
Florida State University Libraries

Electronic Theses, Treatises and Dissertations  The Graduate School

2014

Improving Forecasts of First Cloud-
to-Ground Lightning Flashes Using
Relationships Between Reflectivity and in-
Cloud Flashes
Andrew D. Lahr

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

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


FLORIDA STATE UNIVERSITY 

 

COLLEGE OF ARTS AND SCIENCES 

 

 

 

 

IMPROVING FORECASTS OF FIRST CLOUD-TO-GROUND  

LIGHTNING FLASHES USING RELATIONSHIPS BETWEEN REFLECTIVITY AND  

IN-CLOUD FLASHES 

 

 

 

 

 

By 

 

ANDREW D. LAHR 

 

 

 

 

A Thesis submitted to the 

Department of Earth, Ocean, and Atmospheric Sciences 

in partial fulfillment of the  

requirements for the degree of 

Master of Science 

 

 

 

 

Degree Awarded: 

Summer Semester, 2014 

 

 

 

 

 

 

 

 

 

 



 ii

Andrew Lahr defended this thesis on May 15, 2014. 

The members of the supervisory committee were: 

 

 

 

 

 

 

 

Henry Fuelberg 

Professor Directing Thesis 

 

 

Vasubandhu Misra 

Committee Member 

 

 

Peter Ray 

Committee Member 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

certifies that the thesis has been approved in accordance with university requirements. 



 iii

ACKNOWLEDGMENTS 

 

 I thank God for all of the people who have helped me to complete the journey through 

graduate school over the past two years.  First and foremost, I would like to thank Dr. Fuelberg 

for guiding me through the process of writing this thesis.  He has taught me a great deal about 

what it takes to become a successful scientific writer, and has been patient and supportive 

through the entire process. I would also like to thank the members of the Fuelberg Lab for 

helping me with any questions I had about research or writing a thesis.  I especially thank Ari 

Preston for teaching me how to use the Warning Decision Support System – Integrated 

Information software, which has been used throughout my research.  Finally, I thank my family 

for supporting me through several years of college; I could not have reached this point in my 

academic career without them. This research was supported in part by the NASA Kennedy Space 

Center through Grant NNX13AB95G. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iv

TABLE OF CONTENTS 

List of Tables ..................................................................................................................................v 

List of Figures ................................................................................................................................ vi 

Abstract ......................................................................................................................................... vii 

1. INTRODUCTION .......................................................................................................................1 

2. DATA AND METHODOLOGY.................................................................................................4 

3. RESULTS ....................................................................................................................................9 

4. SUMMARY AND CONCLUSIONS ........................................................................................22 

REFERENCES ..............................................................................................................................24 

BIOGRAPHICAL SKETCH .........................................................................................................27 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 v 

LIST OF TABLES 

Table 1.  Time required for storms to produce 2 or 5 CG flashes 5 min
-1

 after the first IC flash.  

Numbers before the commas are for the Florida lightning data, while numbers after each comma 

are from the Oklahoma domain of MG11……………………………………………………….10 

Table 2. Time required for storms to produce 2 or 5 IC flashes 5 min
-1

 after 40 dBZ is observed 

at the -10
o
C level ………………………………………………………………………………..14 

 

Table 3. Time required for storms to produce 2 or 5 IC flashes 5 min
-1

 after 35 dBZ is observed 

at the -10
o
C level ………………………………………………………………………………..15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vi

LIST OF FIGURES 

Fig. 1. Example of radar reflectivity (dBZ, see color scale) overlaid with IC lightning data in 

WDSS-II.  The diamonds represent the IC flash initiation locations, while the white lines 

represent the lightning channels emanating from the initiation points.…………………………...6 

Fig. 2. Cumulative distribution function of the number of thunderstorms with lead times from the 

first IC flash to the first CG flash.  Lead times in minutes are given on the x-axis, with the 

percentage of storms having times shorter than each time given on the y-axis.  The red vertical 

line denotes the mean value, and the black vertical line denotes the median value of the lead 

times in this category……………………………………………………………………………..9 

 

Fig. 3.  Scatter plot of reflectivity values (in dBZ) for each of the 75 thunderstorms at the first IC 

flash (blue squares) and first CG flash (red diamonds) respectively.  Storms are numbered on the 

x-axis in the order that they were analyzed……………………………………………………...12 

 

Fig. 4.  Histogram showing the number of thunderstorms with various CG flash rates. Given 

rates are maximum flashes per min during the 10 min observation period. No rates exceeding 3 

CG min
-1

 were found…………………………………………………………………………….13 

 

Fig. 5. Cumulative distribution function of the number of thunderstorms with lead times from the 

time of the first 40 dBZ echo at the -10
o
C level to the first IC flash.  Lead times in minutes are 

given on the x-axis, with the percentage of storms having times shorter than each time given on 

the y-axis.  The red vertical line denotes the mean value, and the black vertical line denotes the 

median value of the lead times in this category…………………………………………………16 

 

Fig. 6. Cumulative distribution function of the number of thunderstorms with lead times from the 

time of the first 35 dBZ echo at the -10
o
C level to the first IC flash.  Lead times in minutes are 

given on the x-axis, with the percentage of storms having times shorter than each time given on 

the y-axis.  The red vertical line denotes the mean value, and the black vertical line denotes the 

median value of the lead times in this category…………………………………………………17 

 

Fig. 7. Cumulative distribution function of the number of thunderstorms with lead times from the 

time of the first 40 dBZ echo at the -10
o
C level to the first CG flash.  Lead times in minutes are 

given on the x-axis, with the percentage of storms having times shorter than each time given on 

the y-axis.  The red vertical line denotes the mean value, and the black vertical line denotes the 

median value of the lead times in this category…………………………………………………18 

 

Fig. 8. Cumulative distribution function of the number of thunderstorms with lead times from the 

time of the first 35 dBZ echo at the -10
o
C level to the first CG flash.  Lead times in minutes are 

given on the x-axis, with the percentage of storms having times shorter than each time given on 

the y-axis.  The red vertical line denotes the mean value, and the black vertical line denotes the 

median value of the lead times in this category…………………………………………………19  

 

Fig. 9.  Skill scores for various initiation thresholds.  The blue bars represent CSI, the red bars 

represent POD, and the gold bars represent FAR ………………………………………………20 



 vii

ABSTRACT 

 

 Studies on the timing of cloud-to-ground (CG) lightning initiation have been conducted 

for various regions of the United States.  There is evidence that in-cloud (IC) flashes often 

precede CG flashes by 10 or more minutes in the Great Plains. However, this difference in 

timing seems to decrease in more southern regions. This study analyzes the IC-CG timing issue 

within ~100 km of Kennedy Space Center, FL.  We track 75 discrete single-cell thunderstorms 

within the KSC domain.  Dual-polarimetric radar data overlaid with lightning data are analyzed 

using the Warning Decision Support System – Integrated Information (WDSS-II) software. 

Statistics were gathered for three CG initiation scenarios: 1) the first in-cloud flash in the 

thunderstorm cell, 2) the first 35 dBZ reflectivity at the -10
o
C altitude, and 3) the first 40 dBZ at 

-10
o
C.  Verification statistics such as probability of detection (POD) and false alarm ratio (FAR) 

were computed for each initiation approach.  The first in-cloud flash approach produces small 

lead times (4.8 min) and relatively poor verification statistics, namely a CSI of 75%, a POD of 

85%, and an FAR of 15%.  The 4.8 min average time between the first IC and CG flashes 

appears too short to provide useful safety information.  The 35 dBZ method provides the greatest 

lead time (mean of 14.5 min) and compared to the first in-cloud flash method, has a higher CSI 

(85%) and POD (99%), and a slightly lower FAR (14%).  The 40 dBZ method has only 

marginally better statistics (88% CSI, 97% POD, and 9% FAR), but at the expense of 4 min of 

average lead time.  These results suggest that the 35 dBZ threshold at -10
o
C is the most 

operationally applicable for forecasting the first CG flash in Florida.   
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CHAPTER ONE 

INTRODUCTION 

 

 The first few cloud-to-ground (CG) lightning flashes in thunderstorms are often the most 

deadly of all CG flashes (Holle et al. 1992) since the public often does not have sufficient 

warning time to take shelter before the strikes occur.  Studies of severe storms have shown that 

in-cloud (IC) flashes often precede CG flashes, offering hope for better forecasts of initial CG 

flash timing (e.g., Krehbiel 1986; Defer et al. 2001).  A recent study (MacGorman et al. 2011; 

hereafter denoted MG11) analyzed the time interval between the first IC and CG flashes; 

however, their research was confined to several parts of the Great Plains.  Since Florida’s 

number of lightning fatalities over the past several decades has been the greatest of any U.S. state 

(468 fatalities from 1959 – 2012) (National Oceanic and Atmospheric Administration, 2013), it 

is especially important to improve warning times for lightning-producing storms in Florida.  

Improved warning times would be especially useful when these storms occur during outdoor 

activities, whether they involve individuals or large groups of people.  This study pursues that 

goal by seeking to better predict the first CG flashes in Florida thunderstorms.  The methodology 

is to explore timing relationships between IC and CG flashes and reflectivity at various altitudes.  

 Electrical charging occurs in the mixed phase region of convective storms, typically 

located between the 0
o
C and -20

o
C levels.  The various possible electrification mechanisms have 

been difficult to analyze due to microphysical effects in clouds, combined with electrodynamics 

and charge transfer. However, the charge separation is thought to occur via the non-inductive 

mechanism (Takahashi 1978; Jayaratne et al. 1983; Williams 2001).  Reynolds et al. (1957) and 

Latham (1981) found that non-inductive charging between graupel and ice crystals in the 
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presence of supercooled water is likely the major mechanism by which charge transfer occurs. 

Takahashi (1978), Jayaratne et al. (1983), Illingworth (1985), and Keith and Saunders (1989) 

quantified the mechanism, and also reaffirmed that it is necessary for charge transfer.  One 

remaining disagreement, however, is the temperature level at which charges change sign in a 

cloud.  Takahashi (1978) found a reversal temperature of -10
o
C, while Jayaratne et al. (1983) and 

Keith and Saunders (1989) show a reversal temperature of -21
o
C.  

 IC flashes often occur before CG flashes as a result of microphysical processes in the 

updraft during the growth of a thunderstorm.  Specifically, the updraft-driven accumulation of 

graupel in the central dipole region of a cloud results in the formation of IC lightning (Williams 

et al. 1989).  Conversely, CG lightning forms when the storm reaches a more mature phase, and 

ice particles are transported beneath the main negative charge region by the downdraft.  As a 

result of these processes, the lighter ice is carried aloft, while the heavier graupel is transported 

downward.  This often produces a tripole charge structure in which positively charged regions 

typically are near the 0
o
C and above -20

o
C levels (Lang et al. 2004), while the main negative 

charge region is located between -10
o
C and -20

o
C.  This range of temperature levels provides a 

starting point for predicting when and where lightning will occur. 

 Values of radar reflectivity at certain temperature altitudes have been shown to be good 

indicators for lightning prediction.  For example, a study of lightning characteristics at the 

Kennedy Space Center showed that the first presence of a 40 dBZ echo at the -10
o
C level was 

most useful for predicting the first CG strokes (Gremillion and Orville 1999; hereafter denoted as 

GO99).  Other studies that considered lightning initiation thresholds from the perspective of 

reflectivity and temperature, but at other geographical locations, include GO99, Krehbiel (1986), 

Jacobson and Krider (1976), and Yang and King (2010). 
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 Multiple studies have shown that IC flashes tend to precede CG flashes in most storms 

(Krehbiel 1986; Lang et al. 2004; MG11; Williams et al. 1999). MG11 quantified the timing 

between the first IC and first CG flashes.  MG11 studied three separate geographic regions; 1) 

North Texas, 2) Oklahoma, and 3) the High Plains of Colorado, Kansas, and Nebraska.   Time 

intervals between the first IC and first CG flashes for 50% of their storms ranged from 5-10 min 

in North Texas and Oklahoma to 30 min in the High Plains.  They hypothesized that this 

geographic difference is a result of High Plains storms having higher cloud bases and a shallower 

layer of warm rain processes than those in Oklahoma and North Texas.  Since central Florida 

exhibits a moister environment than the Plains, Florida thunderstorms typically have even lower 

cloud bases and deeper layers of warm rain processes than any of the three regions studies by 

MG11.  Thus, a major goal of this research is to determine whether the trend shown in MG11 

continues at Florida’s more southern location, i.e., even shorter average lag times between the 

first IC and CG flashes than in the Plains.   

 A second research goal is to determine relationships between reflectivity values at 

temperature levels linked to the NIC mechanism and the initial IC and later CG flashes in central 

Florida.  Such relationships could be useful in providing warning times for CG strokes.  If the 

present research shows that the trend from MG11 does indeed continue farther south, the time 

between the first IC and first CG in central Florida will be shorter, and possibly insufficient for 

Florida residents to take shelter.  Therefore, the second focus will determine whether times 

between various reflectivity levels and initial IC and CG strokes will provide the needed 

information to improve safety. 
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CHAPTER TWO 

DATA AND METHODOLOGY 

 

a. Radar and lightning data sources 

  The Cape Canaveral area of the eastern Florida peninsula comprised our study area. 

Archived radar data from two National Weather Service WSR-88D radar sites, Tampa, FL 

(KTBW) and Melbourne, FL (KMLB) were used. The archived Level-II data were obtained from 

the National Climatic Data Center [http://has.ncdc.noaa.gov].   Total lightning information (i.e., 

IC and CG) was obtained from the second-generation Lightning Detection and Ranging network 

(LDAR-II) at Kennedy Space Center (Boccippio et al. 2001).   This network captures in three-

dimensional space the very high frequency (VHF) radiation sources that are emitted by the 

stepped leaders of each flash.   IC sources and the upper portions of CG sources are detected 

with an efficiency of ~ 90% and an average location error of ~ 1 km within 100 km of the center 

of the LDAR-II network (Boccippio et al. 2001).  Data from the National Lightning and 

Detection Network (NLDN; Orville 2008) were used to detect CG strike locations that the 

LDAR-II system does not provide.  The detection efficiency of the NLDN over the study area is 

90-95%, with an average location accuracy of ~ 500 m (Cummins and Murphy 2009). 

 Archived meteorological analyses from the National Centers for Environmental 

Prediction Rapid Refresh (RAP) model were used to estimate environmental values of the 0
o
C,  

-10
o
C, and -20

o
C temperature altitudes, which are important for storm electrification as discussed 

earlier.  Hourly RAP analyses had 13 km horizontal grid spacing and 50 vertical levels.  These 

were obtained from archives of the Atmospheric Radiation Measurement program.  The various 

data were merged, analyzed, and displayed using WDSS-II, the Warning Decision Support 
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System - Integrated Information [Lakshmanan et al. 2006; www.wdssii.org].  The NLDN and 

LDAR-II lightning data were merged using flash consolidation algorithms within WDSS‐II.   

The procedure combines individual VHF sources into IC channels based on spatial and 

temporal criteria.  Different criteria then determine whether the IC flash can be linked to a 

NLDN‐derived strike location to define a CG flash (Lakshmanan et al. 2007).   

 WDSS-II also was used to merge data from the two aforementioned WSR-88D radars.  

This was done using an algorithm called ‘w2merger’ (Lakshmanan et al. 2006) which combines 

the radar data at approximately 1 min intervals.  The merging algorithm blends data from KTBW 

and KMLB by weighting the contributions from each source using an exponential weighting 

function based on the distance from each radar.  WDSS-II does not wait for a volume scan to be 

completed, but instead processes the data from each elevation angle as it is received, and updates 

and interpolates the data on a 3-dimensional Cartesian grid (Lakshmanan et al. 2006).  The 

horizontal and vertical grid spacing in WDSS-II is 1 km, similar to that used in earlier studies 

(e.g., Gauthier et al. 2006; Melvin and Fuelberg 2010; Preston 2012).  Fig. 1 shows an example 

screenshot from WDSS-II. 

 

b. Methodology 

 The study period extended from February through August 2011 so that both ‘cold season’ 

and ‘warm season’ storms were analyzed.  To accurately assign the IC and CG lightning flashes 

to the parent cloud from which they emanated, it was necessary to consider only isolated 

thunderstorm cells, even though most Florida storms are not isolated, but occur in clusters or 

lines. The storms we analyzed all occurred on days used in a recent lightning cessation study by 

Preston (2012). However, some of the cells analyzed by Preston (2012) could not be used in the 
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Fig. 1. Example of radar reflectivity (dBZ, see color scale) overlaid with IC lightning data in 

WDSS-II.  The diamonds represent the IC flash initiation locations, while the white lines 

represent the lightning channels emanating from the initiation points. 

 

 

present study because while lightning cessation may have been easy to analyze in certain cells, 

lightning initiation was not clearly defined.  Conversely, on many of Preston's (2012) days we 

located cells for the initiation study that he did not use for cessation. Ultimately, 75 discrete 

thunderstorm cells within an approximately 100 km radius of Kennedy Space Center were 

identified and analyzed.  They are relatively short-lived, pulse-type thunderstorms that generally 

develop and dissipate quickly.  Thus, our sample does not include organized and longer-lived 

storms. 

 Each study storm was required to be separate from any neighboring cells, with the 

separation criteria based on reflectivity.  Specifically, to be considered a discrete cell, the 35 dBZ 

or greater core of the developing cell was required to be completely separate at the -10
o
C level 

from the 35 dBZ cores at -10
o
C of any adjacent storms. Some aspects of the cells were 

investigated after initiation occurred. Thus, if any flashes extended between the two 35 dBZ 
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cores after initiation, that was only allowed to occur during a single 1 min period.  Otherwise, the 

two cells were considered to be no longer separated.   If the reflectivity core of the study cell 

exceeding 35 dBZ at -10
o
C did come into contact or merge with an adjacent core of ≥ 35 dBZ 

within the first 10 min after the initial flash, this would be considered the end of the analysis of 

that cell and it would be considered a ‘merged' cell.  

 The first IC flash of a cell was defined as the time of the first IC flash initiation point 

detected by LDAR-II and emanating from that cell.  This flash is marked by a diamond on the 

WDSS-II display as in Fig. 1.  The initiation time has a margin of error of approximately 1 min 

due to the frequency of display updates.  The first CG flash (either positive or negative polarity) 

was the time of the LDAR-derived initiation point associated with the NLDN-derived CG strike 

location.  The margin of error in the recorded time for the CG flash is similar to that of the IC 

flash for the same reason; the NLDN graphics are updated once every minute.   

 Lightning initiation from the radar reflectivity perspective was investigated using two 

sets of thresholds: 1) the presence of 35 dBZ at the -10
o
C level, and 2) 40 dBZ at the -10

o
C level. 

Both values have been used in prior lightning initiation studies (e.g., GO99, Yang and King 

2010).  Determining which of these thresholds is most appropriate for lightning initiation in 

central Florida was one of our goals. Reflectivity images of each storm were analyzed to 

determine when 35 dBZ and 40 dBZ reflectivities first occurred at the -10
o
C level.  The initiation 

time for each threshold was defined as the first radar scan when the reflectivity values were first 

met.  Dissipation was defined as the time when the final lightning flash, either IC or CG, 

occurred in a still separated cell. Cells were no longer studied (flash rates, etc.) 10 min after the 

initial flash.  Information about each storm was recorded into a spreadsheet, and organized by 

date and latitude/longitude of the 35 dBZ and 40 dBZ initiation points.  The recorded latitude 
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and longitude values corresponded to the center of the greatest reflectivity pixel in the analyzed 

storm cell at the first time the dBZ threshold was met for that cell.   

 Times between the aforementioned initiation reflectivity thresholds, first IC flashes, and 

first CG flashes were recorded for each storm to the nearest tenth of a minute.  Because of the 

limitations of update frequency on the radars, LDAR-II, and NLDN as stated earlier, these times 

also have margins of error of approximately one minute.  The number of flashes per minute 

during approximately the first 10 min after the first IC and CG flash also was recorded in order 

to explore flash rates.   Flash rates for the first few CG flashes of each storm were analyzed both 

here and in MG11; namely, times from the first IC flash to reach 2 CG flashes 5 min
-1

 and 5 CG 

flashes 5 min
-1

.  Flash rates were defined as the number of flashes associated with the analyzed 

storm in a given amount of time (e.g., 3 flashes 5 min
-1

).   
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CHAPTER THREE 

RESULTS 

 

a. IC – CG relationships and operational significance 

 

 Sixty-four of our 75 storms produced at least one CG flash, while 11 produced only IC 

flashes.  We first determined the distribution of IC-CG lead times for all 64 CG-producing 

storms to see how much warning time is provided by first IC flashes.  Figure 2 shows the 

cumulative density distribution of time intervals, to the nearest minute, between the first IC and 

CG flashes as well as mean and median values.  Figure 2 shows that only small lead times are 

  

 

Fig. 2. Cumulative distribution function of the number of thunderstorms with lead times from the 

first IC flash to the first CG flash.  Lead times in minutes are given on the x-axis, with the 

percentage of storms having times shorter than each time given on the y-axis.  The red vertical 

line denotes the mean value, and the black vertical line denotes the median value of the lead 

times in this category. 
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provided by the first IC – first CG method. Mean and median values are 4.8 min and 4 min 

respectively.  More than 20% of the storms take less than 1 min after the first IC to produce a CG 

flash, with some (5 storms) even producing a CG flash a few minutes before the first IC flash. 

This is counter to the usual assumption that IC flashes precede CG. CG flashes occurring before 

IC flashes were considered to have negative values in the calculations, but were included in the < 

1 min category in Fig. 2 and subsequent figures of this type.  MG11 did not discuss this situation, 

since they only mentioned CG flashes that occurred after the first IC flash.  However, in the 

Oklahoma storms, a similar value (24%) of CG flashes occurred during the first min after the 

first IC flash was detected.  The North Texas and High Plains storms had much lower 

percentages, with 12% and 0% of CG flashes occurring during the first min, respectively. 

 Table 1 shows the time intervals that various percentages of storms take to reach given 

CG flash rates, namely 2 and 5 flashes 5 min
-1

 in the first 10 min after the first IC flash. 

Compared to the storms in Oklahoma from MG11, our Florida storms exhibit considerably 

 

Table 1.  Time required for storms to produce 2 or 5 CG flashes 5 min
-1

 after the first IC flash.  

Numbers before the commas are for the Florida lightning data, while numbers after each comma 

are from the Oklahoma domain of MG11.   
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shorter lead time across all categories of the 2 CG 5 min
-1

 rate.  Locations in North Texas and the 

High Plains had even greater lead times than those in Oklahoma (MG11, not shown).  Thus, the 

2 CG 5 min
-1

 Florida results continue the southward trend of shorter lead times between first IC 

and CG rate thresholds shown in MG11.  No meaningful statistics could be calculated for the 5 

CG 5 min
-1

 category in Florida because less than 25 % of the relatively weak, pulse-type 

thunderstorms reached this flash rate.   

 These short intervals for the central Florida storms provide little lead time to provide 

safety from the first CG flash, and, as noted earlier, the initial flash of some storms was CG. 

However, due to the general weakness of these storms as evidenced by the reflectivity values at 

the -10
o
C level (Fig. 3), these lead times may be smaller than those for all the combination of all 

Florida thunderstorms.  We wanted to explore this hypothesis.  Therefore, we separated the 

Florida storms into categories based on peak CG flash rate per minute (Fig. 4).  However, the 

results (not shown) for storms having a peak flash rate of 2 CG flashes min
-1

 actually provide 

less IC-CG lead time than those with 1 CG min
-1

  (4.8 and 3.1 min, respectively).  However, 

storms with a peak flash rate of 3 CG min
-1

 show an increase in lead time, with an average value 

of 7.3 min.  It is important to note that our greatest flash rate category is 3 flashes min
-1

.  Thus, 

once again the present results are applicable only to weak Florida storms. And, considering our 

small sample size of storms with flash rates ≥ 1 CG min
-1

 (Fig. 4),
 
the results must be considered 

very tentative.  

Previous research has shown that while IC flashes are attributed to updraft-driven 

microphysics, CG flashes generally occur after ice particles descend beneath the height of the 

main negative charge (Williams et al. 1989).  That is, IC flashes of intense storms tend to occur 

while the vigorous updraft is developing, with CG flashes tending to occur after the updraft 
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Fig. 3. Scatter plot of reflectivity (in dBZ) for each of the 75 thunderstorms at the time of the 

first IC flash (blue squares) and first CG flash (red diamonds) respectively.  Storms are 

numbered on the x-axis in the order that they were analyzed. 

 

has peaked (Krehbiel 1986).  Hence, stronger Florida thunderstorms with more robust updrafts 

may produce longer IC-CG lead times than reported here, suggesting that more inclusive future 

studies may show a more favorable result. Nonetheless, the mean and median values of 4.8 min 

and 4 min, respectively, suggest that implementing this method of CG prediction generally 

would be inadequate for pulse-type thunderstorms in Florida. 

 An average lead time much shorter than 10 min probably is insufficient for a stadium of 

people to seek safety.  However, it would be sufficient for small groups.  If a reliable precursor 

to both IC and CG flashes could be found, the first IC flash data could still be a valuable part of 

an operational lightning prediction method for Florida. 
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Fig. 4.  Histogram showing the number of thunderstorms with various CG flash rates. Given 

rates are maximum flashes per min during the 10 min observation period. No rates exceeding 3 

CG min
-1

 were found.  

 

 

b. Reflectivity thresholds and operational applicability 

 Since the first IC flash alone generally does not provide sufficient lead time for reliable 

first CG prediction, we consider another method that may provide extra warning time and 

therefore be more useful in Florida. Specifically, reflectivity thresholds at various temperature 

levels are explored in place of the first IC flash. Thus, the time interval between the reflectivity 

threshold and the first CG is examined as done in GO99. As mentioned earlier, 35 dBZ and 40 

dBZ at the -10
o
C level have been cited among the most successful reflectivity/temperature 

thresholds for lightning prediction (GO99).  Therefore, if the lead times between these thresholds 

and the first CG flash are significantly longer than the IC-CG time, this approach would be 

preferable. 



 14

 For both the first 35 dBZ and 40 dBZ echoes at -10
o
C, the difference between these 

initiation times and IC initiation was analyzed to discover if any improvement in lead time could 

be gathered by using reflectivity thresholds. Table 2 shows that the times necessary to meet a 

rate of 2 flashes 5 min-1 after the 40 dBZ threshold range from 5 to 13 min between the first and 

third quartiles.  Table 3 for 35 dBZ shows longer times than the 40 dBZ threshold (Table 2), 

ranging from 6 to 20 min in the first and third quartiles, respectively.  Compared to the IC-CG 

time intervals (Table 1) an additional 4 min and 30 min of lead time are provided for the first and 

third quartiles, respectively. Thus, these statistics suggest that including reflectivity will be 

useful. In both tables, between 25 – 50 % of the cases do not reach the 5 flashes 5 min-1 rate. 

 

Table 2.  Time required for storms to produce 2 or 5 IC flashes 5 min
-1

 after 40 dBZ reflectivity 

is observed at the -10
o
C level.  

 

 

 

Nonetheless, the tables show that reflectivity thresholds precede even small in-cloud lightning 

flash rates by several minutes in the majority of these storms. 
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 Cumulative distribution functions similar to Fig. 2 were created for the times between 

reflectivity thresholds and the first IC flashes in each storm.  The mean value between the 

 

Table 3. Time required for storms to produce 2 or 5 IC flashes 5 min
-1

 after 35 dBZ reflectivity is 

observed at the -10
o
C level. 

  

 

 

40 dBZ initiation and first IC flash is approximately 5.4 min (Fig. 5).  There were 10 cases (~ 

15% of the storms) in which the IC flash occurred before 40 dBZ was observed at the -10
o
C 

level.  As noted earlier, these cells were placed in the first distribution category of Fig. 5.  The 

cumulative density distribution of the time between 35 dBZ initiation at the -10
o
C level and the 

first IC flash is even greater, with a mean value of 9.3 min (Fig. 6).  Only 4% of storms reach 

this reflectivity threshold after the first IC flash, and in each of these 3 cases the difference is 1 

min or less.   

 We next consider the time interval between the reflectivity thresholds and the first CG 

flash.  The distribution of lead times from 40 dBZ initiation to the first CG (Fig. 7) shows mean 

and median values of 10.5 and 9 min respectively.  GO99 found that the first 40 dBZ echo at the 

-10
o
C level threshold is the best indicator for predicting the beginning of CG lightning activity, 

although with a slightly smaller median value of 7.5 min. The current mean (10.5 min) is more 
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than double that of the lead time given by the first IC – first CG method (4.8 min), indicating that 

the reflectivity-based prediction method is more useful.  Nonetheless, the 40 dBZ approach is far 

from perfect.  Over 15% of the analyzed storms that produce at least 1 CG flash have shorter 

 

Fig. 5. Cumulative distribution function of the number of thunderstorms with lead times from the 

time of the first 40 dBZ echo at the -10
o
C level to the first IC flash.  Lead times in minutes are 

given on the x-axis, with the percentage of storms having times shorter than each time given on 

the y-axis.  The red vertical line denotes the mean value, and the black vertical line denotes the 

median value of the lead times in this category. 

 

 

than 5 min of lead time before the first CG. Also, there still are 3 storms that produce a CG flash 

before the first 40 dBZ echo occurs.  This suggests that while the 40 dBZ initiation method is 

better than using the first IC flash to predict the first CG flash, it still may be insufficient to 

reliably apply in an operational setting. 

 Given the extra lead time provided by the 35 dBZ at -10
o
C initiation method before the 

first IC flash (Fig. 6) compared to the 40 dBZ threshold (Fig. 5), we hypothesized that 35 dBZ 
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Fig. 6. Cumulative distribution function of the number of thunderstorms with lead times from the 

time of the first 35 dBZ echo at the -10
o
C level to the first IC flash.  Lead times in minutes are 

given on the x-axis, with the percentage of storms having times shorter than each time given on 

the y-axis.  The red vertical line denotes the mean value, and the black vertical line denotes the 

median value of the lead times in this category. 

 

 

would be a better reflectivity threshold for an operationally viable CG forecasting tool.  The 35 

dBZ CG cumulative density distribution supports this hypothesis (Fig. 8). It reveals an increase 

in both the mean and median lead times (to 14.5 and 11 min, respectively) compared to the mean 

and median lead times of 10.5 and 9 min, respectively, for the 40 dBZ threshold.  GO99 did not 

find any increase in the median value by using this threshold.  In the present study, less than 5% 

of all storms exhibited a lead time less than 3 min, in contrast to over 10% of storms in the 40 

dBZ CG method and over 35% of storms in the IC-CG approach.  The trend of smaller 

percentages of lead time in the 35 dBZ CG method compared to the 40 dBZ and IC-CG methods 

holds true for all lead times between 1 and 20 min; the 35 dBZ method produces fewer storms 

with small lead times than the 40 dBZ method, which in turn has fewer small lead times than the 
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IC method.  Given these statistics, using the 35 dBZ threshold at -10
o
C provides the longest 

advance warning for the first CG flash.  

 

c. Skill scores for lightning prediction methods 

 While the previous section showed that the 35 dBZ prediction method gives the longest 

lead time for predicting the first CG flash, that information alone does not prove that it would be 

an operationally applicable method to reliably predict CG flashes.  For example, very large lead 

times could be obtained by using even smaller reflectivity values at the same level 

  

Fig. 7. Cumulative distribution function of the number of thunderstorms with lead times from the 

time of the first 40 dBZ echo at the -10
o
C level to the first CG flash.  Lead times in minutes are 

given on the x-axis, with the percentage of storms having times shorter than each time given on 

the y-axis.  The red vertical line denotes the mean value, and the black vertical line denotes the 

median value of the lead times in this category. 

 

(e.g., 15 dBZ at -10
o
C).  However, the small reflectivities would be reached in almost every light 

rain shower or stratiform rain event, causing a large number of false alarms. To quantify the 
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Fig. 8. Cumulative distribution function of the number of thunderstorms with lead times from the 

time of the first 35 dBZ echo at the -10
o
C level to the first CG flash.  Lead times in minutes are 

given on the x-axis, with the percentage of storms having times shorter than each time given on 

the y-axis.  The red vertical line denotes the mean value, and the black vertical line denotes the 

median value of the lead times in this category. 

 

 

skill of the 35 dBZ initiation threshold and other approaches, traditional verification statistics, 

namely critical success index (CSI), probability of detection (POD), and false alarm ratio (FAR) 

were computed.  

 POD is defined as the probability that storms will produce the first CG flash after the 

appropriate threshold (35 dBZ, 40 dBZ, or first IC flash) is met. Any case where a CG flash 

occurs before a threshold is met, or at the same time, is counted as a 'miss', but if a CG flash 

occurs after a threshold is met, it is counted as a ‘hit’.  POD is calculated by dividing the number 

of hits by the sum of hits and misses.  CSI is computed in a similar way to POD, but false alarms 

are also included in the sum in the denominator, so the CSI formula is hits / (hits + misses + false 



 20

alarms).  False alarms occur when an initiation threshold is reached, but no CG occurs after that 

happens.  FAR is the percentage of storms that reach the initiation thresholds, but produce false 

alarms.  This is calculated by dividing the false alarms by the sum of the hits and false alarms.  

 The goal is for a method to produce a high CSI, high POD, and low FAR.  Fig. 9 shows 

the CSI, POD, and FAR values for each initiation threshold.  The first IC flash method yields a 

CSI of 75%, POD of 85%, and a FAR of 15%. The 40 dBZ threshold yields much better results, 

with a CSI of 88%, POD of 97%, and a FAR of 9%.  And finally, the 35 dBZ threshold produces 

a CSI of 85%, POD of 99%, and a FAR of 14%. GO99 found that the 35 dBZ initiation threshold 

had a POD of 88% and a FAR of 20%, while for the 40 dBZ threshold, the POD was 84% with a 

FAR of only 7%.  Since their median lead times for the 35 dBZ and 40 dBZ methods were equal, 

the disparity in FAR values (20% vs. 7%) led them to conclude that the 40 dBZ method was 

superior to the 35 dBZ CG method, despite a small decrease in POD from the 35 dBZ 

 

Fig. 9.  Skill scores for various initiation thresholds.  The blue bars represent CSI, the red bars 

represent POD, and the gold bars represent FAR. 



 21

method.  Since GO99 observed no increase in median lead time between the two thresholds, it 

was appropriate that they recommend implementing the method that significantly reduced false 

alarms (40 dBZ method).  

 Our POD results for both reflectivity thresholds are larger than GO99.  However, our 

FAR is slightly larger for the 40 dBZ case (9% compared to 7%) and much smaller in our 35 

dBZ results (14% instead of 20%).  Since our study shows a 2 min increase in median lead time, 

and a 4 min increase in mean lead time between the 40 dBZ and 35 dBZ methods, it is more 

difficult to conclude that the 35 dBZ method is inferior to the 40 dBZ method.  The smaller 

difference in FAR values for the 35 dBZ and 40 dBZ thresholds between our study (9% and 

14%) and GO99 (7% and 20%) indicates that the 35 dBZ threshold is better in our study than in 

GO99. Furthermore, our findings indicate that the 35 dBZ method also is arguably more 

applicable operationally due to its increased lead time over the 40 dBZ method. An improved 

warning time of even a few minutes could be crucial for securing public safety, even at the 

expense of slightly inferior false alarms.  
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CHAPTER FOUR 

 

SUMMARY AND CONCLUSIONS 

 

 CG lightning from pulse-type thunderstorms in Florida occurs more rapidly after the first 

IC flash than in prior studies of other regions (MG11).  However, with the addition of reflectivity 

thresholds, a reasonably reliable CG prediction method for Florida is attainable.  Using the first 

35 dBZ echo at the -10
o
C level provides, on average, 14.5 min of lead time before the first CG 

flash. This is more than triple the mean value of 4.8 min given by the first IC – first CG 

prediction method, providing the public an average of more than 9 extra min to take shelter than 

the first IC – first CG approach.  Increased lead time is only useful if the lightning prediction 

method is relatively accurate, having a low percentage of false alarms and a high POD.  With a 

CSI of 85%, a POD of 99%, and a FAR of 14%, the 35 dBZ threshold at -10
o
C provides a 10% 

improvement over the CSI value for the first IC flash, a 14% improvement over its POD value, 

and a 1% improvement over its FAR value.  While the 40 dBZ threshold at -10
o
C provides 

slightly better verification statistics than the 35 dBZ threshold, the 4 min increase in average lead 

time makes the 35 dBZ method more beneficial in an operational setting.  These verification 

statistics show that the 35 dBZ threshold at -10
o
C would provide minimal false alarms while 

maximizing lead time to warn the public of impending danger from the first CG flash. 

 Therefore, this method would provide the most reliable first CG flash prediction in Florida for 

the pulse type isolated storms, giving on average 14.5 min of lead time while maintaining an 

operationally applicable level of reliability. 

Although reflectivity-based CG prediction methods at -10
o
C provide more lead time than 

the first IC method for pulse-type thunderstorms in Florida, the first IC flash method still could 

be useful if used in conjunction with these reflectivity methods.  A large majority of IC flashes 
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occur before CG flashes, so for most storms, there is some lead time between the first IC flash 

and first CG flash.  Furthermore, in smaller outdoor events where nearby shelter exists, perhaps 

only a few minutes of lead time would be needed to provide public safety.  For large events, a 

watch and warning approach should be investigated to inform the public when lightning is a 

threat, with the watch based on reflectivity thresholds and the warning based on the first IC after 

the given threshold is reached.  This would require improved detection of IC flashes and 

considerable further research.    
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