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For the protection of all from the dangers of weather. 
 
 

Oh! I have slipped the surly bonds of earth, 

And danced the skies on laughter-silvered wings; 

Sunward I’ve climbed, and joined the tumbling mirth 

Of sun-split clouds, --and done a hundred things 

You have not dreamed of—Wheeled and soared and swung 

High in the sunlit silence. Hov’ring there  
I’ve chased the shouting wind along, and flung 

My eager craft through footless halls of air… 

Up, up the long, delirious, burning blue 

I’ve topped the wind-swept heights with easy grace 

Where never a lark or even eagle flew – 

And, while with silent lifting mind I’ve trod 

The high untrespassed sanctity of space, 

Put out my hand, and touched the face of God. 

 
- John Gillespie Magee, Jr. 

 
 
  



iv 

ACKNOWLEDGMENTS 

 I want to acknowledge the contributions that my major professor Dr. Fuelberg has made 
to this thesis, in addition to the expertise provided by William Roeder and the other scientists at 
the 45th Weather Squadron and Kennedy Space Center. The research was sponsored by NASA 
Contract NNX13AB95G through the Kennedy Space Center. I appreciate the opportunity to 
explore a new and exciting area of research with their support. I also want to recognize the other 
members of my committee, Drs. Hart and Chagnon, for being great mentors to me as well as 
great friends. Thank you to my friends, family, and fiancée for providing support to me during 
this research process, without which this could not have been possible.  
 
 
  



v 

TABLE OF CONTENTS 

 

 
List of Tables ................................................................................................................................. vi 
List of Figures .............................................................................................................................. viii 
Abstract .......................................................................................................................................... xi 
 
1. INTRODUCTION ......................................................................................................................1 
 
 1.1 Motivation ............................................................................................................................1 
 1.2 Thunderstorm Electrification and Lightning Cessation .......................................................2 
 1.2.1 Charging Mechanism ................................................................................................2 
            1.2.2 Previous Attempts at Determining Lightning Cessation ...........................................4 
     1.3  Objectives of the Present Study ...........................................................................................6 

 
2. DATA AND METHODS ............................................................................................................7 
 
 2.1 Sources of Meteorological Data...........................................................................................7 
 2.1.1 Lightning Data ..........................................................................................................8 
 2.1.2 Radar Data ...............................................................................................................10 
    2.2 Data Set of Storms .............................................................................................................11 
    2.3 Developing a Predictive Model .........................................................................................16 
    2.4 Caveats of the Technique ...................................................................................................19 
 
3. RESULTS AND DISCUSSION ...............................................................................................21 
 
 3.1 Final Predictive Models .....................................................................................................21 
 3.1.1 Training the Models ................................................................................................21 
 3.1.2 Testing Model Performance and Reliability ...........................................................24 
 3.2 Storm by Storm Results .....................................................................................................30 
     3.3 Operationally Applying the Predictive Model ...................................................................39 
 
4. SUMMARY AND CONCLUSIONS .......................................................................................41 
 
APPENDIX ....................................................................................................................................43 
 
A. TIPS FOR OPERATIONAL FORECASTERS ........................................................................43 
 
References ......................................................................................................................................45 
 
Biographical Sketch .......................................................................................................................49 
 
  



vi 

LIST OF TABLES 

 

 
1 Color legend for the different hydrometeor types that the WDSS-II HCA recognizes based on 

a combination of dual-polarized and convectional radar products. Of interest to this study is 
the presence of graupel, denoted pink. ......................................................................................13 

 
2 The eleven radar-derived storm attributes tracked through the lifetime of each isolated storm 

from lightning initiation through cessation and until storm dissipation. They include six 
maximum reflectivity parameters and five graupel presence parameters. ................................14 

 
3 Year-by-year and month-by-month breakdown of all 184 isolated thunderstorms comprising 

our data set. The final row and column are totals of the storms from all of the months or years 
in that row or column. Numbers in parentheses are the percentage of the total 184. ...............15 

 
4 The seven predictors found to be statistically significant at the 0.01 level by the independent 

version of the GLM. The xi refers to the x variables in (1). The original eleven predictors 
were listed in Table 2. ...............................................................................................................22 
 

5 The six predictors found to be statistically significant at the 0.01 level by the bootstrapped 
version of the GLM. The xi refers to the x variables in (1). The original eleven predictors were 
listed in Table 2. ........................................................................................................................23 

 
6 The seven predictors from Table 4 for the independent version of the GLM, along with their 

associated coefficients and intercept. The ci and xi¬ refer to the c and x variables in (1). ......24 
 
7 The six predictors from Table 5 for the bootstrapped version of the GLM, their associated 

median coefficients and intercept. The ci and xi refer to the c and x variables in (1). ..............24 
 
8 Contingency table for common forecast verification statistics (Wilks 2006, Roebber 2009). 

The letters A, B, C, and D refer to inputs for (2-7) below. .......................................................25 
 
9 Forecast verification statistics defined in (2-7) for the testing data set of the independent GLM 

for the three probability thresholds using the predictive model from (1) and Table 6. ............26 
 
10 Forecast verification statistics defined in (2-7) for the bootstrapped GLM, taking a random 

sample of 60% of observations by minute for the three probability thresholds using the 
predictive model from (1) and Table 7. ....................................................................................27 

 
11 Forecast verification statistics from the storm by storm results for the three probability 

thresholds of the independent version of the predictive model (shown in Fig. 12). The forecast 
statistic in bold in each column is the one closest to the statistical ideal of that parameter 
among the three probability thresholds. ....................................................................................37 

 
12 Forecast verification statistics of the storm by storm results for the three probability thresholds 

of the bootstrapped version of the predictive model (shown in Fig. 14). The forecast in bold in 



vii 

each column is the one closest to the statistical ideal of that parameter among the three 
probability thresholds. ...............................................................................................................38 

 
13 Radar-derived parameters needed for the GLM to calculate the probability of total lightning 

cessation and their associated values at the time of the observation in Figs. 4 and 5. ..............43 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



viii 

LIST OF FIGURES 

 

 
1 Conceptual tripole charge structure of isolated thunderstorms by location (from Krehbiel 

1986). Most of the negatively charged particles are located in the mixed phase region of the 
cloud, with both IC flashes (far left) and negative CG flashes (middle) in Florida summer 
storms originating from this region. Krehbiel notes that even the summer thunderclouds with 
higher bases in New Mexico (far right) have lightning flashes that typically originate from 
this region between the 0°C and -20°C isotherms. ....................................................................3 

 
2 Conceptual model of the reflectivities (left) and the hydrometeor classification (HCA, right) 

at some vertical level as an electrified storm goes through lightning cessation. In this 
example, note that maximum reflectivities exceed 45 dBZ before cessation (top row) and 
graupel is present (pink shaded region, see Table 1). After cessation (bottom row) there is no 
graupel, and the maximum reflectivity has decreased. Our approach seeks to recognize these 
patterns at different isothermal levels and use them to make a probabilistic forecast about 
total lightning. ............................................................................................................................7 

 
3 Plan view from the WDSS-II software centered on the KSC/CCAFS/PAFB area with Florida 

counties outlined in purple. The nine stations comprising the LDAR-II network are 
represented by white triangles. The inner blue circle represents a 100 km radius surrounding 
the center of the LDAR-II network. This is the domain of study. The grey arrow near the 
south border of the blue circle represents the location of the KMLB radar operated by the 
NWS. The arrow points north, and all subsequent figures of WDSS-II images will be 
oriented in this way. The outer orange circle represents a 200 km radius around the KMLB 
radar. The gold lightning strike off the coast of Brevard County is the approximate location 
of the example storm in Figs. 4 and 5. .......................................................................................9 

 
4 Example of one of the 184 isolated storms included in our data set. The ten images are at the 

same time at five isothermal levels in rows as labeled. Reflectivity images are in the left side 
of each isothermal row, while the HCA designation is in the right side (see Table 1 for the 
color code). This time correlates to the time of cessation of this storm near 0100 UTC 7 
August 2013 also shown in Fig. 5. Note how graupel (colored pink) is not present at the 
higher, colder levels of -15°C and -20°C of the storm, while maximum reflectivity values 
decrease rapidly with altitude throughout the MP region. .......................................................12 

 
5 Example of composite reflectivity (CompRef) overlaid with total lightning from one of the 

184 isolated storms included in our data set. This time (0100 UTC 7 August 2013) is the time 
of cessation for this storm, also shown in Fig. 4. Note that maximum composite reflectivity is 
still relatively strong (> 45 dBZ) compared to values in the upper MP region of Fig. 4. The 
red oval on the north side of the storm indicates the location of the storm's last lightning flash 
(i.e., the cessation flash). Inside the red circle, the white streak represents an IC flash channel 
from the LDAR-II network, while the green minus sign (-) just to the left of that flash 
represents a CG strike from the NLDN. In this particular storm, the final CG strike exhibited 
negative polarity and occurred during the same minute as the final IC flash. Thus, two 
symbols appear at the same time on this WDSS-II screenshot. ...............................................13 



ix 

 
6 Storm location at the time of total lightning cessation for the 184 storms in our data set. Each 

yellow circle represents one storm, while the blue line is the same 100 km radius circle 
around the LDAR-II network in Fig. 3. Most of the storms (about 85%) occurred over land. 
There is a noticeable lack of storms in southern Brevard County since the cone of silence 
associated with the KMLB radar often made it impossible to track storms passing through 
this area. ...................................................................................................................................15 

 
7 Flow chart showing the procedure for training the bootstrapped version of the predictive 

model. Observations of a set of parameters (reflectivity and graupel presence) are taken 
minute by minute for each of the 184 isolated storms (table in the upper left). Each column 
represents one of the isolated storms, and each minute includes the set of observed radar-
derived parameters. The set of observed parameters at each time are designated as being 
either before cessation has occurred (red shading) or after cessation (green shading), with the 
solid red line indicating that cessation has occurred. Some of the observations (both before 
and after cessation) are randomly selected to train the bootstrapped predictive model and are 
assigned the letters A through H. The observations in red instruct the predictive model to 
associate these observed radar-derived values with future lightning, while observations in 
green instruct the predictive model to assume no additional flashes. ......................................17 

 
8 Reliability diagram for the independent version of the GLM using (1) and Table 6. The 

diagram was created with an independent testing set of 35% of the total set of storms just as 
in Table 9. Performance of the predictive model is plotted by the red dashed line, while the 
solid black line represents a perfect one-to-one relationship between the forecast (model) 
probability and the observed relative frequency of observations associated with 
cessation...................................................................................................................................29 

 
9 Reliability diagram for the final version of the bootstrapped GLM using (1) and Table 7. The 

diagram was created with a random sample of 60% of all of the observations just as in Table 
10. Performance of the predictive model is plotted by the red dashed line, while the solid 
black line represents a perfect one-to-one relationship between the forecast (model) 
probability and the observed relative frequency of observations associated with cessation... 30 

 
10 Conceptual timeline showing the 60 min life time of an idealized isolated storm from 

lightning initiation through cessation to storm dissipation. The red solid line at t = 0 min 
corresponds to the observed time of cessation. The red solid line and the black dashed line at 
15 min relative to cessation are as in Figs. 13 and 14. Minutes listed in purple are the number 
of minutes relative to cessation. The color-coded arrows correspond to the three probability 
thresholds from the bootstrapped GLM and their associated median minutes relative to 
cessation. ..................................................................................................................................31 

 
11 Storm by storm results for the independent version of the GLM using the independent testing 

set of 35% of the total storms. Symbols beneath the red line indicate that the model predicted 
cessation before it was observed, while symbols above the black dashed line show that the 
model waited after the presently used 15 min wait period. Medians are indicated by the 
"med" values at the top of each panel. The independent version of the GLM predicts that 



x 

none of the storms will experience cessation before it actually occurs, consistent with the 
zero FARs in Table 9…...........................................................................................................32 

 
12 Storm by storm results for the independent version of the GLM using all 184 of the storms in 

the total storm set. The independent version of the GLM predicts two storms to experience 
cessation earlier than it was observed at the 97.5% and 99.0% probability thresholds and 
three storms at the 95.0% threshold. Forecast statistics based on these results are in Table 
11..............................................................................................................................................33 

 
13 Storm by storm results for the three different probability thresholds of the bootstrapped GLM 

using the input parameters described in Table 7. Symbols beneath the red line indicate that 
the model predicted cessation before it was observed, while symbols above the black dashed 
line show that the model waited too long after cessation to predict cessation. Medians are 
indicated by the "med" values at the top of each panel. These panels are overlaid to create 
Fig. 14. .....................................................................................................................................35 

 
14 Storm by storm results for the combination all three thresholds of the bootstrapped predictive 

model (the three panels in Fig. 13). The symbols correspond to those in Fig. 13 with the 
results enlarged and overlaid for comparison. Both the 95.0% (black asterisks) and 97.5% 
(red circles) thresholds contain two storms below the red line in which lightning was 
predicted to have ended before cessation had actually occurred, while the 99.0% threshold 
has just one. The most premature and most dangerous storm was predicted to experience 
cessation 4 min before it actually occurred at both the 95.0% and 97.5% thresholds. Forecast 
statistics based on these results are in Table 12. ......................................................................36 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



xi 

ABSTRACT 
 

Almost daily warm season thunderstorms in central Florida frequently halt outdoor 

operations, requiring that one wait some prescribed time after an observed lightning flash before 

safely resuming activities. This is an especially important problem for the U.S. Air Force’s 45th 

Weather Squadron (45WS). Prior research suggests that their presently used wait times (15 min) 

might be safely shortened by using radar-derived reflectivities and hydrometeor type to safely 

predict that lightning has ended for a particular isolated thunderstorm. The main goal of this 

study is to create an operational tool that creates probabilistic guidance for the 45WS to use for 

determining when total lightning cessation has occurred for isolated storms. The study analyzes 

dual-polarized radar data from isolated thunderstorms to develop probabilistic lightning cessation 

guidance. We tracked 184 isolated storms in central Florida at 1 min intervals to develop the 

probabilistic guidance algorithms. 

For each isolated storm we investigated its maximum reflectivity and graupel presence at 

the 0o, -5o, -10o, -15o, and -20°C levels as well as composite (maximum) reflectivity. Random 

samples of all the 1 min data were used to train a generalized linear model (GLM) to make a 

probabilistic prediction that cessation had occurred. The training revealed that the most 

statistically significant predictors for lightning cessation were the storm's maximum reflectivity 

in the composite and the 0°C levels, along with graupel presence or absence at the -5o, -10o, -15o, 

and -20°C levels. The GLM was trained with 1000 random samples of minutes to bootstrap the 

results, with the median values of the final set of predictor coefficients used to calculate 

probabilities that cessation had occurred at that minute. Forecast verification statistics from 

another random sample of tracked minutes then were used to analyze the performance of the 

GLM with different probability thresholds (95.0%, 97.5%, and 99.0%) for determining lightning 

cessation. Applying this cessation guidance from our GLM as though the storms were occurring 

in real time revealed that only ~1% of the 184 storms in our data set had observed lightning after 

the GLM suggested cessation had already occurred, an event that would threaten life and 

property. Even the median of the most conservative probability threshold (99.0%) improved on 

the wait time currently being used by the 45WS (15 min), while the 95.0% probability guidance 

had a median wait time of just 9 min after cessation. 
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CHAPTER 1 

 

INTRODUCTION 

 

 
1.1 Motivation 

 

Lightning remains a deadly and costly weather phenomenon in the United States in spite 

of recent reductions in lightning-related injuries and fatality rates (Holle 2016). In addition to 

physical harm, lightning has significant economic impacts that exceed $5 billion annually in the 

United States alone (National Lightning Safety Institute 2008). Outdoor activities such as airport 

ground operations are negatively impacted by having to cease when there is a threat of lightning. 

This can cause costly delays that increase by the minute (Steiner et al. 2015). It is intrinsically 

valuable in a multitude of other situations to be able to determine with confidence whether a 

thunderstorm that is producing lightning will produce additional strikes or flashes which can 

threaten life and property.  

The United States Air Force’s 45th Weather Squadron (45WS) provides weather 

forecasting guidance for operations at Kennedy Space Center (KSC), Cape Canaveral Air Force 

Station (CCAFS), and Patrick Air Force Base (PAFB). These facilities are located along the 

Atlantic coast of the Florida peninsula, where frequent warm season thunderstorms produce 

abundant lightning (Albrecht et al. 2016). In fact, some of the greatest cloud-to-ground (CG) 

flash densities in Florida occur in the region for which the 45WS is responsible. Rudlosky and 

Fuelberg (2011) found that Florida's greatest CG flash densities during the warm season (May to 

September) exceed 2.51 CG flashes per square kilometer per month in the counties surrounding 

KSC/CCAFS/PAFB. Complex shaped coastlines in this region of the Florida peninsula create 

frequent thunderstorms induced by diurnal low-level convergence due to interactions between 

sea and river breezes (e.g., Laird et al. 1995). Outdoor operations at KSC/CCAFS/PAFB are 

frequently interrupted to maintain safety in the face of threatening lightning.  

The 45WS issues routine lightning advisories that cause outdoor activities to cease. These 

advisories are terminated when no additional flashes are expected. In addition, the 45WS 

employs the Lightning Launch Commit Criteria (LLCC) during launches. These criteria are a 

complex set of regulations whose goal is to avoid loss of property from natural and rocket-
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induced lightning (McNamara et al. 2009). It is important that launches avoid both CG strikes 

and intra-cloud (IC) flashes, whose sum is commonly referred to as total lightning (CG + IC), 

since both are indicative of an electrified storm. Although providing enhanced safety, these 

stringent rules are a major cause of delays and rejected launches. Improving the lightning 

forecast guidance in operational use at the 45WS by implementing a probabilistic framework 

might allow both routine and launch related lightning advisories to be terminated sooner and 

with more confidence, allowing outdoor activities or launches to resume sooner and potentially 

reducing costly delays while still preserving safety. Probabilistic lightning forecasting guidance 

also has obvious applications in a far-ranging set of scenarios, including but not limited to 

aviation, outdoor sporting events, and concerts.  

The lightning forecasting guidance that we develop here utilizes only the operational 

capabilities presently available to forecasters at the 45WS. Most important is dual-polarized 

radar data that enable the discernment of different hydrometeor types such as graupel and ice 

which have been shown to be correlated to total lightning frequency (Deierling et al. 2005). 

Estimates of ice mass derived from dual-polarized radar data above the melting layer in a 

thunderstorm show strong correlations to total lightning activity, with particular emphasis on the 

upward and downward flux of frozen hydrometeors (Deierling et al. 2008). Thus, dual-polarized 

radar data, with its ability to identify different types of hydrometeors, is expected to be an 

important operational tool for forecasting total lightning potential in ongoing electrified 

thunderstorms. The 45WS has real time access to these data. 

 
1.2 Thunderstorm Electrification and Lightning Cessation 

 

1.2.1 Charging Mechanism 

 

Non-inductive charging (NIC) is thought to be the dominant mechanism by which clouds 

become electrically charged and then can produce lightning (e.g., Takahashi 1973, Saunders et 

al. 1991). The theory behind NIC is that collisions between graupel and ice crystals in the 

presence of supercooled water droplets transfer electric charges between the particles. As a 

result, the ice crystals usually develop a positive charge while the graupel carries a negative 

charge. If a sufficiently strong charge separation occurs, CG and/or IC lightning can occur. 

Storm updrafts loft liquid water droplets above the 0°C isothermal level into what is referred to 



3 

as the mixed phase region of the storm. Graupel is formed when supercooled liquid water 

droplets form or rime onto falling snowflakes or ice crystals. Therefore, the presence of graupel 

at certain altitudes is thought to be a major indicator of cloud electrification.  

 The mixed phase (MP) region is located between the 0°C and approximately the -20°C 

isothermal levels where liquid water droplets, graupel, and ice crystals coexist (Fig. 1). This MP 

region encompasses most of the graupel formation in a storm and is typically a negatively 

charged area. Layers above and below this region are dominated by ice crystals and liquid water, 

respectively, and are more likely to be positively charged (Krehbiel 1986, Williams 1989). This 

tripole charge structure is common, but not unique, and is thought to be responsible for the 

charge separation that leads to lightning. Thus, the MP layer is a key region of interest when 

determining if a storm will continue to produce the charge separation necessary for additional 

lightning. Lightning between the negatively charged region and the two positively charged 

regions is thought to produce the typical positive and negative IC flashes, while lightning from 

the negatively charged region to the ground is responsible for most of the CG strikes (Fig. 1, 

Krehbiel 1986). Recent research with lightning detection systems has found that 90-95% of CG 

strikes exhibit negative polarity (Koshak et al. 2015).  

 
 

         
Figure 1. Conceptual tripole charge structure of isolated thunderstorms by location (from 
Krehbiel 1986). Most of the negatively charged particles are located in the mixed phase region of 
the cloud, with both IC flashes (far left) and negative CG flashes (middle) in Florida summer 
storms originating from this region. Krehbiel notes that even the summer thunderclouds with 
higher bases in New Mexico (far right) have lightning flashes that typically originate from this 
region between the 0°C and -20°C isotherms. 
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Extensive examination of the conceptual tripole charge structure in Fig. 1 has shown that 

the actual vertical structure of polarity in a thunderstorm may be more complicated (Weiss et al. 

2008, Rust and Marshall 1996). Other research suggests that positively polarized CG strikes are 

more common (around 50% of CG strikes) in severe thunderstorms which have more intense 

updrafts (Carey and Buffalo 2007). Therefore an investigation of the MP region might not 

capture all of the lightning potential in severe or multicellular convection. Nonetheless, the 

dominant mechanism for charging is thought to be associated with graupel formation, which 

mostly occurs in the MP region. This study focuses on the presence of graupel and values of 

radar reflectivity in the MP region (0°C and -20°C) of non-severe warm season storms over 

central Florida to determine the probability that a given isolated storm will produce no additional 

lightning, i.e., lightning cessation has occurred.  

 
1.2.2 Previous Attempts at Determining Lightning Cessation 

 Forecasting lightning cessation is a major challenge, but relatively little research has 

explored this topic from the perspective of determining whether a given flash will be the last 

flash associated with a particular storm. Hinson (1997) examined three storms in the 

KSC/CCAFS/PAFB area and found that CG lightning ceased within 30 min after the 45 dBZ 

echo top descended below the -10°C isothermal level. Holmes (2000) studied 40 storms in an 

attempt to develop a regression model which could forecast additional CG lightning strikes. He 

found that single and multi-cellular convection required different approaches, which may suggest 

that non-standard polarity structures make lightning forecasting more difficult than in isolated 

storms. Wolf (2006) found that the relation between the -10°C isothermal level within 

thunderstorm updrafts and the height of the 40 dBZ radar echo tops was useful in determining 

the onset of CG strikes. He speculated that similar techniques could be employed for CG 

lightning cessation. 

 Roeder and Glover (2005) suggested that a log-linear relationship between lightning 

strikes and time could explain 75% of the variation in timing between the last and second-to-last 

CG strikes. This finding inspired Stano et al. (2010), referred to here as ST10, to develop a 

cessation guidance scheme which used a similar approach with total lightning. ST10 used 

sounding and radar-derived parameters to create five empirical lightning cessation schemes 

based on 116 isolated thunderstorms in the area around KSC/CCAFS/PAFB during the warm 
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seasons of 2000-05. They found that flash interval, i.e., the time between successive flashes, was 

the best predictor of lightning cessation, consistent with the results from Roeder and Glover 

(2005) that a log-linear relationship could explain the decrease in the frequency of lightning 

strikes as thunderstorms decay. Seroka et al. (2012) found some utility in using vertically-

integrated ice in nowcasting lightning at KSC, but found no specific value that could explain the 

cessation of total lightning. Using conventional radar data from twenty warm season storms in 

the KSC/CCAFS/PAFB area, Melvin and Fuelberg (2010) found that reflectivity at the -10°C 

level showed the most promise in assessing whether a thunderstorm was undergoing lightning 

cessation. However, they did not develop any cessation schemes that were subsequently tested 

on an independent sample of storms.  

Little research has examined the utility of using dual-polarized radar data as cessation 

guidance. Dual-polarized radar data can determine the type of hydrometeor, which is important 

for assessing the presence of graupel within the mixed phase region. Recent studies that have 

examined dual-polarized radar data from decaying thunderstorms in the KSC/CCAFS/PAFB area 

include Preston and Fuelberg (2015) and Davey and Fuelberg (2017), hereafter denoted PF15 

and DF17, respectively. PF15 constructed a data set of both conventional and dual-polarized 

radar products at the 0°C, -10°C, and -20°C isothermal levels from 50 isolated thunderstorms 

undergoing lightning cessation in Oklahoma and the central Atlantic coast of Florida. Both PF15 

and ST10 required that reflectivity channels between adjacent clouds be less than 15 dBZ to 

define a storm as being isolated. PF15 also considered flashes from 30 non-isolated 

thunderstorms. "Non-isolated" means that some flashes originated in nearby electrified 

thunderclouds, not the specific storm in question. Several cessation algorithms were developed 

based on a random sample of 40 of the 50 isolated storms and then tested on the remaining 

independent sample of 10 isolated storms. PF15 found particular operational utility at the -10°C 

level. When conventional horizontal reflectivity decreased below 35 dBZ at the -10°C level and 

there was no indication of graupel based on a hydrometeor classification algorithm (HCA) using 

dual-polarized radar data, PF15 found that waiting an additional 10 min before terminating a 

lightning advisory would safely allow outdoor operations to resume. However, PF15 noted that 

their algorithm was a poor predictor of lightning cessation on their set of 30 non-isolated storms. 

They suggested that the sample size of their study be increased to examine the utility of more 

complex statistical tools for developing robust cessation guidance for isolated convection. DF17 
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investigated 50 non-isolated thunderstorms during the warm season (May to September) near 

KSC/CCAFS/PAFB using dual-polarized radar products at additional isothermal levels within 

the MP region, including -5°C and -15°C. They found that no combination of radar-derived 

parameters, dual-polarized or conventional, could accurately, and most importantly safely, 

determine when lightning cessation has occurred. The complex vertical profile of hydrometeors 

and their associated charges in non-isolated convection is an active area of research that needs 

more exploration to develop a tool for operational use.  

 

1.3 Objectives of the Present Study 

 

The objective of this study is to develop probabilistic guidance for total lightning 

cessation within isolated, warm season thunderstorms in the KSC/CCAFS/PAFB area for which 

the 45WS is responsible. We do this using a combination of data from lightning detection 

systems and dual-polarized radar to index physical properties of ongoing isolated thunderstorms 

through lightning cessation and dissipation on a minute by minute basis. Random samples of this 

dataset are used to train a predictive model which outputs the probability that cessation has 

occurred. In line with recent studies such as PF15 and DF17, we train the model using radar-

derived parameters within the MP region, specifically at the 0°C, -5°C, -10°C, -15°C, and -20°C 

isothermal levels. The performance of the model then is quantified by testing it on a different set 

of isolated thunderstorms, as though a forecaster were using the model as operational guidance in 

a real-time setting. To our knowledge, this is the first study that has attempted to develop 

probabilistic guidance using dual-polarized radar data for determining whether total lightning 

cessation has occurred in isolated thunderstorms.  

 We seek to make a recommendation to the 45WS that will safely reduce wait times, i.e., 

how long after an observed lightning flash can a lightning advisory safely be terminated. The 

45WS currently employs operational guidance that sets wait times to 15 min after the last 

recorded lightning flash, along with a cessation algorithm similar to that recommended by PF15 

(William P. Roeder, personal communication June 2017). However, forecaster discretion also is 

used in this determination. Our analysis will provide the 45WS with probabilistic guidance as to 

whether the standard 15 min wait time can be reduced in each particular storm. 
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CHAPTER 2 

 

DATA AND METHODS 

 

 
Our methodology is to train a predictive model on a set of minute by minute storm 

parameters before and after cessation occurs. This predictive model produces a probability that 

cessation has occurred given a set of real-time inputs. Fig. 2 shows the general concept of how 

parameters from a decaying thunderstorm can be used to train a predictive model. The idea in 

this conceptual example is that if reflectivity values at certain isothermal levels decrease below a 

certain threshold and if graupel is no longer present, then another lightning flash is less likely.  

 
 

 

Figure 2. Conceptual model of the reflectivities (left) and the hydrometeor classification (HCA, 
right) at some vertical level as an electrified storm goes through lightning cessation. In this 
example, note that maximum reflectivities exceed 45 dBZ before cessation (top row) and graupel 
is present (pink shaded region, see Table 1). After cessation (bottom row) there is no graupel, 
and the maximum reflectivity has decreased. Our approach seeks to recognize these patterns at 
different isothermal levels and use them to make a probabilistic forecast about total lightning. 

 
 

2.1 Sources of Meteorological Data 

 

We created a data set of isolated thunderstorms in the KSC/CCAFS/PAFB area that 

consisted of 184 storms during the warm season months (May to September) of 2013-15. Each 
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storm was tracked minute by minute from its first lightning flash through its final flash (i.e., 

lightning cessation), and ending with storm dissipation. This required that more than 10,000 total 

minutes be tracked among the 184 storms.  

Our approach to selecting and analyzing storms is similar to PF15 and DF17 in that the 

Warning Decision Support System - Integrated Information (WDSS-II) software was used to 

display radar-derived products and both CG and IC lightning (Lakshmanan et al. 2007b). WDSS-

II is ideal for investigating radar data because it contains tools for interpolating a set of radar 

elevation scans to prescribed isothermal levels as well as tracking individual storms over periods 

of time. It also has the ability to display flashes in three-dimensional space. Additional details 

about WDSS-II are given in PF15 and DF17 and the references therein.  

 
2.1.1 Lightning Data 

 

 Two lightning detection systems were used to detect lightning flashes. Total lightning 

was detected and archived by the second generation Lightning Detection and Ranging (LDAR-

II) network (Poehler and Lennon 1979, Boccippio et al. 2001, Roeder 2010). The LDAR-II 

network encompassing KSC consists of nine sensors which together can locate lightning 

channels in three dimensional space, capturing IC flash channels and the upper portions of CG 

strike channels. LDAR-II senses electromagnetic pulses (sources) in the very high frequency 

(VHF) band that are emitted as lightning channels propagate. It has a source detection efficiency 

of greater than 90% within 100 km of the center of the network (Boccippio et al. 2001). Based on 

this detection efficiency, our study domain was limited to a 100 km radius around the center of 

the LDAR-II network. WDSS-II allowed us to verify visually that our storms remained within 

this area (Fig. 3). WDSS-II can ingest the LDAR-II source data and consolidate them into 

lightning flash channels based on spatial and temporal criteria (Lakshmanan et al. 2007b). The 

algorithm was developed at the National Severe Storms Laboratory (NSSL) at the University of 

Oklahoma (MacGorman et al. 2008). The algorithm was used with its default spatial settings, 

similar to PF15 and DF17. A 300 ms time constraint between individual sources ensured that 

sources exceeding this value would be considered different flashes. Also like PF15 and DF17, 

we required a minimum of three VHF sources to be considered a flash since a smaller number is 

less likely to be a true flash (Nelson 2002). The resulting lightning flashes were grouped in 1 min 
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intervals to be displayed at a similar temporal resolution as the dual-polarized radar data (see 

section 2.1.2 Radar Data). 

 
 

 

Figure 3. Plan view from the WDSS-II software centered on the KSC/CCAFS/PAFB area with 
Florida counties outlined in purple. The nine stations comprising the LDAR-II network are 
represented by white triangles. The inner blue circle represents a 100 km radius surrounding the 
center of the LDAR-II network. This is the domain of study. The grey arrow near the south 
border of the blue circle represents the location of the KMLB radar operated by the NWS. The 
arrow points north, and all subsequent figures of WDSS-II images will be oriented in this way. 
The outer orange circle represents a 200 km radius around the KMLB radar. The gold lightning 
strike off the coast of Brevard County is the approximate location of the example storm in Figs. 4 
and 5.  
 
 

The second source of lightning information was the National Lightning Detection 

Network (NLDN), which has a location accuracy better than 500 m in the area of interest and a 

detection efficiency of CG flashes of 90%-95% (Orville 2008, Cummins and Murphy 2009). 

NLDN is much better at detecting CG than IC lightning. The CG flash data were displayed in 

WDSS-II at 1 min intervals. The combination of LDAR-II and NLDN data provided the total 
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lightning information needed to assess whether a storm had produced its last flash. The time of 

total lightning cessation was determined to be the minute at which the final IC or CG flash 

associated with an isolated thunderstorm occurred. Each isolated storm and its flashes were 

visually tracked using the WDSS-II software.  

 
2.1.2 Radar Data 

 

 Dual-polarized Level II WSR-88D radar data from the National Weather Service in 

Melbourne, FL (KMLB) were used. These data are available to the 45WS in real time. A 

complicating factor with the KMLB radar (and all radars) is the “cone of silence,” an inverted 

cone over the radar site that cannot be sampled by the elevation angle scans that are available 

(see Fig. 4). This cone lies within the study area. The diameter of this region without radar 

coverage becomes larger with height. While the cone may not be a major issue for lower 

elevation radar scans, it becomes a greater problem at higher scans, such as the upper MP region 

of a storm. 

 Several aspects of processing the radar data should be noted. First, WDSS-II has an 

internal quality-control algorithm for Level II radar data called w2qcnn which removes ground 

clutter and other anomalous returns and was used on our set of storms (Lakshmanan et al. 

2007a). Second, the research required radar data on isothermal surfaces (e.g., 0°C, -5°C, etc.) 

related to the MP region. The altitudes of these specified temperatures were obtained from the 

National Centers for Environmental Protection’s Rapid Refresh (RAP) model analyses at 13 km 

grid spacing (Benjamin and Sahm 2012). As done by PF15 and DF17, these hourly heights were 

merged with the radar scans using the w2merger algorithm within WDSS-II (Lakshmanan et al. 

2006) to create radar data on isothermal levels. The radar products are updated as data from 

individual radar elevation angles at 1 km horizontal and vertical resolutions are obtained at ~ 1 

min intervals. This allows the radar data to be updated more frequently than if waiting for a full 

volume scan to be completed. 

The WDSS-II software can track a storm based on user defined parameters such as 

composite reflectivity, vertically integrated liquid (VIL), and HCA value. This is achieved using 

a K-means storm clustering and tracking algorithm named w2segmotionll (Lakshmanan and 

Smith 2009, Lakshmanan et al. 2009, Lakshmanan 2012). We employed this algorithm to track 

each of our 184 storms based on values of composite reflectivity. The algorithm identified the 
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individual 1× 1 km grid boxes having the proper values of reflectivity, defined a polygon around 

those grid points, and compiled a text database of storm parameters such as reflectivity and HCA 

at different isothermal levels at 1-min intervals as the polygon (storm) moved in time. The 

WDSS-II tracking algorithm sometimes had difficulty tracking smaller storms and multiple 

storms that were close to each other. Therefore, we manually verified that each minute of data 

from the WDSS-II tracking algorithm was consistent with the isothermal images that WDSS-II 

created. In some cases, the WDSS-II storm polygons did not contain the relevant grid boxes 

associated with a particular storm. The data for those situations was corrected manually. This 

introduces the possibility of human error into the analysis even though each storm was triple 

checked to ensure accuracy.  

We placed particular importance on the presence of graupel in the MP region based on 

NIC theory and previous lightning cessation studies such as PF15 and DF17. Our archived Level 

II radar data did not contain HCA values. Therefore, we utilized an HCA internal to the WDSS-

II software, developed by J. Krause at the NSSL and described by Schuur et al. (2003) and 

Ryzhkov et al. (2005). The HCA determines which type of hydrometeor (see Table 1) is most 

likely associated with each 1 × 1 km grid box by using a fuzzy logic scheme with several 

different inputs of both dual-polarized and conventional radar products (Kumjian 2013). Results 

will show that the presence or absence of graupel is an important parameter in estimating 

lightning cessation (see Fig. 4). 

 

2.2 Data Set of Storms 

 

 A total of 184 isolated thunderstorms within the 100 km radius of the center of the 

LDAR-II network (Fig. 3) comprised our data set of storms. We defined an isolated 

thunderstorm in the same manner as PF15. Specifically, we determined visually that none of the 

cells had composite reflectivity channels with values greater than 15 dBZ connecting the storm 

in question to nearby storms (see Fig. 2 for conceptual sketch, Fig. 5 for an observed example). 

Thus, there could be no IC or CG lightning originating from another convective cell and 

extending into the storm of interest. Any storm that met this definition of isolated and had good 

radar and LDAR-II coverage was included in the data set.  
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Figure 4. Example of one of the 184 isolated storms included in our data set. The ten images are 
at the same time at five isothermal levels in rows as labeled. Reflectivity images are in the left 
side of each isothermal row, while the HCA designation is in the right side (see Table 1 for the 
color code). This time correlates to the time of cessation of this storm near 0100 UTC 7 August 
2013 also shown in Fig. 5. Note how graupel (colored pink) is not present at the higher, colder 
levels of -15°C and -20°C of the storm, while maximum reflectivity values decrease rapidly with 
altitude throughout the MP region. 
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Table 1. Color legend for the different hydrometeor types that the WDSS-II HCA recognizes 
based on a combination of dual-polarized and convectional radar products. Of interest to this 
study is the presence of graupel, denoted pink. 
 

       Hydrometeor     Color        Hydrometeor     Color 

None/Not Enough __________ Anomalous Propagation/ 

Biological Scatters 

_________ 

Light/Moderate Rain __________ Unknown _________ 

Heavy Rain __________ Dry Snow _________ 

Rain/Hail __________ Wet Snow _________ 

Big Drops __________ Ice Crystals _________ 

  Graupel _________ 

 
 

 

Figure 5. Example of composite reflectivity (CompRef) overlaid with total lightning from one of 
the 184 isolated storms included in our data set. This time (0100 UTC 7 August 2013) is the time 
of cessation for this storm, also shown in Fig. 4. Note that maximum composite reflectivity is 
still relatively strong (> 45 dBZ) compared to values in the upper MP region of Fig. 4. The red 
oval on the north side of the storm indicates the location of the storm's last lightning flash (i.e., 
the cessation flash). Inside the red circle, the white streak represents an IC flash channel from the 
LDAR-II network, while the green minus sign (-) just to the left of that flash represents a CG 
strike from the NLDN. In this particular storm, the final CG strike exhibited negative polarity 
and occurred during the same minute as the final IC flash. Thus, two symbols appear at the same 
time on this WDSS-II screenshot.  
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PF15 assessed numerous dual-polarized and conventional radar products and concluded 

that the dual-polarized derived variable HCA/graupel presence and the conventional radar 

variable maximum horizontal reflectivity comprising the storm at certain isothermal levels 

provided the greatest utility in predicting cessation. Therefore, we focused on these two 

parameters at different isothermal levels to train our predictive model--a probabilistic model. We 

specifically wanted to track the maximum horizontal reflectivity associated with each storm and 

the HCA-derived presence of graupel within all of its WDSS-II derived 1 × 1 km grid boxes at 

five isothermal levels (0°C, -5°C, -10°C, -15°C, and -20°C) in the MP region. The eleven 

parameters of interest are listed in Table 2. Our goal was to document the ongoing physical 

characteristics of the storm and to use a predictive model to assign probabilistic weights to 

parameters of statistical significance to estimate the probability that total lightning cessation has 

occurred within that storm, assuming it remained sufficiently isolated and continued to decay. 

 
 

Table 2. The eleven radar-derived storm attributes tracked through the lifetime of each isolated 
storm from lightning initiation through cessation and until storm dissipation. They include six 
maximum reflectivity parameters and five graupel presence parameters. 
 

Vertical Level             Parameter 

0°C Maximum Reflectivity 

 Graupel Presence 

-5°C Maximum Reflectivity 

 Graupel Presence 

-10°C Maximum Reflectivity 

 Graupel Presence 

-15°C Maximum Reflectivity 

 Graupel Presence 

-20°C Maximum Reflectivity 

 Graupel Presence 

Composite (maximum 

reflectivity in a column) 

Maximum Reflectivity 
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Table 3. Year-by-year and month-by-month breakdown of all 184 isolated thunderstorms 
comprising our data set. The final row and column are totals of the storms from all of the months 
or years in that row or column. Numbers in parentheses are the percentage of the total 184. 
 

 May June July August September Totals (%) 

2013 7 13 7 12 3 42 (23) 

2014 12 19 31 15 1 78 (42) 

2015 24 22 5 10 3 64 (35) 

Totals (%) 43 (23.5) 54 (29) 43 (23.5) 37 (20) 7 (4) 184 (100) 

 
 

 

Figure 6. Storm location at the time of total lightning cessation for the 184 storms in our data 
set. Each yellow circle represents one storm, while the blue line is the same 100 km radius circle 
around the LDAR-II network in Fig. 3. Most of the storms (about 85%) occurred over land. 
There is a noticeable lack of storms in southern Brevard County since the cone of silence 
associated with the KMLB radar often made it impossible to track storms passing through this 
area.  
 
 

The spatial distribution of the 184 isolated storms is shown in Fig. 6. We noticed no 

preferential storm locations by month or by year during the study period (May to September 

2013-15). Fig. 6 reveals that about 85% of the storms occurred or underwent cessation over land 

even though the land component comprises about half of the domain. This is expected because 

most warm season thunderstorms are forced by sea and river breeze circulations which favor 
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storm development over land during the afternoon. The monthly and yearly breakdown of storms 

in Table 3 shows relatively similar numbers of storms for each month except September, which 

coincides with the diminished seasonal strength of the sea and river breeze circulations. 

 

2.3 Developing a Predictive Model 

 

Both continuous and binary variables were used to train the predictive model. The 

maximum reflectivity (dBZ) at each minute of each storm area being tracked by WDSS-II at 

each isothermal level was archived. Graupel presence was archived as a binary variable, with one 

indicating graupel presence at that minute and zero denoting no graupel presence. If graupel 

occurred in at least one 1 × 1 km grid box within the isolated storm at that level (see Table 2), 

then a one was recorded. One should note that the HCA product in WDSS-II only determines the 

most likely hydrometeor class in each 1 × 1 km grid box. This could underestimate the presence 

of graupel if it were not the most likely hydrometeor in the grid box. This underestimated 

graupel could still produce electrification. WDSS-II typically displays graupel in a conspicuous 

bright pink color, which makes it easy to identify. This would make the manual application of 

our cessation algorithm easy for an operational forecaster if not using automated tracking. 

Although our technique seeks to capture the vertical profiles of graupel and reflectivity in the 

MP region, there is large vertical separation between some isothermal levels. These gaps could 

contain information important in assessing whether electrical charging is occurring. The HCA 

also provides no information about the quantity of graupel that is present in a particular grid box. 

We compiled a data set of ~10,000 min consisting of all the minutes from each of the 184 

storms during the period between lightning initiation and storm dissipation (composite 

reflectivity < 25 dBZ and no more lightning). We then used a generalized linear model (GLM) to 

calculate the probability that lightning cessation had occurred based on the radar-derived inputs 

at each minute of the storm (Nelder and Wedderburn 1972, Agresti 2013). The reason a GLM 

was chosen for this research was because GLMs can use both continuous (reflectivity) and 

binary (graupel presence) parameters as dependent variables with a non-normal error distribution 

to create a set of probabilistic weights or coefficients for a predictive model. We assigned an 

indicator for whether cessation had or had not yet occurred at each 1 min observation time so 

that the predictive model would properly associate certain values of parameters with cessation. A 
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binomial error distribution therefore was appropriate for the GLM being used to develop a 

forecast technique for lightning cessation. The GLM uses a maximum likelihood estimation of 

the input model parameters we are testing (Table 2). Each minute was treated as an event or 

observation and was classified as occurring before lightning cessation (i.e., while lightning is 

ongoing) or after cessation (i.e., when it is safe to terminate a lightning advisory).   

 
 

 

Figure 7. Flow chart showing the procedure for training the bootstrapped version of the 
predictive model. Observations of a set of parameters (reflectivity and graupel presence) are 
taken minute by minute for each of the 184 isolated storms (table in the upper left). Each column 
represents one of the isolated storms, and each minute includes the set of observed radar-derived 
parameters. The set of observed parameters at each time are designated as being either before 
cessation has occurred (red shading) or after cessation (green shading), with the solid red line 
indicating that cessation has occurred. Some of the observations (both before and after cessation) 
are randomly selected to train the bootstrapped predictive model and are assigned the letters A 
through H. The observations in red instruct the predictive model to associate these observed 
radar-derived values with future lightning, while observations in green instruct the predictive 
model to assume no additional flashes.  
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We took two approaches to training the GLM predictive model to have more confidence 

in the results. The first approach divided the total data set of 184 storms into a training set of 

storms during 2013 and 2014 (~65% of the total) and a testing set of 2015 storms (~35%). Every 

1 min interval observation in the training set was used to train the GLM, and every 1 min interval 

observation in the testing set was used to test the model on a completely separate data set. We 

refer to this version of the predictive model as the independent version. The second training 

approach took a 40% random sample of 1 min interval observations from the complete data set 

of storms both before and after lightning cessation, regardless of year. The process of taking a 

40% random sample and then calculating the predictive model was repeated 1,000 times to 

create a bootstrapped median estimate of the predictor coefficients. We refer to this version of 

the predictive model as the bootstrapped version. Fig. 7 depicts a conceptual flow chart of how a 

random sample of observations data were used to train the bootstrapped version of the predictive 

model. Results shown in Chapter 3 will compare the independent and bootstrapped approaches 

for creating the predictive model. 

Fig. 2 showed conceptually that we expect smaller values of reflectivity and a lack of 

graupel presence to be associated with observations after cessation (green) rather than before 

(red). The predictive model calculates predictor coefficients that best reduce errors with a linear 

combination of radar-derived parameters with a least squares method for maximum likelihood 

estimation. These coefficients allow the determination of a probability that cessation has 

occurred (Agresti 2013). The trained GLM provided a set of coefficients for each of the 

statistically significant input parameters which comprise the dependent predictors of cessation. 

These coefficients act as probabilistic weights which then can be multiplied by their associated 

parameters to produce a probability that cessation has occurred given a set of storm observations.  

When using a binomial distribution to estimate error distributions for the GLM, the 

probability is calculated with what is commonly referred to as a “link” function as in (1) based 

on Agresti (2013). 

 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝐶𝑒𝑠𝑠𝑎𝑡𝑖𝑜𝑛) =  exp(𝑐0 + 𝑐1𝑥1 + 𝑐2𝑥2 + 𝑐3𝑥3 + ⋯ )1 + exp(𝑐0 + 𝑐1𝑥1 + 𝑐2𝑥2 + 𝑐3𝑥3 + ⋯ )                 (1) 
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The symbols x1, x2, x3, … represent statistically significant input parameters to the GLM such as 

maximum reflectivity (dBZ) at certain levels; c1, c2, c3, … are coefficients calculated by the 

GLM to be multiplied by their associated input parameter x; and c0 is the intercept for the linear 

model. The terms within the exponential function on the top and bottom of the right hand side of 

(1) represent the sum of the intercept and all of the coefficients multiplied by their associated 

input parameters. The GLM was produced using the MATLAB analysis software (MATLAB 

2016) to determine which of the original eleven predictors provided statistical value to the model 

forecast. The GLM function within MATLAB outputs statistical testing information about each 

of the input variables including the t-statistic for each parameter and the probability associated 

with that t-statistic. We used both backwards elimination and forwards selection on our input 

parameters to reject parameters which had p-values > 0.01. 

 

2.4 Caveats of the Technique 

 

 The methodology described so far contains several caveats that should be discussed 

before exploring the results. First, isothermal heights will have slightly different values based on 

their source, and slightly different input values could be created depending on the radar scan 

pattern and the visualization software. These differences in height are expected to be small. It 

also should be noted that the WDSS-II tracking algorithm at times was inconsistent and had to be 

corrected manually, introducing possible human error which could alter results. Another concern 

is that a storm for whatever reason might be poorly resolved by the radar such that our technique 

might terminate a lightning advisory too early. If the technique appears to be failing when 

lightning obviously is ongoing, a forecaster should make sure that the radar coverage is good in 

the MP region of the storm and that the input data are not flawed. Finally, the 45WS intends to 

apply the lightning cessation guidance using a 5 cm radar, not the 10 cm KMLB radar which was 

used here for algorithm development. This difference in radars likely will introduce differences 

in reflectivity and the hydrometeor classification that must be investigated before the procedure 

is implemented operationally using the 5 cm radar. 

The method we develop does not account for the previous history of an individual storm 

(e.g., charge buildup over time before an observation was made). However, the relatively weak 

isolated thunderstorms that we were investigating generally decayed in the same monotonic 
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fashion, as revealed by lightning flash interval research from ST10 and Roeder and Glover 

(2005). Thus, a more accurate interpretation of the GLM output is the probability that a lightning 

flash occurring at this minute is the last flash associated with the particular isolated 

thunderstorm. 

 It is important to note that lightning cessation at times can be virtually unpredictable 

because of numerous complicating issues. For example, remnant charge can influence the 

propensity for future lightning, something not considered with this predictive model. The exact 

location and timing of any future lightning flash is still impossible to determine. For this reason, 

forecasters should use appropriate discretion with the location and timing of lightning advisories 

as storms move with time. In addition, lightning strikes can propagate through seemingly clear 

sky, known as a “bolt from the blue” (Dowdy and Mills 2012) or “dry lightning” (Rorig et al. 

2007). The isolated warm season storms studied here are not synoptically driven, but are due 

almost exclusively to sea and river breeze circulations. Thus, the guidance technique developed 

here may not be as effective for isolated convection forced by strong frontal boundaries. 

However, PF15 examined isolated convection in Oklahoma and found that their cessation 

algorithm appeared to perform just as well as in Florida.  
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CHAPTER 3 

 

RESULTS AND DISCUSSION 

 

 
3.1 Final Predictive Models 

 

We compiled a set of 1 min observations of isolated thunderstorms from lightning 

initiation through cessation to dissipation to determine whether observations of maximum 

reflectivity and graupel presence at certain isothermal levels could provide a probabilistic basis 

for estimating total lightning cessation. We determined which of these predictors were 

statistically significant contributors to a predictive model and then tested its performance on a 

random sample of observations using forecast verification statistics. The following results 

compare two different versions of the GLM, referred to as the independent version and the 

bootstrapped version. The independent version was trained on all 1 min interval observations 

from 65% of the total set of warm season storms during 2013 and 2014. The bootstrapped 

version was trained on a bootstrapped 40% random sample of all years of the 1 min interval 

observations. Results first test how the GLMs perform by treating every 1 min interval 

observation as an independent observation for forecasting cessation and comparing the 

calculated probability of cessation from (1) to certain probability thresholds. This is followed by 

an analysis of the results as though storms were occurring in real-time in section 3.2 and 

recommendations for applying the technique in section 3.3. 

 
3.1.1 Training the Models 

 
As discussed in section 2.3, we used two approaches to determine the best combination of 

predictors for assessing the probability of lightning cessation using the GLM. In each case we 

utilized both forwards selection and backward elimination of the original eleven predictors 

(Table 2) to pick those that provided the most statistical significance (similar to Roeder et al. 

2010). Forward selection involves starting with no variables in the model, testing the addition of 

each variable using a chosen model fit criterion (p < 0.01), adding that variable if its inclusion 

gives a significant improvement of the fit, and repeating this process until no additional 

parameters improve the model to a statistically significant extent. Conversely, backward 
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elimination involves starting with all candidate variables, testing the deletion of each variable 

using a chosen model fit criterion, deleting the variable whose loss gives the most statistically 

insignificant deterioration of the model fit, and repeating this process until no further variables 

can be deleted without a statistically significant loss of fit. The independent version of the GLM 

selected the seven predictors listed in Table 4, while the bootstrapped version of the GLM chose 

the six predictors listed in Table 5. The coefficients associated with the selected input parameters 

that are necessary for (1) are listed in Tables 6 and 7 for the independent and bootstrapped 

versions of the GLM, respectively. Somewhat surprisingly, the backward and forward selections 

both selected almost the same subset of our original eleven predictors for the two versions of the 

GLM, providing confidence in their selection as the best predictors for the final version of the 

GLM.   

The bootstrapping method which produced the median coefficients was performed after 

forward and backward selection was done. To get the best estimate for coefficient values in (1) 

for the bootstrapped GLM, we took 1,000 random 40% samples of our 1 min observations to run 

the GLM 1,000 times as in Fig. 7 using the six predictors from Table 5. Then, for each of the six 

predictors, we calculated the median of the 1,000 estimates of the coefficient values and used 

those as the bootstrapped GLM coefficients for our probability algorithm for cessation in (1). 

The right hand column in Table 7 lists the median coefficient values analogous to c1, c2, c3, etc. 

 
 
Table 4. The seven predictors found to be statistically significant at the 0.01 level by the 
independent version of the GLM. The xi refers to the x variables in (1). The original eleven 
predictors were listed in Table 2. 

 

Level Parameter (xi) 

Composite (maximum) Maximum reflectivity (dBZ) 

0°C Maximum reflectivity (dBZ) 

Graupel presence (1 or 0) 

-5°C Graupel presence (1 or 0) 

-10°C Graupel presence (1 or 0) 

-15°C Graupel presence (1 or 0) 

-20°C Graupel presence (1 or 0) 
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Maximum composite reflectivity (maximum from all vertical levels) and reflectivity at 

the 0°C level were chosen for both versions of the GLM (Tables 4 and 5). Thus, reflectivities 

from the lower MP region were favored over the upper MP region. Graupel presence at the -5°C, 

-10°C, -15°C, and -20°C levels also were retained for both versions of the GLM, with the lowest 

altitude graupel presence at 0°C being the only discrepancy. These sets of radar-derived 

parameters correspond to x1, x2, x3, … in (1). 

 
 

Table 5. The six predictors found to be statistically significant at the 0.01 level by the 
bootstrapped version of the GLM. The xi refers to the x variables in (1). The original eleven 
predictors were listed in Table 2. 

 

Level Parameter (xi) 

Composite (maximum) Maximum reflectivity (dBZ) 

0°C Maximum reflectivity (dBZ) 

-5°C Graupel presence (1 or 0) 

-10°C Graupel presence (1 or 0) 

-15°C Graupel presence (1 or 0) 

-20°C Graupel presence (1 or 0) 

 
 
The physical reasoning leading to the selection of these predictors is open to 

interpretation. Perhaps maximum reflectivities at the lower levels, instead of the higher altitudes, 

provide the best estimate of the intensity of a given thunderstorm and its propensity to form new 

graupel. Graupel presence in the middle and upper levels may best indicate the charge separation 

potential of the ongoing thunderstorm. We found that graupel at 0°C tended to persist long after 

cessation had occurred (not shown), probably explaining its failure to be selected for the 

bootstrapped version of the GLM. However, graupel at 0°C was selected for the independent 

version. Upper level graupel possibly was selected for both versions because its presence likely 

indicated that electrification was still ongoing and therefore was more indicative of a potential 

future lightning flash. Maximum reflectivity from the 0°C level and the maximum composite 

reflectivity often were the greatest reflectivities of the six reflectivity-based predictors that were 

investigated. Furthermore, the value of maximum composite reflectivity often matched closely 
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with the 0°C maximum reflectivity. These two reflectivities provide the best estimate of the 

ability of the storm to continue to produce updrafts which lead to graupel formation. 

 
 
Table 6. The seven predictors from Table 4 for the independent version of the GLM, along with 
their associated coefficients and intercept. The ci and xi refer to the c and x variables in (1). 
 

Parameter (xi) Coefficient Value (ci) 

Maximum reflectivity (dBZ) at Composite -0.2306 

Maximum reflectivity (dBZ) at 0°C -0.0643 

Graupel presence (1 or 0) at 0°C -0.8699 

Graupel presence (1 or 0) at -5°C -0.7743 

Graupel presence (1 or 0) at -10°C -0.9614 

Graupel presence (1 or 0) at -15°C -0.7801 

Graupel presence (1 or 0) at -20°C -1.2509 

Intercept (c0) 15.8459 

 
 
Table 7. The six predictors from Table 5 for the bootstrapped version of the GLM, their 
associated median coefficients and intercept. The ci and xi refer to the c and x variables in (1). 
 

Parameter (xi) Median Coefficient Value (ci) 

Maximum reflectivity (dBZ) at Composite -0.2472 

Maximum reflectivity (dBZ) at 0°C -0.0637 

Graupel presence (1 or 0) at -5°C -1.1189 

Graupel presence (1 or 0) at -10°C -0.8548 

Graupel presence (1 or 0) at -15°C -0.8072 

Graupel presence (1 or 0) at -20°C -0.9997 

Intercept (c0) 16.0826 

 

 

3.1.2 Testing Model Performance and Reliability 

 

 The two versions of the GLM using parameters and their coefficients from either Table 6 

(independent) or Table 7 (bootstrapped) were tested in somewhat different ways. For the 
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independent version, the testing data set consisted of all 1 min interval observations from the 

35% of the total storm set which was not used for training. Standard statistical testing trains a 

predictive model on a subset of the available observations and then tests it on the remaining 

subset. However, our median estimates of coefficient values for the bootstrapped GLM (Table 7) 

were not tied directly to a single independent set of observations but were based on 

bootstrapping. Therefore to test its performance we used a random sample of 60% of all of the 

observations by minute across the storms. In both versions, the probability that cessation had 

occurred was calculated at each 1 min observation. If the probability exceeded a certain 

threshold, the model predicted that cessation had already occurred.  

 We needed to establish a probability threshold(s) above which the model would predict 

that lightning cessation has occurred. In other words shift from a probabilistic to a deterministic 

result. We tested probability thresholds of 95.0%, 97.5%, and 99.0%. These high probabilities 

were selected because ensuring safety is the primary concern of the 45WS. The results of each 

probability threshold for the two GLMs were used to prepare 2 × 2 contingency tables (e.g., 

Table 8). For the independent GLM, every minute/observation in the 35% independent set of 

storms was categorized as A, B, C, or D as in Table 8 and then used to calculate the forecast 

statistical metrics defined in (2-7) and enumerated in Table 9. The same procedure was followed 

with the bootstrapped GLM, but with every minute/observation in the 60% random sample of 

observations categorized using Table 8 with the forecast statistical metrics in Table 10. 

 
 

Table 8. Contingency table for common forecast verification statistics (Wilks 2006, Roebber 
2009). The letters A, B, C, and D refer to inputs for (2-7) below. 
 
        Was cessation observed at this minute?  

     Yes            No 

Was cessation forecast at     

this minute? 

Yes  A (Hits) B (False Alarms) 

No C (Misses) D (Correct Nulls) 

 
 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛  =   𝑃𝑂𝐷  =    𝐻𝑖𝑡𝑠𝐻𝑖𝑡𝑠 + 𝑀𝑖𝑠𝑠𝑒𝑠   =    𝐴𝐴 + 𝐶                                        (2) 
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𝐹𝑎𝑙𝑠𝑒 𝐴𝑙𝑎𝑟𝑚 𝑅𝑎𝑡𝑖𝑜   =   𝐹𝐴𝑅  =   𝐹𝑎𝑙𝑠𝑒 𝐴𝑙𝑎𝑟𝑚𝑠𝐻𝑖𝑡𝑠 + 𝐹𝑎𝑙𝑠𝑒 𝐴𝑙𝑎𝑟𝑚𝑠  =   𝐵𝐴 + 𝐵                                         (3) 

 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝐶𝑜𝑟𝑟𝑒𝑐𝑡    =      𝐸𝑋𝑃𝐶𝑂𝑅=     (𝐻𝑖𝑡𝑠 + 𝑀𝑖𝑠𝑠𝑒𝑠) ∗ (𝐻𝑖𝑡𝑠 + 𝐹𝑎𝑙𝑠𝑒 𝐴𝑙𝑎𝑟𝑚𝑠)𝑇𝑜𝑡𝑎𝑙 𝐸𝑣𝑒𝑛𝑡𝑠+    (𝐶𝑜𝑟𝑟𝑒𝑐𝑡 𝑁𝑢𝑙𝑙𝑠 + 𝑀𝑖𝑠𝑠𝑒𝑠) ∗ (𝐶𝑜𝑟𝑟𝑒𝑐𝑡 𝑁𝑢𝑙𝑙𝑠 + 𝐹𝑎𝑙𝑠𝑒 𝐴𝑙𝑎𝑟𝑚𝑠)𝑇𝑜𝑡𝑎𝑙 𝐸𝑣𝑒𝑛𝑡𝑠=      (𝐴 + 𝐶) ∗ (𝐴 + 𝐵) + (𝐷 + 𝐶) ∗ (𝐷 + 𝐵)𝐴 + 𝐵 + 𝐶 + 𝐷                                                           (4) 

 𝐻𝑒𝑖𝑑𝑘𝑒 𝑆𝑘𝑖𝑙𝑙 𝑆𝑐𝑜𝑟𝑒    =    𝐻𝑆𝑆   =     (𝐻𝑖𝑡𝑠 + 𝐶𝑜𝑟𝑟𝑒𝑐𝑡 𝑁𝑢𝑙𝑙𝑠) − 𝐸𝑋𝑃𝐶𝑂𝑅𝑇𝑜𝑡𝑎𝑙 𝐸𝑣𝑒𝑛𝑡𝑠 − 𝐸𝑋𝑃𝐶𝑂𝑅=        (𝐴 + 𝐷) − 𝐸𝑋𝑃𝐶𝑂𝑅(𝐴 + 𝐵 + 𝐶 + 𝐷) − 𝐸𝑋𝑃𝐶𝑂𝑅                                                                            (5) 

 𝑇𝑟𝑢𝑒 𝑆𝑘𝑖𝑙𝑙 𝑆𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐    =     𝑇𝑆𝑆   =     (𝐻𝑖𝑡𝑠 ∗ 𝐶𝑜𝑟𝑟𝑒𝑐𝑡 𝑁𝑢𝑙𝑙𝑠) − (𝐹𝑎𝑙𝑠𝑒 𝐴𝑙𝑎𝑟𝑚𝑠 ∗ 𝑀𝑖𝑠𝑠𝑒𝑠)(𝐻𝑖𝑡𝑠 + 𝑀𝑖𝑠𝑠𝑒𝑠) ∗ (𝐹𝑎𝑙𝑠𝑒 𝐴𝑙𝑎𝑟𝑚𝑠 + 𝐶𝑜𝑟𝑟𝑒𝑐𝑡 𝑁𝑢𝑙𝑙𝑠)=         (𝐴 ∗ 𝐷) − (𝐵 ∗ 𝐶)(𝐴 + 𝐶) ∗ (𝐵 + 𝐷)                                                                                               (6) 

 𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑆𝑢𝑐𝑐𝑒𝑠𝑠 𝐼𝑛𝑑𝑒𝑥 = 𝐶𝑆𝐼 =  𝐻𝑖𝑡𝑠𝐻𝑖𝑡𝑠 + 𝑀𝑖𝑠𝑠𝑒𝑠 + 𝐹𝑎𝑙𝑠𝑒 𝐴𝑙𝑎𝑟𝑚𝑠   =  𝐴𝐴 + 𝐵 + 𝐶               (7) 

 

Table 9. Forecast verification statistics defined in (2-7) for the testing data set of the independent 
GLM for the three probability thresholds using the predictive model from (1) and Table 6.  
 

   POD FAR (Ratio)   HSS   TSS   CSI 

95.0% 0.6679 0 0.6543 0.6679 0.6679 

97.5% 0.6520 0 0.6107 0.6250 0.6250 

99.0% 0.5379 0 0.5228 0.5379 0.5379 

 
 

It is important to understand that the verification statistics in Tables 9 and 10 cannot be 

interpreted in the same way as traditional forecast metrics. The most important reason is the 
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nature of forecasting the cessation of an event as opposed to its onset. In the lightning cessation 

framework, a false alarm at a given observation time means that model determined cessation had 

occurred, whereas observations indicate that lightning is still occurring. This is the most 

dangerous possible outcome from a safety perspective. Hits indicate an observation/minute when 

the predictive model correctly forecasts that lightning cessation has already occurred, while 

correct null events indicate that the model correctly indicates that lightning is still ongoing and 

does not forecast cessation. Misses mean that the predictive model is being too cautious since it 

indicates that cessation has not yet occurred at that minute while observations reveal that 

cessation has already occurred. This is not a dangerous result, although it does not provide a time 

savings. Thus, false alarms are the least desirable result since a forecaster relying only on this 

predictive model would end the lightning advisory too early and put life and property at risk. A 

“missed” minute simply means that the predictive model would predict that cessation has not yet 

occurred for an observation taken after the time of the last lightning flash, which a forecaster 

would be inclined to do anyway. More about how these predictive models perform in real time is 

given in section 3.2. 

 
 
Table 10. Forecast verification statistics defined in (2-7) for the bootstrapped GLM, taking a 
random sample of 60% of observations by minute for the three probability thresholds using the 
predictive model from (1) and Table 7. 
 

   POD FAR (Ratio)   HSS   TSS   CSI 

95.0% 0.6989     0.0044 0.6650 0.6949 0.6968 

97.5% 0.6318     0.0013 0.5976 0.6307 0.6312 

99.0% 0.5451     0.0005 0.5098 0.5448 0.5448 

 
 

It is very reassuring that the FARs in Tables 9 and 10 are less than 0.5% or even zero for 

each of the three probability thresholds. This means that only a very small number of 

observations using the bootstrapped model forecast cessation too early, and none of the 

observations for the independent model do so. Thus, it will be a rare event for any of the three 

probability thresholds to predict lightning cessation too early. This finding does not necessarily 

mean that the models will perform as well in real time. Even predicting cessation one minute 
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early for an individual storm produces some risk. The real-time results in section 3.2 provide 

greater insight to this issue. 

The PODs in Tables 9 and 10 range from ~0.50 to ~0.70. Although the PODs vary 

between probability thresholds, there is little difference between values from the independent 

and bootstrap methods at a given threshold. The POD values are below their ideal value of 1 

because both versions of the GLM air waiting after cessation has occurred to forecast its 

occurrence. Every observation after cessation actually has occurred but which the model had not 

predicted cessation negatively affects the POD. Therefore lower POD values do not represent a 

safety concern but instead show that there may be a lack of time savings. Thus, improving 

excessively long wait times should be a goal for future revisions to the predictive model. Finally, 

the skill scores HSS, TSS, and CSI suggest that the 95.0% threshold appears to be the best 

performing threshold of our predictive models while not sacrificing much in FAR. For most of 

the forecast metrics by minute, the bootstrapped GLM performs slightly better than the 

independent GLM, with both favoring the 95.0% probability threshold depending on use. 

Reliability diagrams (Bröcker and Smith 2007) provide important information as to 

whether a predictive model is performing in a consistent manner. Output from the predictive 

model is a probability that cessation has occurred, and a reliability diagram tests whether the 

observations associated with a certain probability threshold actually occurred at the same rate 

relative to cessation. For example, consider the frequency of all the 1 min periods when the 

model predicts between a 70% and 80% chance that cessation has already occurred. Then, in 

order to be considered reliable, the observed lightning observations should contain ~ 75% post-

cessation minutes and ~ 25% pre-cessation minutes. Thus, a reliability diagram plots forecast 

(model) probability versus observed probability (frequency) to show whether the model has a 

tendency to over or under forecast the event over a range of probabilities. This provides insight 

into how the models would perform at many probability thresholds, not just the higher thresholds 

we already have tested. 

In creating the reliability diagram in Figs. 8 and 9, points along the red dashed line were 

determined by partitioning the observations/minutes into probability bins and then comparing the 

relative frequency of actual post-cessation observations in that probability bin. The ten points 

(red circles) along the line represent ten bins of probabilities that each are 10% wide; values are 

plotted on the x-axis at their midpoints (5%, 15%, etc.). Conversely, the position on the y-axis 
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corresponds to the actual observed probability of cessation by calculating the frequency of actual 

post-cessation minutes to all minutes within that probability bin. For a perfectly reliable model, 

all of the red point would fall along the black diagonal line. Points above the black line indicate 

that cessation occurs more often than the model predicts, while points below the black line 

represent the model over forecasting the probability of cessation based on the frequency of those 

minutes. The results in Figs. 8 and 9 indicate that each model over or under predicts cessation by 

only small amounts. The bootstrapped version of the model is more reliable than the independent 

version, which would be expected based on its training. Nonetheless further examination of how 

the predictive models would perform in real time with archived isolated storms is needed to 

better understand their utility. 

 
 

 
Figure 8. Reliability diagram for the independent version of the GLM using (1) and Table 6. The 
diagram was created with an independent testing set of 35% of the total set of storms just as in 
Table 9. Performance of the predictive model is plotted by the red dashed line, while the solid 
black line represents a perfect one-to-one relationship between the forecast (model) probability 
and the observed relative frequency of observations associated with cessation.  
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Figure 9. Reliability diagram for the final version of the bootstrapped GLM using (1) and Table 
7. The diagram was created with a random sample of 60% of all of the observations just as in 
Table 10. Performance of the predictive model is plotted by the red dashed line, while the solid 
black line represents a perfect one-to-one relationship between the forecast (model) probability 
and the observed relative frequency of observations associated with cessation.  
 

 
3.2 Storm by Storm Results 

 

 In contrast to the previous approach for evaluation, the second method of evaluation 

treats each storm as an event for which the models are trying to successfully forecast lightning 

cessation. This mimics real-time usage, although we utilize our archived data set. We begin 

testing the two GLMs at the first observed lightning flash and simulate ending a lightning 

advisory when the GLM-derived probability of cessation exceeds a certain threshold (i.e., 95.0%, 

etc.). Fig. 10 is a conceptual timeline of an isolated thunderstorm that indicates how the 

predictive model might perform compared to current guidance at the 45WS, assumed to be a 15 

min wait time (William R. Roeder, personal communication, 2017).  
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 We investigate whether a late lightning flash might occur long after the predictive model 

ends an advisory. Conversely, the model might end a lightning advisory so long after cessation 

has already occurred that the model is unusable. To highlight both of these issues, Fig. 10 is a 

conceptual diagram that contains a solid red line at cessation (t = 0 min) and a dashed black line 

at 15 min after cessation. Lines to the right of the red line correspond to observations of the 

storm after t = 0. The three colored arrows represent the three probability thresholds used 

previously for the bootstrapped version of the GLM. After each storm is tested, a new set of 

forecast verification metrics is calculated. 

 
 

 

Figure 10. Conceptual timeline showing the 60 min life time of an idealized isolated storm from 
lightning initiation through cessation to storm dissipation. The red solid line at t = 0 min 
corresponds to the observed time of cessation. The red solid line and the black dashed line at 15 
min relative to cessation are as in Figs. 13 and 14. Minutes listed in purple are the number of 
minutes relative to cessation. The color-coded arrows correspond to the three probability 
thresholds from the bootstrapped GLM and their associated median minutes relative to cessation. 
 
 
 Figs. 11-14 apply the concept of Fig. 10 to the storms. The cessation model performs best 

when it predicts cessation between the solid red line and the dashed black lines. This indicates 

that a lightning advisory is safely ended after the final flash but before the 15 min wait time 

presently being used by the 45WS, thereby reducing unnecessary expense. Figs. 11-14 are 

plotted with minutes relative to cessation increasing on the y-axis. Symbols represent the 

predicted cessation time relative to the observed cessation time (solid red line). Thus, the results 
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show how the models would perform if an operational forecaster were using them as their only 

guidance for lightning cessation.   

 
 

 

Figure 11. Storm by storm results for the independent version of the GLM using the independent 
testing set of 35% of the total storms. Symbols beneath the red line indicate that the model 
predicted cessation before it was observed, while symbols above the black dashed line show that 
the model waited after the presently used 15 min wait period. Medians are indicated by the 
"med" values at the top of each panel. The independent version of the GLM predicts that none of 
the storms will experience cessation before it actually occurs, consistent with the zero FARs in 
Table 9. 
 
 
 Fig. 11 reveals that using the independent version of the GLM on the independent data 

set should not be dangerous to outdoor activities. No storm at any probability threshold is 

forecast to have experienced cessation before it actually occurs (i.e., plotted below the red line). 

However, several storm symbols appear just above the red line, meaning the independent GLM 

waited only 1 or 2 min after the last observed lightning flash to simulate ending the lightning 

advisory at the 95.0% probability threshold. The great majority of storms are correctly forecast to 
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experience cessation before the presently used 15 min wait time. It is instructive to consider how 

the independent GLM performs on the entire data set of 184 storms to better assess its safety. 

Fig. 12 demonstrates results when the independent model is applied to all 184 storms, not just the 

independent set in Fig. 11. 

 
 

 

Figure 12. Storm by storm results for the independent version of the GLM using all 184 of the 
storms in the total storm set. The independent version of the GLM predicts two storms to 
experience cessation earlier than it was observed at the 97.5% and 99.0% probability thresholds 
and three storms at the 95.0% threshold. Forecast statistics based on these results are in Table 11. 
 
 

There are three storms that the independent GLM would have forecast cessation too soon 

(points below the red line in Fig. 12) at the 95.0% probability thresholds. Even the 99.0% 

threshold produces two instances when cessation was forecast too early. The outlier storm when 

cessation was forecast almost 20 min before it was observed was a result of the first lightning 

flash occurring before the next radar scan showed observations suggesting that lightning is 

ongoing. This highlights the concern that solely using the GLM for guidance might end a 
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lightning advisory too early. These GLMs should not be applied to storms which have not yet 

been scanned by the radar once a lightning flash has occurred. The median wait times for the 

independent version of the GLM range from 8 min after cessation to 12 min after cessation for 

the three probability thresholds, all of which improve on the 15 min guidance indicated by the 

dashed black line. For most of the storms there is very little difference (< 5 min) between results 

at the 95.0% and 99.0% probability thresholds.  

Figs. 13 and 14 were created just as Fig. 12 but using the parameters and coefficients for 

the bootstrapped GLM from Table 7. An important finding is that each panel shows only one or 

two storms in which cessation was forecast too soon (points below the red line). We believe that 

achieving this high degree of safety is a major accomplishment that has not been done 

previously. However, compared to the independent model, there are more storms when the 

bootstrapped GLMs provide safety but no time savings compared to present guidelines of the 

45WS (points above the black dashed line). An interesting finding between results of the 95% 

and 99% confidence thresholds is that increasing the confidence by 4% has virtually no effect on 

reducing the unsafe outcomes. The number changes from two storms at 95% to one storm at 

99%. However, there is a much greater difference in the time savings; the 99% confidence level 

produces more storm forecasts that do not provide time savings compared to present procedures. 

Future research will be required to determine whether both safety and improved time savings can 

be achieved better simultaneously. 

It is interesting that even the 99.0% probability threshold produces one dangerous result 

below the solid red line (bottom of Fig. 13). This indicates that even requiring a very high 

probability threshold will not rule out every dangerous lightning flash. Thus, at some point a 

forecaster sacrifices too much time that could be used for outdoor activities in an attempt to 

provide unattainable absolute safety. This result is in the spirit of Roeder and Glover (2005), 

ST10, and PF15 who all determined that the probability of another lightning flash will never 

truly drop to zero due to the complexity of the charging mechanisms for lightning. Therefore, a 

useful lightning cessation tool is one that maximizes safety while making the best attempt 

possible at reducing wait times since lightning cessation likely never will be assessed perfectly. 

If the guidance models presented here were placed in operational use by the 45WS, they could 

run the cessation model each minute for each threatening storm and make a yes/no decision 

based on the model output, the probability threshold that is acceptable, and their own experience.  
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Figure 13. Storm by storm results for the three different probability thresholds of the 
bootstrapped GLM using the input parameters described in Table 7. Symbols beneath the red line 
indicate that the model predicted cessation before it was observed, while symbols above the 
black dashed line show that the model waited too long after cessation to predict cessation. 
Medians are indicated by the "med" values at the top of each panel. These panels are overlaid to 
create Fig. 14. 
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Figure 14. Storm by storm results for the combination all three thresholds of the bootstrapped 
predictive model (the three panels in Fig. 13). The symbols correspond to those in Fig. 13 with 
the results enlarged and overlaid for comparison. Both the 95.0% (black asterisks) and 97.5% 
(red circles) thresholds contain two storms below the red line in which lightning was predicted to 
have ended before cessation had actually occurred, while the 99.0% threshold has just one. The 
most premature and most dangerous storm was predicted to experience cessation 4 min before it 
actually occurred at both the 95.0% and 97.5% thresholds. Forecast statistics based on these 
results are in Table 12. 
 
 

Based on the median minutes relative to cessation from the three probability thresholds 

shown in Figs. 13 and 14, the bootstrapped predictive model provides a median wait time as 

small as 9 min. Even the most conservative confidence threshold of 99.0% produces a median 

wait time of 14 min. Thus, the 95.0% or 97.5% thresholds seem to be better options for the 

bootstrapped GLM since they shorten the median wait times to as little as 9 min with similar 

numbers of unsafe storms. Although the 95.0% probability threshold (black asterisks) predicts 

cessation too early for only two of the 184 storms (around 1%), Fig. 14 reveals that the 95.0% 

probability threshold waited just 1 min after an observed lightning strike to terminate a lightning 

advisory for a number of storms, which could seem counterintuitive to an operational forecaster. 
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Conversely, the median time after cessation that is predicted by the model is 14 min for the most 

conservative 99.0% probability threshold, which would be on par with, or only slightly better 

than, than the guidance used by the 45WS. These results suggest that the 97.5% probability 

threshold provides the best overall results since it produces the best balance between safety and 

time savings for both versions of the GLM. This balance also favors the bootstrapped version of 

the GLM since it does not contain any very early false alarms while only increasing the median 

wait times by a couple of minutes. 

Incorporating this additional understanding about the distribution of wait times, we can 

better compare the three probability thresholds of the predictive models by calculating several 

forecast statistics from the storm by storm results. This new framework does not contain “correct 

null” or D events as in Table 8 since all storms do eventually experience cessation. There are 

several statistical metrics that do not require information about null events. In addition to the 

previously defined probability of detection (POD), false alarm ratio (FAR), critical success index 

(CSI), bias now can be calculated using (8). These four statistics are shown in Tables 11 and 12 

based on forecast verification from the storm by storm application of the two versions of the 

predictive model.  

                                             𝐵𝑖𝑎𝑠 =   𝐻𝑖𝑡𝑠 + 𝐹𝑎𝑙𝑠𝑒 𝐴𝑙𝑎𝑟𝑚𝑠𝐻𝑖𝑡𝑠 + 𝑀𝑖𝑠𝑠𝑒𝑠   =   𝐴 + 𝐵𝐴 + 𝐶                                       (8) 

 
 
Table 11. Forecast verification statistics from the storm by storm results for the three probability 
thresholds of the independent version of the predictive model (shown in Fig. 12). The forecast 
statistic in bold in each column is the one closest to the statistical ideal of that parameter among 
the three probability thresholds. 
 

   POD FAR (Ratio)   CSI    Bias 

95.0% 0.8603     0.0314 0.8370 0.8883 

97.5% 0.8011     0.0203 0.7880 0.8177 

99.0% 0.6978     0.0155 0.6902 0.7088 

 
 

This approach counts any storm indicated by the model to be electrically inactive before 

cessation actually occurs as a false alarm, which corresponds to any result below the red line in 
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Figs. 11-14. Any storm with a wait time after cessation between 1 and 15 min between the red 

solid and dashed black lines in Figs. 11-14 is designated a hit. Finally, any storm with a wait 

time more than 15 min is counted as a missed event and is denoted in Figs. 11-14 as a symbol 

above the dashed black line. This approach still considers false alarms to be the worst desirable 

result; misses are still undesirable but are at least not endangering safety.  

 
 
Table 12. Forecast verification statistics of the storm by storm results for the three probability 
thresholds of the bootstrapped version of the predictive model (shown in Fig. 14). The forecast in 
bold in each column is the one closest to the statistical ideal of that parameter among the three 
probability thresholds. 
 

   POD FAR (Ratio)   CSI    Bias 

95.0% 0.8022     0.0135 0.7935 0.8132 

97.5% 0.7033     0.0154 0.6957 0.7143 

99.0% 0.5519     0.0098 0.5489 0.5574 

 
 
 The forecast statistics in Tables 11 and 12 show that the GLM techniques have great 

promise for improving forecasts of lightning. The best POD, CSI, and bias are at the 95.0% 

probability threshold for both the independent and bootstrapped GLMs. Although the 99.0% 

threshold reduces the false alarm ratio, it does so at the expense of missing events which leads to 

poorer POD, CSI, and bias statistics. Note that the FARs in Tables 11 and 12 are much greater 

than the counterpart FARs in Tables 9 and 10. This occurs because although a very small 

percentage of the total minutes or observations in the sample are associated with false alarms, 

those minutes are distributed among a few storms that individually perform slightly worse.  

Bias assesses whether a forecast tends to over predict (and produce many false alarms) or 

under predict (and produce many misses). Based on (8) a “perfect” bias score is one. Therefore, 

the values < 1.0 in all three versions of the model indicate that the model does not tend to over 

forecast cessation. Instead, the model is biased towards safety. This is really what a forecaster 

desires from a forecast scheme of lightning cessation—do not put life and property at risk by 

being overzealous.  

The somewhat smaller values of FAR from the bootstrapped version of the GLM (Table 

12) than the independent model (Table 11) suggest that it is safer and better to use operationally 
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than the independently trained version even though PODs for the independent GLM are slightly 

better than their bootstrapped GLM counterparts. The greater POD for the 95.0% version of the 

bootstrapped model and its FAR of ~1.35% make the 95.0% probability threshold of the 

bootstrapped GLM the best choice from a forecast verification statistic standpoint of real-time 

storms when considering both safety and time savings 

 

3.3 Operationally Applying the Predictive Model 

 

 None of the three probability thresholds for either version of the predictive model 

demonstrate perfect safety since at least one storm was classified as a dangerous false alarm. 

However, as noted earlier, it is impossible to achieve absolute safety. Although greater 

probability thresholds produce longer wait times in an attempt to improve safety, the longer 

times might be wasteful in some cases. The cardinal finding is that the bootstrapped GLM 

produces only one or two false alarms out of 184 storms, with the earliest being 4 min before 

actual cessation. We believe that the bootstrapped GLM will be a useful tool for operational 

forecasters to safely shorten wait times. The 97.5% probability threshold offers the best 

compromise between safety and time savings. This probabilistic guidance, if available from 

adequate dual-polarized radar coverage, might be applicable for a variety of situations and 

outdoor activities where meteorological conditions are not too dissimilar from those near KSC. 

This hypothesis will need to be tested by future research. 

 A forecaster must be aware of several important points when applying the proposed 

predictive model operationally. An observed thunderstorm must be sufficiently isolated with no 

composite reflectivity values greater than 15 dBZ connecting it to nearby convection. Not 

satisfying this requirement violates the basic concept of our model development. The storms also 

must be close enough to a dual-polarized radar to provide reliable information about 

hydrometeor classification, but far enough away from the radar site to be outside its cone of 

silence which can obstruct the upper mixed phase region. Although we obtained hourly 

isothermal heights from the RAP model, prior research by PF15 supports the idea that heights 

could be obtained operationally from local soundings or from climatological averages. These 

choices are possible because only weak synoptic forcing typically is associated with warm 

season convection in central Florida. Finally, it would be especially useful for operational 
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forecasters to have software that would automatically calculate the needed radar parameters and 

insert them into the predictive model. See Appendix A for an example of applying the 

bootstrapped version of the GLM to an observed storm. 
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CHAPTER 4 

 

SUMMARY AND CONCLUSIONS 
 

 

 The 45WS in central Florida seeks to safely shorten wait times after lightning to resume 

outdoor activities. We developed probabilistic guidance for this purpose which relies on radar-

derived observations of an ongoing thunderstorm that presently are available operationally to the 

45WS. Specifically, the research has developed and tested a statistical model for calculating the 

probability of lightning cessation in warm season isolated thunderstorms near Kennedy Space 

Center. A combination of 1 min interval observed radar data from 184 isolated thunderstorms 

both before and after lightning cessation were used to train a predictive model to assess the 

probability that cessation had already occurred. These observations included information about 

maximum reflectivity and graupel presence at certain isothermal levels that are thought to be 

important in lightning production. A test of statistical significance found that maximum 

reflectivity at the 0°C level, composite (maximum) reflectivity, as well as graupel presence at the 

-5°C, -10°C, -15°C, and -20°C levels were most important in predicting cessation. A 

bootstrapped version of the GLM provided the best estimates for the coefficients of these 

observed parameters which are used to calculate probabilities.  

Consistent with previous lightning cessation studies such as PF15, Wolf (2006), Melvin 

and Fuelberg (2010), and Hinson (1997), the -10°C level was important in determining cessation. 

PF15 used graupel presence at this level in their recommendation for using dual-polarized radar 

data. This study corroborates the results of PF15 in that graupel presence at -10°C is a 

statistically significant piece of information when predicting total lightning cessation. Graupel 

presence at both the -5°C and -15°C levels, not available to PF15, also were both found to be 

significant. Our guidance product emphasized lower altitude reflectivities, not those from the 

upper portions of the mixed phase region.  

The cessation probabilities were calculated using (1) with six radar-derived input 

parameters and their coefficients listed in Table 7. The results of using this probability scheme 

on our data set of isolated thunderstorms are shown in Fig. 14 and Table 12. The regression 

performed in this study outputs probabilities that are reliable (Fig. 9), safe to use in real time 

(Fig. 14), and capable of safely shortening wait times compared to schemes presently in use by 
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the 45WS (Fig. 13, Table 12). Based on this information we recommend using this strategy to 

probabilistically assess the potential for total lightning cessation. There is some flexibility in how 

the probabilistic guidance can be applied, with different probability thresholds showing 

operational utility. It is ultimately up to the forecaster to understand how to use this tool meant 

strictly for isolated thunderstorms, and how to apply it in the correct context.  

Lightning is inherently difficult to predict, and it is impossible to ensure absolute safety 

with available data and our present understanding of lightning production. However, our real-

time analysis of 184 storms demonstrated that our model safely predicted that ~ 99% of the 

storms had gone through cessation after the last observed lightning. Our model also safely 

shortened the wait times currently employed by the 45WS. Compared to previous research, using 

selected points of observed data from the mixed phase region of an ongoing thunderstorm 

appears to be the best way to safely shorten wait times associated with lightning.  

 Future research on isolated storms should test the incorporation of additional parameters 

to develop a more robust GLM for cessation. Some parameters which might be added include the 

number of connecting isothermal levels which have graupel to better indicate charging potential 

over a column of the atmosphere. Systems which can more specifically and accurately assess 

where and how much charge potential is developing or retained in an electrified cloud likely 

would create an even safer and more cost effective predictive model. This additional information 

likely will need to be from a combination of improvements to both our remote sensing and 

software capabilities to create a more useful operational product. However, for the time being, 

our probabilistic guidance product is a usable tool that can safely shorten wait times after 

observed lightning. Finally, much, if not most, of Florida's lightning is not associated with 

isolated storms as defined here. Given the excellent results presented here for isolated storms, we 

recommend a renewed effort toward forecasting cessation in non-isolated storms using a 

probabilistic approach. 
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APPENDIX A 

 

TIPS FOR OPERATIONAL FORECASTERS 

 

 
 Operational forecasters need to be aware of some of the methodology and results of this 

study to use the scheme operationally. The most important stipulation is that any storm to which 

the predictive model is applied must be sufficiently isolated (no connecting composite 

reflectivity > 15 dBZ with nearby storms). This can be evaluated visually or with an automated 

storm cell tracking program. The storms that were used to train the predictive model were warm 

season (May to September), non-severe, and weakly synoptically forced. These storms are the 

most appropriate for using this method operationally. 

It is important to wait until after a radar scan has been completed since the first lightning 

flash of a storm before starting to apply the probabilistic method. Since the bootstrapped GLM in 

Table 7 predicted no storms experiencing cessation more than 4 min before it actually occurred 

(Fig. 14), it is appropriate to wait 5 min after an observed lightning flash to begin considering 

this guidance to end a lightning advisory. 

The probability equation from (1) using the final bootstrapped version of the GLM 

outlined in Table 7 can be applied using observations from an actively electrified storm with 

dual-polarized radar. If we calculate the radar-derived parameters from the observation of the 

example storm from Figs. 4 and 5, it produces the values in Table 13. The composite reflectivity 

in Fig. 5 allows us to verify that the storm is isolated from other sources of charging and thus 

suitable for this application. 

 
 
Table 13. Radar-derived parameters needed for the GLM to calculate the probability of total 
lightning cessation and their associated values at the time of the observation in Figs. 4 and 5. 
 

GLM Parameter Value (xi) 

Maximum Composite Reflectivity (dBZ) 51 

Maximum Reflectivity at 0°C (dBZ) 45 

Graupel Presence at -5°C (1 or 0) 1 

Graupel Presence at -10°C (1 or 0) 1 

Graupel Presence at -15°C (1 or 0) 0 

Graupel Presence at -20°C (1 or 0) 0 
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Using (1) with the ci values from Table 7 and the xi values from Table 13 results in a 

calculated probability of cessation of only 13.3%. This value is reasonable since a lightning flash 

occurred at the time of that observation. As the storm in question decays, the values in Table 13 

will decrease, and the probabilities from (1) will gradually increase toward 100% showing 

greater confidence that no additional flashes will occur. 
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