time-series for this storm is shown in Figure 20.  The 

lightning activity in this single cell storm lasted 33 min, producing a total of 117 flashes, only 

eight of which were CG strikes.  As in the other examples (e.g., Figures 18 and 19), the majority 

of IC flashes occur above the freezing level (0°C).  Although the lightning starts quickly, 

reaching 15 min-1 after only a few minutes of activity, it subsides when reflectivities greater than 

55 dBZ descend toward the surface between ~2013 UTC and ~2021 UTC.  This descending core 

likely indicates precipitation, since prior studies have noted that lightning activity tends to peak 

before precipitation reaches the surface [e.g., Piepgrass et al., 1982; Gungle and Krider, 2006].  

After the main reflectivity core descends to the surface, the lightning gradually decays, with the 



 

41 
 

final CG flash at 2037:32 UTC.  Although the previous histograms (e.g., Figure 9) indicated that 

this cell’s reflectivities increased at all three temperature levels (0°C, -10°C, and -20°C), Figure 

20 shows that this increase is minimal and that the reflectivity contours near the end of lightning 

activity remain at a near constant altitude, similar to those of the single cell storm in Figure 19.  

The gap between the last two flashes is ~6.5 min.  The lapse rate of reflectivity is 4.29 dBZ km-1 

at t = 0.5 and 4.47 dBZ km-1 at the last flash, an increase of only 0.18 dBZ km-1 during the last 

half of the storm. 

 

 

Figure 20. As in Figure 19, except for a single cell on 9 May 2000. 

 
 A comparison of the time-series for all 20 storms shows that virtually all lightning 

initiates above the freezing level (0°C).  These initiations above the freezing level indicate that a 

sufficient mass of hydrometeors is present in the mixed-phase region for electrification to occur 

[Vincent et al., 2003].  We also note that most flashes initiate where vertical reflectivity gradients 
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in the core are largest, above the most intense reflectivities within the core.  Steiger et al. [2007] 

reported similar findings in his analyses of supercells.  Only a few initiations (mostly CG) are 

below the freezing level, and we suspect they may be due to the flash creation algorithm 

breaking up a single flash into multiple flashes [e.g., Williams, 1999; Murphy, 2006].   

 
 

3.6     Other Observed Trends in Radar Reflectivity and Lightning 

Characteristics 
 

 Previous studies have shown upward propagating regions of LDAR sources within a 

storm [e.g., Lhermitte and Krehbiel, 1979; Hamlin et al., 2001, 2004; Ushio et al., 2003; Wiens 

et al., 2005; Steiger et al., 2007].  Ushio et al. [2003] reported rapidly-rising ―bubbles‖ of LDAR 

sources near KSC.  Although these signatures were seen year-round, they were most common 

during the warm-season.  Nine of our 20 storms exhibited these lightning bubbles.  Although 

they did not occur in all storms, we wanted to examine how soon lightning cessation occurred 

after the last pulse.   

 A severe long-lived single cell on 9 May 2000 exhibited five prominent lightning bubbles 

and produced 1 711 total flashes over a 138 min period.  This storm exhibited some 

characteristics of a supercell, since there was evidence of rotation and a bounded weak echo 

region [BWER; Weisman and Klemp, 1986].  Figure 21 shows all LDAR sources during a 12 

min period encompassing the third and fourth bubble episodes.  The sources are concentrated in 

a layer between 7 and 13 km, approximately 1 km above the -10°C level.  Two distinct upward 

source surges are evident.  The first begins at 1950 UTC as a maximum at 8 km and then rises to 

13 km by 1958 UTC.  The second pulse begins at 1958 UTC, just after the first event.  Ushio et 

al. [2003] found that lightning bubbles over KSC most often begin at the freezing level and rise 

to ~ 5 km above the freezing level.  Our signatures are consistent with their findings.  
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Figure 21. Altitudes of LDAR sources during a 12 min period for a severe single cell on 9 May 
2000. Two upward propagating regions of lightning sources are evident. One begins at 8 km at 
1952 UTC and rises to 13 km by 1958 UTC.  A second begins at 1958 UTC. Lightning channels 
below 5 km likely are the upper-portions of CG flashes [Lhermitte and Krehbiel, 1979]. 

 
Ushio et al. [2003] showed lightning bubbles in plots of LDAR lightning sources; 

however, we also observe them in plots of flash initiation sources.  Figure 22 shows five such 

vertical pulses of initiation heights that are collocated with upward surges in reflectivity.  The 

vertical pulses are dominated by IC flashes, but CG flashes do occur at lower altitudes.  It is 

noteworthy that only three of the storm’s 120 CG flashes are positive, and two of them occur 

during two different pulses of increased IC flash activity.  The first positive flash occurs at 

1918:31 UTC, during the first rise in initiation heights; the second positive flash occurs at 

1946:16 UTC, at the beginning of the third, and most prominent pulse of elevated initiation 

sources.  This third pulse corresponds to the first of the two lightning bubbles profiled in Figure 

21, indicating that the rise in flash initiation heights occurs concurrently with the rise in LDAR 

sources.  The height of the 35 dBZ echo contour rises during the third pulse, and the total flash 

rate increases explosively, preceding the first report of large hail (2.2 cm, 0.88 in.; Figure 23, 

asterisk at 1946 UTC) [Storm Data, 2009].  Williams [1999] and Wiens et al. [2005] reported 

similar increases in total flash rate and explosive updraft growth before reports of severe 

weather.  A bounded weak echo region (BWER) is evident in radar cross-sections (not shown) at 
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this time, indicating a strong updraft and possible rotation.  Maximum reflectivities that exceed 

60 dBZ below the -10°C level correspond to the hail report.   

 The fourth pulse in flash initiation heights begins at 1958 UTC, concurrent with the 

second lightning bubble in Figure 21.  The second hail report occurs ~12 min later at 2010 UTC, 

just before the fifth surge in initiation heights.  Maximum reflectivities greater than 70 dBZ are 

located at ~ 6.5 km (near the height of -10°C isotherm) at this time.  After the fifth pulse, when 

total flash rates reach 36 min-1, the flash rate begins to decrease, concurrent with a significant 

decrease in reflectivity below 7 km. This last lightning bubble ends by 2021 UTC, approximately 

80% through the storm’s period of lightning activity.  Initiation heights then return to their 

previous 8 km level.  The third and final positive flash occurs at 2036:54 UTC during the cell’s 

dissipation.  Although it is the last CG flash of the storm, many IC flashes follow until cessation 

at 2049:24 UTC, ~ 27 min after the last lightning bubble ends.  The cell’s maximum reflectivity 

at cessation is 43.86 dBZ at -10°C. 
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Figure 22. As in Figure 19, except for a severe single cell on 9 May 2000. The two asterisks 
denote the times of hail reports at 1946 UTC and 2010 UTC, respectively. 

 
 The pulses of elevated initiation sources occur only when reflectivity heights are actively 

increasing.  While 9 of our 20 storms, both nonsevere and severe, exhibit one or two lightning 

bubbles, more active storms such the severe single cell storm that produced hail (Figure 22) 

produced several pulses.  WDSS-II radar visualizations at 8 km AGL (Constant Altitude Plan 

Position Indicator, or CAPPI plots) show oscillations of reflectivities within the storm’s updraft 

during four successive radar scans (Figure 23).  Reflectivities exceed 60 dBZ at 1945 UTC, 

coinciding with the hail report at 1946 UTC and the end of the second pulse in lightning 

initiation heights.  The next radar scan shows that reflectivities at 8 km have decreased to a 

maximum of ~45 dBZ at 1950 UTC (Figure 23b).  The fall in reflectivity also is evident in 

Figure 22.  The next two radar scans show the rise in reflectivity heights that is associated with 

the beginning of the third, most prominent upward protrusion in initiation heights.  These surges 
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in reflectivity support the hypothesis that lightning bubbles are associated with successive 

updraft pulses [Ushio et al., 2003], as well as the hypothesis that the upward pulses are caused by 

the elevated charge mechanism, in which strengthening updrafts displace charge regions 

upwards, resulting in higher altitudes of total lightning lightning sources [e.g., MacGorman et 

al., 1989; Ziegler and MacGorman, 1994; Stolzenburg et al., 1998; Lang et al., 2000; Lang and 

Rutledge, 2002].  Although others [e.g., Lhermitte and Krehbiel, 1979; Hamlin et al., 2001, 

2004; Ushio et al., 2003; Wiens et al., 2005; Steiger et al., 2007] have documented these upward 

propagations in total flash sources (e.g., Figure 21), current results show that they also are 

apparent in flash initiation sources (e.g., Figure 22). 
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Figure 23. Reflectivities at 8 km for four successive radar scans: a) 1945:10 UTC, b) 1950:00 
UTC, c) 1955:24 UTC, and d) 2000:17 UTC.  Note that the storm’s maximum reflectivity is 
weaker at 1950:00 UTC relative to both the previous and following radar scans.  

 

 The upward pulses in initiation sources are not seen during any storm’s dissipation stage, 

but instead appear to indicate an active storm.  The last pulse ends an average of ~ 35 min before 

lightning cessation (Table 3).  These results suggest that the presence of an upward bubble in 

flash initiation heights indicates that lightning cessation is not imminent. 

 

c) d) 

a) b) 
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Table 3. Times between the end of last vertical pulse in initiation heights and lightning 
cessation. 

 

Date of Storm Number of Initiation Pulses Time Before Last Flash (min) 

15 May 2000 5 30 

27 Aug 2000 2 34 

27 Aug 2000 3 23 

3 Jul 2005 1 71 

13 Aug 2000 1 30 

15 May 2000 3 28 

9 May 2000 5 27 

15 May 2000 1 59 

9 Aug 2005 1 12 

Total: 9 storms Average: 2.44 pulses Average: 35 min 
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CHAPTER FOUR 
 

SUMMARY AND CONCLUSIONS 
 

 

 The study has documented information about the behavior of thunderstorms near the end 

of their lightning activity at Kennedy Space Center and Cape Canaveral Air Force Station.  Total 

lightning was obtained by merging flashes created from LDAR source data with an integrated 

dataset of CGLSS and NLDN CG flash data.  WSR-88D radar data were used to locate storms, 

visually assign flashes to storms, and create radar-derived products.  RUC model analyses were 

used to describe the near-storm environment.   

 We used Stano et al.’s [2009] dataset of 116 isolated unicellular and multicellular storms 

during the warm seasons (May-September) of 2000-2005;  however, we employed data sources 

and recently developed tools from WDSS-II that were not available to Stano et al. [2009].  

WDSS-II was used to ingest data sources, as well as to cluster and track storms using a K-Means 

clustering algorithm.  Best results were obtained by identifying and tracking storm cores based 

on their fields of VIL Density.  Twenty of our 116 storms were successfully tracked through the 

end of lightning activity.  WDSS-II provided cluster-derived time-series of numerous radar and 

lightning parameters that were analyzed to determine if there were trends that could aid the 

prediction of lightning cessation.  Maximum values of WDSS-II derived cluster parameters were 

employed since they were more reliable than area averages.  Four case studies illustrated the 

behavior of decaying storms. 

 Time-normalized flash characteristics and flash rates during the lifecycle of the 116 

storms were used to identify possible relations between the flash and radar parameters and the 

end of lightning activity.  The range of flash initiation heights (Figure 2), CG peak current 

(Figure 3), and CG multiplicity (Figure 4) was greatest during the middle of the storms’ duration, 

and contracted prior to cessation (Figures 2 – 4).  This variability is consistent with the storms’ 

lifecycle, since cells increase in height and size during the mature stage and decrease in height 

and size during dissipation.  Although general trends were noted in these parameters, none 

indicated whether a particular flash would be the last flash of a storm. 

 We examined the average flash rates of the 116 storms (Figures 5 and 6).  The flash rate 

gradually decayed after reaching a peak ~35% through storm duration (Figure 5), with most 
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storms experiencing flash rates of 0 – 1 min-1 during the last several minutes of lightning activity 

(Figure 6).  Although the majority of the 116 storms exhibited a gradual decay in flash rate 

(Figure 5), two different cessation patterns made trends in flash rate unreliable predictors. 

 Various characteristics of the 20 WDSS-II-tracked storms also were studied, looking for 

a parameter that would decrease quickly and converge to a specific value during the 8 min prior 

to lightning cessation. Composite reflectivity decreased for the majority of storms prior to 

cessation, but it increased for a few storms (Figure 7).  Although mean composite reflectivity 

decreased slightly (Figure 8), its standard deviation increased, indicating that composite 

reflectivity varied more at cessation than 8 min earlier.  The increasing standard deviation 

indicates that this parameter would not be useful for predicting cessation.  Reflectivities at three 

temperatures (0°C, -10°C, and -20°C) and layer-averaged reflectivity between 0°C and -20°C 

(Figures 9 and 10) also were examined prior to the last flash.  Although our data did not indicate 

a preferred reflectivity value at 8 min prior to cessation or at the last flash (Figures 14 – 17), the  

-10°C  temperature exhibited the greatest potential for indicating lightning cessation.  The 0°C 

temperature was the least reliable value for predicting cessation.  Although layer-averaged 

reflectivity between 0°C and -20°C exhibited the greatest decrease between cessation and 8 min 

prior to cessation, its variability did not converge prior to cessation.  Thus, it would not be a 

good indicator of cessation.  This indicates that dissipating storms decay at different rates and 

that radar reflectivities do not descend uniformly during cessation.   

 The efficacy of inverting lightning initiation criteria to predict lightning cessation was 

examined.  We considered the initiation criteria described by Wolf [2006] and the cessation 

criteria provided by Hinson [1997].  While the 40 dBZ reflectivity descended below -10°C at 

cessation in 14 of 20 storms, it remained above 40 dBZ for 6 storms.  One storm’s reflectivity at 

-10°C even exceeded 50 dBZ at the last flash.  This indicated that a simple inversion of the 

lightning initiation criteria (i.e., the presence of 40 dBZ reflectivity at or above -10°C) or 

application of Hinson’s [1997] criteria (i.e., descent of 45 dBZ reflectivity below the -10°C 

level) were not suitable for predicting cessation in our storm sample. 

 The vertical thickness of 30 dBZ reflectivity above -10°C decreased in the majority of 

storms during the 8 min prior to cessation (Figure 11 and 16).  All 20 storms were within 3.72 

km above or had descended below -10°C at the last flash.  The 30 dBZ echo oscillated around 
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the -10°C level prior to cessation in one storm, indicating that reflectivities do not always 

descend uniformly during dissipation, but may increase and decrease. 

 Contrary to expectations, the vertical gradient of reflectivity between 0°C and -20°C 

halfway through storm duration did not differ greatly from that at the time of cessation (Figure 

13).   WDSS-II provided tracked data for 10 storms at least halfway through their lifetimes.  Of 

these 10 storms, five had greater negative vertical gradients at cessation than halfway through 

their duration, while 5 storms had smaller negative gradients.  However, storms that exhibited 

decreased vertical gradients prior to cessation did so only slightly (i.e., changing by -0.04 to  

-0.67 dBZ km-1 during the last half of storm duration), while storms with an increasing vertical 

gradient did so by greater amounts (i.e., 0.18 to 1.8 dBZ km-1).  Although it is difficult to draw 

conclusions, the vertical gradient of reflectivity does not appear useful for indicating imminent 

lightning cessation.  

 Four case studies (Figures 18 – 20 and 22) of single cell storms revealed relationships 

between flash initiation sources within the entire storm and reflectivities and LDAR source 

densities within the storm core.  Results showed that source densities within the core are greatest 

above the most intense reflectivities within the core.  The fourth case, a single severe cell, 

exhibited upward protrusions in lightning initiations (sometimes called ―bubbles‖ [Ushio et al., 

2003]).  The bubbles were found to occur concurrently with increases in reflectivity heights in a 

severe single cell.  These increases in reflectivity heights were located within a single storm 

updraft.  Although upward propagating total lightning sources and vertically elevated sources 

have been documented previously [e.g., Krehbiel et al., 1979; Ushio et al., 2003; Hamlin, 2001; 

2004], we found that lightning initiation sources also exhibited upward propagations.  This 

supports the hypothesis that intensifying updrafts may push charge regions upwards (i.e., the 

elevated charge mechanism [e.g., MacGorman et al., 1989; Stolzenburg et al., 1998; Lang and 

Rutledge, 2002]), resulting in higher flash initiation altitudes.  Therefore, this case suggests that 

pulses in updraft strength can be diagnosed from lightning initiations alone.  Since the last 

lightning bubbles ended ~35 min before lightning cessation, the upward propagating lightning 

sources suggest pulsing updrafts, indicating that lightning cessation is not imminent. 

 Our study was motivated by the 45WS’ need for improved guidance to determine when it 

is safe to terminate lightning advisories at KSC/CCAFS.  However, the current results reveal the 

inherent difficulty in forecasting cessation since storm characteristics exhibit considerable 
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variability during decay and at the time of the last flash.  For example, the 20 isolated storms 

displayed composite reflectivities between ~41 to ~58 dBZ at cessation.  Reflectivities at -10°C 

may be as small as ~27 dBZ, but can exceed 50 dBZ.  The height of 30 dBZ can be as high as 

3.72 km above -10°C, but may be below this level at cessation.  Eight-minute trends prior to 

cessation show that reflectivity parameters can increase or decrease in the 8 min prior to 

cessation.  In order to increase the statistical confidence that safe operational guidelines can be 

established, a larger dataset must be developed.  Cool season (October-April) storms also should 

be considered.  The processes leading to anvil lightning (i.e., charging within the anvil region or 

charge advection into the anvil) should be investigated since they may differ from processes that 

produce lightning in the storm core. 

The current results indicate that much remains to be learned about lightning cessation.  

Future research must consider the evolution of hydrometeor configurations during storm 

duration.  This will require polarimetric radar data that recently became available at KSC and 

will become available nationwide as the current WSR-88D radars are modified.  The strength of 

polarimetric radar is its capability to identify hydrometeor types (e.g., hail, graupel, ice, snow) 

that are crucial to electrification [e.g., Höller et al., 1994; Vivekanandan et al., 1999].  We expect 

that relating hydrometeor configurations with the locations of charge regions during the storm 

lifecycle, particularly during the dissipation phase, will yield valuable insights into storm 

dissipation and how lightning cessation can be forecast. 
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